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Different point mutations in the nucleolar protein fibrillarin (Nop1p in Saccharomyces cerevisiae) can inhibit
different steps in ribosome synthesis. A screen for mutations that are synthetically lethal (sl) with the nop1-5
allele, which inhibits pre-rRNA processing, identified NOP56. An independent sl mutation screen with nop1-3,
which inhibits pre-rRNA methylation, identified a mutation in NOP58. Strikingly, Nop56p and Nop58p are
highly homologous (45% identity). Both proteins were found to be essential and localized to the nucleolus. A
temperature-sensitive lethal mutant allele, nop56-2, inhibited many steps in pre-rRNA processing, particularly
on the pathway of 25S/5.8S rRNA synthesis, and led to defects in 60S subunit assembly. Epitope-tagged
constructs show that both Nop56p and Nop58p are associated with Nop1p in complexes, Nop56p and Nop1p
exhibiting a stoichiometric association. These physical interactions presumably underlie the observed sl
phenotypes. Well-conserved homologs are present in a range of organisms, including humans (52% identity
between human hNop56p and yeast Nop56p), suggesting that these complexes have been conserved in evolu-
tion.

Most steps of ribosome biogenesis occur in the nucleolus, a
specialized subnuclear structure (for reviews, see references
14, 34, 39, 45, and 53). In eukaryotes including Saccharomyces
cerevisiae and humans, a large precursor rRNA transcript (pre-
rRNA) is processed into the mature 18S, 5.8S, and 25S/28S
rRNAs. During transcription and processing, these rRNAs as-
sociate with approximately 80 ribosomal proteins and with the
5S rRNA. In addition, the mature rRNA regions of the pre-
rRNA undergo extensive covalent nucleotide modification,
mainly base modification of uridine to pseudouridine and
methylation of the ribose 29-hydroxyl (29-O methylation) (re-
viewed in reference 27). The large number of concerted reac-
tions occurring during rRNA processing and ribosome assem-
bly has made it difficult to analyze single steps in ribosome
synthesis. Over recent years, the analysis of yeast mutants
defective in ribosome biogenesis has proved to be a powerful
approach (reviewed in reference 51), particularly when com-
bined with in vitro analyses using purified components (8, 26,
30). Despite this progress, our understanding of the detailed
mechanisms of eukaryotic rRNA processing remains poor.

The small nucleolar RNAs (snoRNAs) play important roles
in the covalent processing of the pre-rRNAs (reviewed in ref-
erences 2, 28, and 48). With the exception of RNase MRP,
which is an endonuclease structurally related to RNase P, the
very large numbers of snoRNAs present in eukaryotes can be
divided into two groups based on conserved sequence and
structural features (3, 12; reviewed in reference 48). Most of
the box C1D snoRNAs direct the site-specific 29-O methyl-
ation of the pre-rRNA (19), while most of the box H1ACA

snoRNAs select the sites of pseudouridine formation (6, 11,
33). In addition, a few members of each group of snoRNAs do
not appear to select sites of pre-rRNA modification but are
required for normal pre-rRNA processing. In yeast, these in-
clude the box C1D snoRNAs U3 (4, 15) and U14 (25) and the
box H1ACA snoRNAs snR10 (47) and snR30 (32); genetic
depletion of any of these snoRNAs inhibits the early pre-
rRNA cleavages on the pathway of 18S rRNA synthesis.

