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ABSTRACT

We previously cloned RRP14/YKL082c, whose product exhibits two-hybrid interaction with Ebp2p, a regulatory factor of
assembly of 60S ribosomal subunits. Depletion of Rrp14p results in shortage of 60S ribosomal subunits and retardation of
processing from 27S pre-rRNA to 25S rRNA. Furthermore, 35S pre-rRNA synthesis appears to decline in Rrp14p-depleted cells.
Rrp14p interacts with regulatory factors of 60S subunit assembly and also with Utp11p and Faf1p, which are regulatory factors
required for assembly of 40S ribosomal subunits. We propose that Rrp14p is involved in ribosome synthesis from the beginning
of 35S pre-rRNA synthesis to assembly of the 60S ribosomal subunit. Disruption of RRP14 causes an extremely slow growth rate
of the cell, a severe defect in ribosome synthesis, and a depolarized localization of cortical actin patches throughout the cell
cycle. These results suggest that Rrp14p has dual functions in ribosome synthesis and polarized cell growth.
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INTRODUCTION

Yeast ribosomes are composed of four rRNAs and 79
ribosomal proteins. As yeast cells consume a great deal of
energy to synthesize ribosomes, production of the compo-
nents is highly regulated in response to environmental
changes and intracellular insults (see, for example, Warner
and Udem 1972; Mizuta and Warner 1994; for review, see
Warner 1999). Three mature (25S, 18S, and 5.8S) rRNAs
are synthesized as a long precursor, 35S pre-rRNA, in the
nucleolus (for review, see Woolford and Warner 1991).
The 90S preribosome particle contains 35S pre-rRNA, ribo-
somal proteins, small subunit (SSU) processome, and other
nonribosomal proteins, most of which are required for 40S
subunit assembly (Grandi et al. 2002). The 35S pre-rRNA is
cleaved at sites A0, A1, and A2, and the 90S complex is
converted to precursors of 40S and 60S subunits (see Fig.
3A, below) (for review, see Kressler et al. 1999; Venema and
Tollervey 1999). A combination of TAP purification and
proteome analysis has revealed that about 200 nonribo-

somal proteins are involved for pre-rRNA processing and
assembly of the 60S and 40S subunits (e.g., Hampichamchai
et al. 2001; Bassler et al. 2001; for review, see Warner 2001;
Tschochner and Hurt 2003). However, it remains to be
elucidated how these regulatory factors regulate the assem-
bly. We previously demonstrated that Ebp2p is one of the
regulatory factors essential for maturation of 25S rRNA and
assembly of 60S ribosomal subunits (Tsujii et al. 2000). We
cloned RRP14/YKL082c in a two-hybrid screen by using
EBP2 as bait (Shirai et al. 2004). Rrp14p shares an amino
acid sequence with the mouse SURF-6 gene product, and
both Rrp14p and the mouse homolog are localized to the
nucleolus (Magoulas and Fried 1996; Drees et al. 2001;
Polzikov et al. 2005). The mammalian SURF-6 gene was
discovered as the sixth member of the tightly clustered
mammalian Surfeit locus (Magoulas and Fried 1996).

Yeast Rrp14p was found in the fractions that were
copurified with Ssf1p–TAP (Fatica et al. 2002) and Rrp1p–
TAP (Horsey et al. 2004), both of which are regulatory
proteins of 60S ribosomal subunit biogenesis. However, it
remains to be elucidated whether Rrp14p is a bona fide
factor for ribosome synthesis. Furthermore, it was demon-
strated that Rrp14p has two-hybrid interactions with
Zds2p, Gic1p, Gic2p, and Bud8p, which are related to cell
polarity (Drees et al. 2001).

It was reported that RRP14 is essential for growth in
systematic analysis (Winzeler et al. 1999). In this paper,
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however, we find that the rrp14D strain
is viable with slow growth rate. We
report that the rrp14D strain has a
severe defect in ribosome synthesis and
exhibits aberrant cell polarity and cell
morphology. This is the first report
showing that a regulatory factor of
ribosome synthesis has an important
role in the cell polarity derived from
actin localization.

RESULTS

Rrp14p is enriched in the nucleolus

In order to ascertain the subcellular
localization of Rrp14p, we constructed
a strain KM1419 expressing Rrp14p
fused with Yellow fluorescent protein
(YFP) at the N terminus. The integrated
YFP–RRP14 could complement the
growth defect of the rrp14 null mutation
(see below), indicating that the construct is biologically
functional. The subcellular localization of YFP–Rrp14p
was analyzed by fluorescence microscopy. Nop1p–Cyan
fluorescent protein (CFP), used as a marker for the nucle-
olus, was detected in the region adjacent to the DAPI-
stained nucleoplasm. The signal of YFP–Rrp14p was
seen in the same region as Nop1p–CFP (data not shown),
which is consistent with a previous observation that
Rrp14p is primarily localized in the nucleolus (Drees
et al. 2001). Furthermore, a weak signal of YFP–Rrp14p
was also seen in the nucleoplasm. These results suggest
that Rrp14p functions mainly in the nucleolus and also in
the nucleoplasm.

