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Yeast Pescadillo is required for multiple activities
during 60S ribosomal subunit synthesis
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ABSTRACT

The Pescadillo protein was identified via a developmental defect and implicated in cell cycle progression. Here we
report that human Pescadillo and its yeast homolog (Yphlp or Nop7p) are localized to the nucleolus. Depletion of
Nop7p leads to nuclear accumulation of pre-60S particles, indicating a defect in subunit export, and it interacts
genetically with a tagged form of the ribosomal protein Rpl25p, consistent with a role in subunit assembly. Two

pre-rRNA processing pathways generate alternative forms of the 5.8S rRNA, designated 5.8S
depleted for Nop7p, the 27SA 3 pre-rRNA accumulated, whereas later processing intermediates and the mature 5.8S

rRNA were depleted. Less depletion was seen for the 5.8S

of these complexes.
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INTRODUCTION

Most steps in ribosome synthesis take place within the
nucleolus, a specialized subnuclear structure. During
ribosome synthesis, a complex processing pathway con-
verts a large pre-rRNA to the mature 18S, 5.8S, and
25S/28S rRNAs (see Fig. 1B). In addition, the mature
rRNA sequences within the pre-RNA undergo exten-
sive covalent nucleotide modification and assembly with
the 80 ribosomal proteins. More than 80 nonribosomal
proteins that are required for ribosome synthesis have
been identified by genetic and biochemical approaches
in yeast (see Kressler et al., 1999; Venema & Tollervey,
1999; Warner, 2001). Biochemical analyses in human
cells have identified an even larger number of nucleo-
lar proteins (Anderson et al., 2002), although in most
cases, their function in ribosome synthesis has not yet
been directly addressed. Subdomains of the human
nucleolus can be identified microscopically. Transcrip-
tion of the rDNA is believed to occur at the boundaries
of the fibrillar centers with initial processing and pre-
ribosome assembly occurring in the associated dense
fibrillar component (DFC) regions. Later processing and

Reprint requests to: David Tollervey, Wellcome Trust Centre for
Cell Biology, University of Edinburgh, Edinburgh, EH9 3JR, United
Kingdom; e-mail: d.tollervey@ed.ac.uk.

L and 5.8Sg. In cells
S

L pathway. TAP-tagged Nop7p coprecipitated precursors to
both 5.8S, and 5.8Sg but not the mature rRNAs. We conclude that Nop7p is required for efficient exonucleolytic
processing of the 27SA 3 pre-rRNA and has additional functions in 60S subunit assembly and transport. Nop7p is a
component of at least three different pre-60S particles, and we propose that it carries out distinct functions in each
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assembly of the pre-ribosomes occurs in the surround-
ing granular component (GC) of the nucleolus (see,
e.g., Shaw & Jordan, 1995; Scheer & Hock, 1999; Lyon
& Lamond, 2000). Most analyses of subnuclear struc-
ture have been performed on vertebrates and plants,
but similar structures are present in yeast (Leger-
Silvestre et al., 1997, 1999).

During pre-rRNA processing, the 27SA, pre-rRNA
can be processed by two alternative pathways (Henry
et al., 1994; see Fig. 1B). In the major pathway, the
pre-rRNA is cleaved at site A; by RNase MRP, forming
the 27SA; pre-rRNA. Subsequent exonuclease diges-
tion to site B,s requires the two known 5" — 3’ exo-
nucleases, Xrnlp and Ratlp, and generates the 5’ end
of the 27SBg pre-rRNA and mature 5.8Ss rRNA (Henry
et al., 1994). An alternative, poorly understood, path-
way processes the pre-rRNA at site B, , the 5" end of
the 27SB, pre-rRNA. Both 27SB pre-rRNAs are sub-
sequently processed, by apparently identical path-
ways, to generate the mature 25S rRNA and either the
5.8Ss or 5.8S. rRNAs (see Fig. 1). The ratio between
the two forms of 5.8S shows some variation between
strains, but around 75-80% of the population is nor-
mally made up of 5.8Sg, which is 8 nt shorter than
5.8S,. Similar 5’ heterogeneity is seen for 5.8S rRNA
from many other Eukaryotes, including humans, Xen-
opus, Drosophila, and plants (Henry et al., 1994), sug-
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FIGURE 1. Pre-rRNA processing in S. cerevisiae. A: Structure and
processing sites of the 35S pre-rRNA. This precursor contains the
sequences for the mature 18S, 5.8S, and 25S, which are separated
by the two internal transcribed spacers ITS1 and ITS2 and flanked
by the two external transcribed spacers 5’'ETS and 3’'ETS. The po-
sitions of the oligonucleotide probes utilized in northern hybridization
and primer extension analyses are indicated. B: Pre-rRNA process-
ing pathway. The 35S pre-rRNA is generated by 3’ cleavage at site
Bo. 35S is then cleaved at site Ag to produce the 33S pre-rRNA,
which is rapidly cleaved at site A;, producing the 32S pre-rRNA. 32S
is cleaved at site A,, separating the precursors to the 40S and 60S
subunits, the 20S and 27SA; pre-rRNAs, respectively. 27SA; is pro-
cessed via two alternative pathways. In the major pathway, cleavage
at site Az by RNase MRP produces 27SAgz, which is then trimmed to
site Bys by the 5’ to 3’ exonucleases Ratlp and Xrnlp, producing the
27SBs pre-rRNA. Alternatively, 27SA, can be processed to 27SB, by
an undetermined mechanism. 27SBs and 27SB, are matured to the
5.8S and 25S by identical pathways. Trimming to site B, generates
the mature 3’ end of the 25S rRNA. Cleavage at site C, and exonu-
clease digestion by Ratlp and Xrnlp generates the 5’ end of mature
25S. The 3’ end of the 5.8S is generated by 3’ to 5’ exonuclease
digestion from site C, to E. For reviews on pre-rRNA processing and
trans-acting factors see Kressler et al. (1999), Lafontaine and Tol-
lervey (2001), and Venema and Tollervey (1999).