Nop1p is the yeast homolog of the vertebrate nucleolar
protein fibrillarin; the two proteins are 70% identical, and the
human protein is able to function in yeast, indicating an ex-
tremely high degree of evolutionary conservation (1, 16). Ini-
tial reports concluded that Nop1p was associated with all yeast
snoRNAs, but more recent analyses indicated that the associ-
ation with H1ACA snoRNAs is more labile than association
with the box C1D snoRNAs, and human fibrillarin does not
appear to be associated with the H1ACA snoRNAs (refer-
ence 12 and references therein). From a bank of temperature-
sensitive (ts) lethal mutations in NOP1, alleles with quite dis-
tinct effects on ribosome synthesis were isolated (49). The
nop1-2 and nop1-5 alleles inhibited many pre-rRNA processing
steps. In the nop1-5 strain, synthesis of the 60S subunit rRNAs,
5.8S and 25S, was more strongly inhibited than synthesis of the
18S rRNA. In contrast, the nop1-3 mutation had little effect on
processing but blocked 29-O methylation at the nonpermissive
temperature (49). Whether the lethality was a consequence of
the synthesis of ribosomes lacking methylation or was due to
some effect of nop1-3 on ribosome assembly could not be
determined. All tested methylation guide snoRNAs are dis-
pensable for viability, but it is certainly possible that the loss of
all methylation would be lethal. Other alleles, nop1-4 and
nop1-7, interfered with the assembly of ribosomal subunits,
with 60S assembly being most clearly affected. The processing
defects associated with the nop1-5 mutation and the assembly
defects associated with nop1-4 and nop1-7 mutations do not
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resemble those of any characterized yeast snoRNA, suggesting
that Nop1p may have functions, and be present in complexes,
which are independent of the snoRNAs.

Genetic analyses have identified proteins that interact with
Nop1p: Sof1p (17) as an extragenic suppressor of the ts lethal-
ity of strains having NOP1 deleted and expressing human fibril-
larin and Nop77p (5) as synthetic lethal (sl) with the nop1-5
mutation. Both Sof1p, which is a U3-small nucleolar ribonu-
cleoprotein particle protein, and Nop77p, which is not detect-
ably associated with snoRNAs, are physically associated with
Nop1p, but only in substoichiometric amounts.

To identify additional components which interact with
Nop1p, we screened for sl mutants by using the nop1-5 and
nop1-3 alleles (5). These screens identified the novel genes
NOP56 (for nucleolar protein of 56 kDa) and NOP58, respec-
tively. We found that both encode essential nucleolar proteins,
which are significantly homologous to each other. Moreover,
the Nop56p protein is recovered in stoichiometric complexes
with Nop1p.

MATERIALS AND METHODS

Strains, plasmids, and media. Preparation of yeast media, growth of yeast, and
its genetic manipulation were performed as previously described (5, 40). Strains
used in this study are described in Table 1. Strains synthetically lethal with
nop1.5, sl258 and sl326, were described by Bergès et al. (5). Plasmids used in this
study were the following: pUN100 (9); pRS3XX series (41), which are ARS1/
CEN4 plasmids with the LEU2, URA3, and TRP1 markers; pCH1122 (20), which
contains the ADE3 and URA3 marker, used for the red-white colony sectoring
assay; pBluescript (Stratagene); pRS315-NOP56 and pRS316-NOP56, contain-
ing the genomic NOP56 gene inserted as a 4.3-kb SpeI-SacI fragment; pRS315-
ProtA-NOP56, containing the ProtA::NOP56 fusion gene in which two immuno-
globulin G (IgG) binding domains derived from Staphylococcus aureus protein A
(ProtA) were fused in frame to the N-terminal end of the NOP56 gene; pRS315-
ProtA-NOP56DKKE, corresponding to a construct in which a stop codon was
generated within the NOP56 gene by mutagenesis at the 59 site corresponding to
the first KKE repeat motif; pRS314-Myc-NOP56DKKE, constructed by cloning
NOP56DKKE from pRS315-ProtA-NOP56DKKE into pRS314-Myc as a PstI-
XhoI fragment; pRS315-NOP58, containing the NOP58 gene inserted as a 2.4-kb
PCR fragment from genomic DNA; pRS315-ProtA-NOP58, containing the
ProtA::NOP58 fusion gene in which two IgG binding domains derived from S.
aureus ProtA were fused in frame to the 59 end of the NOP58 gene. For
pRS315-ProtA-NOP58DKKE, a BamHI site was inserted before the first KKE/D
motif into pRS315-ProtA-NOP58. The plasmid was then cut with BamHI, filled
in, and religated, which caused a frameshift and generation of a stop codon
before the KKE/D motif. pRS314-Myc-NOP58DKKE was constructed by cloning
NOP58DKKE from pRS315-ProtA-NOP58DKKE into pRS314-Myc as a PstI-
XhoI fragment.