Depletion of Rrp14p results in shortage
of 60S ribosomal subunits

In order to achieve conditional expression of RRP14, we
constructed the KM1411 strain in which the chromosomal
RRP14 gene was disrupted and expression of myc–Rrp14p
was driven by the galactose-inducible and glucose-repress-
ible GAL1 promoter. When KM1411 was shifted from
galactose to glucose medium, the growth rate of the cell
was temporarily increased followed by decline; the growth
was severely impeded 24 h after the shift (Fig. 1A). Western
blot analysis using anti-myc antibodies revealed that myc–
Rrp14p was overproduced when the KM1411 strain was
cultured in galactose medium compared to the level in the
KM1412 strain in which expression of MYC–RRP14 was
controlled by the RRP14 promoter (Fig. 1B, lanes 1,7).
The expression level of myc–Rrp14p was decreased after
the shift of the cells from galactose to glucose medium; 6 h
after the shift, the expression level of myc–Rrp14p was

similar to the wild-type level and significantly decreased
12 h after the shift (Fig. 1B).

The effect of depletion of Rrp14p on ribosome biogenesis
was examined by using the KM1411 strain. We performed
sucrose density gradient ultracentrifugation using cell
extracts with equal A260 units. The polysome profile of
the strain KM1411 cultured in glucose medium for 18 h
clearly revealed that the level of 60S subunits was reduced
in the Rrp14p-depleted cells; 60S subunits, 80S mono-
somes, and polysomes decreased, and half-mer polysomes
that contain 43S initiation complexes stalled at the AUG
start codon appeared (Fig. 2A). These results indicate that
Rrp14p is required for 60S ribosomal subunit assembly.
Nevertheless, it is noteworthy that only a small amount of
40S subunits accumulated, suggesting that Rrp14p is also
required for assembly and/or maintenance of 40S ribo-
somal subunits.

RRP14 is required for production of 25S rRNA
and also 18S rRNA

We performed [methyl-3H] methionine pulse–chase anal-
ysis to investigate whether the depletion of Rrp14p caused
a defect in pre-rRNA processing. The 35S pre-rRNA, the
longest detectable precursor, is cleaved to 27S and the 20S
pre-rRNAs, which are further processed to the mature 25S
and 18S rRNAs, respectively (Fig. 3A). The cells were
pulsed with [methyl-3H] methionine for 3 min. In wild-
type cells, most precursor rRNAs were processed to 25S and
18S after a 3-min chase (Fig. 3B, lanes 1–4). On the other
hand, when the KM1411 (GAL–RRP14) strain was cultured
in glucose medium for 18 h, the processing rate of the
27S pre-rRNA to 25S rRNA appeared to be slower and less

FIGURE 1. Rrp14p depletion causes a growth defect. (A) Growth curves of W303–1A
transformed with pRS414 (WT; open circle) and KM1411 (GAL1–MYC–RRP14; closed square)
cultured at 30°C in SCGal medium and shifted to SC medium. The changes in optical density
at 600 nm were followed after the shift. The cell cultures were diluted to keep the optical
density lower than 1.0. Data are represented as ODt/OD0 on a logarithmic scale, where t is the
time in hours after shifting medium. (B) Western blotting of KM1411 (GAL1–MYC–RRP14)
cultured at 30°C in SCGal medium, shifted to SC medium, and cultured for the indicated time.
Cell extracts from KM1411 (GAL1–MYC–RRP14, lanes 1–6), KM1412 (MYC–RRP14, lane 7)
and W303–1A transformed with pRS414 (WT, negative control; lane 8) were subjected to SDS-
PAGE. Western blotting using anti-myc antibodies is shown. The positions of size markers are
shown on the left. Asterisks indicate nonspecific bands.
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amount of 25S rRNA was produced than that of the wild-
type cells (Fig. 3B, lanes 5–8). Moreover, although the
maturation from the 20S pre-rRNA to 18S rRNA was not
significantly slower, a lesser amount of the mature 18S
rRNA was produced in the Rrp14p-depleted cells compared
to the wild-type cells (Fig. 3B). It is noteworthy that the
incorporation of radioactivity of [methyl-3H] methionine
into RNA reduced when Rrp14p was depleted; the relative
incorporations were 26%, 25%, 22%, and 31% after chase
for 0, 3, 10, and 20 min, respectively, in the Rrp14p-
depleted cells compared to wild-type cells (data not
shown). These data indicate that newly synthesized pre-
rRNA and processed rRNA appear rather stable for at least
20 min in the Rrp14p-depleted cells. These results suggest
that when Rrp14p was depleted, transcription of pre-rRNA
declined, and maturation of 25S rRNA was delayed.

We next performed Northern analysis showing the
steady-state levels of mature rRNAs and pre-rRNAs in the
wild-type and KM1411(GAL-RRP14) strains cultured in
galactose medium and after the shift to glucose medium for
various periods of time (Fig. 4A). As the level of total RNA
in the cell declined when Rrp14p was depleted, RNA
samples corresponding to the equal OD600 units of cells
were compared. When the wild-type cells were shifted from
galactose medium to glucose medium, both 35S pre-rRNA
and mature rRNAs increased and the levels were main-
tained 24 h after shifting to glucose medium, consistent
with our previous reports (Tsuno et al. 2000; Tsujii et al.

2000). Following the transfer of the GAL1–RRP14 strain to
glucose medium, the steady-state level of both 25S rRNA
and 18S rRNA temporarily increased and then reduced
with time of incubation in glucose medium [Fig. 4A(a)].
Compared to the level of RNAs in the wild-type cells 24 h
after shifting to glucose medium, the Rrp14p-depleted cells
have smaller amounts of 35S pre-rRNA and mature 25S,
18S, and 5.8S rRNAs [Fig. 4A(a), lanes 3,7, 4A(b), lanes
2,6], whereas the levels of 5S rRNA and tRNA are not
significantly declined [Fig. 4A(b), lanes 2,6]. 23S RNA,
which is produced by the cleavage of 35S at a site A3

without the cleavages at sites A0, A1, or A2, was not
accumulated in the Rrp14p-depleted cells [Fig. 4A(a)].
This suggests that processing of 35S at A0, A1, or A2 is
not delayed. These results suggest that the synthesis of 35S
pre-rRNA declines when Rrp14p is depleted, consistent
with the results of the [methyl-3H] methionine pulse–chase
analysis.

