














Figure 5. Depletion of Rsadp results in deficit in free 60S r-subunits and
accumulation of half-mer polysomes. WDG72 (GAL::RSA4) was grown in
YPGal (A) and then shifted to YPD for 24 h (B). Cells were harvested at an
ODg of ~0.8 and equal amounts of cells extracts (10 A, units) were resolved
in 7-50% (w/v) sucrose gradients. The A,s4 was read continuously. Sedimenta-
tion is from left to right. The peaks of free 40S and 60S ribosomal subunits, 80S
free couples/monosomes and polysomes are indicated. Half-mers are indicated
by arrows.

RSA4 strains showed normal polysome profiles when grown in
YPGal, including normal levels of free 40S and 60S
r-subunits, monosomes (and 80S free couples) and polysomes
(Figure 5A and data not shown). However, when shifted for
24 h to YPD, WDG72 cells showed a strong decrease in the
levels of free 60S r-subunits, an increase in the levels of free
40S r-subunits and an overall decrease in the 80S peak and in
polysomes (Figure 5B). In addition, there was an accumulation
of half-mer polysomes (Figure 5B). Wild-type cells showed no
alteration in the polysome profile when transferred to YPD
(data not shown). These results indicate that depletion of
Rsadp leads to a deficit in 60S r-subunits relative to 40S
r-subunits.

Rsadp is required for normal pre-rRNA processing

To study in more detail the role of Rsa4p in 60S r-subunit
metabolism, we analysed the effects of Rsa4p depletion on the
processing of 35S pre-rRNA. Total RNA was isolated from
RSA4 and GAL::RSA4 strains at various time points after
transfer from liquid YPGal to liquid YPD, and steady-state
levels of premature and mature rRNA species were subjected
to northern and primer extension analyses. Different oligonuc-
leotides hybridizing to defined regions of the 35S pre-rRNA
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transcript were used to monitor specific processing interme-
diates (see Figure 1). As shown in Figure 6A, depletion of
Rsadp caused a marked decrease in 25S rRNA but only a slight
decrease in 18S rRNA steady-state levels, which is in agree-
ment with the polysome profile results. Upon depletion, the
GAL::RSA4 strain accumulated the 35S pre-rRNA; clear accu-
mulation was observed 24 h after transfer to YPD and it
increased with time. The levels of 20S pre-rRNA were reduced
in the Rsadp-depleted strain, commencing also 24 h after
transfer to YPD medium (Figure 6A). This reduction is con-
comitant to the appearance of an aberrant 23S RNA, which
extends from the 5" ETS to site As, and to the slight decrease in
mature 18S rRNA (Figure 6A). Moreover, the 27SB pre-rRNA
was strongly accumulated at 24 h and at later time points.
Interestingly, the 27SA, pre-rRNA seems also to accumulate
slightly 24 h after the transfer to glucose medium, but its levels
are reduced at later time points.

The analysis of low-molecular-weight rRNA species
revealed a mild decrease in the steady-state levels of the 5.8S
and 5S rRNAs but an accumulation of the 7S pre-rRNAs, 24 h
after the transfer to glucose medium (Figure 6B).

To further characterize pre-rRNA processing in the
GAL::RSA4 strain, we assessed the levels of the 27S and
25.5S pre-rRNAs by primer extension analyses. As shown
in Figure 6C, the primer extension stops at sites C,, B
and B g, and increased at 12 h after transfer to YPD medium,
indicating that 25.5S, 27SB; and 27SBg pre-rRNAs were
accumulated after depletion of Rsa4p. The level of the primer
extension at site A,, the 5’ end of the 27SA, pre-rRNA
increased 12 h after transfer to YPD medium but decreased
at 30 and 36 h time points. A similar observation was made for
site As, the 5’ end of the 27SA; pre-rRNA (Figure 6C). The
level of the 27S A3 pre-rRNA was, however, reduced to a lesser
extent. All these results are fully consistent with the results
obtained by northern hybridization. However, since primer
extension is a more sensitive technique, the accumulation
of these pre-rRNAs is readily detected earlier at 12 h after
transfer to glucose medium.

