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In Saccharomyces cerevisiae, ribosomal biogenesis takes place primarily in the nucleolus, in which a single
35S precursor rRNA (pre-rRNA) is first transcribed and sequentially processed into 25S, 5.8S, and 18S mature
rRNAs, leading to the formation of the 40S and 60S ribosomal subunits. Although many components involved
in this process have been identified, our understanding of this important cellular process remains limited. Here
we report that one of the evolutionarily conserved DEAD-box protein genes in yeast, DBP3, is required for
optimal ribosomal biogenesis. DBP3 encodes a putative RNA helicase, Dbp3p, of 523 amino acids in length,
which bears a highly charged amino terminus consisting of 10 tandem lysine-lysine-X repeats ([KKX] repeats).
Disruption of DBP3 is not lethal but yields a slow-growth phenotype. This genetic depletion of Dbp3p results
in a deficiency of 60S ribosomal subunits and a delayed synthesis of the mature 25S rRNA, which is caused by
a prominent kinetic delay in pre-rRNA processing at site A3 and to a lesser extent at sites A2 and A0. These data
suggest that Dbp3p may directly or indirectly facilitate RNase MRP cleavage at site A3. The direct involvement
of Dbp3p in ribosomal biogenesis is supported by the finding that Dbp3p is localized predominantly in the
nucleolus. In addition, we show that the [KKX] repeats are dispensable for Dbp3p’s function in ribosomal
biogenesis but are required for its proper localization. The [KKX] repeats thus represent a novel signaling
motif for nuclear localization and/or retention.

In eukaryotes, ribosomal biogenesis takes place primarily in
a specialized subnuclear compartment termed the nucleolus,
where rRNA genes are localized and first transcribed into a
single precursor rRNA (pre-rRNA). In Saccharomyces cerevi-
siae, this pre-rRNA is rapidly associated with a large number of
ribosomal and nonribosomal proteins and sequentially pro-
cessed through a number of intermediates by both exo- and
endonucleases into mature 25S, 18S, and 5.8S rRNAs which
are found in 60S (25S and 5.8S rRNAs) and 40S (18S rRNA)
ribosomal subunits (reviewed in reference 79). During tran-
scription and processing, pre-rRNA is also chemically modified
by methylation on base and ribose moieties and by pseudouri-
dylation. Although this highly complicated rRNA-processing
pathway has been studied with many organisms, the genetically
tractable yeast system has so far provided the most extensive
information regarding the various cis- and trans-acting factors
crucial to this process.

In yeast, rRNA is first transcribed by RNA polymerase I as
a 35S pre-rRNA which contains the mature 18S, 5.8S, and 25S
rRNAs separated by two internal transcribed spacers, ITS1
and ITS2, and flanked by two external transcribed spacers, 59
ETS and 39 ETS (Fig. 1) (reviewed in reference 74). Processing
of this 35S pre-rRNA occurs initially at sites A0, A1, and A2 to
yield the 20S pre-rRNA and the 27SA2 pre-rRNA. Processing
of the 20S pre-rRNA takes place in the cytoplasm, where site
D is cleaved to form the mature 18S rRNA, whereas the 27SA2
pre-rRNA continues to be processed in the nucleolus by two

alternative pathways. The major pathway involves cleavage at
sites A3 and B2, yielding the 27SA3 precursor, which is rapidly
converted to 27SBS pre-rRNA by exonuclease activities. The
minor pathway involves cleavage at sites B1L and B2 to pro-
duce the 27SBL pre-rRNA. Both 27SBS and 27SBL pre-rRNAs
are further cleaved at sites C1 and C2 to release the mature 25S
rRNA and 7SS or 7SL species, which is then processed by an
exonuclease to site E, yielding the mature 5.8SS or 5.8SL
rRNA.

A large number of trans-acting factors have been shown to
be involved in the yeast pre-rRNA-processing pathway (re-
viewed in references 15 and 74). Many of these are small
nucleolar RNAs (snoRNAs), which are associated with pro-
teins to form ribonucleoprotein particles (snoRNPs). It has
been shown that genetic depletions of four snoRNAs, i.e., U3
(5, 26), U14 (38), snR10 (68), and snR30 (46), and their asso-
ciated proteins, i.e., Nop1p (59), Gar1p (20), and Sof1p (29),
inhibit or delay cleavages at sites A0, A1, and A2, which in turn
results in the reduction of 18S rRNA without a major impact
on 25S and 5.8S rRNA synthesis. Interestingly, cleavage at site
A3 is mediated by another snoRNP, the RNase MRP, as mu-
tations occurring in its RNA (13, 40, 61, 63) or protein (41, 62)
components inhibit the cleavage, resulting in a deficiency of
the major 5.8SS species. Recently, this cleavage event has been
reproduced in vitro by using purified RNase MRP, convinc-
ingly demonstrating a direct role for RNase MRP at the A3-
site cleavage (42). Although apparently mediated by different
factors, cleavages at sites A2 and A3 appear to be linked, since
substitution mutations at either site can inhibit cleavage at the
other site (1, 2). These data suggest that efficient cleavage of
both A2 and A3 sites requires the interaction between a
snoRNP complex, bound at sites including A2, and an RNase
MRP complex, bound at site A3 (2).

In addition to these snoRNP components, there exist a
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growing number of snoRNAs predicted to have important
roles in rRNA folding, rRNA processing, and ribosomal RNP
assembly (4). While some of these snoRNAs have been shown
to be responsible for the 29-O methylation on specific residues
of the rRNA (33), others have been proposed to act as RNA
chaperones to catalyze the apparent major rearrangements of
rRNA at various stages of ribosome synthesis. Enzymes that
are predicted to unwind RNA-RNA base pairing, such as the
RNA helicases, are likely to play a major role in this process as
well. In this regard, a new class of proteins, the DEAD-box
proteins (DBPs), may fulfill such a role in ribosomal biogene-
sis.

Members of the growing DBP gene family have considerable
sequence similarity and have been found in organisms ranging
from Escherichia coli to humans (17). Several of these DBPs,
such as the mammalian and yeast eIF-4A (7, 53), human p68
(24), Xenopus An3 (21), and Drosophila vasa (39), have been
shown to exhibit RNA-unwinding activities in vitro. Thus, it is
generally believed that members of this DBP family are all
RNA helicases, whose functions are to modulate specific RNA
secondary structures in their respective biochemical pathways,
which include translation initiation, nuclear pre-mRNA splic-

ing, and ribosomal biogenesis (17). Multiple DBPs have also
been implicated in E. coli ribosomal biogenesis. For example,
SrmB can suppress a 50S ribosomal subunit assembly mutant
(49), and DeaD was isolated as a dosage-dependent suppressor
of a ribosomal protein S2 mutant (71). Interestingly, the
ATPase activity of the E. coli DbpA can be activated only by
23S rRNA, suggesting that it also plays a role in some ribo-
somal events (18). Likewise, at least two DBPs are required for
ribosomal biogenesis in yeast. It has been shown that muta-
tions in SPB4, which was isolated as a suppressor of a poly(A)-
binding protein mutant (55), and inDRS1, which was identified
in a screen for cold-sensitive mutants deficient in ribosome
subunits (51), significantly decrease the level of 60S ribosomal
subunits and inhibit 25S rRNA production.