FIGURE 2. Rrp14p depletion causes a defect in assembly of 60S
ribosomal subunits. (A) The polysome profiles from W303–1A
transformed with pRS414 (WT) and KM1411 (GAL1–RRP14) strains
cultured at 30°C in SCGal, shifted to SC, and cultured for the
indicated time. (B) The polysome profiles from the KM1421 (rrp14D)
strain cells cultured at 30°C in SC. The positions of 40S, 60S, and 80S
ribosomal particles, and polysomes are indicated. Arrows indicate
half-mer polysomes.

FIGURE 3. Rrp14p depletion causes a defect in 25S rRNA matura-
tion. (A) The processing pathway of 35S pre-rRNA to the mature
rRNAs in S. cerevisiae. Northern probes (a), (b), (c), (d), and (e) used
in Figure 4 are shown. (B) Pulse–chase analysis of rRNA synthesis in
Rrp14p-depleted cells. W303–1A transformed with pRS414 (WT,
lanes 1–4) and KM1411 (GAL1–RRP14 lanes 5–8) were cultured at
30°C in SCGal–Met and Trp, shifted to SC–Met and Trp, and cultured
for 18 h. Each culture was pulsed with [methyl-3H] methionine for
3 min and chased with nonradioactive methionine for the indicated
times. Total RNA prepared from each sample was analyzed by
electrophoresis and blotted to a membrane. The lower part of the
membrane was probed for U3 snoRNA as a loading marker.

Ribosome biogenesis and cell polarity

www.rnajournal.org 1979



The rrp14D cells grow extremely slowly with a defect
in ribosome synthesis

An RRP14-null allele was created by replacing one of the
RRP14 ORF of the diploid strain, W303, with the HIS3
gene followed by tetrad analysis. As the 39-end region of the
RRP14 ORF overlaps the YKL083W ORF, we deleted 590
base-pairs (bp) from the 60 bp downstream initiation
codon of the RRP14 ORF to avoid deleting the YKL083W
ORF (Fig. 5A). PCR analysis of chromosomal DNA isolated
from a candidate of W303 rrp14D/+ demonstrated that the
resultant diploid cell carried one intact RRP14 gene and
one disrupted by insertion of HIS3 (data not shown).

Twenty-eight tetrads from the rrp14D/+
diploid were dissected. After growing
for 3 d at 25°C, only two colonies were
observed from each set of tetrad, and
after longer growing, the tetrads yielded
two large colonies and two small colo-
nies (Fig. 5B). The cells from the small
colonies were His+, indicating that the
rrp14D cells grow extremely slowly. The
rrp14D cells grow with doubling times
of z15 h and z11 h in liquid SC
medium at 25°C and 30°C, respectively.
As RRP14 was reported to be essential
for growth in systematic analysis (Winz-
eler et al. 1999), we constructed the
rrp14D strain in another background.
The rrp14D strain derived from BY4741
was also viable with a similar doubling
time to rrp14D derived from W303
(data not shown).

In order to examine if rrp14D caused
a defect in ribosome synthesis, we per-
formed sucrose density gradient ultra-
centrifugation and Northern analysis.
The polysome profile of rrp14D cells
shows the appearance of half-mer peaks,
indicating that rrp14D results in the
shortage of 60S subunits (Fig. 2B).
Northern analysis revealed that the
rrp14D cells have only a small amount
of mature 25S, 18S, and 5.8S rRNAs,
and the level of 35S pre-rRNA was
also significantly declined. The rrp14D

cells have similar levels of both 5S
rRNA and tRNA to that in wild-type
cells (Fig. 4B).

To examine whether the transcrip-
tional activity of rDNA is declined in
the rrp14D strain, we performed run-on
transcription analysis (Fig. 6). Yeast
cells were chilled rapidly, permeabilized,
and incubated with a-32P-UTP to

elongate previously initiated transcripts. The amount of
RNA synthesized was measured by hybridization of the
radiolabeled RNA to slot blots containing plasmids
with the DNA sequences (Fig. 6A) representing tran-
scribed portions of the 35S rRNA (59ETS, 25S) and 5S
rRNA genes. Disruption of RRP14 resulted in greatly
reduced transcription of 35S rRNA genes (Fig. 6B). In
contrast, 5S rRNA genes appeared to be transcribed in
rrp14D cells at a similar rate to that in wild-type cells
(Fig. 6B).

Taken together, it is suggested that Rrp14p is required
for both 35S pre-rRNA synthesis and 25S rRNA matura-
tion/60S subunit assembly.

