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Independent from U3 snoRNA and Rrp5p
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Sof1p is a trans-acting protein that is essential for biogenesis of the 40S ribosomal subunits in the yeast
Saccharomyces cerevisiae. Because of its involvement in the early cleavage steps of precursor rRNA, its inter-
action with Nop1p and its ability to coprecipitate U3 snoRNA, Sof1p has so far been regarded as a protein that
is specific to the U3 snoRNP. To determine whether a site exists within U3 snoRNA with which Sof1p directly
or indirectly associates, we studied the ability of ProtA-tagged Sof1p to coimmunoprecipitate mutant versions
of U3 snoRNA. None of the tested mutations had a significant effect on the recovery of mutant U3 from cell
extracts. Further coimmunoprecipitation experiments, using cells that could be genetically depleted for either
Sof1p or U3 snoRNA demonstrated that the two factors associate independently of each other with the 35S
precursor RNA. Indeed, association between Sof1p and U3 snoRNA was abolished in cells in which 35S
pre-rRNA transcription was blocked. Finally, we found that an overall reduction in the levels of box C/D
snoRNPs by genetic depletion of the common Nop58p protein did not affect coprecipitation of 35S pre-rRNA
by Sof1p. From these data, we conclude that Sof1p does not assemble into the 90S preribosome as part of the
U3, or any other box C/D, snoRNP. The early and independently assembling trans-acting factor Rrp5p also
proved to be dispensable for assembly of Sof1p.

The production of eukaryotic ribosomes is a highly dynamic
process that starts in the nucleolus, a subregion of the nucleus.
Here, the 18S, 5.8S, and 25-28S rRNA genes are transcribed
into a single large precursor rRNA by RNA polymerase I,
while transcription of the 5S rRNA genes by RNA polymerase
III gives rise to a separate pre-5S rRNA transcript. Most of the
processing of these precursors into the mature rRNA species
and their assembly with ribosomal proteins also occurs in the
nucleolus.

The RNA polymerase I transcript (35S pre-rRNA in yeast)
contains, in addition to the three mature rRNAs, two external
(5� and 3� external transcribed spacer [ETS]) and two internal
(internal transcribed spacer 1 [ITS1] and ITS2) transcribed
spacers (Fig. 1). Removal of the spacer elements involves an
ordered series of endo- and exonucleolytic cleavages (for re-
views see references 19, 24, and 31). Large complexes contain-
ing different sets of trans-acting proteins, ribosomal proteins,
and small nucleolar RNAs (snoRNAs) are formed on the var-
ious precursor rRNA species to guide this maturation, which
has been studied in most detail in the yeast Saccharomyces
cerevisiae. The earliest complex, formed on the yeast 35S pre-
cursor, is the 80S/90S preribosome. Within this particle, first
the 5� ETS is removed by cleavages at sites A0 and A1. Cleav-
age at site A2, or alternatively, at site A3, within ITS1 then
separates the 90S preribosome into the 43S and 66S pre-
ribosomal subunits that contain the 20S and the 27SA2, or
27SA3, precursor rRNAs, respectively. The former particle is
exported to the cytoplasm where the 20S pre-rRNA is matured

into 18S rRNA in a single step. Further maturation of the
27SA2 pre-rRNA into 5.8S and 25S rRNA occurs in the nu-
cleoplasm via two distinct pathways that give rise to 5.8S rRNA
species that differ slightly in length at their 5� ends (Fig. 1).

A large portion of the trans-acting factors involved in ribo-
some biogenesis consists of snoRNPs that can be divided into
two functionally overlapping classes. Most snoRNPs act as
guides in the nonessential, site-specific modification of the
mature sequences within the 35S pre-rRNA, either by 2�-O-
methylation or pseudouridylation (1, 11, 17, 18). A small set,
however, which in yeast includes the U3, U14, snR10, and
snR30 species as well as RNase MRP (mitochondrial RNA
processing), is required for specific cleavage events. U14 and
snR10 also act as modification guides, whereas U3 and snR30
do not have such a dual role.

U3 is the most abundant and best-studied snoRNP. It is
absolutely required for the early cleavages at sites A0, A1, and
A2, the first two of which are essential for formation of the 18S
rRNA of the small subunit (15, 29). Using density gradient
analysis, the U3 snoRNA can be detected in two complexes,
the 90S preribosome and a much smaller complex sedimenting
at 12S (8). The latter, often referred to as the U3 monoparticle,
contains a set of proteins that are common to all box C/D
snoRNPs, including Nop1p, Nop56p, Nop58p, and Snu13p, as
well as the U3-specific protein Rrp9p (8, 30, 33, 35). The U3
monoparticle is recruited to the 35S pre-rRNA, where it as-
sembles with some 30 additional proteins into the 80S/90S
preribosome or small subunit (SSU) processome (6).