To date, more than 20 DBP genes have been discovered in
yeast, and nearly all of them are essential for yeast’s survival
(11, 17, 60). We report here that deletion of the DBP3 gene has
a major impact on the 60S ribosomal subunit biogenesis re-
sulting from a delay in the production of 25S rRNA. This delay
is apparently due to inefficient cleavage at site A3 and, to a
lesser degree, at site A2, two sites which have been shown to be
genetically linked during pre-rRNA processing (2). Further-

FIG. 1. Pre-rRNA-processing pathway in S. cerevisiae. The pre-rRNA transcript is synthesized initially as a 35S precursor containing 18S, 5.8S, and 25S rRNAs
flanked by 59 ETS and 39 ETS and interrupted by ITS1 and ITS2. Empty bars represent the mature rRNA sequences, and thick lines represent the transcribed spacers.
Cleavage sites on the pre-rRNAs and steps which are mediated by exonucleases are indicated. See the text for a detailed description of the pathway.
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more, we show that the predominant nucleolar localization of
Dbp3p is mediated at least in part by a novel signaling motif,
the lysine-lysine-X repeats ([KKX] repeats).

MATERIALS AND METHODS

Construction of the dbp3::HIS3 allele and gene replacement. The full-length
wild-type DBP3 gene carried on a 3.72-kb BamHI fragment was obtained from
M. Johnston (Washington University, St. Louis, Mo.) and subcloned into the
pBluescript KS(1) vector (Stratagene, La Jolla, Calif.) to yield pCA3001. To
construct the dbp3::HIS3 allele, we first subcloned a 2.1-kb SalI-XbaI fragment
containing the entire DBP3 gene into the pBluescript KS(1) vector to yield
pCA3002. From pCA3002, we removed an internal 1.2-kb PstI-HpaI fragment of
DBP3 and replaced it with a 1.7-kb BamHI fragment containing a functional
HIS3 gene to yield pCA3004. To replace DBP3 by homologous recombination,
the 2.6-kb SalI-XbaI fragment containing the dbp3::HIS3 allele from pCA3004
was used to transform a wild-type diploid strain, YPH274 (MATa/a ura3-52/
ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 trp1-D1/trp1-D1 his3-D200/his3-D200
leu2-D1/leu2-D1) (64). The His1 transformants were screened for the correct
replacement of one of the two DBP3 genes by Southern analysis with a 32P-
labeled 2.1-kb SalI-XbaI fragment from pCA3002 as a probe. The heterozygous
strain, YTC68, containing the dbp3::HIS3 allele, bears the following genotype:
MATa/a dbp3::HIS3/DBP3 ura3-52/ura3-52 lys2-801/lys2-801 ade2-101/ade2-101
trp1-D1/trp1-D1 his3-D200/his3-D200 leu2-D1/leu2-D1.
Tetrad and Northern analyses. Strain YTC68 was sporulated in 1% liquid

potassium acetate at 308C for 2 days. The resulting tetrads were dissected on
YPD (1% yeast extract, 2% Bacto Peptone, 2% glucose) plates which were then
incubated at either 30, 25, or 158C until colonies formed on the plates. Genotypes
of the segregants were identified by replica plating with various nutrient-dropout
synthetic medium plates. Segregants bearing the dbp3::HIS3 disruption allele,
YTC201 (MATa dbp3::HIS3 ura3-52 lys2-801 ade2-101 trp1-D1 his3-D200 leu2-
D1) and YTC202 (MATa dbp3::HIS3 ura3-52 lys2-801 ade2-101 trp1-D1 his3-
D200 leu2-D1), were used in subsequent experiments. To examine for the pres-
ence of the DBP3 transcript, four segregants isolated from a dissected tetrad
were grown individually in 2 ml of YPD liquid medium at 308C to an optical
density at 600 nm (OD600) of ;0.75. Total RNAs were isolated by hot phenol-
chloroform extraction as described previously (77). Equal amounts of total RNA
were denatured with glyoxal, separated by agarose gel electrophoresis, and trans-
ferred to a nylon membrane as described previously (56). RNAs were cross-
linked to the membrane by UV irradiation and hybridized with a [a-32P]dCTP-
labeled probe (the BamHI fragment from pCA3001) synthesized by using a
random-priming labeling kit (United States Biochemicals). Hybridization was
done overnight at 658C in 0.1 M sodium phosphate (pH 7.0)–0.5 M NaCl–6 mM
EDTA–1% sodium dodecyl sulfate (SDS). The membrane was washed once in
0.25 M sodium phosphate (pH 7.0)–0.125 M NaCl–1.5 mM EDTA–0.25% SDS
for 1 h and twice (1 h each) in the same solution without SDS at 658C.

The oligonucleotides used for analyzing mature and pre-rRNAs were as fol-
lows: 18S-A and 25S-A correspond to oligonucleotides a and g, respectively, as
described by Bergès et al. (6); ETS1-A corresponds to oligonucleotide a as
described by Lafontaine et al. (35); ITS1-A and ITS1-B correspond to oligonu-
cleotides b and c, respectively, as described by Allmang et al. (1); and ITS1-C and
5.8S-A correspond to oligonucleotides 011 and 017, respectively, as described by
Lindahl et al. (40). Hybridization and washes were carried out as described by
Chang et al. (10) except at room temperature.
Primer extension analysis. Typically, 10 pmol of 32P-labeled oligonucleotides

complementary to various regions of pre-rRNAs were annealed to 4 mg of total
RNA in a 12-ml reaction mixture containing 0.3 M NaCl, 10 mM Tris-HCl (pH
7.5), and 2 mM EDTA. Primer extensions were initiated by the addition of a
reaction mix (40 ml) containing 12.5 mM dithiothreitol, 7.5 mM MgCl2, 12.5 mM
Tris-HCl (pH 8.4), 1.25 mM deoxynucleoside triphosphates, 100 U of reverse
transcriptase (SuperScript II; Bethesda Research Laboratories), and 20 U of
RNasin (Promega). The reaction mixtures were then incubated at 468C for 40
min. Primer extension products were analyzed on a sequencing gel.
Sucrose gradient analysis. Yeast cultures were grown in 200 ml of YPD or an

appropriate synthetic medium to an OD600 of ;0.75. One milliliter of 10-mg/ml
cycloheximide was added to the culture just prior to harvesting of the cells. The
harvested cells were washed twice with buffer II (10 mM Tris-HCl [pH 7.5], 100
mM NaCl, 30 mM MgCl2, 50 mg of cycloheximide per ml, 200 mg of heparin per
ml, and 0.2% diethylpyrocarbonate). The washed cells were resuspended in 1.5
ml of buffer II, and an equal volume of glass beads (Sigma; 425 to 600 mm) was
added. The suspension was vortexed six times, each consisting of 30 s of vortexing
followed by at least 30 s of cooling on ice. After the vortexing, 0.75 ml of buffer
II was added, and the lysed extract was clarified by centrifugation once at 5,000 3
g for 5 min and once at 10,000 3 g for 10 min in a Sorvall centrifuge with an SS34
rotor. An amount of extract corresponding to 16 OD260 units was loaded on a
10.5-ml sucrose gradient (7 to 47% sucrose, containing 50 mM Tris-acetate [pH
7.0], 50 mM NH4Cl, 12 mM MgCl2, 1 mM dithiothreitol, and 0.1% diethylpy-
rocarbonate). The sucrose gradients were centrifuged at 29,000 rpm for 5.5 h in
a Beckman SW41 rotor at 48C. The gradients were analyzed at 254 nm with a
UA-5 UV monitor (ISCO). For analysis at the nonpermissive temperature,
strains were shifted to 158C for 2 h prior to extraction. Dissociation of ribosomes

for analysis of steady-state levels of 40S and 60S ribosome subunits was accom-
plished as described above except that extracts were prepared in buffer II lacking
MgCl2 and an amount of extract corresponding to 2.5 OD260 units was centri-
fuged on a 5 to 21% sucrose gradient lacking MgCl2.
Pulse-chase analysis of pre-rRNA processing. The synthesis, processing, and

turnover of pre-rRNA were assayed by pulse-chase analysis with [methyl-3H]me-
thionine as described by Deshmukh et al. (14) except that aliquots of yeast
cultures were flash frozen in liquid nitrogen prior to RNA extraction. Equal
amounts of total RNAs were denatured with glyoxal and separated by agarose gel
electrophoresis as described previously (56). Similar procedures were followed
for pulse-chase experiments using [3H]uracil except that strains containing the
pRS316 (CEN3/URA3) (63) vector were used to allow growth in synthetic com-
plete medium lacking uracil. Densitometric measurement for calculating rRNA
levels was performed with an UltroScan XL Laser Densitometer (LKB).
Western immunoblot analysis. To determine the subcellular localization of