Cloning, sequencing, and disruption of NOP56. NOP56 was isolated by
complementation of one of the remaining nop1-5 sl mutants, called sl258, de-
scribed by Bergès et al. (5). For this cloning, sl258 was transformed with a yeast
genomic library present in an ARS/CEN-LEU2 plasmid. The total number of
transformants was ;4,500, from which 3 exhibited a red-white sectoring pheno-

type after 6 days of incubation on yeast extract-peptone-dextrose. Restriction
analysis of the recovered plasmids indicated that two were carrying a copy of
NOP1 while the third one contained a 13-kb insert not related to NOP1, NOP77,
or SOF1. The complementing region was restricted to a 2.1-kb genomic fragment
inserted into plasmid pRS315, and the DNA was sequenced. During the time
course of this study, NOP56 was also sequenced within the yeast genome se-
quencing project as a potential open reading frame (ORF) on chromosome XII
(accession no. U14913). The gene was disrupted by first subcloning a genomic
EcoRV fragment containing the central part of NOP56 into pBluescript. From
this fragment, a 0.5-kb NcoI fragment (corresponding to amino acids 259 to 430)
was replaced by a 1.1-kb-long BamHI fragment containing the HIS3 gene. The
nop56::HIS3 construct was excised with EcoRV and used to transform a diploid
RS453 strain. Correct integration of the nop56::HIS3 construct at the homolo-
gous locus was confirmed by Southern blot analysis of HIS1 transformants. Two
independent correct integrants were sporulated, and tetrads were dissected.

Cloning, disruption, and screening of NOP58. NOP58 was cloned by PCR
from genomic DNA as a SpeI-XhoI fragment and inserted into plasmid pRS315.
The internal HindIII and StyI sites were used to exchange the central part of the
coding sequence (corresponding to amino acids 17 to 467) with the HIS3 gene.
The disrupted nop58::HIS3 gene was recovered as a SpeI-XhoI fragment and
transformed into the diploid RS453 strain. Analysis of the nop58::HIS3 disrup-
tion was performed as described for nop56::HIS3 disruption.

The strain used for the sl screen with the nop1-3 allele was constructed
essentially as described for the nop1-5 allele (5). The strain was UV mutagenized,
and nonsectoring clones were scored at 28°C, out of 25,000 to 30,000 surviving
colonies (90% killing rate). A total of 12 correct sl colonies (i.e., sectoring when
transformed with the wild-type NOP1 allele and nonsectoring when transformed
with the nop1-3 allele) were kept for further studies. These 12 candidates were
transformed with a series of genes coding for known nucleolar proteins (Sof1p,
Nop77p/Nop4p, Nop56p, and Nop58p). One of the mutants, sl28, clearly re-
gained sectoring when transformed with NOP58, while three could be comple-
mented with NOP77, and none could be complemented with SOF1 or NOP56.