gesting that the existence of two processing pathways
is both conserved and functionally significant.

The Pescadillo gene was initially identified in Zebra-
fish as the site of retrovirus insertion, which resulted in
defects in embryonic development (Allende et al., 1996).
Pescadillo mRNA showed widespread expression in
developing mouse embryo brain with increased protein
levels in replicating cells (Kinoshita et al., 2001). Pro-
tein levels were also increased in malignant cells (Kino-
shita et al., 2001), possibly related to previous reports
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of increased nucleolar size and ribosome synthesis in
such cells. Pescadillo was localized to the nucleolus in
Hela cells (Kinoshita et al., 2001) and the Schizosac-
charomyces pombe homolog, SPBC19F5.05¢, was also
found to be nucleolar in a high throughput screen for
subcellular localization of GFP fusion proteins (Ding
et al., 2000). While this work was in progress, charac-
terization of the yeast Pescadillo homolog Yphlp/Nop7p
(YGR103w) was reported. YGR103w was originally pub-
lished under the name of YPH1 (Kinoshita et al., 2001),
but has been designated as NOP7 by the Saccharo-
myces genetic database. Nop7p is essential for viabil-
ity and two temperature-sensitive (ts) lethal mutant
alleles were reported to block growth at different steps
in the cell-cycle; yphl-24led to arrest in G1, whereas
the yph1-45 allele caused G2 arrest (Kinoshita et al.,
2001). G1 arrest is expected for mutations defective in
ribosome synthesis, which are unable to pass the “Start”
checkpoint control, but G2 arrest would not normally be
predicted for a ribosome synthesis defect. In addition,
Pescadillo was observed to contain a BRCT domain
(Haque et al., 2000), which was originally identified in
the breast and ovarian cancer gene BRCA1 and has
been identified in several proteins involved in cell-cycle
checkpoints and DNA repair (reviewed in Bork et al.,
1997). Based on these observations, Pescadillo and
Yphlp/Nop7p were proposed to perform some cell-
cycle specific function.

A proteomic analysis of the human nucleolus identi-
fied 271 putative nucleolar proteins including Pesca-
dillo (Anderson et al., 2002), the nucleolar localization
of which was confirmed by YFP-tagging. A database
search clearly identified YGR103w as the probable yeast
homolog and we therefore analyzed its role in ribo-
some synthesis. While this work was in progress, the
purification of a precursor to the 60S ribosomal subunit
was reported that made use of a tagged form of Nop7p
(Harnpicharnchai et al., 2001). This analysis did not,
however, describe the effects of depletion of Yphlp/
Nop7p on pre-rRNA processing or ribosome synthesis.
Here we show that Nop7p is required for formation of
27SBsg, and therefore of the mature 5.8Ss rRNA, from
the 27SA; pre-rRNA and has additional functions in
subunit assembly or export.

RESULTS

Human Pescadillo and yeast Nop7p
are localized to the nucleolus

A proteomic analysis of purified human nucleoli identi-
fied 271 proteins, one of which was Pescadillo (Ander-
son et al., 2002). To confirm this localization, an eYFP-
Pescadillo construct was expressed in Hela cells by
transient transfection (Fig. 2A). Comparison of the lo-
calization of eYFP-Pescadillo (shown in green; Fig. 2A4)
to a DIC image (Fig. 2A1) showed its predominant lo-
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FIGURE 2. Nucleolar localization of Pescadillo and Nop7p. A: Localization of human Pescadillo compared with known
nucleolar markers. (1, 4) Hela cells were fixed 16 h after transfection with EYFP-Pescadillo. Comparison to the DIC image
(1) shows localization of eYFP-Pescadillo (4; green) to nucleoli (arrowheads). 2, 3, 5, and 6: As markers for subnucleolar
distribution, the EYFP-Pescadillo transfected cells (2; green) were cotransfected with the granular component protein
ECFP-B23 (3; blue) and decorated with antibodies directed against the dense fibrillar component (DFC) protein fibrillarin
(5; red). Scale bar = 5 um. B: Localization of Nop7p. The GAL::nop7-TAP strain also expressing the nucleolar marker
DsRedNoplp was examined by indirect immunofluorescence using an anti-protein A antibody coupled to FITC. Also shown
is the position of the nucleus visualized by DAPI staining and a wild-type control strain.

calization to nucleoli (indicated by arrowheads) with a
low level of nucleoplasmic staining.