Dbp3p, we fused a 9-amino-acid hemagglutin (HA) epitope (78) to the C ter-
minus of Dbp3p by a PCR approach using two primers, each containing an
engineered BamHI site. The BamHI site (underlined) in primer 3013 (a 27-mer;
59 cagttGGATCCaaaggggattaaaATG 39) is located 15 nucleotides (nt) upstream
of the initiation codon. Primer 3009 (a 65-mer; 59 ggGGATCCttatta-[agcatagtc
tggaacgtcatatggataatc]-gaaagtaattttttttggttt 39), which contains the HA epitope
(bracketed) followed by two in-frame stop codons, is complementary at its 39 end
to the last 24 nt of the DBP3 coding sequence. A 1,633-bp DNA fragment
amplified from the pCA3001 template DNA by using the Expand High Fidelity
polymerase mix (Boehringer Mannheim) was digested with BamHI and cloned
into an expression vector. The expression vector, pRS315-pG1, was constructed
by transferring the GPD promoter-PGK terminator cassette from pG1 (58) to
pRS315 (64). The BamHI-digested PCR fragment was cloned into the unique
BamHI site located between the GPD promoter and PGK terminator to yield
pCA3036. pCA3036 was used to transform a diploid homozygous dbp3::HIS3
strain, YTC161 (MATa/a dbp3::HIS3/dbp3::HIS3 ura3-52/ura3-52 lys2-801/lys2-
801 ade2-101/ade2-101 trp1-D1/trp1-D1 his3-D200/his3-D200 leu2-D1/leu2-D1), to
yield YTC207 for subsequent studies.

The DBP3-protein A recombinant clone was constructed by inserting, in
frame, a 651-bp PCR fragment encoding regions D, A, B, and C of protein A into
the AatII site located 37 nt from the stop codon in the DBP3 open reading frame.
The oligonucleotides used to amplify the 651-bp protein A fragment are an
upstream (59 aggtGACGTCcaaaaacttaatgactct 39) primer and a downstream (59
ggatGACGTCgttacgttgttcttcagt 39) primer, each with an engineered AatII site
(underlined).

To detect the HA- or protein A-tagged Dbp3p by Western analysis, yeast
strains were grown in 100 ml of synthetic dextrose-leucine medium to an OD600
of 1. Cells were harvested and broken with glass beads in lysis buffer (50 mM
Tris-Cl [pH 7.5], 1 mM dithiothreitol, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride). One hundred micrograms of total yeast proteins was separated on an
SDS–10% polyacrylamide gel and then transferred to a nitrocellulose membrane
by electroblotting. A mouse monoclonal anti-HA antibody (BabCO) was used as
the primary antibody at a 1:5,000 dilution, and horseradish peroxidase-conju-
gated protein G (Bio-Rad) was used as the secondary antibody at a 1:4,000
dilution. Detection of the Dbp3p-HA fusion protein on the membrane was done
with the Amersham enhanced chemiluminescence detection system.
Indirect immunofluorescence microscopy. Detection of the cellular Dbp3p-HA

protein by indirect immunofluorescence microscopy was done essentially as de-
scribed previously (32) with minor modifications. Cells were grown to an OD600
of 1, collected by filtration, washed extensively in 0.1 M potassium phosphate
(pH 6.5), and then fixed in 0.1 M potassium phosphate (pH 6.5) buffer containing
3.7% formaldehyde for 5 min. The formaldehyde-fixed cells were digested with
Zymolyase 100T (Sekagaku) for 40 min at 378C and washed three times in a
phosphate-buffered saline solution containing 1 M sorbitol. Cells were treated
with 2208C methanol (6 min) and acetone (30 s) and then resuspended in PBL
(phosphate-buffered saline, 1 mg of bovine serum albumin per ml, 100 mM
lysine), in which the mouse monoclonal anti-HA antibody (BabCO) and rabbit
anti-Nop1p polyclonal antiserum (obtained from T. Bergès, European Molecular
Biology Laboratory [EMBL]) were added at a 1:100 dilution for staining at room
temperature for 3 h. The cells were then washed three times in PBL followed by
a 90-min incubation at room temperature with Texas Red-conjugated goat anti-
mouse immunoglobulin G and fluorescein isothiocyanate (FITC)-conjugated
goat anti-rabbit secondary antibodies (Jackson Laboratories) at a 1:50 dilution.
Cells were then washed again in PBL and stained with DAPI (49,6-diamidino-
2-phenylindole) (0.5 mg/ml). Cells were applied to slides with an equal volume of
Citifluor (Marivac Ltd.) and visualized by using a Zeiss Axiophot microscope
with Normarski optics. Texas Red, FITC, and UV filters were used to detect the
fluorescence images.
Construction of the DBP3-D[KKX]-HA allele. We used a megapriming PCR

method (57) to construct the DBP3-D[KKX]-HA allele. Primer 3010 (a 40-mer;
gtacttccacttcccttctcttcaattacctcctcatcta) and primer 3013 (see above) were first
used to amplify a 104-bp PCR product from the pCA3001 template. Primer 3010
was designed to anneal to the sense strand of the DBP3 coding region and
remove a 93-bp sequence coding for the following peptide sequence: K, KKS,
KKH, KKD, KKD, KKE, KKD, KKH, KKH, KKE, KKG. The PCR product was
diluted to 20 mM and used as a megaprimer in a subsequent PCR with primer
3009 (see above) to generate the DBP3-D[KKX]-HA allele. In the second PCR,
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we omitted primer 3009 for the first 10 cycles in order to facilitate extension from
the megaprimer. The final 1,540-bp product from the second PCR was digested
with BamHI, cloned into the KS(1) vector, and sequenced to verify the precise
deletion. The DBP3-D[KKX]-HA allele was subcloned into the unique BamHI
site of the expression vector pRS315-pG1 and transformed into YTC161 for
subsequent studies.

RESULTS

DBP3 encodes a putative RNA helicase with an unusual N
terminus. We have previously identified five novel DBP genes
in the budding yeast by a PCR approach (10). During initial
characterization of their genomic clones, the DNA sequence of
the DBP3 gene became available in GenBank (accession num-
ber M80437), enabling us to obtain a complete genomic clone
from M. Johnston (Washington University, St. Louis, Mo.).
We found that DBP3 is adjacent to CTR1 in a head-to-tail
fashion on the left arm of chromosome VII. DBP3 was previ-
ously shown to be a single-copy gene (10).