Genetic replacement of the yeast box C/D snoRNP-specific
protein Nop1p by its human counterpart fibrillarin results in
temperature-sensitive growth. In a screen to identify new trans-
acting factors, a mutation within the gene SOF1 (suppressor of
fibrillarin) was identified that suppressed this phenotype (16).

* Corresponding author. Mailing address: Section of Biochemistry
and Molecular Biology, FEW, Vrije Universiteit, de Boelelaan 1083,
1081 HV Amsterdam, The Netherlands. Phone: 31 20 598 7569. Fax:
31 20 598 7553. E-mail: vos@few.vu.nl.

427



Further analysis showed that genetic depletion of Sof1p results
in defective processing at sites A0 to A2 and that epitope-
tagged Sof1p coprecipitated U3 but not U14 snoRNA, another
member of the box C/D class. Consequently, Sof1p was con-
sidered to be a U3-specific protein.

In vivo coimmunoprecipitation studies reported in this pa-
per show, however, that none of the U3 snoRNA-specific
structural features is essential for its association with Sof1p,
raising the question whether Sof1p is indeed a U3-specific
protein. Therefore, we investigated the mutual dependence of
U3 and Sof1p in their assembly with the early preribosome.
Coimmunoprecipitation experiments in strains that could be
genetically depleted for one or the other factor showed that
Sof1p is still incorporated into the preribosome in the absence
of U3 snoRNA and vice versa. On the other hand, inhibition of
RNA polymerase I transcription abolished the association be-
tween Sof1p and U3, which, therefore, depends upon the pres-
ence of 35S pre-rRNA. These data demonstrate that Sof1p is
not part of the U3 monoparticle and that U3 and Sof1p are
assembled independently onto the 35S pre-rRNA. We also
demonstrate that overall depletion of box C/D snoRNPs does
not diminish the association of Sof1p with 35S pre-rRNA and
that Sof1p does not require Rrp5p, another early assembling
component of the early 90S preribosome, for this association.

MATERIALS AND METHODS

Strains and plasmids. Escherichia coli strain MH1 was used for cloning and
propagation of plasmids. Yeast transformation was carried out according to the
method of Gietz et al. (12). Yeast strains used in this work are listed in Table 1.
The pRS series of plasmids is described by Sikorski and Hieter (27). A plasmid-
encoded ProtA-tagged SOF1 was constructed by cloning the 1.7-kb BamHI-
Asp718 fragment (which includes the native SOF1 promoter) and the 0.5-kb
Asp718-HindIII fragment from pUN100-Sof1::ProtA (16) into pBS(KS�)
cleaved with BamHI and HindIII. Next, the 2.3-kb Sof1::ProtA XbaI-XhoI frag-
ment was ligated blunt ended into the BamHI site of pASZ11 (28). For co-

immunoprecipitation experiments, the resulting pASZ11-Sof1::ProtA was trans-
formed into JH84 (25) as well as NOY504 (23). We will refer to these strains as
JH84 � pSof1::ProtA and NOY504 � pSof1::ProtA. pASZ11-ProtA::Rrp9 was
constructed by cloning the 3.0-kb SacI-Asp718 ProtA::rrp9 fragment from
pHIS3-ProtA::Rrp9 (33) into the corresponding sites of pASZ11. The resulting
plasmid pASZ11-ProtA::Rrp9 was then transformed to JH84 and NOY504.
YHV159 was constructed as described previously (34). pUN100-Sof1::ProtA (16)
was introduced to YJV154 (32) and D499 (kind gift of David Tollervey) to create
strains YJV154 � pSof1::ProtA and D499 � pSof1::ProtA, respectively.

Construction of the GAL10::sof1 fusion gene. To construct the GAL10::sof1
fusion gene, the SOF1 gene was amplified from total yeast DNA by PCR, using
a primer that introduces a BamHI site at the start codon and a second primer
flanking the internal PstI site of SOF1. This BamHI-PstI subfragment was joined
to the PstI-PstI SOF1 subfragment from pUN100-SOF1 (16) and cloned into
the corresponding sites of pBluescript II KS� (Stratagene). A 2.2-kb BamHI-
BamHI fragment from this plasmid containing the complete SOF1 gene was
cloned blunt into the EcoRV site of pTL26 containing the GAL1-10 promoter
(20). A 3.0-kb XhoI-XbaI fragment encompassing the GAL10::sof1 fusion gene
was cloned in the corresponding sites of pRS315(LEU2). This construct was used
for plasmid shuffling (see below).