FIGURE 4. Northern analysis for steady-state level of rRNAs. (A) W303–1A transformed with
pRS414 (WT) and KM1411 (GAL1–RRP14) cultured at 30°C in SCGal were shifted to SC and
cultured for the indicated times. Total RNA corresponding to 0.5 OD600 of cells was used for
Northern blot analysis. [A(a)] Northern blot analysis was carried out using 32P-labeled DNA
probes a, b, c, d, and e, which are shown in Figure 3A. [A(b)] Ethidium bromide staining of
a denaturing 6% polyacrylamide/8M urea gel is shown. (B) W303–1A (WT) and KM1422
(rrp14D) cultured at 30°C in SC medium. Total RNA corresponding to 0.5 OD600 of cells was
used for Northern blot analysis. [B(a)] Northern blot analysis was carried out using 32P-labeled
DNA probes a, b, c, d, and e, and a probe for U3 snoRNA. [B(b)] Ethidium bromide staining
of a denaturing 6% polyacrylamide/8M urea gel is shown. [A(c)] Mature 25S and 18S rRNA
levels shown in B(a) were quantified using BAS-2000 and BAS-1800 (Fuji Photo Film Co.),
normalized with the U3 level, and the ratio of the radioactivity value of the rrp14D strain per
that of wild-type strain serves as the percent.
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Two-hybrid interactions of Rrp14p with a ribosomal
protein and regulatory factors of ribosome synthesis

RRP14 was previously isolated in two-hybrid screening by
using EBP2 as bait. In the screen, we found that Ebp2p
interacts with Utp11p and Faf1p that are required for 40S
subunit assembly, and ribosomal protein Rps16p besides
several factors required for 60S subunit assembly (Shirai
et al. 2004; for the nomenclature of ribosomal proteins, see
Mager et al. 1997). Each combination of Utp11p, Faf1p,
and Rps16p exhibited a positive two-hybrid interaction
(Shirai et al. 2004). We proposed that Ebp2p associates
with Utp11p, Faf1p, and Rps16p in the 90S particle and
remains in the 60S preribosomal subunit after the 90S
particle is converted into two preribosomal subunits (Shirai
et al. 2004). Thus, in this study, we tested to see if Rrp14p
interacts with these factors. Interestingly, Rrp14p exhibited
a two-hybrid interaction with Utp11p, Faf1p, and Rps16p
(Fig. 7) as well as the factors that are required for 60S
subunit assembly such as Loc1p, Nop12p, and Dbp9 (data
not shown). These results suggest that Rrp14p, like Ebp2p,
associates with the 90S preribosomal particle and functions
in pre-60S ribosomal subunits after the 90S particle is
divided into two preribosomal subunits.

The rrp14D cells exhibit aberrant morphology

Microscopic observation revealed that rrp14D resulted in
aberrant morphological cells. Chained cells and multi-
budded cells were observed in several percentages of the
rrp14D cells even after brief sonication (Fig. 8A). Staining
with 49,6-diamidino-2-phenylindole (DAPI) showed that
nuclear division had occurred without cell division (Fig.
8B). These data suggest that some cells initiate a new round
of cell cycle in the absence of cell separation. Similar
phenotypes were observed in the rrp14D cells in the
background of BY4741 (data not shown).

The rrp14D cells has a defect in cell polarity

As cell separation is intimately related to cell polarity, we
examined the distribution of cortical actin patches in the
rrp14D cells by using CalMorph, an image processing
program that automatically recognizes budding yeast cell
morphology (Ohtani et al. 2004; Saito et al. 2004, 2005).
CalMorph can extract morphological data directly from
fluorescence microscopic images of the budding yeast cell
wall, actin, and nucleus stained with fluorescein isothio-
cyanate–Concanavalin A (FITC-ConA), rhodamine–phal-
loidin, and DAPI, and can generate quantitative data about
yeast cell shape, nuclear shape and location, and actin
distribution. Logarithmically growing cells of the wild-type
and rrp14D strains were collected, stained, and photo-
graphed, and the images were processed with CalMorph.
Bud index and actin distribution are shown in Table 1. The
rrp14D strain shows an increased proportion of unbudded
cells. The wild-type cells exhibited a polarized localization
of cortical actin patches; 89% of small-budded, 87% of
medium-budded, and more than a half unbudded and
large-budded wild-type cells showed a staining pattern of
cortical actin patches toward the bud tips (pattern c in
Table 1) or throughout bud (Table 1, pattern d). In
contrast, a large percentage of the rrp14D cells exhibited a
depolarized pattern throughout the cell cycle; 95%, 67%,
57%, and 65% of unbudded, small-, medium-, and large-
budded rrp14D cells, respectively, showed a nonpolarized

FIGURE 5. The rrp14D cells grow extremely slowly. (A) Construction
of rrp14D with the HIS3 gene. (B) Tetrad analysis of the RRP14/
rrp14DTHIS3 strain. Three sets of tetrads were cultured on a YPD
plate at 25°C for 12 d.

FIGURE 6. Run-on transcription assays. (A) The rDNA transcription
unit. RNA polymerase I transcribes the 35S primary rRNA transcript,
whereas RNA polymerase III transcribes the 5S rRNA in the opposite
direction. PCR products corresponding to the indicated segments of
the 59 external transcribed spacer (59ETS), the 25S rRNA, NTS, and
the 5S rRNA were cloned into the pTOPO plasmid. (B) Transcription
run-on analysis. The wild-type and rrp14D strains were cultured,
permeabilized, and exposed to a-32P-UTP for 10 min. RNA was
extracted and hybridized to the plasmids slot-blotted onto Nitran
membrane. Autoradiograph [B(b)] is exposed for longer than auto-
radiograph [B(a)].
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localization of cortical actin patches spreading over the
entire mother cell and bud (Table 1, patterns a and e). The
result indicates that loss of Rrp14p function results in
depolarized cell growth.