The predicted gene product of DBP3, Dbp3p, consists of 523
amino acid residues in which all of the typical DBP conserved
motifs can be clearly identified (Fig. 2A). The deduced Dbp3p
is highly charged and basic (net overall positive charge, 113;
pI 5 9.9) and exhibits a hydrophilic N terminus (up to amino
acid 65) predicted to adopt an a-helical structure and to posi-
tion on the protein’s surface (Fig. 2B). A rather unusual lysine-
lysine-X triplet sequence ([KKX] repeat; X can be either
serine, histidine, aspartate, glutamate, or glycine) was found to

repeat 10 times between amino acid residues 22 and 51 (Fig.
2A). Similar repeats have been identified in several other pro-
teins (see reference 30 for a summary). These include a glu-
tamic acid-rich protein of unknown function from Plasmodium
falciparum (72); two microtubule-binding proteins, MAP1A
(36) and MAP1B (50); a possible vesicle-associated protein,
Torp1, from Torpedo california (48); and a yeast protein,
Cbf5p, which was isolated as one of the major low-affinity
centromere-binding proteins (30). The [KKX] repeats in both
MAP1B and Cbf5p have been implicated in their microtubule-
binding activities.
Disruption of DBP3 results in a slow-growth phenotype. To

examine whether DBP3 is an essential gene, we constructed a
dbp3 null allele in vitro by replacing an internal 1.2-kb DBP3
sequence with a HIS3 selectable marker (Fig. 3A). This allele
was used to transform a wild-type homozygous his32 diploid
strain. The resulting His1 transformants were screened for the
correct replacement of one of the two genomic copies of DBP3
by Southern analysis (data not shown). The verified heterozy-
gous diploids were then subjected to sporulation and tetrad
dissection. When allowed to germinate at 308C, all tetrads gave
rise to four viable spores segregating 2 His1:2 His2 (Fig. 3B
and C). Closer inspection of these tetrads revealed that the two
His1 colonies (containing the dbp3::HIS3 allele) were consis-
tently smaller than the two His2 colonies (containing the wild-
type DBP3 allele). This difference can be further exaggerated
by incubating plates at temperatures lower than 308C. At 168C,

FIG. 2. Predicted amino acid sequence of Dbp3p. (A) Conserved motifs
found among the superfamily of putative ATP-dependent RNA helicases are
underlined, and the [KKX] repeats are in boldface. The roman numerals denote
the nomenclature of the conserved motifs as described by Hodgman (25). (B)
Computer prediction of hydrophilicity and alpha-helices of Dbp3p. Computer
analysis was done by using the PeptideStructure program in the University of
Wisconsin Genetics Computer Group package. Predictions of hydrophilicity and
alpha-helices were based on the Kyte-Doolittle (34) and the Chou-Fasman (12)
methods.

FIG. 3. Genetic disruption of DBP3. (A) Restriction map of the DBP3 locus.
The dbp3::HIS3 allele was constructed by deleting an internal PstI-HpaI DBP3
fragment and replacing it with the HIS3 gene. (B) Sporulation and tetrad dis-
section of strain YTC68 (dbp3::HIS3/DBP3). Spores were allowed to germinate
on a YPD plate at 308C. A segregation pattern of two small and two large
colonies is shown. (C) Cosegregation of the dbp3::HIS3 allele with the slow-
growth phenotype. Cells from the YPD plate in panel B were directly replica
plated onto a histidine-dropout synthetic dextrose (SD-HIS) plate and incubated
at 308C overnight. Only the two smaller colonies in a tetrad set are able to grow
on the SD-HIS medium, demonstrating 2 His1:2 His2 segregation and coseg-
regation of the HIS3 marker with the slow-growth phenotype. (D) Loss of the
DBP3 transcript cosegregates with the dbp3::HIS3 allele. Total RNAs from a set
of four segregants from panel B were isolated for Northern analysis. A 32P-
labeled BamHI fragment was used as a probe to detect the presence of the DBP3
transcript. The 2.1-kb DBP3 transcript (9) is present in two His2 segregants but
absent in the other two His1 segregants.
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the dbp3::HIS3 haploid strain appears to have a doubling time
twice as long as that of the wild-type haploid. To ascertain
whether the slow-growth phenotype is indeed due to the loss of
DBP3 gene expression, the production of the DBP3 transcript
was examined by Northern analysis. Among a set of four seg-
regants derived from a single tetrad, the loss of the 2.1-kb
DBP3 transcript (10) cosegregated with the His1 as well as the
slow-growth phenotype (Fig. 3D).
60S ribosomal subunit deficiency in the dbp3::HIS3 strain.

Although DBP3 is not essential for cell viability, its require-
ment for normal cell growth at low temperatures suggests that
it is functionally critical in certain biochemical processes that
are sensitive to cold temperatures. It has been argued from
thermodynamic grounds that mutational defects affecting as-
sembly processes may be intensified at low temperatures (9).
Indeed, many cold-sensitive alleles blocking ribosome assem-
bly have been found in bacteria (22, 67). Furthermore, four
other DBPs that affect bacterial and yeast ribosome assembly
have been identified (49, 51, 55, 71). All of these factors
prompted us to inspect ribosome assembly in the dbp3::HIS3
strain. Sucrose gradient analysis of extracts prepared from
dbp3::HIS3 cells grown at the permissive temperature of 308C
or shifted to 168C revealed that genetic disruption results in a
deficit of 60S ribosomal subunits relative to 40S subunits and
also in decreased levels of 80S monosomes and polyribosomes
(Fig. 4A and B). The relative reduction of the 60S free subunits
was further analyzed by completely dissociating the ribosomes
and polyribosomes into 40S and 60S subunits by using extracts
prepared in buffer lacking Mg21. In the dbp3::HIS3 strain, we
observed a 5 to 10% reduction in the overall quantity of 60S

subunits relative to that in the wild-type strain (Fig. 4C and D),
suggesting a defect in the synthesis or stability of 60S subunits.
As a result of the shortage of 60S subunits, half-mer polyribo-
somes, which contain 43S initiation complexes stalled at the
initiator AUG (52), were also detected (Fig. 4B). This defect
can be corrected by complementing the dbp3::HIS3 disruption
allele with the wild-type DBP3 gene carried on a centromere
plasmid (data not shown). Finally, we noticed that the relative
levels of 60S subunits are indistinguishable in the dbp3::HIS3
strains grown at either 16, 23, or 308C.
Delayed formation of 25S rRNA in the dbp3::HIS3 strain.

Since the maturation of rRNAs is closely linked to ribosome
subunit formation, we investigated pre-rRNA processing in the
dbp3::HIS3 strain by performing pulse-chase analysis. Cultures
were grown to log phase at 258C, briefly pulse-labeled with
either [methyl-3H]methionine or [3H]uracil, and then chased
with a large excess of cold methionine or uracil, respectively.
Aliquots were withdrawn at various times after the chase, total
RNA was extracted, and samples were analyzed by agarose gel
electrophoresis and fluorography. In the wild-type DBP3
strain, the 35S pre-rRNA is rapidly processed into 32S pre-
rRNA and then into 27S and 20S species, the immediate pre-
cursors of the mature 25S and 5.8S rRNAs and the 18S rRNA,
respectively (Fig. 5A). However, in the dbp3::HIS3 strain, we
consistently observed a delayed appearance of the 27SA spe-
cies, which can be easily monitored by comparing the 27SA/
27SB ratios at the 1- and 2-min chase points (cf. lanes C1 and
C2 in Fig. 5A). This defect can be unambiguously demon-
strated by performing the pulse-chase experiment using [3H]u-
racil (as well as [methyl-3H]methionine [data not shown]) as a
label at 178C (Fig. 5B), in which the rate of rRNA processing
is reduced, thus avoiding potential errors due to shorter chase
time constraints in experiments done at 258C. Again, the pro-
duction of 27SA rRNA, and thus 27SB and 25S rRNAs, is
clearly delayed in the dbp3::HIS3 strain (cf. lanes C5 and C15
in Fig. 5B), suggesting that Dbp3p is required for the efficient
production of 27SA pre-rRNA. These results predicted that
the appearance of 5.8S rRNA, which is generated by process-
ing events occurring after the formation of 27SA pre-rRNA,
should also be kinetically delayed in the dbp3::HIS3 strain (Fig.
1). We analyzed the same RNA samples as used for Fig. 5B by
polyacrylamide gel electrophoresis, which allows one to deter-
mine potential alterations in the synthesis and processing of
smaller RNAs, such as 5.8S and 5S rRNAs and tRNAs. The
delayed formation of 5.8S RNA due to upstream cleavage
defects is apparent when the C15 and C50 time points for the
wild-type and the dbp3::HIS3 strains were compared (Fig. 5C).
Although kinetically delayed, the cleavage pattern leading to
the formation of 27SA, 27SB, and 5.8S species in our experi-
ments is in perfect agreement with the established model of the
rRNA-processing pathway (Fig. 5A, B, and C). We observed
no apparent difference in the ratio of 5.8SL to 5.8SS rRNAs as
otherwise found in strains bearing mutations in components of
the RNase MRP complex (40, 61, 63), indicating that the
alternative 5.8S-processing pathway which yields increased lev-
els of 5.8SL RNA is not preferred in the dbp3::HIS3 strain.
Furthermore, in both [methyl-3H]methionine- and [3H]uracil-
labeling experiments, we found no evidence of delay in the
formation of 18S rRNA through its 20S precursor in the
dbp3::HIS3 strain (Fig. 5A and B), suggesting that the process-
ing of 20S pre-rRNA after cleavage at A2 site is not impaired
in the absence of Dbp3p. Quantitation of the overall RNA
methylation efficiency in the pulse-chase experiments by mon-
itoring the radioactivity of the sequentially diluted reaction
mixtures revealed that there is no detectable methylation de-
fect in the dbp3::HIS3 strain (Fig. 5D). Taken together, these