Strain D344 (sof1::HIS3) containing a temperature-sensitive SOF1 gene encoded
on plasmid pUN100-LEU2 was transformed with pRS316(URA3)-Sof1::ProtA and
incubated at 30°C on selective plates. Next, transformants were incubated at 37°C on
nonselective yeast-peptone-dextrose plates to allow loss of pUN100(LEU2)-Sof1ts.
Leu� cells were transformed with pRS315(LEU2)-GAL10::sof1, grown on selective
medium and streaked out on 5-fluoroorotic acid plates, to create strain YRB344.

The 3.0-kb SacI-Asp718 ProtA::Rrp9 fragment from pHIS3-ProtA::Rrp9 (33)
was cloned into the corresponding sites of pRS314(TRP1) to create pRS314
(TRP1)-ProtA::rrp9. YRB344 was transformed with pTRP1-ProtA::Rrp5 (7) to create
YRB344 � pProtA::rrp5.

Immunoprecipitation, isolation, and analysis of RNA and proteins. Immuno-
precipitations and Northern and Western analysis were carried out essentially as
described previously (34).

RESULTS

U3 snoRNA-specific structural features are not essential for
association with Sof1p in vivo. Since Sof1p was found to co-
precipitate U3, but not U14, snoRNA and repressing Sof1p
expression inhibited processing of pre-rRNA at sites A0 to A2,
Sof1p was considered a specific protein component of the U3
snoRNP (16). To try to identify the structural element(s)
within the yeast U3 snoRNA involved in its association with
Sof1p, we introduced a plasmid-encoded Sof1-ProtA construct
into yeast strain JH84, which carries a single U3 snoRNA gene
under control of the repressible GAL1-10 promoter (25). This
strain was then transformed with different members of a set of
previously constructed mutant U3 snoRNA genes (25) that
carry various deletion or substitution mutations, as depicted in
Fig. 2A. The substitution mutants also contain a tag inserted in
hairpin 4, which enables specific detection of the mutant tran-
script (Fig. 2B, cf. lane 2 and 3). Transcripts of the deletion
mutants were visualized using a probe that hybridizes to the

TABLE 1. Yeast strains used in this study

Strain Genotype Reference

JH84 MAT� ade2-1 his3� leu2-3 ura3-52 can1-100
URA3-GAL::U3A U3B::LEU2

25

NOY504 MAT� rpa12::LEU2 leu2-3,12 ura3-1 trp-1
his3-11 can1-100

23

YJV154 MATa ade2 his3 leu2 trp1 ura3 URA3-Gal::rrp5 34
D499 MAT? his3 leu2 ura3 trp1 gal2 gal�108

HIS3-GAL::nop58
19

D344 MAT? his3 leu2 ura3 trp1 sof1::HIS3 �
pLEU2-sof1-56

16

YRB344 MAT? his3 leu2 ura3 trp1 sof1::HIS3 �
pRS315-GAL10::sof1 (CEN-LEU2)

This work

FIG. 1. Pre-rRNA processing in Saccharomyces cerevisiae. The ma-
ture 18S, 5.8S, and 25S rRNAs are shown as thick bars; transcribed
spacer sequences are shown as thin bars. The processing sites and the
locations of oligonucleotide probes 1, 2, and 3 used in primer extension
and Northern analyses are depicted.
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box C�/D region and identified on the basis of altered electro-
phoretic mobility.

After depleting the JH84 cells for wild-type U3 by 24 h of
growth on glucose-based minimal medium, total cell extract
was mixed with immunoglobulin G (IgG)-agarose beads and
the bound material was eluted with guanidine thiocyanate.
Proteins and RNA were separated by phenol extraction and
analyzed by Western and Northern hybridization, respectively.
Similar amounts of tagged Sof1p were recovered from the
extracts (not shown).

As shown in Fig. 2B (upper panel), all of the mutant U3
species are expressed at similar levels, confirming earlier re-
sults (25, 33). Northern analysis of the RNA retained by the
beads (Fig. 2B, lower panel) shows that the substitution mu-
tations in the boxes B and C of U3 snoRNA did not signifi-
cantly affect the amount of these mutant snoRNAs coprecipitated
by Sof1p-ProtA compared to the control experiment with wild-
type (tagged) U3 (cf. lanes 4 and 5 to lane 3). The same holds
true for the deletion encompassing hairpins 2 to 4 (lane 6).
Mutant U3 snoRNA lacking the 5�-terminal region also re-

mains clearly detectable in the immunoprecipitate, though its
level is diminished compared to the wild-type control (cf. lane
7 to lane 3).

Thus, none of the U3-specific structural features appear to
be essential, either directly or indirectly, for association of
Sof1p, leaving only the stem-loop-stem structure formed by the
C�/D box and its flanking sequences as a possible region re-
quired for this association. Since the C�/D region is essential
for stability of the U3 snoRNA (25), its importance for Sof1p
association could not be tested by the in vivo approach used
here. However, the fact that this structural feature is common
to all box C/D snoRNPs, whereas Sof1p was found to co-
precipitate only U3 snoRNA (16), makes it an unlikely candi-
date for direct recognition by the protein, although it remains
formally possible that sequence differences between U3 and
other snoRNAs in the flanking regions determine recognition
of the former by Sof1p.