The subnucleolar distribution of eYFP-Pescadillo
(Fig. 2A2) was compared to the GC marker eCFP-
tagged B23/nucleophosmin (Npm1) (shown in blue;
Fig. 2A3) and the DFC marker fibrillarin (shown in red;
Fig. 2A5). Fibrillarin is a component of the box C+D
snoRNAs (Schimmang et al., 1989) that function early
in ribosome synthesis, whereas B23 is a putative as-
sembly factor and nuclease that is believed to act later
in ribosome synthesis (Biggiogera et al., 1990; Savkur

& Olson, 1998). In vitro, B23 is reported to cleave a
pre-rRNA reporter within ITS2 (Savkur & Olson, 1998),
at a site potentially equivalent to C, in the yeast pre-
rRNA. Fibrillarin is concentrated in the DFC whereas
B23 was reported to localize to the periphery of the
DFC and the GC based on immuno-EM (Biggiogera
et al,, 1990), consistent with a later role for B23 in
nucleolar ribosome maturation. The distribution of
eYFP-Pescadillo resembled that of eCFP-B23, but was
distinct from that of fibrillarin. eYFP-Pescadillo and
eCFP-B23 were largely excluded from the DFCs (one
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of which is indicated by an arrow) and concentrated in
the surrounding area, which presumably corresponds
to the GC. The distribution of eYFP-Pescadillo is con-
sistent with a late role in nucleolar ribosome synthesis.

The essential yeast protein Nop7p (YGR103w) is 40%
identical to human Pescadillo. To determine whether
Nop7p is also nucleolar, it was epitope tagged with a
tandem-affinity purification (TAP) construct (Rigaut et al.,
1999) using a one-step PCR protocol (see Materials
and Methods). The tagged construct was integrated at
the NOP?7 locus under the control of the GAL10 pro-
moter and is the only source of Nop7p. The host strain,
YDL401, has reduced galactose permease activity lead-
ing to reduced GAL induction (Lafontaine & Tollervey,
1996). This eliminates the overexpression generally
seen with GAL-regulated constructs and allows faster
appearance of phenotypes following transfer to glucose
medium. The GAL::nop7-TAP cells exhibited no detect-
able growth defect on permissive RSG medium, show-
ing the fusion construct to be fully functional (data not
shown).

To determine the location of Nop7-TAP, cells were
examined by indirect immunofluorescence (Fig. 2B)
using a rabbit anti-protein A and a secondary FITC-
coupled goat anti-rabbit antibody to detect the protein
A region of the TAP tag (Rigaut et al., 1999). As a
marker for the nucleolus, a DsRed fusion with the nu-
cleolar protein Noplp (the yeast homolog of fibrillarin)
was coexpressed as previously described (Gadal et al.,
2001b), and the nucleoplasm was identified by DAPI
staining. Anti-protein A preferentially decorated the nu-
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cleolus, with a weaker signal over the nucleoplasm. No
cytoplasmic signal was detected. We conclude that
Nop7p is localized to the nucleus with nucleolar enrich-
ment. The significant nucleoplasmic staining would be
consistent with association with late pre-ribosomes that
have been released from the nucleolus (see Milkereit
et al., 2001).

Yeast Nop7p is required for 60S subunit
export and interacts genetically with
GFP-tagged Rpl25p

To examine the possible functions of Nop7p in ribo-
some synthesis, its expression was placed under the
control of a repressible GAL10 promoter using a one-
step PCR technique in strain YDL401 (see Materials
and Methods). Growth of the GAL::nop7 strain was not
clearly different from the isogenic wild-type strain on
RGS medium, but was progressively slowed following
transfer to glucose medium, commencing around 6 h
after transfer (Fig. 3A). The yphl-45 allele of NOP7 is
reported to lead to a G2 arrest phenotype, consistent
with a specific cell-cycle defect (Kinoshita et al., 2001).
However, microscopic inspection of the GAL::nop7 strain
following transfer to glucose medium showed only the
accumulation of unbudded cells, even after 24 h, indi-
cating arrest in G1 (data not shown). This is the ex-
pected phenotype for a defect in ribosome synthesis
that results in the inability to pass the “Start” checkpoint.

Several recent studies have made use of fusions
between ribosomal proteins and GFP to follow the ex-
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GAL::nop7 strain. Rpl25-eGFP was examined by fluores-
cence microscopy during growth in RGS medium and fol-
lowing transfer to glucose medium for 2 and 8 h. The
position of the nucleus was visualized by DAPI staining,
which also stains the cytoplasm more weakly due to the
presence of mitochondria. In the merged image, DAPI stain-
ing is shown in red and Rpl25-GFP is in green.
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port of 60S ribosomal subunits from the nucleus to the
cytoplasm (Stage-Zimmermann et al., 2000; Baller
et al., 2001; Gadal et al., 2001a, 2001b; Milkereit
et al., 2001; Fatica et al., 2002). To look for 60S subunit
export defects, Rpl25p-eGFP (Gadal et al., 2001b)
was expressed from a plasmid in the wild-type and
GAL::nop7 strains. As previously reported, expression
of this construct had little effect on the growth of the
wild-type strain (Gadal et al., 2001b) or the GAL::nop7
strain on galactose medium (data not shown). Unexpect-
edly, growth of the GAL::nop7/Rpl25p-eGFP strain was
very rapidly inhibited following transfer to glucose me-
dium (Fig. 3; two independent transformants are shown).
These strains also express the wild-type Rpl25p, show-
ing that the Rpl25p-eGFP fusion is dominant negative
for growth in strains with a reduced level of Nop7p. The
growth inhibition is much more rapid than would have
been expected for a strain that is simply unable to syn-
thesize new ribosomes (see Discussion) and we con-
clude that Nop7p has a role in 60S ribosomal subunit
assembly.