FIG. 4. Genetic disruption of DBP3 results in a 60S ribosome subunit defi-
ciency. Cell lysates from cultures of the wild-type strain (A) and the dbp3::HIS3
strain (B) grown at 308C were prepared for polyribosome profile analysis. Ribo-
somal subunits and polyribosomes were separated by centrifugation on 7 to 47%
sucrose gradients. Peaks representing free 40S and 60S subunits and 80S mono-
somes are labeled. Locations of half-mer polyribosomes are indicated by arrows.
Polyribosome profiles of the dbp3::HIS3 strain grown at 23 or 168C are essentially
identical to that in panel B. (C and D) Total 40S and 60S subunits in the
wild-type (C) and dbp3::HIS3 (D) strains. Complete dissociation of ribosomes
was achieved by preparing extracts in the absence of Mg21 and separating the
subunits on 5 to 21% sucrose gradients.
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data suggest that rRNA processing in the dbp3::HIS3 strain is
delayed at steps prior to the formation of the 27SB species.

To further examine the cleavage site(s) affected by the ab-
sence of Dbp3p during pre-rRNA processing, we used a series
of oligonucleotide probes which hybridize to various regions of
the rDNA unit (Fig. 6A) to assess the relative levels of mature
and pre-rRNAs in the wild-type and the dbp3::HIS3 strains by
Northern analysis. Probes ITS1-A, ITS1-B, and ITS1-C were
used to detect the 20S, 27SA2, and 27SA3 pre-rRNAs (and
their precursors), respectively, but not their subsequently pro-
cessed rRNAs. Probes 18S-A and 25S-A were used to detect
mature 18S and 25S rRNAs, respectively; probe 5.8S-A was
used to detect pre- and mature rRNAs, namely 27SB, 7S,
5.8SL, and 5.8SS. In addition, probe ETS1-A was employed to
assess the relative abundance of the 35S pre-rRNA.

A significant accumulation of the 27SA2 pre-rRNA in the

dbp3::HIS3 strain was detected by probe ITS1-B. 27SA2 pre-
rRNA is generated by cleavage at site A2 in ITS1 prior to
RNase MRP cleavage at site A3. This suggests that the 25S
rRNA-processing delay, as observed in the pulse-chase exper-
iments, is predominantly due to a significant reduction in the
rate of the endonucleolytic cleavage at site A3. Probe ITS1-C
also detected an accumulation of a 27SA species; however,
since this probe will hybridize to both 27SA2 and 27SA3 pre-
rRNAs (which cannot be sufficiently resolved in our gel sys-
tem), this signal is most likely derived from the larger 27SA2
species (see Discussion). We performed primer extension anal-
ysis to verify the accumulation of 27SA2 pre-rRNA in the
dbp3::HIS3 strain and to investigate the accuracy of nucleolytic
cleavages at sites within ITS1. The signal from the primer
extension stop that mapped precisely to site A2 was found to
increase dramatically in the dbp3::HIS3 strain (Fig. 6C),

FIG. 5. Delayed 25S rRNA synthesis in the dbp3::HIS3 strain. Synthesis and processing of pre-rRNA in the wild-type DBP3 and the dbp3::HIS3 strains were assayed
by a pulse-chase approach. (A) RNA was extracted from cells labeled with [methyl-3H]methionine at 258C for 1 min (lane P1) and chased for 1, 2, 5, and 10 min (lanes
C1, C2, C5, and C10) with excess unlabeled methionine. (B) RNA was extracted from cells labeled with [3H]uracil at 178C for 7.5 min (lane P7.5) and chased for 5,
15, 50, and 150 min (lanes C5, C15, C50, and C150) with excess unlabeled uracil. RNA samples from panels A and B were denatured with glyoxal, run on 1.2% agarose
gels, transferred to nylon membranes, sprayed with En3Hance (DuPont), and exposed to film. The positions of mature 25S and 18S rRNAs and their precursors, 35S,
32S, 27SA, 27SB, and 20S, are indicated by arrows. (C) [3H]uracil-labeled RNAs as described for panel B were separated on a polyacrylamide gel which was
subsequently soaked in AMPLIFY (Amersham), vacuum dried, and exposed to film. The positions of 7S, 5.8SL, 5.8SS, and 5S rRNAs and tRNAs are indicated by
arrows. (D) Serial dilutions of total RNA from [methyl-3H]methionine- or [3H]uracil-labeled cultures grown at 25 or 178C. RNA was vacuum blotted onto nylon
membranes, sprayed with En3Hance, and exposed to film.
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whereas the signal from the A3 stop was decreased as expected
in the dbp3::HIS3 strain (Fig. 6D). In contrast, signals repre-
senting stops at sites B1L and B1S were indistinguishable be-
tween the dbp3::HIS3 and the wild-type strains (data not
shown). Together, these data suggest that in the absence of
Dbp3p there is a major processing delay at site A3 and that
later steps leading to the formation of 27SB pre-rRNAs are not
significantly hindered. Consistent with this argument, North-
ern analysis revealed no differences in the 5.8SL, 5.8SS, and 7S
rRNA levels between the wild-type and the dbp3::HIS3 strains,
as determined by probe 5.8S-A (Fig. 6A). This is in contrast to
the scenario in which processing events at the 59 and 39 ends of
the 5.8S rRNA were affected, respectively, by mutations in the
RNase MRP complex (13, 41, 61, 63) and RRP4 (45).

Oligonucleotide probing with ETS1-A, which hybridizes to a
region of the pre-rRNA 59 to the A0 site, additionally revealed
an accumulation of 35S pre-rRNA in the dbp3::HIS3 strain
(Fig. 6B). This accumulation of 35S pre-rRNA has been pre-
viously observed in mutants which are defective in cleavages at
sites A2 and A3 (6, 70) (see Discussion). We also noticed that
a 23S-like pre-rRNA shows a mild accumulation in the
dbp3::HIS3 strain as detected by both probes ETS1-A and

ITS1-B but not by probe ITS1-C (Fig. 6B). This 23S-like pre-
rRNA corresponds most likely to the reported 23S species
which accumulates upon deletion of U3 or snR30 RNAs (26,
46). The 23S species, which is generated by an alternate cleav-
age in the 39 region of ITS1 upon the impairment of A2 cleav-
age, presumably extends from the 59 end of ETS1 to site A3 (as
discussed in reference 23). Consistent with the pulse-chase
data, the processing of the 20S pre-rRNA and the stability of
18S rRNA are not affected in the dbp3::HIS3 strain, as re-
vealed by probing with the ITS1-A and 18S-A oligonucleotides.
Together, these results suggest that the absence of Dbp3p has
a major impact on the cleavage efficiency at site A3 and to a
lesser extent at the A0/A1/A2 sites and that the kinetic inter-
mediates appearing during the processing events are not de-
graded. This is in sharp contrast to the situations in drs1 and
spb4 mutants, where a cessation of 25S rRNA processing re-
sults in the eventual degradation of the 25S rRNA precursors
(51, 55).
Dbp3p is localized predominantly in the nucleolus. The

majority of ribosome assembly and rRNA-processing activities,
with the exception of 20S-to-18S rRNA maturation, occur in
the nucleolus. On the basis of the biochemical data described