Association of U3 snoRNP and Sof1p with 35S pre-rRNA is
mutually independent. Two possible scenarios for the assembly
of Sof1p into the preribosome can be considered. In the first,
Sof1p is incorporated independently of U3 snoRNA and co-
precipitation of U3 snoRNA by Sof1p is the result of the
presence of both factors in the 90S preribosome. Alternatively,
Sof1p might be part of a complex whose formation depends on
the C�/D box of U3 or another box C/D snoRNA. To try to
distinguish between these possibilities, we first verified that Sof1p
coprecipitates 35S pre-rRNA. Secondly, we tested whether Sof1p
requires the U3 snoRNA for its stable association with 35S pre-
rRNA. To this end, we expressed Sof1p-ProtA in strain JH84
(GAL::U3). Extracts were prepared from cells immediately
before and 30 h after a shift from galactose- to glucose-based
medium to deplete U3 snoRNP. Both extracts, as well as ex-
tracts from similarly treated, untransformed JH84 cells, were
mixed with IgG-Sepharose beads, and the bound material was
analyzed by Western and Northern hybridization. The pres-
ence of 35S pre-rRNA was determined by reverse transcription
analysis, using a primer that hybridizes upstream from cleavage
site A0 in the 5� ETS (Fig. 1).

The data depicted in Fig. 3 show that the shift to glucose
results in a severe reduction in U3 snoRNA (panel A, lanes 3
and 4). Depletion is not complete, however, because of the
relatively high stability of this snoRNA (4). Treatment of ex-
tracts from galactose-grown cells with IgG beads confirms the
association between Sof1p and U3 snoRNA (panel B, lanes 1
and 2) and also shows coprecipitation of significant amounts of
35S pre-rRNA (panel C). Depletion of U3 by the shift to
glucose increases, rather than reduces, the amount of 35S
precursor that is coprecipitated (panel C, lane 3) by the same
amount of Sof1p, as determined by Western analysis (panel D,
cf. lanes 1 and 3), despite the strong reduction in the level of
coprecipitated U3 snoRNA (panel B, lane 3). From these data,
we conclude that association of Sof1p with the 35S pre-rRNA
does not depend upon the presence of U3, indicating that the
protein is not incorporated into the early preribosome as a com-
ponent of the U3 snoRNP. The increase in 35S pre-rRNA
precipitated from extracts of U3-depleted cells can be explained
by the accumulation of this precursor caused by the inhibition of
processing at sites A0 to A2, which would lead to the recruitment
of most or all of the cellular Sof1p into 90S preribosomes. The
same phenomenon would also explain why we can still see co-

FIG. 2. Coimmunoprecipitation of U3 snoRNA carrying different
mutations by ProtA-Sof1p. JH84 cells transformed with plasmids en-
coding the different mutant U3 species were grown on glucose-based
medium for 24 h to deplete chromosomally encoded U3 snoRNA.
Total cell extracts were prepared and treated with IgG beads. (A)
Schematic representation of the yeast U3 snoRNA. A unique hybrid-
ization tag in hairpin 4 was used to distinguish between chromosomal
and plasmid-borne (�) U3 snoRNA (25). The base substitutions
(subst) in boxes B and C are depicted, and the deletions of the hinge
region and the hairpins 2, 3, and 4 are indicated by the gray lines. (B)
Northern analysis of U3 snoRNA present in the supernatants (sup;
upper panel) or precipitated material (IP; lower panel) using a probe
complementary to the tag in hairpin 4 (lanes 1 to 5) or a probe the box
C� region (lanes 6 and 7).
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precipitation of U3 snoRNA (panel C, lane 3), as the glucose-grown
cells are expected to contain very little, if any, free U3 snoRNP.

To address whether Sof1p is associated with other pre-rRNAs,
a Northern analysis was performed on total and immuno-

precipitated RNA obtained from JH84 cells grown on galac-
tose that express Sof1p-ProtA (Fig. 3, panels E and F). Both
the 20S and 27SA precursor species fail to be precipitated by
Sof1p-ProtA, indicating that Sof1p leaves the 90S preribosome
upon or immediately after its separation into 43S and 66S
particles. On the other hand, we do see a clear association of
Sof1p with 23S pre-rRNA, similar to what has been reported
for other SSU processome components (3).