During division by budding, yeast cells polarize toward
division sites that are chosen based on cell type (for review,
see Chant 1999). Haploid cells exhibit an axial budding
pattern in which mother and daughter cells bud immedi-
ately adjacent to their previous sites of cell division. Cells
that are defective in actin-based polarized morphogenesis
often display errors in bud site selection. Furthermore,
Gic1p and Gic2p that interact with Rrp14p were suggested
to be required for axial bud site selection (Chen et al. 1997).
Thus, we examined the budding patterns of haploid wild-
type and rrp14D cells that contained three or more
calcofluor-stained bud scars. For wild-type haploids,
99.3% of the cells displayed an axial budding pattern,
whereas only 4.2% of haploid rrp14D cells showed an axial
pattern (Fig. 9; Table 2); 92.9% and 2.9% of rrp14D cells
exhibited random and bipolar patterns, respectively. These
results indicates that polarity for bud site selection is
completely lost in the rrp14D cells.

DISCUSSION

We demonstrated in this paper that Rrp14p has dual
functions in ribosome synthesis and cell division. We
obtained viable rrp14D cells with a slow growth rate in
the background of both W303 and BY4741 strains. It was

reported that RRP14 is necessary for viability from knock-
out yeast mutants (Winzeler et al. 1999). There are two
possibilities for the discrepancy. In the genome-wide
analysis, the positions of the deletions were not adjusted,
even though 10% of ORFs in Saccharomyces cerevisiae
overlap one another. As the RRP14 ORF overlaps the
YKL083W ORF, which is also categorized as an essential
gene in the same analysis, deletion of YKL083W might
affect the viability of the rrp14D strain. A second possibility
is that it could be considered to be inviable because of its
extremely slow growth. As we delete 590 bp from the 60 bp
downstream initiation codon of the RRP14 ORF and
inserted HIS3, it is unlikely that functional proteins are
expressed from the remaining region of the RRP14 ORF.
Using the rrp14D strain, in this paper, we demonstrate that
the function of Rrp14p is necessary for cell polarity derived
from polarity of the actin cytoskeleton.

Rrp14p has a role in ribosome biogenesis

RRP14 was previously cloned in two-hybrid screening by
using EBP2 as bait (Shirai et al. 2004). Ebp2p is essential for
25S rRNA maturation and 60S subunit assembly. Previous
reports demonstrated that Rrp14p was copurified with
Ssf1p–TAP (Fatica et al. 2002) and with Rrp1p–TAP
(Horsey et al. 2004). As expected from these results, we
confirmed that Rrp14p has an important role in ribosome
synthesis. In the polysome profile, it appears that Rrp14p is
required for the 60S subunit assembly. [Methyl-3H] methi-
onine pulse–chase analysis reveals delay of processing from
27S to 25S rRNA in the Rrp14p-depleted strain, indicating
that Rrp14p also has an important function in 25S rRNA
maturation, consistent with the polysome profile and

FIGURE 7. Rrp14p interacts with Utp11p, Faf1p, and Rps16p.
Protein–protein interactions were analyzed by the yeast two-hybrid
system. Fivefold serial dilutions of cultures of L40 strain cells trans-
formed with lexA binding domain-fused (BD) and Gal4p activation
domain-fused (AD) genes were plated on SC–Trp, Leu, and SC–Trp,
Leu, His. As the empty vector containing lexA binding domain
(pBTM116) exhibits a background level of expression, 1 mM 3-
aminotriazole was added to a SC–Trp, Leu, His plate for the lower five
combinations.

FIGURE 8. The rrp14D cells exhibit aberrant cell morphology. (A)
Calcofluor staining and cell morphology (DIC) of the KM1422
(rrp14D) cells. (B) DAPI staining and cell morphology of the
KM1422 (rrp14D) cells. Bars indicate 5 mm.
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suggesting the shortage of 60S subunits. The defect of the
Rrp14p depletion, however, is not restricted in 25S rRNA
maturation/60S subunit assembly. [Methyl-3H] methionine
pulse–chase analysis also suggests that pre-rRNA transcrip-
tion declines and consequently lesser amounts of 25S and
18S rRNAs are produced in the Rrp14p-depleted strain.
Run-on transcription analysis confirms that Rrp14p is
required for rDNA transcription.

Rrp14p has a SURF-6 domain that is evolutionarily
conserved from human to yeast. The domain is localized
in the carboxyl terminus of all eukaryotic proteins, and has
an average length of 191 amino acids with an average
residue identity of 36% between different species. It was
demonstrated that SURF-6 binds to both DNA and RNA in
vitro (Magoulas et al. 1998). It is possible that Rrp14p
binds to the promoter region of rDNA, affects its tran-
scription, and subsequently binds to the 90S preribosomal
particle to function in pre-rRNA processing and ribosomal
subunit assembly. Ribosomal RNA transcription and pre-
RNA processing are coordinated via specific components of
the small subunit processome that associates with 35S pre-
rRNA (Gallagher et al. 2004). In this study, we find that
Rrp14p interacts with Utp11p and Faf1p. It was demon-
strated that Utp11p is a component of the SSU processome
and Faf1p associates with a large number of components
of SSU (Dragon et al. 2002; Rempola et al. 2006). Interest-
ingly, Faf1p was categorized as a middle-strength transcrip-
tion activator in systematic analysis using the yeast one-
hybrid system (Titz et al. 2006). We speculate that Rrp14p
is specifically involved in transcription of rDNA, processing
of pre rRNA, and 60S subunit assembly.