Construction of ProtA and Myc fusion proteins. The ProtA tag used in this
work consisted of two IgG binding domains under control of the NOP1 promoter
fused in frame to the 59 end of the NOP56 and NOP58 genes (13). The full-length
ProtA-NOP56 fusion gene was obtained by the ligation of a BamHI-PstI fragment
containing the NOP1 promoter plus the IgG binding domain to a PstI-HindIII
PCR fragment corresponding to the NOP56 ORF plus 39 noncoding sequences
and subcloning into plasmid pRS315 previously digested with BamHI and
HindIII. The full-length ProtA-NOP58 fusion gene was obtained by subcloning a
PstI-XhoI PCR fragment of NOP58 into pRS315-ProtA, followed by insertion of
the internal 0.15-kb PstI of NOP58 into the previously generated unique PstI site,
and checked for correct orientation. To generate the ProtA-NOP56DKKE fusion
gene, two primers were designed to change the GATGAAGAAAAG DNA
sequence of NOP56 into GATGAATAAAAG, thereby generating a premature
stop codon within NOP56 at a position which corresponds to the last amino acid
before the first KKE motif (amino acid 464). pRS315-ProtA-NOP58DKKE was
constructed by inserting a BamHI site at amino acid position 450. The BamHI
site was then cut open, filled in, and religated, thereby generating a frameshift
mutation (from 451-KKEKKEKKRKRDDD-464 to 451-KERKERKEEKERR-
stop-463). NOP1 was also tagged with ProtA at its N-terminal end. For Myc
tagging, a DNA fragment containing three Myc epitopes in tandem (S. Kron,
Whitehead Institute, Cambridge, Mass.) was cloned under the control of the
NOP1 promoter and inserted into plasmid pRS314. The full-length Myc-
NOP56DKKE fusion gene was generated by subcloning appropriate PstI-HindIII
and HindIII-EcoRV fragments into plasmid pRS314-Myc at the PstI-EcoRV
sites. The Myc-NOP58DKKE gene was generated by subcloning the PstI-PstI and
PstI-XhoI fragment into pRS314-Myc at the PstI-XhoI sites.

TABLE 1. Yeast strains

Strain Genotype Reference

RS453 MATa/a ade2/ade2 his3/his3 trp1/trp1 leu2/leu2 ura3/ura3
sl258 MATa ade2 ade3 leu2 ura3 HIS3/nop1-5 can1 nop56sl pCH1122-URA3-ADE3-NOP1 4a
D258-42D MATa/a ade2/ade2 his3/HIS3::nop56/NOP56 trp1/trp1 leu2/leu2 ura3/ura3 4a
shuffle56 MATa ade2 HIS3::nop56 trp1 leu2 ura3 pRS316-NOP56 This study
shuffle58 MATa ade2 HIS3::nop58 trp1 leu2 ura3 pRS316-NOP58 This study
ProtA-NOP56 MATa ade2 ade3 leu2 ura3 nop56::HIS3 pRS315-ProtA-NOP56 This study
ProtA-NOP56DKKE MATa ade2 ade3 leu2 ura3 nop56::HIS3 pRS315-ProtA-NOP56DKKE This study
Myc-NOP56DKKE MATa ade2 ade3 leu2 ura3 nop56::HIS3 pRS314-Myc-NOP56DKKE This study
nop56-1 mutant MATa ade2 HIS3::nop56 trp1 leu2 ura3 pRS315-NOP56-1 This study
nop56-2 mutant MATa ade2 HIS3::nop56 trp1 leu2 ura3 pRS315-NOP56-2 This study
ProtA-NOP58 MATa ade2 ade3 leu2 ura3 can1 nop58::HIS3 pRS315-ProtA-NOP58 This study
ProtA-NOP58DKKE MATa ade2 ade3 leu2 ura3 nop58::HIS3 pRS315-ProtA-NOP58DKKE This study
Myc-NOP58DKKE MATa ade2 ade3 leu2 ura3 nop58::HIS3 pRS314-Myc-NOP58DKKE This study
DKKE MATa ade2 ade3 leu2 ura3 nop58::HIS3 nop56::HIS3 pRS314-Myc-NOP56DKKE

pRS315-ProtA-NOP58DKKE
This study
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Protein purification of ProtA fusion proteins by IgG-Sepharose chromatogra-
phy from whole-cell extracts under nondenaturing conditions was done accord-
ing to the method of Siniossoglou et al. (44). Cells expressing the fusion proteins
were converted to spheroplasts and lysed in 2% Triton X-100–150 mM KCl–20
mM Tris (pH 8.0)–5 mM MgCl2, supplemented with a cocktail of protease
inhibitors. Protein extracts were analyzed by sodium dodecyl sulfate (SDS)–10%
polyacrylamide gel electrophoresis (PAGE) and Western blotting.