The distribution of Rpl25p-eGFP was followed dur-
ing depletion of Nop7p (Fig. 3B). During growth of the
GAL::nop7 strain on RSG medium, Rpl25-eGFP showed
the normal, predominantly cytoplasmic distribution.
After transfer to glucose medium for 2 h, increased
nuclear staining of Rpl25-eGFP was already visible,
and accumulation was strong after 8 h. The distribution
of Rpl25-eGFP fluorescence matched that of DAPI stain-
ing, indicating that it was not restricted to the nucleolus.
We conclude that Nop7p is required to allow the export
of precursors to the 60S ribosomal subunit from the
nucleoplasm to the cytoplasm.

Nop7p is required for pre-rRNA processing

The effects of depletion of Nop7p were assessed by
Northern hybridization (Fig. 4), primer extension (Fig. 5),
and pulse-chase labeling (Fig. 6).

Depletion of Nop7p resulted in mild accumulation of
the 35S primary transcript and the appearance of low
levels of the 23S RNA, but had little impact on levels of
the 27SA, or 20S pre-rRNAs, or the mature 18S rRNA
(Fig. 4A). In contrast, the level of the 27SB pre-rRNAs
was clearly reduced by 8 h after transfer to glucose
medium and the mature 25S rRNA was depleted over
time.

Analysis of low-molecular-weight RNAs showed pro-
gressive reduction in the levels of the 7S and 6S pre-
rRNAs following transfer of the GAL::nop7 strain to
glucose medium (Fig. 4Bb). The level of the mature
5.8S was also reduced (Fig. 4Bc), and the reduction in
5.8Ss appeared slightly greater than for 5.8S, . The pre-
rRNA that extends from A, to C, was not accumulated
during Nop7p depletion (Fig. 4Ba), in contrast to the
recently reported effects of depletion of another pro-
cessing factor, Ssflp (Fatica et al., 2002).
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A WT GAL: :nop7
V-' hours in
2-l-r¥ 8 16 20 24 glucose

mirmmEe 355
F B 325

! RGS

o

a 3
(003) : B
Bam s NRE  27sA,
..
'8 — 235
b . ey
(020) sear L1 1. %%f}
C :
007) W I W — 258

d
(002) S EmE—_- - 205

(008) . SReNe s

234507

B WT  GAL:nop?

w “'; hours in

&= 24 nﬂ 8 16 20 24 glucose

-:003) g! ’ “" — Ay
““--‘— L

- | P
“ 65
I“ﬂ- 65;'
5.88
o QSai@daas 1

5.88

(41) ‘M_DS

FIGURE 4. Northern analysis of the effects of Nop7p depletion on
pre-rRNA processing. Lanes 1 and 2: wild-type strain in RGS me-
dium and 24 h after transfer to glucose. Lanes 3—7: GAL::nop7 strain
in RGS medium and after transfer to glucose medium for the times
indicated. A: (a) Hybridization of probe 003, complementary to ITS1
upstream of Ag. (b) Hybridization with probe 020, complementary to
the 5.8S/ITS2 boundary. (c) Hybridization with probe 007, comple-
mentary to the 25S rRNA. (d) Hybridization with probe 002, comple-
mentary to ITS1 upstream of A,. (e) Hybridization with probe 008,
complementary to 18S rRNA. B: (a) Hybridization with probe 003,
complementary to ITS1 upstream of Az. (b) Hybridization with probe
020, complementary to the 5.8S/ITS2 boundary. (c) Hybridization
with probe 017, complementary to 5.8S rRNA. (d) Hybridization with
probe 041, complementary to 5S rRNA. RNA was separated on a
1.2% agarose/formaldehyde gel (A) or 8% polyacrylamide/urea gel
(B). Probe names are indicated in parentheses on the left.
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FIGURE 5. Primer extension analysis of pre-rRNA processing.
Lanes 1 and 2: wild-type strain in RGS medium and 24 h after trans-
fer to glucose medium. Lanes 3 and 4: GAL:nop7 strain in RGS
medium and 24 h after transfer to glucose medium. A: Primer ex-
tension using oligo 006, which hybridizes within ITS2, 3’ to site C,.
Primer extension stops at sites A, Az, B1s, and By show the levels
of the 27SA;, 27SA3, 27SB,, and 27SBs pre-rRNAs, respectively.
B: Primer extension using oligo 007, which hybridizes within 25S
rRNA. The primer extension stop at C, shows the level of the 26S
pre-rRNA.