Rrp14p has a role in cell polarity

We demonstrate in this paper that Rrp14p has an impor-
tant role in cell polarity. The data were automatically and

quantitatively analyzed with the CalMorph program, which
was used for the Saccharomyces cerevisiae Morphological
Database (SCMD; http://scmd.gi.k.u-tokyo.ac.jp/) (Ohtani
et al. 2004; Saito et al. 2004, 2005). In S. cerevisiae, fol-
lowing the selection of a bud site, all growth was directed
into the bud. This polarized growth of the budding yeast
derives from the polarity of the actin cytoskeleton; at the
last step of the cell cycle, cytokinesis is accomplished by the
concerted action of actomyosin ring contraction and
septum formation, followed by cell separation of the
daughter cell from the mother cell by the degradation of
the septum. Chitinases and glucanases were transported to
the bud neck and degrade the septum (Cabib et al. 2001;
Baladron et al. 2002). The establishment and maintenance
of a polarized actin cytoskeleton is necessary for polarized
secretion. It is possible that a defect of rrp14D in cell
polarity causes mislocalization of the enzymes, which
causes a defect in cell separation. Our results are consistent
with large-scale two-hybrid data showing that Rrp14p
interacts with Gic1p, Gic2p, and Zds2p (Drees et al.
2001). Gic1p and Gic2p, which share sequence similarity,
are suggested to be involved in initiation of budding and
cellular polarization via interaction with the Rho family

FIGURE 9. The rrp14D cells lose polarity for bud site selection.
BY4741(WT) and KM1431 (rrp14D) haploid cells were grown to a
midlogarithmic phase, sonicated for cell separation, and stained with
Calcofluor White to visualize bud scars.

TABLE 1. The rrp14D cells exhibit an abnormality in the distribution of cortical actin patches

Yeast cells were incubated and fixed. Samples were triple stained with FITC-ConA, DAPI, and rhodamine–phalloidin, and then photographed.
The images were directly processed and quantitative data were generated using CalMorph. Each group of unbudded, small-budded (bud size is
<1/3 of the mother cell), medium-budded (bud size is between 1/3 and 2/3 of mother cell), and large-budded (bud size is >2/3 of mother cell)
cells was further classified following actin distribution.
aCells with no actin localization and no bud.
bCells with actin localization, but no bud.
cCells with actin localization around the tip of the bud (apical growth).
dCells with actin spreading over the entire bud (isotropic growth).
eCells with actin spreading over the entire mother cell and bud.
fCells with actin localization around the neck.
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GTPase Cdc42p (Chen et al. 1997). It was suggested that
Zds2p is a negative regulator of Cdc42p, while it appears to be
involved in multiple cellular events (Bi and Pringle 1996).

Connection between ribosome synthesis
and cell cycle

While we were preparing the manuscript, Oeffinger et al.
(2007) reported that Rrp14p has dual functions, ribosome
synthesis and positioning of the mitotic spindle. We find
independently that Rrp14p has dual functions in ribosome
synthesis and cell polarity. It is important to note that in
our hands pre-rRNA synthesis declined when Rrp14p was
depleted. This suggests that Rrp14p is involved in not only
60S subunit assembly but also in transcription of rDNA.
We also found that cortical actin patches were depolarized
throughout the cell cycle and the establishment of bud sites
was compromised in the rrp14D cells. The cell morphology
phenotype of our rrp14D cells was different from that of
Rrp14p depleted cells found by Oeffinger et al. (2007); we
observed that nuclei divide in the rrp14D strain, whereas
they demonstrated that upon depletion of Rrp14, nuclei do
not divide but cells form buds. The difference might be due
to strain differences and/or different experimental condi-
tions such as deletion or depletion, and asynchronicity or
synchronicity. Cell polarity is related to various cell cycle
events including mitotic exit and cytokinesis. It is possible
that a defect of cell polarity may result in various pheno-
types. As polarized growth and intracellular polarity in the
budding yeast are derived from actin polarization, depo-
larization of actin might be a fundamental cause of various
phenotypes such as the abnormal cell morphology of the
rrp14D cells (Fig. 8) and incorrect positioning of the mitotic
spindle in the Rrp14p-depleted cells (Oeffinger et al. 2007).

Recent studies suggest that several bona fide regulatory
factors of ribosome synthesis have functions in cell cycle
(Shafaatian et al. 1996; Du and Stillman 2002; Zhang et al.
2002; Oeffinger and Tollervey 2003; Dosil and Bustelo
2004). Moreover, it was suggested that ribosome synthesis
is related to cell size homeostasis (Jorgensen and Tyers
2004; Bernstein et al. 2007). We found for the first time that
a regulatory factor of ribosome synthesis has an important
role in the cell polarity derived from actin localization.
Further work is necessary regarding how Rrp14p connects

ribosome synthesis and the cell polarity. This will provide
us with useful insights into the molecular mechanisms
underlying the linkage between ribosome synthesis and cell
division.