The strain disrupted for both NOP56 and NOP58 was constructed by cross-
ing individual strains of opposite mating type expressing pRS315-ProtA-
Nop56DKKE and pRS314-Myc-Nop58DKKE, respectively. The latter expressed
also pRS316-ProtA-Nop56p. After tetrad dissection and analysis of the ge-
notype, the haploid nop56/nop58 null strain containing pRS315-ProtA-
Nop56DKKE and pRS314-Myc-Nop58DKKE was shown to survive on 5-fluo-
roorotic acid (5-FOA)-containing plates. The subsequent strain (Table 1) was
used to assess the existence of a Nop56p-Nop58p-Nop1p complex.

Indirect immunofluorescence. Immunolocalization of the ProtA-Nop56p/
Nop58p fusion proteins was done as previously described (13, 44). When the
double immunofluorescence assay was performed, monoclonal antibody A66
against Nop1p was used (kindly provided by J. Aris, University of Florida).

Generation of thermosensitive nop56 mutants. To generate mutations within
NOP56, a PCR-mediated mutagenesis approach was used (24). The NOP56 gene
was subcloned as a 2.1-kb SpeI-BamHI fragment into plasmid pRS315, in which
the XbaI polylinker site was destroyed. This rendered the two XbaI sites within
NOP56 unique in this plasmid. The DNA between these two XbaI sites was
mutagenized by PCR. A bank of mutated nop56 was obtained from 600 Esche-
richia coli transformants. Six microliters of the DNA was used to transform a
NOP56 shuffle strain (Table 1). A total of 800 LEU1 transformants were trans-
ferred on SDC (2Leu) plates at 23°C before shuffling out the pRS316-NOP56
plasmid on 5-FOA at 23°C. The 400 survivors were then assessed for a thermo-
sensitive phenotype by incubation at 23 and 37°C for 3 days. From two transfor-
mants exhibiting a growth defect at 37°C, the corresponding plasmids were
recovered and shown to cause a ts phenotype when reintroduced into a

nop56::HIS3 strain. A 0.5-kb NcoI fragment which includes the nop56-2 mutation
was further shown to be sufficient to cause the thermosensitive phenotype (12a).

RNA extraction, hybridization, and pulse-chase of rRNA. RNA extraction, gel
electrophoresis, and hybridization were performed as described elsewhere (47).
For pulse-chase labeling, nop56-2 and NOP56 cells were grown to an optical
density at 600 nm (OD600) of 0.4 at 23°C, diluted to an OD600 of 0.1, shifted to
the restrictive temperature, and further incubated for 6 h before labeling. For the
pulse, 100 mCi of [3H]uracil was added to 4 ml of cells at an OD600 of 0.3 and
incubated for 2 min; for the chase, a large excess of unlabeled uracil (1/20 volume
at 0.24 mg ml21) was added. One-milliliter aliquots were taken at intervals,
immediately pelleted by centrifugation at 14,000 rpm for 20 s, and frozen in
280°C cold ethanol. RNA extraction was performed in parallel for all samples as
described elsewhere (37). For steady-state level analysis, RNA was extracted
from a total of 40 OD600 units of cells at each time point and 4 mg of RNA of
each sample was loaded on the gel before Northern blot hybridization with the
indicated probes.

Miscellaneous. To clone the complete ORF of human hNOP56, a HeLa cell
cDNA library in E. coli was probed by colony hybridization with the EST se-
quence homologous to Nop56p (accession no. T08589), which was obtained from
the American Type Culture Collection. Two positive cDNA clones were se-
quenced and shown to contain the entire ORF of human NOP56. All sequencing
work for hNOP56 and NOP56 was performed by primer walking by the dideoxy
sequencing method (38), and comparisons were done with the FASTA algo-
rithms from the GCG software package. DNA manipulations, including restric-
tion analysis, fill-in reactions with Klenow and T4 DNA polymerases, ligations,
PCR, and Southern blots, were done essentially according to the methods de-
scribed by Maniatis et al. (27a). For Western blot analysis, anti-ProtA antibodies
coupled to horseradish peroxidase were diluted 1:1,000 and incubated for 30 min
at room temperature. Anti-Nop1p antibodies (A66) were diluted 1:100 for im-
munofluorescence and incubated for 30 min at room temperature or diluted
1:400 for Western blot analysis and incubated for 2 h at room temperature.