FIG. 6. Analysis of rRNAs from wild-type and dbp3::HIS3 strains. (A) Structure of the 35S pre-rRNA and positions of oligonucleotide probes. Solid bars represent
the mature rRNA sequences, and lines represent the transcribed spacers. The region containing ITS1, 5.8S rRNA, and ITS2 is enlarged for clarity. Regions to which
oligonucleotides ETS1-A, 18S-A, ITS1-A, ITS1-B, ITS1-C, 5.8S-A, and 25S-A hybridize are indicated. (B) RNAs were extracted from wild-type and dbp3::HIS3 strains
following growth at 308C to mid-log phase. The RNAs were denatured with glyoxal, run on 1.2% agarose gels (or polyacrylamide gels for detecting 5.8S and 7S species)
and transferred to a nylon membrane for Northern hybridization. For simplicity, only a selected region of each Northern blot is shown. Together these show all the
pre-rRNA and rRNA species that we have detected. The positions of various pre-rRNA and rRNA species as detected by various probes are indicated on the right,
and their corresponding RNAs are schematically depicted to the left. Solid bars represent the mature rRNA sequences, and thin lines represent the transcribed spacers.
(C and D) Primer extension analysis of pre-rRNAs from wild-type and dbp3::HIS3 strains. Primer extension was performed with oligonucleotide ITS1-B (C) or ITS1-C
(D). A dideoxynucleotide sequence generated with the same oligonucleotide was run in parallel. The positions of the A2 and A3 cleavage sites are indicated.
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above, it is anticipated that Dbp3p should be present in the
nucleolus, if it is directly involved in ribosomal biogenesis. To
determine the intracellular location of Dbp3p, we constructed
a recombinant Dbp3p clone (Dbp3p-HA) with a 9-amino-acid
influenza virus HA epitope (78) fused to its C terminus. We
then placed this HA-tagged allele (DBP3-HA) under the con-
trol of the GPD promoter and expressed it in a homozygous
dbp3::HIS3/dbp3::HIS3 strain. Western analysis with anti-HA
antibodies detected a single 68-kDa protein, in close agree-
ment with the predicted molecular mass of Dbp3p-HA (66
kDa), in extracts prepared from this strain (Fig. 7A). This
protein is not detectable in strains expressing only untagged
Dbp3p. The facts that expression of the DBP3-HA allele can
fully restore the 60S ribosomal subunit levels in the dbp3::HIS3
strain (data not shown) and that the growth of this strain is
virtually indistinguishable from that of the wild-type strain
suggest that the recombinant protein is fully functional in vivo.
The localization of Dbp3p-HA in the homozygous dbp3::
HIS3/dbp3::HIS3 strain was then determined by using mouse
monoclonal antibodies directed against the HA epitope fol-
lowed by staining with Texas Red-conjugated goat antimouse
antibodies and observing the fixed cells by immunofluores-
cence microscopy. We observed that the immunofluorescence
is restricted only to the nuclear region, with the most intense
staining frequently occurring in a crescent-shaped area (Fig.
7C), which presumably corresponds to the yeast nucleolus. The
yeast nucleolus has been described as a crescent attached to
the nuclear envelope when viewed from certain angles. To
confirm nucleolar localization of Dbp3p-HA, we performed
double staining by using both mouse anti-HA monoclonal and
rabbit anti-Nop1p polyclonal antisera. The anti-Nop1p staining
yielded images which can be superimposed with the staining
pattern of Dbp3p-HA (Fig. 7D). Interestingly, these crescent-
shaped images were consistently located at places which were
excluded from the DAPI staining (Fig. 7E). The specificity of
this staining was further demonstrated by control experiments
using strains which expressed only the untagged Dbp3p. No
fluorescence signal could be detected in these strains. To in-
dependently confirm the location of Dbp3p, a Dbp3p-protein
A recombinant clone was constructed and placed under the
control of the native DBP3 promoter. Expression of this re-
combinant protein (89 kDa) was demonstrated by Western
analysis (Fig. 7A), and the functionality of this protein was
confirmed by polyribosome profile analysis as described above
(data not shown). Using this strain, we obtained the same
staining patterns as for the Dbp3p-HA strain. On the basis of
these results, we conclude that Dbp3p is localized predomi-
nantly in the nucleolus and is therefore likely to play a direct
role in ribosome biogenesis.
Absence of the [KKX] repeats affects Dbp3p’s nucleolar

localization but not its function in 60S subunit assembly. It
has been proposed that if RNA helicases are to function as
monomers without the assistance of any accessory proteins,
they must contain multiple RNA-binding domains (19). For
example, the p68 protein has highly positively charged N- and
C-terminal extensions which could potentially interact with
substrate RNA. Thus, it is tempting to speculate that the N-
terminal [KKX] repeats in Dbp3p may fulfill the same role,
which would then predict that the [KKX] repeats are essential
for the putative RNA helicase activities of Dbp3p. To investi-
gate this possibility, we constructed a DBP3-D[KKX]-HA al-
lele, in which the [KKX] repeats (amino acid residues 22 to 51)
were deleted from a DBP3-HA allele. We then introduced this
mutant allele carried on a CEN plasmid into a homozygous
dbp3::HIS3/dbp3::HIS3 diploid strain. It is predicted that the
DBP3-D[KKX]-HA allele should encode a protein of 56 kDa.

Western analysis with an anti-HA antibody detected a 60-kDa
band (Fig. 7A), in close agreement with the predicted value.
The minor bands observed in this blot cannot be reproducibly
detected and are likely due to nonspecific interactions. We first