To study the kinetics of rRNA production, we analysed the
effects of Rsadp depletion on the synthesis and processing of
pre-rRNA by pulse—chase labelling with [methyl->H]methio-
nine. Both, the RSA4 and GAL::RSA4 strains were grown in
liquid YPGal medium and then shifted to liquid minimal gluc-
ose medium lacking methionine (SD-Met) for 24 h. At this
time point, the GAL::RSA4 strain was doubling every 6.5 h
compared with 2.5 h for the RSA4 strain. The cells were pulse-
labelled for 1 min, then chased for 2, 5 and 15 min with an
excess of ice-cold methionine and total RNA was extracted
and analysed. In the wild-type RSA4 strain, the 35S precursor
was converted rapidly into 32S pre-rRNA and then into 27S
and 20S species, which were further processed into 25S and
18S mature rRNAs, respectively (Figure 7). After 5 min of
chase, most of the labelled species were mature rRNAs. Con-
sistent with the northern blot and primer extension data, deple-
tion of Rsadp resulted in a mild delay of 35S pre-rRNA
processing, as shown by the 35S pre-rRNA abundance and
persistence compared with the wild-type in early chase time
points (Figure 7). This was combined with some delay in the
formation of the 27S and 20S pre-rRNAs and the appearance
of traces of the aberrant 23S species (Figure 7). The processing
pathway leading from 20S pre-rRNA to the 18S rRNA was not
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Figure 6. Effects of Rsa4p depletion on steady-state levels of pre-rRNAs and mature rRNAs. The strains W303-1A (RSA4) and WDG72 (GAL::RSA4) were grown in
YPGal medium and then shifted to YPD medium. Cells were harvested at indicated times and total RNAs were extracted. (A) Equal amounts of total RNA (5 pg) were
resolved on a 1.2% agarose—formaldehyde gel and transferred onto a nylon membrane. The same membrane was hybridized with different probes. (B) Equal amounts
of total RNA (2.5 ng) were resolved on a 7% polyacrylamide—urea gel, transferred onto a nylon membrane and hybridized consecutively with different probes. (C)
Equal amounts of total RNA (5 pg) were used for primer extension analysis. Probe g was labelled and used for the reactions. Note that this probe allows detection of
27SA, (as the stop at site A,), 27SA; (as the stop at site A3), and both 27SB (as stops at sites By; and B;g) and 25.5S (as the stop at site C,). Probe names are indicated
between parentheses on the left (except for probe 5S, see Figure 1A for their location in the 35S pre-rRNA).

significantly affected. In contrast, the 27S precursors persisted
until the end of the chase. As a consequence, almost no
labelled mature 25S rRNA was detected (Figure 7).

Taken all together, these data demonstrate that all pre-rRNA
processing steps leading from 27SA; to 25S and 5.8S rRNAs
are inhibited in the Rsa4p-depleted strain. Moreover, depletion
of Rsa4p mildly delays processing at sites Ay, A; and A,
which is frequently seen in most strains defective in 60S
r-subunit biogenesis and probably owing to indirect effects (4).

Depletion of Rsa4p impairs the intra-nuclear transport
of pre-60S r-particles

To test whether Rsadp is required for r-subunit export, the
RSA4 and GAL::RSA4 strains were transformed with a plasmid
expressing a GFP-tagged form of the 60S r-protein Rpl25p.
The localization of the Rpl25-eGFPp was determined by fluor-
escence microscopy after growth in liquid minimal galactose
medium (SGal-Ade-Leu) and at a different time after transfer
to liquid minimal glucose medium (SD-Ade-Leu), as
described previously (31,32). Rpl25-eGFPp was predomin-
ately cytoplasmic in wild-type cells grown in galactose
medium and glucose medium, indicating that nascent
pre-60S r-particles are processed and rapidly exported to