5.8Sg is processed from the 27SBg pre-rRNA,
whereas 5.8S, is processed from 27SB, (see Fig. 1B).
To determine the levels of the 27SB species, they were
analyzed by primer extension (Fig. 5A) using an oligo
hybridizing within the 3’ region of ITS2 (oligo 006; see
Fig. 1A). Following growth of the GAL::nop7 strain on
glucose medium, the level of 27SBg was clearly re-
duced relative to 27SB,, as shown by the primer ex-
tension stops at B,s and By, respectively (Fig. 5A,
lane 4). Consistent with the northern analysis, little al-
teration was seen in the level of 27SA,, as shown by
the primer extension stop at site A,. In contrast, the
level of 27SA3, shown by the stop at site A;, was sub-
stantially elevated. Using a primer hybridizing within
the mature 25S rRNA (oligo 007; see Fig. 1A), slight
accumulation was seen for the primer extension stop
at site C,, the 5’ end of the 26S pre-rRNA (Fig. 5B).
This effect was weak, however, and its significance is
unclear.
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FIGURE 6. Pulse-chase analysis of rRNA synthesis. Pre-rRNA was
pulse labeled with [*H]uracil for 2 min at 30°C and chased with a
large excess of unlabeled uracil for the times indicated. Labeling was
performed for the GAL::nop7 strain (lanes 1-6) and a wild-type strain
(lanes 7-12) 16 h after transfer to glucose medium.

Pulse-chase analysis with [H3]-uracil was performed
16 h after transfer to glucose minimal medium (Fig. 6).
Comparison of the wild-type and GAL::nop7 strains
showed that accumulation of the 5.8S rRNA was mildly
delayed.

Together these data show that depletion of Nop7p
resulted in reduced exonuclease digestion from site A;
to site B;s. In consequence, the level of the 27SA;
pre-rRNA was substantially increased, whereas the
27SBg pre-rRNA was depleted together with the 7Sg
and 6Sg pre-rRNAs, leading to reduced accumulation
of the mature 5.8S5 rRNA. The 5’ end of the 25S rRNA
is also generated by exonuclease digestion (Geerlings
et al., 2000; see Fig. 1B), but this did not appear to be
strongly affected, as only a small increase was seen in
the primer extension stop at site C,. The mild effects on
35S processing are likely to be indirect, as many mu-
tations that inhibit synthesis of 60S subunits result in
partial inhibition of the early pre-rRNA processing steps
(for further discussion see Venema & Tollervey, 1999).

Nop7p is associated with pre-rRNAs
from both processing pathways

To determine whether Nop7p associated specifically
with the 27SBg branch of the processing pathway, co-
precipitated RNAs were analyzed by northern analysis
and primer extension. Northern hybridization (Fig. 7A,B)
showed that the 27SB and 7S pre-rRNAs coprecipi-
tated with Nop7-TAP, but were not detectably recov-
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FIGURE 7. Analysis of RNAs coprecipitated with TAP-tagged Nop7p.
Lane 1: Total RNA control (5 ng). Lane 2: Precipitate from a wild-type
control strain. Lane 3: Precipitate from a strain expressing Nop7-TAP.
A: Northern hybridization of high-molecular-weight RNA separated
on a 1.2% agarose/formaldehyde gel. B: Northern hybridization of
low-molecular-weight RNA separated on an 8% polyacrylamide/urea
gel. C: Primer extension analysis. Nop7-TAP was immunoprecipi-
tated from cell lysates using IgG agarose, with release of bound
RNA-protein complexes by cleavage of the protein A linker by TEV
protease. RNA was recovered from the released material, and from
a mock-treated, isogenic wild-type control strain. Oligonucleotides
used are indicated in parentheses. The preparation used in C is
different from that used for A and gave lower recovery efficiency.

ered in the mock precipitation from the nontagged
wild-type strain. In contrast, the 27SA, and 6S pre-
rRNAs were not detectably coprecipitated. The 25S
rRNA gave the same background signal in both the
wild-type and Nop7-TAP precipitates. Inspection of the
original figure showed that both the 7S, and 7Ss pre-
rRNAs were coprecipitated. 27SB, and 27SBg cannot
be resolved by northern hybridization, but primer ex-
tension from oligo 006 in ITS2 (see Fig. 1A) showed
that both the 27SB, and 27SBg pre-RNAs were copre-
cipitated with Nop7-TAP (Fig. 7C).

Nop7p has a specific role in formation of the 27SBg
pre-rRNA but is associated with pre-rRNAs in both pro-
cessing pathways, consistent with the conclusion that
it has additional roles in 60S subunit assembly and
export.

M. Oeffinger et al.

DISCUSSION

We show here that the yeast homolog of Pescadillo is
required for the 5’ to 3’ exonuclease digestion that
generates the 5’ end of the major, short form of the
5.8S rRNA. Depletion of Nop7p also resulted in strong
synergistic inhibition of growth in the presence of a
GFP-tagged form of ribosomal protein Rpl25p, indicat-
ing an additional role in 60S ribosome assembly. Nu-
clear accumulation of Rpl25-eGFP has been used as a
marker for a defect in nuclear export of pre-60S ribo-
somal particles (ribosome export or rix phenotype;
Gadal et al., 2001b), and this was also observed fol-
lowing Nop7p depletion. We conclude that Nop7p is
required for a specific pre-rRNA processing step as
well as correct pre-60S assembly and nuclear export.