FIG. 1. (A and B) Disruption of NOP56 (A) and NOP58 (B). Tetrad analysis of the disrupted strains shows that both genes are essential for cell viability and can
be complemented by the CEN/ARS plasmid harboring the wild-type allele. (C) Alignment of the KKE/D repeated motif at the COOH termini of each protein. Overall
identity reaches 85%. (D) Alignment of Nop56p and Nop58p with their putative homologs in humans and C. elegans. (E) Alignment of Nop56p, Nop58p, and Prp31p
showing blocks of conserved amino acids.
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FIG. 1—Continued.
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Anti-Myc antibodies from mouse ascites (9E10) were diluted to 1:100 and incu-
bated for 2 h at room temperature.

Nucleotide sequence accession number. The DNA sequence of the ORF of
human hNOP56 is in the EMBL nucleotide data library under accession no.
Y12065.

RESULTS

Synthetic lethality with nop1 mutants identifies two novel
genes, NOP56 and NOP58. In a search for novel components of
the ribosome synthesis machinery, we undertook screens for
mutations which are sl with ts mutations in NOP1. Using the
nop1-5 ts allele as the target, we isolated 14 sl mutant strains
(5). Twelve of these strains were complemented by the NOP77
gene (5). NOP56, for nucleolar protein of 56.8 kDa, was iden-
tified as a clone which complemented the sl mutation in strain
sl258 (Table 1; see also Materials and Methods). NOP56 is
located on chromosome XII and encodes a polypeptide of 504
amino acids with a predicted molecular mass of 56.8 kDa. A
search of the yeast genomic database identified another ORF
(accession no. X90565) (36), which is located on chromosome
XV and encodes a polypeptide of 511 amino acids, that we
designated NOP58. Nop56p and Nop58p are highly homolo-
gous (45% identical and 63% similar) over their entire se-
quences (Fig. 1D). During this work, NOP56 was indepen-
dently identified as a high-copy-number suppressor, named
SIK1 (accession no. U20237), of the growth-inhibitory activity
of GAL4-Ikb and LEXA-Ikb fusion proteins (31).

The C-terminal regions of both proteins contain a repeated
sequence with the motif KKE/D (Fig. 1C). This motif is also

present in the yeast nucleolar protein Cbf5p (18, 29), and a
similar motif (KKX) is found in Dbp3p (54). Nop56p contains
11 repeats, while Nop58p and Cbf5p both have 13 (Fig. 1C)
and Dbp3 has 10 (KKX) repeats (54). The overall identity
among the three sequences reaches 85% over the KKE/D
motifs. Furthermore, Nop56p and Nop58p share homology to
several EST sequences derived from human, rice, and Caeno-
rhabditis elegans cDNAs (Fig. 1D). Using the human EST se-
quence as probe, we cloned the corresponding cDNA from a
HeLa cell cDNA library and sequenced the entire ORF of a
putative human homolog of Nop56p, called hNop56p (acces-
sion no. Y12065). The human protein of 611 amino acids is
52% identical and 68% similar to Nop56p, whereas the homol-
ogy of hNop56p to yeast Nop58p is lower (41% identity and
57% similarity). Curiously, the human hNop56p lacks the C-
terminal KKE/D motifs present in the yeast proteins (Fig. 1D)
and cannot complement a nop56 null strain (data not shown).
Finally, both Nop56p and Nop58p show some homology (21%
identity and 45% similarity) to the yeast pre-mRNA splicing
factor Prp31p (55). Sequence alignment among these three
proteins is shown in Fig. 1E.