the cytoplasm (data not shown). As shown in Figure 8A,
Rpl25-eGFPp was also detected primarily in the cytoplasm
of GAL::RSA4 cells grown in galactose medium. In contrast,
Rpl25-eGFP was found to accumulate in the nucleus of
GAL::RSA4 cells 24 h after a shift to glucose medium
(Figure 8B). The GFP-decorated region mainly coincides
with the nucleolus, identified by the red fluorescently
DsRed-Noplp marker (see below) (Figure 8B). A similar
assay for nuclear export of pre-40S r-particles was performed
by the fluorescence microscopy analysis of the RSA4 and
GAL::RSA4 strains transformed with a plasmid expressing
an eGFP-tagged form of the 40S r-protein Rps2p (33). Both
strains showed comparable cytoplasmic localization of Rps2-
eGFPp in liquid minimal galactose medium or 24 h after
transfer to liquid minimal glucose medium (data not shown).

We conclude that upon depletion of Rsadp, intra-nuclear
transport of pre-60S r-particles is blocked at an early stage,
most probably before the release of preribosomes from the
nucleolus.

Rsadp localizes to the nucleolus

To establish the subcellular localization of Rsadp, we con-
structed a strain in which the wild-type RSA4 gene was
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Figure 7. Depletion of Rsa4p inhibits pre-rRNA processing of 27S precursors.
The strains W303-1A (RSA4) and WDG72 (GAL.:RSA4) were grown in YPGal
medium and then shifted for 24 h to SD-Met medium. Cells were pulse-labelled
with [methyl—3H]methionine for 1 min, and then chased with a large excess
of ice-cold methionine for 2, 5 and 15 min. Total RNA was extracted and
20000 c.p.m. was loaded and separated on a 1.2% agarose—formaldehyde
gel, transferred onto a nylon membrane and visualized by fluorography. The
positions of the different pre-rRNAs and mature rRNAs are indicated.

replaced by a RSA4-eGFP fusion allele (see Materials and
Methods). This allele is not fully functional but supports
almost wild-type growth at 30°C (data not shown). Examina-
tion by fluorescence microscopy of the cells expressing Rsa4-
eGFPp revealed a bright, nuclear signal (Figure 9). To allow
visualization of the nucleolus, the RSA4-eGFP strain was
additionally transformed with a plasmid expressing DsRed-
tagged Noplp (31). This decorated the crescent-shaped region
of the nucleus that is characteristic of the yeast nucleolus (31).
As shown in Figure 9, the nucleolar signal of DsRed-Noplp
colocalizes with the signal of Rsa4-eGFPp, indicating that
Rsa4-eGFPp is localized predominantly in the nucleolus. Sim-
ilar results have been independently obtained by a systematic
protein localization study (34). Interestingly, the putative
human orthologue of Rsa4p (human BAA91621) is also a
nucleolar protein (35). The predominant localization of the
Rsa4p—eGFPp fusion protein in the nucleolus suggest that
Rsadp is a nucleolar protein. This is in agreement with a
specific role of Rsa4p in ribosome biogenesis.
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DISCUSSION

Rsa4p is predicted to be involved in 60S r-subunit biogenesis.
It has been shown that Rsa4p is a component of a set of stable
pre-60S r-particles that were purified with different TAP-
tagged version of frans-acting factors. These particles have
substantially different pre-rRNA and protein compositions
(12,36-38). In agreement, we have found that most Rsadp
sediments in sucrose gradients to positions expected for
pre-60S r-particles (data not shown). Based on all these
data, we and others have deduced that Rsa4p might associate
with early nucleolar pre-60S r-particles and dissociate in the
cytoplasm after the final structural rearrangements of cytoplas-
mic 60S pre-ribosomal subunits (3,12).