During the course of this work, Nop7p was shown to
be a component of at least three different pre-ribosomal
complexes with substantially different protein compo-
sition, as well as differences in pre-rRNA components
(BaRler et al., 2001; Harnpicharnchai et al., 2001; Fatica
et al. 2002; see Fig. 8). These analyses allow us to
propose a correlation between the pre-ribosomal par-
ticles with which Nop7p is associated and the distinct
defects in ribosome synthesis that are seen on its
depletion.

The earliest pre-60S particle with which Nop7p is
known to be associated is pre-60S E;. This complex is
also associated with the 27SA,, 27SAz, and 27SB pre-
rRNAs (Fatica et al., 2002) and it is therefore very likely
that Nop7p is required for processing from 27SA; to
27SB within the pre-60S E; particle.

A fast acting, dominant negative phenotype is asso-
ciated with the expression of a GFP-tagged form of the
ribosomal protein Rpl25p in strains depleted of Nop7p.
The fact that expression of Rpl25-GFP is dominant in-

pre-60S Ey pre-B0S Ep pre-60S M pre-60S L

= @r@-@1O-®

NopTp
-

processing

pre-405

O~ -
FIGURE 8. Model for the roles of Nop7p in 60S subunit biogenesis.
Outline pathway of biogenesis of 60S and 40S ribosomal subunits,
modified from Fatica et al. (2002). This model indicates the presence
of Nop7p in three different pre-60S complexes designated E;, E,,
and M, which can be correlated with the different functions deduced
for Nop7p. Pre-60S E; contains the 27SA; pre-rRNA, the processing
of which is defective in strains lacking Nop7p. Rpl25p is not present
in pre-60S E;, but joins the pre-60S E, particle, and the defect in
Rpl25p assembly is therefore predicted to occur at this step. The
pre-60S M complex contains numerous factors required for 60S sub-
unit export as judged by the nuclear retention of a Rpl25-GFP re-
porter construct, and Nop7p is likely to be required during the
acquisition of export competence within this complex.

export
assembly compatence
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dicates that, in its presence, the wild-type Rpl25p is no
longer able to support growth. Notably, the inhibition of
growth was much more rapid and complete than would
be expected for a strain that was simply unable to syn-
thesize new ribosomes due to pre-rRNA processing
defects. Many such mutants have been analyzed (re-
viewed in Venema & Tollervey, 1999) and predomi-
nantly show a gradual increase in doubling time, as
preformed ribosomes are depleted by growth. The very
rapid onset of growth inhibition, seen in the Nop7p-
depleted strain expressing RIp25-GFP, indicates that
this does not require substantial depletion of the pre-
existing ribosome pool. We speculate that production
of defective subunits prevents the remaining, other-
wise functional, ribosomes from carrying out efficient
translation. The pre-60S E; complex lacks Rpl25p, which
is added only to the pre-60 E, particle (Harnpicharn-
chai et al.,, 2001; Fatica et al., 2002). We therefore
predict that the genetic interaction between GAL::nop7
and Rpl25-GFP reflects a requirement for Nop7p in the
correct assembly of Rpl25p, and perhaps other factors,
with the pre-60S E, complex.

Several recent studies have made use of a fusion
between Rpl25p and GFP to follow the export of 60S
ribosomal subunits from the nucleus to the cytoplasm
(BaBler et al., 2001; Gadal et al., 2001a, 2001b; Ho
et al., 2000; Milkereit et al., 2001; Fatica et al., 2002).
There is considerable data showing that free r-proteins
do not accumulate in the absence of ribosome synthe-
sis. The accumulation of RIp25-GFP has therefore been
taken as evidence for the accumulation of pre-ribosomal
particles in the nucleoplasm, indicating a defect in their
export. This assay has defined a late pre-ribosomal
particle (pre-60S M in Fig. 8), all tested components of
which are required for 60S subunit export. These in-
clude Nuglp, Nug2p, Noc2p, Noc3p, and Rix1p as well
as Nop7p itself (BaRler et al., 2001; Gadal et al., 20014,
2001b; Milkereit et al., 2001). Mutations in any of these
proteins leads to defects in export, suggesting a re-
quirement for the intact structure of this pre-ribosomal
particle. Because multiple components of this complex
are required for subunit export, we predict that export
competence is established within this particle, and that
this activity requires Nop7p.

Mutations in Nugl1p, Nug2p, Noc2p, Noc3p, or Rix1p
did not result in pre-rRNA processing defects similar
to Nop7p depletion or synergistic interactions with
Rpl25-GFP (Baliler et al., 2001; Milkereit et al., 2001)
indicating that these are distinct activities. Moreover,
Nugl-TAP did not coprecipitate 27SA, or 27SA; (Baldler
et al., 2001; E. Petfalski & D. Tollervey, unpubl. obser-
vations) indicating that it associates with the pre-rRNA
particle only after processing at these sites is com-
plete. Depletion of a specific component of the pre-60S
E, complex, Ssflp, also did not interact genetically with
Rpl25-GFP and did not inhibit subunit export as judged
by nuclear accumulation of Rpl25-GFP (Fatica et al.,
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2002). We therefore propose that the roles of Nop7p in
pre-rRNA processing, assembly, and export are dis-
tinct and performed within different pre-ribosomal par-
ticles (see Fig. 8).