Nop56p and Nop58p are essential nucleolar proteins. In
order to analyze its in vivo function, the NOP56 gene was
disrupted by replacing an internal NcoI fragment with the HIS3
gene, deleting 40% of the coding sequence (Fig. 1A). The
correct integration of the disrupted allele was confirmed by
Southern blot analysis. Two independent heterozygous dip-
loids were sporulated; in each case, tetrad analysis showed 2:2
segregation for cell viability. All viable spores were His2.
When the heterozygous diploid was transformed with plasmid
pRS315-NOP56 and then sporulated, tetrads yielded mostly

FIG. 2. (A) Western blot of proteins from strains expressing tagged versions
of Nop56p and Nop58p detected with anti-ProtA antibodies (1:1,000). Extracts
are from strains expressing ProtA-Nop56pDKKE (lane 1), ProtA-Nop56p (lane
2), and ProtA-Nop58DKKE (lane 3). MW, molecular weight in thousands. (B)
Growth comparison of strains carrying chromosomal gene disruptions comple-
mented by expression of the tagged proteins. The strains complemented by the
tagged proteins show no growth defects at 37 or 23°C compared to the strain
expressing full-length ProtA-Nop56p. The tagged constructs are functional, and
the KKE/D motifs are not required for cell viability.

FIG. 3. Indirect immunofluorescence assay of ProtA-tagged proteins. (A)
Localization of ProtA-Nop56p. (B) Localization of ProtA-Nop56pDKKE. (C)
Localization of ProtA-Nop58DKKE. In all cases, the proteins localize in the
nucleolus, exhibiting the characteristic crescent-like shape, and colocalize with
Nop1p, used as a marker for the nucleolus. DNA staining with Hoechst 33258
dye is shown together with a Nomarski (Norm.) view of each field. The lack of
the KKE/D motif does not perturb the nucleolar localization of the proteins.
DAPI, 49,6-diamidino-2-phenylindole.
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three or four viable progeny. This indicates that a short dele-
tion of the coding sequence was sufficient to abolish the func-
tion of the protein which is essential for cell viability.

The NOP58 gene was recovered by genomic PCR and shown
to be correct by sequencing; the clone used for further analysis
was shown to fully complement a chromosomal deletion of
NOP58. A mutation isolated in the sl screen with the nop1-3
allele was found to be complemented by the cloned NOP58
gene (see Materials and Methods). The NOP58 gene was dis-
rupted by using an approach similar to that described for
NOP56 (see Materials and Methods); subsequent analysis
showed that Nop58p is also required for cell viability (Fig. 1B).
Despite their homology, neither Nop56p nor Nop58p acted as
a multicopy suppressor of the disruption of the other, nor was
cross-complementation of the sl strains observed.

To determine their intracellular localization, tagged fusion
proteins were constructed by the insertion of two IgG binding
domains from the S. aureus ProtA at the N termini of Nop56p
and Nop58p (see Materials and Methods). The plasmids were
introduced into the respective deletion strains by plasmid ex-
change (see Materials and Methods). Expression of the ProtA-
Nop56p fusion protein was assessed by Western blotting; Fig.
2A, lane 2, shows that the fusion protein migrated at the
expected position in the gel (70 kDa). Expression of ProtA-

Nop56p fully complemented a nop56 null strain for growth at
23 and 37°C (Fig. 2B). Indirect immunofluorescence assay per-
formed on this strain revealed a cap-like nuclear staining pat-
tern for the fusion protein, which is characteristic of nucleolar
localization. When immunolocalization was performed to-
gether with an anti-Nop1 antibody, both signals colocalized in
the nucleoli (Fig. 3A). The ProtA-Nop58p fusion was similarly
shown to be functional (Fig. 2B and data not shown) and to be
localized in the nucleolus by immunofluorescence (Fig. 3C and
data not shown).