FIG. 7. Dbp3p is localized predominantly in the nucleolus. (A) Expression of
the HA-tagged Dbp3p (Dbp3p-HA) and the protein A-fused Dbp3p (Dbp3p-
ProtA) in yeast. A 9-amino-acid HA epitope was fused in frame to the C
terminus of Dbp3p and a [KKX]-deleted Dbp3p. These two HA-tagged DBP3
alleles (DBP3-HA and DBP3-D[KKX]-HA) were placed under the control of the
GPD promoter carried on a CEN plasmid and transformed into a homozygous
dbp3::HIS3/dbp3::HIS3 diploid strain. Dbp3p-ProtA and its [KKX]-deleted ver-
sion were constructed in a similar manner except that they were both driven by
the native DBP3 promoter. Protein extracts were isolated from the resulting
transformants for identification of the recombinant Dbp3p by Western blotting.
The anti-HA monoclonal antibody (BabCO) recognizes a 68-kDa protein in
extracts prepared from strains expressing the DBP3-HA allele (lane wt, left
panel). A 60-kDa protein is detected in extracts made from strains carrying the
DBP3-D[KKX]-HA allele (lane 2KKX). (2), extract isolated from a strain
harboring only untagged Dbp3p. Purified normal rabbit immunoglobulin G was
used to detect protein A-fused Dbp3p (89 kDa; lane wt, right panel) and [KKX]-
deleted Dbp3p-ProtA (85 kDa, lane 2KKX). (B to E) A dbp3::HIS3/dbp3::HIS3
diploid strain expressing the DBP3-HA allele carried on a CEN plasmid was
harvested, fixed, and permeabilized. For immunostaining we used a mouse
monoclonal anti-HA antibody (BabCO) and rabbit anti-Nop1p polyclonal anti-
serum (obtained from T. Bergès, EMBL) as primary antibodies followed by goat
anti-mouse Texas Red-conjugated and goat anti-rabbit FITC-conjugated second-
ary antibodies (both from Jackson Laboratories). Nuclei were counterstained
with 0.5 mg of DAPI per ml to reveal the position of chromosomal DNA, which
stains more strongly in the nucleoplasm than in the nucleolus. Cells were visu-
alized with a Zeiss Axiophot microscope with Normarski optics (B); fluorescent
images were visualized with Texas Red (C), FITC (D), and DAPI (E) filters.
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asked whether the mutant protein without the [KKX] repeats
(i.e., Dbp3p-D[KKX]-HA) can rescue the 60S subunit assem-
bly defect in the dbp3::HIS3 background. Polyribosome profile
analysis with dbp3::HIS3 strains carrying the DBP3-D[KKX]-
HA plasmid revealed that the 60S subunit deficiency and the
reduction of the polyribosomes were both effectively restored
(Fig. 8B), suggesting that the [KKX] repeats are not required
for Dbp3p’s function in 60S subunit assembly. We then exam-
ined the subcellular localization of Dbp3p-D[KKX]-HA by in-
direct immunofluorescence microscopy. Remarkably, in this
case, the anti-HA antibody stained the entire cell (Fig. 8D), in
sharp contrast to the previous predominantly nucleolar stain-
ing of the full-length Dbp3p-HA (Fig. 7C). Interestingly, the
staining appears to be distributed evenly over the nucleus and
cytoplasm, suggesting that the nuclear import of the mutant
protein was not abolished, as would be expected considering
that the mutant protein remained functional in ribosome as-
sembly. The same mislocalization pattern was observed when
the DBP3-D[KKX]-HA allele was driven by either the GPD
promoter or the native DBP3 promoter, ruling out the possi-
bility that the mislocalization was due to overexpression of the
mutant protein. We sought to confirm these results by using a
DBP3-D[KKX]-protein A allele, whose expression is shown in
Fig. 7A. We found that the DBP3-D[KKX]-protein A allele is
capable of fully restoring the polyribosomal defects in the
dbp3::HIS3 background, and its gene product is again mislo-
calized in the same manner as Dbp3p-D[KKX]-HA (data not
shown). These results thus suggest that the [KKX] repeats are
not essential for the putative RNA helicase activity of Dbp3p

but are apparently required for sequestering Dbp3p in the
nuclear region following protein import (see Discussion).

DISCUSSION

The presence of a large number of RNA helicases in many
organisms has raised a number of intriguing questions con-
cerning their cellular functions and their evolutionary relation-
ships. We have chosen to address some of these questions with
the budding yeast, where the powerful molecular genetic ap-
proach can be used in conjunction with the traditional bio-
chemical approach.

In this work, we showed that Dbp3p is likely to play a direct
role in the biogenesis of 60S ribosomal subunits. Most impor-
tantly, we demonstrated that upon deletion of the DBP3 gene,
there is a dramatic accumulation of 27SA2 pre-rRNA (Figs. 6A
and B), a processing intermediate generated after cleavage at
site A2 but prior to cleavage at site A3 (Fig. 1). This result thus
suggests that Dbp3p may facilitate, either directly or indirectly,
the efficient cleavage at site A3, where the RNase MRP com-
plex is currently the sole trans-acting factor identified that acts
directly upon this site (42). What would be the functional
relationship between Dbp3p and RNase MRP? One possibility
is that Dbp3p may play an auxiliary role in facilitating rapid
cleavage at site A3 (see below) rather than serving as one of the
protein components in the RNase MRP complex. In this sce-
nario, the cleavage at site A3 would still proceed in the absence
of Dbp3p in vivo and in vitro, although predictably at a much
slower rate. Several lines of evidence support this argument.
Unlike the underproduction of 5.8SS rRNA in rrp2/nme1 (40,
61, 63), pop1 (41), or snm1 (62) mutants, which harbor muta-
tions in either the RNA or the protein moiety of RNase MRP,
the ratio of the 5.8SS and 5.8L rRNAs is not altered in the
dbp3::HIS3 strain. In rrp2/nme1, pop1, and snm1 mutants, the
5.8SS underaccumulation is apparently due to a strong inhibi-
tion of cleavage at site A3, resulting in a predominant cleavage
at site B1L for production of 5.8SL rRNA. Thus, the cleavage
at site A3 in the dbp3::HIS3 strain may not be affected in the
same manner as that influenced by mutations in the RNase
MRP components. The facts that the steady-state levels of 25S
rRNA in the wild-type and dbp3::HIS3 strains are virtually
indistinguishable (Fig. 6B) and that only a slight reduction of
the overall 60S subunit levels is seen in the dbp3::HIS3 strain
(Fig. 4C and D) further underscore the notion that a kinetic
delay, rather than an insurmountable block, in pre-rRNA pro-
cessing occurs in the absence of Dbp3p. Consistent with this, it
is noted that DBP3 is not required for cell viability (Fig. 3),
contrasting sharply to the essentiality of RRP2/NME1 and
POP1 genes. Finally, a kinetic role for Dbp3p, rather than a
direct involvement in the nuclease attack at site A3, would be
compatible with the observation that the growth rate difference
between the wild-type and the dbp3::HIS3 strains can be exag-
gerated by lowering the incubation temperature (Fig. 3).

It has been shown that mutations in several snoRNAs (U3,
U14, snR10, and snR30) and their protein components
(Nop1p, Sof1p, and Gar1p) and in a nucleolar protein, Nsr1p
(37), simultaneously affect processing at sites A0, A1, and A2
(reviewed in reference 74), suggesting an association between
two distant regions of the pre-rRNA transcript, i.e., the 59 ETS
and ITS1. This led to a proposal that a large processing com-
plex containing multiple snoRNPs is first assembled onto these
sites to facilitate a series of rapid and concerted processing
reactions (47). Evidence also points to linkage of cleavages at
sites A0/A1/A2 to cleavage at site A3. For example, Allmang et
al. (1) have shown that small substitution mutations in the 39
flanking sequence at site A2 inhibit processing at site A3; con-

FIG. 8. Deletion of the [KKX] repeats results in Dbp3p mislocalization. (A
and B) Complementation of the 60S subunit deficiency in the dbp3::HIS3 strain
by the DBP3-D[KKX]-HA allele. Cell lysates from a diploid dbp3::HIS3/dbp3::
HIS3 strain (A) and from an isogenic strain transformed with theDBP3-D[KKX]-
HA allele carried on a CEN plasmid (B) were prepared for polyribosome profile
analysis. (C to E) Immunolocalization of Dbp3p-D[KKX]-HA. Detection of the
deletion mutant Dbp3p by the anti-HA monoclonal antibody was done as de-
scribed for Fig. 7. (C) Cells viewed by Normarski optics; (D) cells viewed with a
Texas Red filter; (E) cells viewed with a DAPI filter.
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versely, a small deletion at A3 delays processing at A2. In
addition, it has been noted that the rrp2-1 mutation (40, 61),
which normally affects cleavage at site A3, is capable of influ-
encing A0/A1/A2 cleavages under more restrictive conditions
(cited in reference 2). Depletion of snR30, which results in 18S
rRNA maturation defects due to an inhibition of cleavage at
site A2, also yields an accumulation of 27SA3 (23). Recently, it
was shown that genetic depletion of Rrp5p, a novel protein
required for the effective synthesis of 18S and 5.8S rRNAs, can
concomitantly impair cleavages at sites A0, A1, A2, and A3
(75). All of these data support a model in which the processing
complexes assembled at sites A0/A1/A2 (containing U3, U14,
snR10, and snR30 snRNPs) and at site A3 (containing RNase
MRP, Xrn1p [65], and Rat1p [3]) may interact with each other
in vivo. The accumulation of 35S pre-rRNA in the dbp3::HIS3
strain, which suggests that earlier cleavages at sites A0/A1/A2
are mildly inhibited, may therefore be explained in light of this
model. It is possible that in the absence of Dbp3p, RNase
MRP may not gain access to site A3 in a timely fashion, thereby
prohibiting effective communication between A3 and A0/A1/A2
processing complexes and thus delaying early cleavage events
in the 35S pre-rRNA. We also observed a mild accumulation of
a 23S-like pre-rRNA; the level of this accumulation in the
dbp3::HIS3 strain relative to that in the wild-type strain is
approximately 1/10 of that of the 27SA2 pre-rRNA as mea-
sured by densitometric analysis. We speculate that this 23S-like
species may be generated from a subpopulation of the accu-
mulated 35S pre-rRNA which has achieved a conformation
permitting cleavage by RNase MRP at or near site A3 (Fig.
6B). This 23S-like pre-rRNA in the dbp3::HIS3 strain most
likely corresponds to the reported 23S pre-rRNA which spans
from the 59 end of ETS1 to, presumably, site A3. A 23S pre-
cursor has been observed in nop1 (69), gar1 (20), snR10 mutant
(68), snR30-depleted (46), and U3-depleted (26) strains. How-
ever, there remains a possibility that this 23S-like species, as
seen in the dbp3::HIS3 strain, may be generated by RNase
MRP cleaving aberrantly at a site(s) between A3 and the 59 end
of the sequence complementary to probe ITS1-C.