Pescadillo is a multifunctional protein

Pescadillo was isolated as a mutation affecting embry-
onic development (Allende et al., 1996) and a mutant
allele of the yeast gene resulted in growth arrest in G2
(Kinoshita et al., 2001), consistent with a specific de-
fect in cell-cycle progression. Yeast Yhplp/Nop7p is
also reported to interact with Yvhlp (Sakumoto et al.,
2001), a protein-tyrosine phosphatase with a postu-
lated role in the regulation of sporulation and meiosis.

There are clear precedents for proteins that function
both in cell-cycle progression and ribosome synthesis.
Exit from mitosis in budding yeast requires a group of
proteins, including the phosphatase Cdcl4p, which
down-regulate cyclin-dependent kinase activity. Cdc14p
is sequestered in the nucleolus in the RENT (regulator
of nucleolar silencing and telophase) complex with Sir2p
and Netlp, which serves to anchor the complex (Shou
et al., 1999). In addition, Netlp is required for the main-
tenance of normal nucleolar structure and its binding
stimulates RNA polymerase | (Shou et al., 1999, 2001).
These nucleolus-specific functions of Netlp can be sep-
arated genetically from its cell-cycle functions in the
RENT complex. In human cells, the nucleolar p14/ARF
protein binds and sequesters the negative regulator of
p53 activity, Mdm2 (Tao & Levine, 1999; Weber et al.,
1999; Zhang & Xiong, 1999). Free Mdm2 ubiquitinates
p53 and transports it to the cytoplasm where it is de-
graded by the proteosome (Fuchs et al., 1998; Geyer
et al., 2000), and the nucleolar sequestration of Mdm2
contributes to the inhibition of this activity by ARF. Mouse
Pescadillo was identified by its up-regulation in cells
lacking p53 (Kinoshita et al., 2001), but other inter-
actions with the p53 system have not been reported.

The available data suggest that yeast Nop7p may
function both in ribosome synthesis and in cell-cycle
regulation. Whether its role in the cell cycle involves
other protein components of the pre-ribosomal parti-
cles or a different set of interactions remains to be
determined.

MATERIALS AND METHODS

Strains

Growth and handling of Saccharomyces cerevisiae were by
standard techniques. GAL-regulated strains were pregrown
in RGS medium, containing 2% raffinose, 2% galactose, and
2% sucrose, and harvested at intervals following a shift to
medium containing 2% glucose. Strains for pulse-chase analy-
sis were pregrown in minimal RGS medium lacking uracil and
shifted to minimal glucose medium lacking uracil. Strains for
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immunofluorescence studies were grown in minimal glucose
medium lacking leucine.

Yeast strains used and constructed in this study are listed
in Table 1. Conditional mutants under the control of the re-
pressible GAL10 promoter were generated by one-step PCR
strategy in the strains YDL401 and BMA64 (Lafontaine &
Tollervey, 1996). Transformants were selected for HIS+ proto-
trophy and screened by PCR. TAP-tagged strains were con-
structed by one-step PCR strategy in the GAL-mediated strain
GAL::nop7 (Rigaut et al., 1999). Transformants were screened
by immunoblotting and PCR.

TAP-tagged strains were transformed with pUN100Ds
RedNOP1 (kindly provided by E. Hurt and U. Heidelberg) to
allow ready identification of the nucleolus, and pYEplac195-
L25-eGFP to look at nuclear export of 60S ribosomal subunits.

For construction of eYFP-PES, complementary DNA of
human Pescadillo gene (G1:2194202) was isolated by PCR
amplification from Marathon-Ready Hela cDNA library (Clon-
tech) using specific primers with Bgl/ll and EcoRI restriction
sites attached to the 5’ and 3’ primer, respectively. The am-
plified fragment was subsequently cloned to the Bg/ll-EcoRI
fragment of eYFP-C1 and verified by DNA sequencing.

RNA extraction, northern hybridization,
and primer extension

RNA was extracted as described previously (Tollervey &
Mattaj, 1987). For high-molecular-weight RNA analysis, 7 ©g
of total RNA were separated on a 1.2% agarose gel contain-
ing formaldehyde and transferred for northern hybridization
as described previously (Tollervey, 1987). Standard 6% or
8% acrylamide-8 M urea gels were used to analyze low-
molecular-weight RNA species and primer extension reac-
tions. Primer extensions were performed as described
previously (Beltrame & Tollervey, 1992) on 5 ug of total RNA
using primers 007 and 006.

For pre-rRNA and rRNA analysis the following oligonucle-
otides were used:

002: 5'-GCTCTTTGCTCTTGCC;

003: 5'-TGTTACCTCTGGGCCC;

006: 5'-AGATTAGCCGCAGTTGG
007: 5'-CTCCGCTTATTGATATGC;
008: 5'-CATGGCTTAATCTTTGAGAC;
017: 5'-GCGTTGTTCATCGATGC;

TABLE 1. Yeast strains used and constructed in this study.
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020: 5'-TGAGAAGGAAATGACGCT;
041: 5'-CTACTCGGTCAGGCTC.