In this study, we present several lines of evidences that
Rsadp is indeed involved in 60S r-subunit biogenesis. First,
depletion of Rsadp leads to a deficit of 60S r-subunits and the
appearance of half-mer polysomes. Second, when pre-rRNA
processing was examined, we found that a number of steps in
the processing of 27S pre-rRNA to mature 25S rRNA were
inhibited in the Rsa4p-depleted strain (see below). Moreover,
the transport of pre-60S r-particles from the nucleolus to the
nucleoplasm 1is likely impaired upon depletion of Rsadp.
Finally, Rsa4p has an NLS and seems to be enriched in the
nucleolus.

A striking feature is the pre-TRNA processing phenotype
observed upon Rsa4p depletion. This resulted in the reduction
of both 25S and 5.8S rRNAs. We found a mild delay of early
pre-TRNA cleavages at sites Ao, A; and A,. This delay is an
unspecific phenotype observed in many other mutations that
interfere with the synthesis of mature rRNA from the large
r-subunit. It has been proposed that these pre-rRNA processing
defects arise from inefficient recycling of trans-acting factors
that improperly disassemble from defective 60S pre-ribosomal
particles (32). Most importantly, we observed the accumula-
tion of all pre-TRNA species from early 27SA, to 7S and 25.5S
precursors. This involves Rsa4p in almost all different steps of
60S r-subunit maturation, therefore, Rsa4p is not likely a bona

fide pre-tRNA processing factor, such as a nuclease, but it

could instead be involved in r-subunit assembly. Inhibition
of 27S pre-rRNA processing steps is accompanied by nucle-
olar retention of pre-60S r-particles. This defect is apparently
specific as export of small r-subunits was unaffected. Deple-
tion of or mutation in a set of other protein trans-acting factors
has specific export defects of pre-60S r-particles. Most of them
lead to a nuclear (nucleoplasmic) rather than a nucleolar accu-
mulation. These proteins include among others, Efl1p, Ipilp,
Ipi3p, Nog2p, Noc2p, Noc3p, Nuglp, Nug2p, Realp, Rix1p,
Rrpl12p and Tif6p (32,37—41). In addition, depletion of or
mutations in Noclp, Noglp, Nop7p or Rix7p seem to cause
a nucleolar retention of pre-60S r-particles (32,42-44). How-
ever, when studied, depletion of or mutation in any of the
above factors did not result in pre-rRNA processing defects
identical to those described for the Rsad4p depletion. Some
resulted in a strong reduction of all precursors from the
27SB pre-rRNA as mutants in Noc2p and Noc3p (32). The
phenotype observed upon depletion of Nog2p was the accu-
mulation of the pre-rRNA intermediates 27SBg and 7Sg (37).
Mutation in Nop7p, Rix7p or Tifép showed some accumula-
tion of 27SB precursors and depletion of 7S pre-rRNAs
(42,44,45). Next, reduction in 27SB precursors and a mild
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Figure 8. Depletion of Rsadp leads to accumulation of Rpl25p-eGFP in the nucleolus. WDG72 (GAL::RSA4) was transformed with Rpl25p-eGFP and DsRed-
Noplp plasmids. Selected candidates were grown in liquid SGal-Leu-Ade medium (galactose) (A) and then shifted to liquid SD-Leu-Ade medium (glucose) for 24 h
(B). Cells were harvested, washed and resuspended in water and inspected in the fluorescence microscope. Selected cells are shown in a magnified picture. Triangles

point to nucleolar fluorescence.

to slight accumulation of 7S pre-rRNA have been detected for
mutants in Nuglp and Nug2p (38). Conditional strains for
Ipilp, Ipi3p and Realp showed only inhibition of 7S pre-
rRNA processing, without apparent accumulation of this
precursor (39). Finally, mutation in Rix1p had no effect on
pre-TRNA processing (38). Based on these data, we conclude
that Rsadp carries out a specific function in pre-rRNA
processing, assembly and export that are distinct from that
performed for many other trans-acting factors required for
nuclear export of pre-60S r-particles from the nucleolus.
Since Rsadp is conserved during evolution, orthologues
found in higher eukaryotes are expected to perform similar
functions.