What would be the enzymatic role of Dbp3p, considering its
presumed RNA helicase activity? One explanation is that
Dbp3p may directly facilitate the attainment of the correct
conformation of RNase MRP RNA, which may be required for
its optimal activity. However, it is more likely that Dbp3p may
play a role in modulating the structure of pre-rRNA either
locally or globally for recruiting the RNase MRP complex to
site A3. Site A3 is located 5 nt downstream of a proposed stable
stem-and-loop structure which is adjacent to another up-
stream, smaller hairpin structure (1, 73). It is conceivable that
Dbp3p may function locally to unwind these putative base
pairings, thereby permitting an efficient assembly of the RNase
MRP complex at site A3. On the other hand, it is possible that
Dbp3p may indirectly affect the cleavage at site A3 by influ-
encing pre-rRNA folding in a global manner. The discovery of
a growing number of snoRNAs exhibiting long stretches of
sequence complementarity to conserved sequences in the ma-
ture rRNAs has prompted the speculation that these snoRNAs
may act as RNA chaperones to catalyze major rearrangements
of pre-rRNA at different stages of ribosome biogenesis (re-
viewed in references 4 and 43). In this scenario, it can be
envisioned that Dbp3p may be employed to modulate the
structure and function of some of these snoRNAs or to unwind
the RNA duplexes formed between snoRNAs and rRNA,
thereby indirectly exerting its impact at site A3.

Alternatively, it is possible that a subpopulation of the 60S
subunits in the dbp3::HIS3 strain is improperly assembled,
which could influence the efficiency of pre-rRNA processing

and result in the observed slow-growth phenotype. The lack of
observable sensitivity of the dbp3::HIS3 strain to several pro-
tein synthesis inhibitors (data not shown) and the lack of any
aberrant migration of the 60S subunits in the sucrose gradients
(Fig. 4B and D) appear to suggest otherwise. Analysis using a
more sensitive method is required to directly address this ques-
tion in the future.

Two other essential DBP genes, SPB4 (55) and DRS1 (51),
have also been shown to be involved in ribosomal biogenesis.
Under nonpermissive conditions, pre-rRNA processing ap-
pears to be strongly inhibited at steps prior to the formation of
25S rRNA in both mutants, resulting in a rapid degradation of
the pre-rRNAs. This is in contrast to the phenotype we ob-
served in the dbp3::HIS3 strain, where the production of 25S
rRNA is only kinetically delayed, suggesting that the accumu-
lated pre-rRNA, such as 27SA2, is not being degraded. Thus,
Spb4p and Drs1p are unlikely to be genetically redundant with
Dbp3p in ribosomal biogenesis. This is further supported by
the fact that overexpression of SPB4 and DRS1 as well as
several other yeast DBP genes, including PRP28 (66), DED1
(28), DBP1 (27), and DBP5 (previously CA5/6 [10]), on 2mm
plasmids cannot replace the function of DBP3 (data not
shown).

Our immunolocalization studies using strains harboring
Dbp3p tagged by either an HA or a protein A epitope have
demonstrated that Dbp3p is localized predominantly in a nu-
cleolar region superimposable on an area occupied by a well-
studied nucleolar protein, Nop1p (Fig. 7). Interestingly, we
also detected a less intensive staining signal in the nucleoplas-
mic region. A similar staining pattern has recently been ob-
served for Rok1p, a novel yeast DBP shown to be involved in
18S rRNA processing (76). Thus, this staining pattern may
have a broader implication regarding Dbp3p’s cellular func-
tions. It is possible that in addition to its role in ribosomal
biogenesis, Dbp3p may have other functions such as the in-
tranuclear transport of factors that affect ribosome assembly
and rRNA processing. In this regard, it is noticed that despite
its apparent role in pre-rRNA processing (54), Nop3p (also
known as Npl3p [8]) has been found to reside predominantly in
the nucleoplasm (54) and is capable of shuttling between the
nucleus and the cytoplasm (16).

The [KKX] repeats have been found in several proteins
other than Dbp3p (30). Among the proteins which contain the
[KKX] repeats, the yeast Cbf5p is the best characterized.
Cbf5p was identified as a low-affinity centromere-binding pro-
tein by chromatography on yeast centromere DNA. However,
the physiological relevance of Cbf5p in relation to centromere
function is presently unknown. Jiang et al. have reported that
a C-terminal deletion that removes all of the (KKD/E)n re-
peats plus 20 amino acids downstream is lethal, and cells con-
taining a smaller C-terminal deletion that leaves only three
copies of the (KKD/E)n repeat are delayed in cell cycle pro-
gression (30). However, a clean deletion of the (KKD/E)n
region in Cbf5p, leaving the C-terminal region intact, results in
no observable phenotype (31). This is consistent with our ob-
servation that deletion of the 10 copies of the [KKX] repeats
does not diminish Dbp3p’s function in 60S subunit assembly
(Fig. 8B). Thus, it is unlikely that the [KKX] repeats play an
indispensable role in modulating the putative RNA helicase
activities of Dbp3p. The facts that Dbp3p is localized predom-
inantly in the nucleolus (Fig. 7) and that deletion of the [KKX]
repeats results in a cytoplasmic mislocalization of Dbp3p (Fig.
8C to E) raise an interesting possibility that the [KKX] repeats
are playing an important role in nucleolar targeting and/or
retention. Support for this hypothesis comes from recent re-
ports that Cbf5p and its mammalian homolog, NAP57, are also
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localized in the nucleolus (31, 44). Since the [KKX]-deleted
Dbp3p is functional in 60S ribosomal biogenesis (Fig. 8B) and
is apparently present in the nucleolar region, and since the
[KKX] repeats are not ubiquitous among nucleolar proteins
and are not present in NAP57 (44), we believe that it is unlikely
to be the sole nucleolar targeting signal. Rather, we favor a
scenario in which the [KKX]-deleted Dbp3p can be success-
fully imported into the nucleolus, where it functions to pro-
mote 60S subunit assembly but fails to remain stably associated
with the nucleolar compartment. As a result, the [KKX]-de-
leted Dbp3p may accompany the mature 60S subunit to its final
cytoplasmic destination. In this regard, we speculate that the
[KKX] repeats could serve as an anchor for interacting with
other components, thereby sequestering Dbp3p, and perhaps
Cbf5p as well, in the nucleolus.
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