To determine whether Sof1p might be required for recruit-
ment of the U3 snoRNP, a similar experiment was performed
using strain YRB344, a derivative of D344 (16), in which the
genomic SOF1 gene has been disrupted and replaced by a
plasmid-borne copy under control of the GAL1-10 promoter.
In addition, this strain carries a plasmid encoding a ProtA-
tagged version of Rrp9p, a bona fide U3-specific protein (33),
to allow immunoprecipitation of the U3 snoRNP.

YRB344 cells were shifted from galactose- to glucose-based
medium to deplete them of Sof1p. That this treatment has the
expected effect could be seen from the significant reduction in
18S rRNA levels in glucose-grown cells, while the level of 25S
rRNA remained unaffected (data not shown) (cf. reference
16). Total cell extract was prepared from cells harvested im-
mediately before and 24 h after the shift and subjected to
immunoprecipitation as described above. Figure 4B shows that
the level of tagged Rrp9p remains unaffected by the shift (cf.
lanes 1 and 2). The results, depicted in Fig. 4A, show that the
amount of 35S pre-rRNA that is specifically coprecipitated by
tagged Rrp9p does not diminish upon depletion of Sof1p
but, in fact, increases (cf. lanes 2 and 3), as in the case of U3
depletion described above. Because Rrp9p is an integral pro-
tein of the U3 snoRNP (33), we conclude that U3 becomes stably
associated with the pre-rRNA, irrespective of the presence or
absence of Sof1p.

In summary, the data presented in this section demonstrate
that association of Sof1p and U3 snoRNP with 35S pre-rRNA,
which indicates their incorporation into the 80S/90S pre-
ribosome, are independent events. Together with the results
described in the previous section, we conclude that the classi-
fication of Sof1p as a U3-specific protein is incorrect.

FIG. 4. Effect of Sof1p depletion on the association of U3 with 35S
pre-rRNA. Total cell extracts were prepared from strain YRB344
(Gal::sof1) and YRB344 carrying plasmid-encoded ProtA-Rrp9p im-
mediately before (lanes 1 and 3) and 24 h after (lanes 2 and 4) a shift
from galactose (gal)- to glucose (glu)-based medium and treated with
IgG beads. (A) Reverse transcription analysis of total RNA from the
precipitated (IP) material using a primer complementary to the 5� ETS
upstream from site A0. (B) Western analysis of immunoprecipitated
ProtA::Rrp9.

FIG. 3. Effect of depletion of U3 snoRNA on the association of 35S
pre-rRNA with Sof1p. Total cell extracts were prepared from strain JH84
(Gal::U3) and JH84 carrying plasmid-borne Sof1::ProtA immediately be-
fore (lanes 1 and 2) and 30 h after (lanes 3 and 4) a shift from galactose-
to glucose-based medium and treated with IgG beads. (A) Northern
analysis of total RNA from the supernatants (sup) using the U3-specific
probe that spans the box C� region. (B) Northern analysis of total RNA
from the coprecipitated (IP) material using the U3-specific probe. (C)
Reverse transcription analysis of total RNA from the coprecipitated material
using a primer complementary to the 5� ETS upstream from cleavage site A0.
(D) Western blot analysis of immunoprecipitated Sof1::ProtA. (E) Northern
analysis of total and coprecipitated RNA using probe 3 to visualize 27SA2
and 27SA3 pre-rRNA. (F) Northern analysis of total and coprecipitated
RNA using probe 2 to visualize 20S and 23S pre-rRNA.
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35S pre-rRNA is essential for association of U3 snoRNP and
Sof1p. Since, Sof1p and U3 snoRNP associate with pre-rRNA
as separate components, their coprecipitation should be de-
pendent on the presence of the 35S precursor. Therefore, we
examined coprecipitation of U3 snoRNA by tagged Sof1p in
strain NOY504 that had been transformed with the plasmid
encoding Sof1-ProtA. Strain NOY504 contains a deletion in
the RPA12 gene, which encodes a subunit of RNA polymerase
I that is not essential at lower temperatures but is absolutely
required for its activity at 37°C (23). As a control, we used the
same parent strain transformed with a plasmid encoding
ProtA-Rrp9p.

As shown in Fig. 5A, similar quantities of Sof1p-ProtA and
ProtA-Rrp9p were recovered from the respective NOY504
transformants before and after the temperature shift (panel
A). At 37°C, the production of 35S pre-rRNA is abolished
(panel B, lanes 4 to 6). At the same time, coprecipitation of U3
snoRNA by tagged Sof1p is completely lost (panel C, lane 4),
although the total amount of U3 snoRNA in the cells, as
determined by precipitation with tagged Rrp9p, does not
change (cf. lane 6 to lane 3). These results further support our
conclusion that Sof1p, in contrast to Rrp9p, is not part of the
U3 snoRNP monoparticle but that their association as de-
tected by immunological assays, is solely the result of both
components being part of the 90S preribosome. Of course, this
does not exclude the possibility of a direct interaction of the
two factors subsequent to assembly into the 90S particle.