Immunofluorescence

For localization of yeast Nop7p, cells were grown in selective
medium to midexponential phase, fixed by incubation in 4%
(v/v) formaldehyde for 30 min at 25°C, and spheroplasted.
Immunofluorescence was then performed as described pre-
viously (Grandi et al., 1993; Berges et al., 1994). Protein A
fusions were detected with a rabbit anti-Protein A antibody
(Sigma) and a secondary goat anti-rabbit antibody coupled
to FITC (Sigma) at 1:1,000 and 1:200 dilutions, respectively.
To stain nuclear DNA, DAPI was included in the mounting
medium (Vectashield, Vector Laboratories). Cells were viewed
on a Zeiss Axioscop microscope.

Cells containing pYE195-Rpl25-eGFP were grown in SD-
LEU to midexponential phase, fixed in 4% (v/v) formaldehyde
for 30 min, and pelleted. Cells were resuspended in 100 mM
KH,Ac/K,HAc/1.1 M sorbitol and mounted onto slides using
moviol, containing DAPI. To detect Rpl25-eGFP in vivo in the
fluorescence microscope, the GFP-signal was examined in
the fluorescein channel of a Zeiss Axioscop microscope (Hurt
et al., 1999). Pictures were obtained with SmartCapture VP.

The localization of eYFP-Pescadillo was determined after
transient transfection into Hela cells. EYFP-PES and eCFP-
B23 were cotransfected for 6 h using Effectene (Quiagen)
according to the manufacturer’s protocol and fixed after 42 h
using 3.7% paraformaldehyde in CSK buffer. Cells were per-
meabilized and decorated with antibodies against dense fi-
brillar component marker fibrillarin (72B9) and the granular
component marker B23 (anti-B23). Cells were imaged using
a Zeiss LSM410 confocal microscope or a Zeiss DeltaVision
Restoration microscope (Applied Precision, Inc.). Images pre-
sented here are maximal projections of the entire nuclear
fluorescence.

Immunoprecipitation of GAL::nop7 -TAP

For immunoprecipitation of GAL::nop7-TAP, cells were grown
in YPgal to ODggo = 2 and lysed in buffer A (150 mM KAc,
20 mM Tris-Ac, pH 7.5, 5 mM MgAc) with 1 mM DTT, 0.5%
Triton X-100, 2.5 mM vanadyl-ribonucleoside complexes
(VRC), and 5 mM PMSF (phenylmethylsulphonylfluoride) at

Strain Genotype Reference
YDL401 MATa his3A200 leu2A1 trpl ura3-52 gal2 galA108 Lafontaine & Tollervey, 1996
YMO1 as YDL401 but GAL10::nop7-HIS3 This work

YMO2 as YDL401 but GAL10::nop7-TAP-TRP1 This work

YMO3 as YMO2 but pUN100-DsRednopl LEU1 This work

YMO4 as YMOL1 but pRS315-Rpl25-eGFP This work

BMAG64 MATa ade2-1 his3-11,-15 leu2-3,-112 trp1A, ura3-1 F. Lacroute

YMO5 as BMA64 but pA3ura3 This work

YMOG6 as BMA64 but GAL10::nop7, pA3ura3 This work

YCA31 as YDL401 but GAL10::prot.A-RRP4, RRP6:(KI) TRP1 Allmang et al., 1999
GAL::DOB1 MATa ura3-1 ade2-1 his3-11,-15 leu2-3,-112 trp1-1

Dob1::HIS3MX6 +[pAS24-DOBI]

de la Cruz et al., 1998
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4°C using glass beads (Sigma). Immunoprecipitation with
rabbit IgG agarose beads and subsequent TEV cleavage
were performed as described (Rigaut et al., 1999). RNA was
extracted with buffer AE/phenol-chloroform, ethanol precipi-
tated (Schmitt et al., 1990), and analyzed by northern hybrid-
ization and primer extension.

Pulse-chase labeling experiments

Pulse-chase labeling of pre-rRNA was performed as previ-
ously described (Tollervey et al., 1993) using 100 uCi [5,6-
SH]uracil (Amersham) for 2 min at 30°C. Unlabeled uracil
was added to a final concentration of 240 ugmL—1. Samples
(1 mL) were taken, transferred to microcentrifuge tubes at
room temperature, and spun for 10 s at full speed in an
Eppendorf centrifuge. Cell pellets were frozen in liquid N,.
Total RNA was extracted with buffer AE/phenol-chloroform
and ethanol precipitated (Schmitt et al., 1990). [H3]-labeled
pre-rRNA and rRNA was resolved on 1.2% agarose gels for
high-molecular-weight RNAs and 8% acrylamide-8 M urea
gels for low-molecular-weight RNAs. RNA was transferred to
Hybond-N* Nylon membranes (Amersham), dried, and ex-
posed to X-ray film for 10 days at —80 °C with an intensifying
screen.
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