MATERIALS AND METHODS

Plasmid construction

pRS316-RRP14 was constructed as follows. A PCR fragment
produced from yeast genomic DNA using the primers 59-
ATAACGTCGGAACCTAATAAGC-39 and 59-GGATGTAATTG
CCATCAGGTTT-39 was digested with SacI and ScaI, and inserted
into the SacI and SmaI sites of pRS316. pRS314–GAL1–MYC–BS,
a pRS314-based expression vector that contains the GAL1 pro-
moter, the three myc epitopes-encoding region just downstream
of the initiation codon, a multicloning site, and the TDH3
terminator, was kindly provided by K. Tanaka (Hokkaido Uni-
versity). pRS314–GAL1–MYC–RRP14 was constructed by insert-
ing into pRS314–GAL1–MYC–BS with the BamHI–SmaI PCR
fragment of the RRP14 ORF produced from yeast genomic DNA
with the primers 59-GGGGATCCAGTAATTCACTTGAGGAG-39,
and 59-GGCCCGGGTTATTTAGGTCCTCCCTT-39. A plasmid
expressing an myc-tagged Rrp14p by its own promoter, pRS314–
MYC–RRP14, was constructed as follows. The SacI–EcoRI
(followed by blunt-ending) region of the GAL1 promoter of
pRS314–GAL1–MYC–RRP14 was replaced with the SacI–SmaI
PCR fragment of the RRP14 promoter produced from yeast
genomic DNA with the primers 59- GGGAGCTCGAAGAAAAAT
GACGTGCCAA-39 and 59- GGCCCGGGCTCAGTCTCCTATAT
CTTTC-39. For tagging N-terminal YFP, pRS304–YFP–RRP14
was created as follows. The SacI–EcoRI (followed by blunt-
ending) region of the EBP2 promoter of pRS304–YFP–EBP2 was
replaced with the SacI–SmaI PCR fragment of the RRP14 pro-
moter produced as above, and the BamHI–SmaI region of the
EBP2 ORF was replaced with the BamHI–SmaI PCR fragment of
the RRP14 ORF as described above. pRS304–YFP–EBP2 was
created by inserting it into pRS314–GAL1–MYC–BS with the
BamHI–SmaI PCR fragment of the EBP2 ORF, replacing the
GAL1 promoter and MYC region with the EBP2 promoter and
YFP produced from pDH5 (provided from The Yeast Resource
Center, Seattle), respectively, and replacing the insert into pRS304.
pRS316–NOP1–CFP expressing C-terminal CFP-tagged Nop1p
was constructed as follows. The HindIII–SpeI fragment cleaved
from YCplac33–NOP1–GFP (kindly provided by Y. Kikuchi,
University of Tokyo) was inserted into the same sites of
pRS315 to create pRS315–NOP1–GFP. pRS315–NOP1–CFP was
created by replacing the PstI–SpeI GFP region of pRS315–NOP1–
GFP with the EcoT22I–SpeI CFP fragment amplified from a
plasmid pDH3 (provided from The Yeast Resource Center,
Seattle) with the primers 59-TTTATGCATATGAAAGCAGAAGA
ACTTTTC-39 and 59-TCCACTAGTCTATTTGTATAGTTCATCC
ATG-39. The HindIII–SpeI fragment of pRS315–NOP1–CFP was
inserted into pRS316 to create pRS316–NOP1–CFP.

Gene disruption

A deletion-insertion mutation of RRP14 was constructed in the
diploid W303 and BY4741. A primer pair, 59-ATGAGTAATT

TABLE 2. The rrp14D cells exhibit an abnormality in budding
pattern

Axial (%) Bipolar (%) Random (%)

WT 99.3 6 0.7 0.0 6 0.0 0.7 6 0.7
rrp14D 4.2 6 0.4 2.9 6 0.3 92.9 6 0.2

BY4741(WT) and KM1431 (rrp14D) haploid cells were stained with
Calcofluor White as shown in Figure 9. For each sample, a
minimum of 100 cells was counted in two independent experiments.
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CACTTGAGGAGCGCCTTCGTGCTAATTCAAGCGCCTTCGAT
GGTTTATTGTTAAGAGCTTGGTGAGCGCTAGGA-39 and 59-
ATGTCTTCCATATCGGAATCAGACGCAATTTCATCCTGATCC
TGTTCCTGTTCACTTTCTCCTCGTTCAGAATGACACGTATAG-
39, which included sequences complementary to the RRP14 ORF,
was used to PCR amplify the HIS3 sequence from plasmid pRS313.
The resulting PCR product (containing the HIS3 ORF) was used to
transform the W303 and BY4741 diploid cells. His+ transformants
were obtained and correct integration of the rrp14THIS3 gene at the
homologous locus was confirmed by PCR. A correct integrant was
sporulated and tetrads were dissected to obtain the rrp14D strain.

Yeast strains and media

The yeast strains used were W303–1A (MATa ade2–1 can1–100
ura3–1 leu2–3,112 trp1–1 his3–11,15), W303–1B (MATa ade2–1
can1–100 ura3–1 leu2–3,112 trp1–1 his3–11,15), KM1421 (W303–
1B rrp14THIS3), KM1422 (W303–1A rrp14THIS3), KM1410
(W303–1A rrp14THIS3 pRS316–RRP14), KM1411 (W303–1A
rrp14THIS3 pRS314–GAL1–MYC–RRP14), KM1412 (W303–1A
rrp14THIS3 pRS314–MYC–RRP14), KM1419 (W303–1A rrp14T
HIS3 YFP–RRP14–TRP1 integrated at RRP14 pRS316–NOP1–
CFP), BY4741(MATa his3 leu2 met15 ura3), and KM1431
(BY4741 rrp14THIS3). KM1419 was constructed as follows.
KM1410 was transformed with the EcoRI-digested DNA fragment
of pRS304–YFP–RRP14, and transformants without pRS316–
RRP14 were selected on a plate containing 0.87 mg/mL 5-fluoro-
orotic acid. Homologous recombination was checked by colony
PCR and pRS316–NOP1–CFP was transformed. Yeast cells were
grown in YPD-rich medium, synthetic complete (SC) medium
containing 2% glucose (SC), or 2% galactose (SCGal), or SC
dropout medium, depending on the plasmid markers.

Polysome analysis

Yeast crude cell extracts were overlaid on top of 11 mL of a 7%–
47% (wt/vol) sucrose gradient and centrifuged for 3.4 h at 35,000
rpm at 4°C in an Hitachi RPS40T rotor as previously described
(Shirai et al. 2004). Gradients were collected by pumping up using
a peristaltic pump and monitored at 254 nm.