Overall depletion of box C/D snoRNAs does not affect Sof1p-
35S pre-rRNA association. Recently, it has been proposed that
Sof1p and Nop1p together enter the nucleus through the nu-
clear pore by forming a trimer complex with Kap121p, a mem-
ber of the karyopherin family (22). This physical interaction
between Sof1p and Nop1p (a common component of box C/D
snoRNPs), coupled with the fact that Sof1p genetically inter-

acts with Nop1p (16), suggest that, like Nop1p, Sof1p might
interact with multiple box C/D snoRNPs. Therefore, we tested
the Sof1-ProtA immunoprecipitate from strain JH84 analyzed
as shown in Fig. 3 for the presence of U14 snoRNA. Cellular
levels of U14 snoRNA were found to increase slightly upon
depletion of U3 snoRNA (Fig. 6A, cf. lanes 3 and 4 to lanes 1
and 2). Surprisingly, in stark contrast to previous observa-
tions (16), we were able to detect significant amounts of U14
snoRNA in the Sof1p-precipitated material (cf. Fig. 6B, lane
1). The ability of Sof1p to coprecipitate U14 snoRNA is not
affected by depletion of U3 snoRNA upon a shift to glucose
(Fig. 6B, lane 3). This observation raises the possibility that
Sof1p is assembled into the early preribosome as part of the
U14 snoRNP and/or possibly another member of the box C/D
family. We therefore introduced the sof1::ProtA gene into
strain D499 carrying the conditionally expressible GAL::nop58
gene. Nop58p is a core protein of box C/D snoRNPs that is
essential for their stability (21). Depletion of Nop58p, there-
fore, causes a substantial overall reduction in the levels of box
C/D snoRNAs. The parental strain D499 was used as a control.
As shown in Fig. 7A, the level of Sof1p-ProtA is not affected by
the depletion of Nop58p. Northern analysis reveals that, as
previously observed (21), the cellular level of U14 snoRNA is
significantly reduced by the depletion of Nop58p (Fig. 7B), as
was the level of U3 snoRNA (data not shown). The amount of
35S pre-rRNA coprecipitated by Sof1-ProtA remains the
same, however (Fig. 7C, cf. lane 3 to lane 1). This is clear
evidence that stable association of Sof1p with the early pre-
ribosome is not compromised when the levels of all box C/D
snoRNPs, including U3 and U14, are drastically reduced.

Assembly of Sof1p and Rrp5p into the preribosome is mu-
tually independent. Rrp5p is a trans-acting factor that, like U3
snoRNA and Sof1p, is involved in processing at site A0 to A2,
but it is also essential for cleavage at site A3 (32). We recently
demonstrated that the putative RNA helicase Rok1p depends
upon Rrp5p for its assembly into the preribosome (34). Since
Rrp5p is among the earliest associating trans-acting factors (6),

FIG. 5. Effect of blocking RNA polymerase I transcription on the
association of U3 snoRNP and Sof1p. Total cell extracts were prepared
from strains NOY504 (rpa12::LEU2), NOY504 carrying plasmid-
encoded Sof1p-ProtA, and NOY504 carrying plasmid-encoded ProtA-
Rrp9p immediately before (lanes 1 to 3) and 8 h after (lanes 4 to 6) a
shift from 30°C to 37°C and treated with IgG beads. (A) Western blot
analysis of the precipitated material. (B) Northern analysis of total
RNA present in the original extracts using a probe complementary to
the 5� ETS upstream from site A0. (C) Northern analysis of total RNA
from the precipitated (IP) material using a probe complementary to
the C� region of U3 snoRNA.

FIG. 6. Coimmunoprecipitation of U14 snoRNA by Sof1p-ProtA.
Total cell extracts were prepared from strain JH84 (Gal::U3) and JH84
carrying plasmid-encoded Sof1::ProtA immediately before (lanes 1
and 2) and 30 h after (lanes 3 and 4) a shift from galactose- to glucose-
based medium and treated with IgG beads. (A) Northern analysis of total
RNA from the supernatant (sup) fractions using a probe complementary
to the U14 snoRNA. (B) Northern analysis of the precipitated (IP)
material using a probe complementary to the U14 snoRNA. The same
extracts as analyzed for the results shown in Fig. 3 were used.
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we decided to analyze whether this protein is involved in in-
corporation of Sof1p into the 90S preribosome. To that end,
we used strain YJV154 which contains the genomic RRP5 gene
under control of the GAL1-10 promoter (32). This strain was
transformed with a sof1p::protA fusion construct to assess
whether Sof1p remains able to coimmunoprecipitate 35S pre-
rRNA upon depletion of Rrp5p.