A plausible explanation for our results takes into account
that Rsadp belongs to the family of WD-repeat proteins.

Typically, members of this family adopt a propeller-like struc-
ture (15,46). Residues on the top and bottom of the propeller
are involved in binding of specific proteins (47,48). In pro-
cesses such as mRNA splicing or pre-mRNA 3’-end formation,
which involve the formation of large multicomponent com-
plexes, WD-repeat proteins are thought to function as scaf-
folding molecules to hold together the components of these
complexes (49-52). In other processes, such as signalling
transduction and translation, WD-repeat proteins serve as
adaptors to present a protein substrate to other different pro-
teins. For instance, yeast WD-repeat protein Asclp (and its
mammalian orthologue RACKI1) is a 40S r-protein that
recruits at the ribosome a variety of proteins, including
RNA-binding proteins, translation factors and proteins
involved in signal transduction. The connection of the
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Figure 9. Rsa4p localized predominantly to the nucleolus. /n vivo localization of Rsa4p-eGFP and DsRed-Noplp was determined by fluorescence microscopy.
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ribosome with these different proteins provides a mechanism
to regulate translation activity (48,53). We favour a model in
which Rsa4p acts as a platform of interaction for several other
trans-acting factors that are used for different structural
rearrangements of the pre-60S r-particles during their matura-
tion. These rearrangements control the transport from the nuc-
leolus to the nucleoplasm and from there to the cytoplasm.
Indeed, 60S r-subunit export require several AAA-ATPases
and GTPases (37-39,42,54). In the absence of Rsadp, the lack
or delay in the interaction of the Rsa4p partners with the pre-
60S r-particles might inhibit or strongly delay pre-rRNA pro-
cessing at different steps, impede the proper recycling of
trans-acting factors associated with pre-60S r-particles and
block the release of these particles from the nucleolus.

Rsadp is about the 20th WD-repeat protein that has been
described as having a role during ribosome synthesis in
S.cerevisiae. Many of them (Pwp2p, Dip2p, Utpl3, Utpl8
and Utp21) form a stably 25-30S complex required for the
binding of U3 snoRNP and the Mpp10/Imp3/Imp4 complex to
the 35S pre-rRNA during formation of 90S pre-ribosomal
particles (55,56). WD-repeat proteins, such as Erblp (57),
Makl11p (36) and Ytmlp (13), are required for optimal 60S
r-subunit biogenesis. Mak11p and YtmIp have not been well
characterized so far. Depletion of Erblp results in a strong
reduction of the different 27S pre-rRNAs species and 7S pre-
rRNA (57). Unfortunately, these pre-rRNA phenotypes do not
provide any clear insight into the role of Erblp during 60S
r-subunit assembly. Finally, two other WD-proteins Rrblp
and Sqtlp seem to serve as chaperones for assembly onto
pre-60S r-particles of the 60S r-proteins Rpl3p and Rpl10p,
respectively (58-60).

In conclusion, the most significant effect of Rsa4p depletion
in yeast cells is the block of the synthesis of 60S r-subunits at
all steps of 278 pre-rRNA processing. This is accompanied by
the nucleolar retention of pre-60S r-particles. Taking into
account the activity of WD-repeat proteins and the fact that
Rsa4p remain associated with most pre-60S r-particles, it is
reasonable to speculate that Rsadp acts as an adaptor for
recruitment of tranms-acting factors required for pre-rRNA
processing, assembly and export within different pre-60S

r-particles (see Figure 2). Different approaches (i.e. synthetic
lethal or two-hybrid studies) are now required to deter-
mine those trans-acting factors that work as Rsa4p interacting
partners.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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