[Methyl-3H] methionine pulse–chase
and Northern blot analyses

Processing of pre-rRNA was analyzed by [methyl-3H] methionine
pulse chase as previously described (Miyoshi et al. 2001, 2003).
Briefly, yeast cell cultures in SC–Met were pulsed with [methyl-
3H] methionine (10 mCi/mL) for 3 min and were chased with
nonradioactive methionine (500 mg/mL). Samples were taken by
pouring cultures onto crushed sterile ice for preparing total RNA.
Eight micrograms of total RNA were analyzed by electrophoresis
and blotted to a Nytran membrane. The upper part of the
membrane was sprayed with En3Hance (NEN) and exposed to
film for 14 d. The lower part of the membrane was probed for U3
snoRNA as a loading marker. For Northern blot analysis, the total
RNA equivalent of 0.5 OD600 or 1.5 OD600 of cells was separated
on an agarose gel or a denaturing 6% polyacrylamide/8 M urea
gel, respectively, and transferred to a Nytran membrane by

capillary or stained with ethidium bromide. Northern hybridiza-
tion was carried out using 32P-labeled oligonucleotide probes.

Run-on transcription analysis

Yeast strains were grown in liquid YPD to an OD600 of 0.4–0.5.
Cells corresponding to 3.0 OD600 units were harvested. Run-on
transcription was performed according to the protocol of Elion
and Warner (1986) with the following change: the cells were
incubated with a-32P-UTP for 10 min. Slot-blot hybridization was
performed according to the protocol of Gallagher et al. (2004)
with the following changes: PCR fragments were cloned into the
pTOPO plasmid and spotted onto a Nitran membrane (Schleicher
& Schuell). Plasmids containing 59ETS, 25S, and NTS of rDNA
were kindly provided by Baserga and Gallagher (Yale University)
(Gallagher et al. 2004). The sequences of the primers for the 5S
rRNA gene are 59-CGGGATCCACCCATAACACCTCTCACTCCCA
C-39 and 59-CGCTCGAGAGATTGCAGCACCTGAGTTTCGCG-39.

Two-hybrid system

Two kinds of plasmid for production of lexA binding domain-
fusion proteins and Gal4p activation domain-fusion proteins were
cotransformed into yeast L40 strain cells as previously described
(Tsujii et al. 2000). Leu+ Trp+ transformants were selected and
fivefold serial dilutions of the cell cultures were stamped on SC–
Leu, Trp, and His plates containing 3-amino-1, 2, and 4-triazole
and incubated at 30°C for 3 d unless indicated.

Western blotting

Western blotting was performed following standard techniques,
and signals were visualized by Enhanced Chemiluminescence
(Amersham), as instructed by the manufacturer. Mouse anti-
myc monoclonal antibodies (9E10; BAbCO) and horseradish
peroxidase-conjugated sheep antimouse IgG antibodies (NA931;
Amersham) were used at 1:500 and 1:1000, respectively.

Analysis of cell morphology

The cells were cultured and stained with fluorescein isothiocya-
nate–Concanavalin A (FITC-ConA) for cell wall identification,
with 4,6-diamidino-2-phenylindole (DAPI) to localize nuclei and
with rhodamine-conjugated phalloidin to visualize the actin
distribution following the CalMorph user manual with minor
modification. Yeast cells were grown to the exponential phase
(4–6 3 106 cells/mL) at 30°C. The cells were fixed for 30 min at
30°C in growth medium with formaldehyde (3.7% final concen-
tration) and potassium phosphate buffer (100 mM, pH 6.8). The
cells were collected, resuspended in formaldehyde solution (3.7%
formaldehyde and 100 mM potassium phosphate, pH 6.8), and
incubated for 45 min at 30°C. The cells were washed with PBS
(137 mM NaCl, 2.68 mM KCl, 8.03 mM Na2HPO4, and 1.47 mM
KH2PO4) twice and stained with 20 U/mL rhodamine–phalloidin
in PBS with 0.1% Triton X-100 at 4°C overnight. The cells were
washed with PBS and then with P buffer (10 mM sodium
phosphate and 150 mM NaCl, pH 7.2), and stained with 24 mg/
mL FITC-ConA in P buffer for 5 min at room temperature. The
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cells were washed with P buffer and resuspended in P buffer. After
a brief sonication, the cells were placed on slides, mounted with
mounting solution (1 mg/mL p-phenylenediamine, 0.13 PBS,
90% glycerol) containing 1 mg/mL DAPI, and observed under a
fluorescence microscope (Olympus BX51) equipped with a 1003

objective. All images were captured using a black-and-white
charge-coupled device-coupled camera (Nippon Roper Cool-
SNAP HQ) and Slide Book 4 Digital Microscopy software
(Intelligent Imaging Innovations). The data were processed with
Adobe Photoshop and automatically analyzed with the CalMorph
program.

Analysis of budding patterns

Yeast cells were cultured and sonicated for cell separation, and
Calcofluor White was added to 2 mg/mL concentration. Bud scars
were visualized by fluorescence microscopy and bud patterns were
defined as described previously (Chant and Pringle 1995; Nelson
et al. 2003). Only cells containing three or more bud scars were
counted. Bud patterns were considered axial only if scars resided
immediately adjacent to one another. Bud scars residing on
opposite thirds of the cells were considered to be bipolar. Cells
were considered to have random patterns if bud scars resided
in the middle third of the cell.
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