Extracts were prepared from cells grown on galactose-based
medium and from an equal amount of cells cultured for 24 h
after shifting them to glucose-based medium. After treatment
with IgG-agarose beads, the precipitated material was ana-
lyzed by Northern analysis and reverse transcription.

Both in the presence and absence of Rrp5p, U3 snoRNA
and 35S pre-rRNA are coprecipitated by tagged Sof1p (Fig. 8B
and C, lanes 1 and 2). This confirms that the U3 snoRNP
associates independently of Rrp5p (34) and shows that stable
association of Sof1p with 35S pre-rRNA does not require
Rrp5p. The slight increase in the amount of coprecipitated 35S
pre-rRNA seen upon depletion of Rrp5p can again be explained
by the inhibition of the early processing cleavages (see above).

Finally, we analyzed whether depletion of Sof1p has an effect
on the assembly of Rrp5p into the preribosome using strain
YRB344 (GAL::sof1) transformed with a plasmid that encodes
the ProtA::Rrp5p fusion protein. Extracts from YRB344 cells
harvested immediately before and 24 h after a shift from galac-
tose- to glucose-based medium were subjected to immuno-
precipitation as described above. As shown in Fig. 9B and C,
ProtA::Rrp5p is able to coprecipitate U3 snoRNA and 35S pre-
rRNA irrespective of the presence of Sof1p in the extract (cf.
lanes 1 and 2). Thus, lack of Sof1p does not prevent association of
Rrp5p with the 35S pre-rRNA.

DISCUSSION

Biogenesis of rRNA is a highly dynamic process that re-
quires ordered assembly with and dissociation from the various
pre-rRNA species of over 170 trans-acting factors and ribo-
somal proteins, giving rise to a series of preribosomal com-
plexes. While over the past few years there has been consid-
erable progress in establishing the order and composition of
the different intermediate preribosomal particles (see refer-

FIG. 7. Effect of Nop58p depletion on the association of Sof1p with
35S pre-rRNA. Total cell extracts were prepared from strain D499
(Gal::nop58) carrying plasmid-encoded Sof1::ProtA immediately be-
fore (lanes 1 and 2) and 16 h after (lanes 3 and 4) a shift from
galactose- to glucose-based medium. (A) Western blot analysis of the
precipitated material. (B) Northern analysis of total RNA from the
original cell extracts using a probe specific for U14 snoRNA. (C)
Reverse transcription analysis of total RNA from the precipitated
material using a probe complementary to the 5� ETS upstream from
site A0.

FIG. 8. Effect of Rrp5p depletion on the association of Sof1p with
35S pre-rRNA. Total cell extracts were prepared from strain YJV154
(Gal::rrp5) and strain YJV154 carrying plasmid-encoded Sof1::ProtA
immediately before (lanes 1 and 3) and 24 h after (lanes 2 and 4) a shift
from galactose- to glucose-based medium and treated with IgG beads.
(A) Western blot analysis of the original extracts. (B) Northern anal-
ysis of total RNA from the precipitated material using a probe com-
plementary to the C� region of U3 snoRNA. (C) Reverse transcription
analysis of total RNA from the precipitated material using a primer
complementary to the 5� ETS upstream from site A0.

FIG. 9. Effect of Sof1p depletion on the association of Rrp5p with
35S pre-rRNA. Total cell extracts were prepared from strain YRB344
(Gal::sof1) and YRB344 carrying plasmid-encoded ProtA::Rrp5 im-
mediately before (lanes 1 and 3) and 24 h after (lanes 2 and 4) a shift
from galactose (gal)- to glucose (glu)-based medium and treated with
IgG beads. (A) Western blot analysis of the original extracts. (B)
Northern analysis of total RNA from the precipitated material using a
probe complementary to the C� region of U3 snoRNA. (C) Reverse
transcription analysis of total RNA from the precipitated material
using a primer complementary to the 5� ETS upstream from site A0.
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ence 24 for a recent review), relatively little is known as yet
concerning the mechanisms and interactions than govern their
formation. Coimmunoprecipitation experiments have proven
to be a valuable tool in filling this gap in our knowledge (3, 5,
9, 10, 14, 26, 34). Here, we have used this approach to study
Sof1p, a trans-acting factor that is required for maturation of
18S rRNA (16). In agreement with its involvement in the early
processing cleavages at site A0 to A2, Sof1p is found in the 90S
preribosome, also called the small subunit processome or SSU
(6, 13). On the other hand, Sof1p has been reported to be
associated specifically with U3 snoRNA (16). However, a
search for sequences within U3 snoRNA that are essential for
Sof1p association, by testing mutant U3 snoRNAs for their
ability to be coimmunopurified with Sof1p showed that each of
the U3-specific structural features of the snoRNA can be re-
moved without abolishing its association with the protein (Fig.
2). The only mutant showing an effect at all, is the one carrying
a deletion of the 5�-terminal region (�hinge). Despite the fact
that this mutant is expressed at about the same level as all the
others (25) (Fig. 2B), the amount recovered from the co-
precipitate was lower (Fig. 2C, lane 7). We ascribe this effect to
a less stable interaction of U3 with the 35S pre-rRNA, in which
base pairing of sequences in the hinge region with the 5� ETS
are known to play a crucial role (2, 4).

These results threw doubt upon the classification of Sof1p as
a U3-specific protein, which were further strengthened by our
observation that, in contrast to an earlier report (16), tagged
Sof1p also coprecipitated the U14 snoRNA (Fig. 6B). There-
fore, we decided to investigate the interdependence of these
components during their incorporation into the early pre-
ribosome. To that end, we first performed immunoprecipita-
tion experiments using cells depleted for either U3 snoRNA
(Fig. 3) or Sof1p (Fig. 4). In both cases, we found that the
depletion of one factor slightly increased, rather than de-
creased, the amount of 35S pre-rRNA coprecipitated by the
other factor. These findings constitute convincing evidence
that Sof1p and U3 assemble as independent components into
the 90S preribosome in which the 35S pre-rRNA acts as a
platform. This conclusion is further supported by our observa-
tion that, in the absence of PolI transcription, the mutual
coprecipitation of U3 snoRNA and Sof1p is abolished (Fig. 5).
Thus, contrary to the earlier conclusion (16), Sof1p is not a
stable component of the U3 snoRNP monoparticle. Our ob-
servation that Sof1p coprecipitates substantial amounts of the
box C/D snoRNA U14 (Fig. 6B) together with the fact that
Sof1p interacts genetically with the common box C/D protein
Nop1p suggested a possible role for other box C/D snoRNAs
in the association of Sof1p with the preribosome. An overall
reduction in the levels of box C/D snoRNPs by genetic deple-
tion of Nop58p, however, did not have a negative effect on
coprecipitation of pre-RNA by Sof1p (Fig. 6), ruling out such
an interdependence.

Two different lines of evidence indicate that Sof1p does
interact with the generic box C/D protein Nop1p. One is the
recent observation that the two proteins may be imported into
the nucleus as a complex (22), and the other is their genetic
interaction (16). From the data presented here, it can be con-
cluded that, although they may interact during nuclear import,
once they arrive in the nucleus, Sof1p and Nop1p lead separate
lives until they meet again in the 90S preribosome. Exactly

where this meeting takes place remains to be established, since
the declassification of Sof1p as a U3-specific protein opens up
numerous other possibilities.

Although Sof1p contains no RNA-binding motifs, we have
considered a direct interaction of the protein with 35S pre-
rRNA. In contrast to Rrp5p, however (34), we were unable to
detect any RNA-binding activity of Sof1p in vitro, using syn-
thetic pre-rRNA transcripts (data not shown). Therefore, load-
ing of Sof1p onto the preribosome probably depends upon
specific protein-protein interactions with one or more of the
other components of the processome. Our data exclude Rrp5p,
which, however, still leaves a host of other candidates to be
tested.
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The roles of Rrp5p in the synthesis of yeast 18S and 5.8S rRNA can be
functionally and physically separated. RNA 5:779–793.

8. Fabrizio, P., S. Esser, B. Kastner, and R. Lührmann. 1994. Isolation of
S. cerevisiae snRNPs: comparison of U1 and U4/U6.U5 to their human
counterparts. Science 264:261–265.

9. Gallagher, J. E., and S. J. Baserga. 2004. Two-hybrid Mpp10p interaction-
defective Imp4 proteins are not interaction defective in vivo but do confer
specific pre-rRNA processing defects in Saccharomyces cerevisiae. Nucleic
Acids Res. 32:1404–1413.

10. Gallagher, J. E. G., D. A. Dunbar, S. Granneman, B. M. Mitchell, Y. Osheim,
A. L. Beyer, and S. J. Baserga. 2004. RNA polymerase I transcription and
pre-rRNA processing are linked by specific SSU processome components.
Genes Dev. 18:2506–2517.

11. Gerbi, S. A., A. V. Borovjagin, M. Ezrokhi, and T. S. Lange. 2001. Ribosome
biogenesis: role of small nucleolar RNA in maturation of eukaryotic rRNA.
Cold Spring Harb. Symp. Quant. Biol. 66:575–590.

12. Gietz, D., A. S. Jean, R. A. Woods, and R. H. Schiestl. 1992. Improved
methods for high efficiency transformation of intact yeast cells. Nucleic Acids
Res. 20:1425.

13. Grandi, P., V. Rybin, J. Baßler, E. Petfalski, D. Strauss, M. Marzioch, T.
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