The KKE/D motif is not required for the function of Nop56p
or Nop58p. To assess the function of the repeated KKE/D
motifs at their C termini, the last codons before the first re-
peated motif of Nop56p and Nop58p were exchanged for stop
codons in the tagged protein constructs. The resulting trun-
cated proteins (ProtA-Nop56DKKE and ProtA-Nop58DKKE)
were transformed into the corresponding deletion strains,
which also carried the wild-type alleles on URA3 plasmid vec-
tors. Correct expression of the fusion proteins was confirmed
by Western blotting (Fig. 2A, lanes 1 and 3). Growth on me-
dium containing 5-FOA, which selects for loss of the wild-type,
URA3-containing plasmids, indicated that the truncation did
not impair the cell viability; no difference in growth was ob-
served when the cells were grown on yeast extract-peptone-
dextrose plates at 23 or 37°C (Fig. 2B). As expected from the
complementation result, indirect immunofluorescence assay
performed on cells expressing ProtA-Nop56DKKE (Fig. 3B) or
ProtA-Nop58DKKE (Fig. 3C) showed correct targeting of the
fusion proteins to the nucleolus. Positions of the nucleoli are
indicated by the anti-Nop1 staining, which colocalizes with the
anti-ProtA staining.

Nop56p exists in a stable complex with Nop1p. The ProtA-
tagged fusion proteins were used to search for physical inter-
actions with other components. When affinity purification un-
der nondenaturing conditions was performed with strains
expressing the full-length ProtA-Nop56p fusion protein, deg-
radation occurred during the elution and concentration steps.

FIG. 4. Affinity purification of the Nop56p complex. (A) After affinity puri-
fication, a sample of the homogenate (lane 1), the supernatant (lane 2), and 400
times the equivalent of the eluate (lane 3) were analyzed by SDS–10% PAGE.
Coomassie blue staining reveals the presence of two proteins in the eluate
migrating at the position of ProtA-Nop56pDKKE and Nop1p. By comparison,
the eluate obtained after affinity purification of ProtA-Nop1p (lane 4) does not
show associated proteins. Anti-ProtA antibodies specifically detect the ProtA-
Nop56p band in each fraction. The second blot was detected with mouse mono-
clonal anti-Nop1 antibodies (1:400). After Ponceau Red staining, the position of
the visible lower band in the eluate was marked prior to incubation with the
antibodies and is indicated by an asterisk. It is evident that this band corresponds
to Nop1p and not to degradation products of ProtA-Nop56DKKE. The dot
indicates the position of ProtA-Nop56DKKE, which cross-reacts with the anti-
bodies used to detect Nop1p because of the ProtA tag. (B) Affinity purification
of the Nop56p-Nop58p-Nop1p complex. Affinity-purified ProtA-Nop56p copu-
rifies with Myc-Nop58p and Nop1 (lane 3). Lanes 1 and 2 correspond to homog-
enate and supernatant of the cell lysis procedure, respectively. Lanes 4 and 5
correspond to eluate from precipitations with ProtA-Nop58DKKE and ProtA-
Nop56DKKE, respectively. Blots were probed, from top to bottom, with anti-
ProtA antibodies, anti-Myc antibodies, and anti-Nop1p antibodies, as for panel
A.

FIG. 5. Growth of the ts nop56 mutants. (A) Growth of the nop56-1 strain is
slowed at 23 and 37°C. Growth of the nop56-2 strain is similar to that of the
NOP56 control at 23°C but slows 6 to 8 h after transfer to 37°C, ceasing after 20 h
at 37°C. (B) Appearance of the colonies on plates at different temperatures.
Compared to the NOP56 strain, the nop56-1 strain displays slow growth at all
temperatures. The nop1-5 and nop56-2 strains form colonies similar in size to
those of the NOP56 strain at 23 or 30°C but do not grow at 37°C. WT, wild type.
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Even in the presence of a cocktail of protease inhibitors, no
full-length fusion protein could be detected in the eluate (data
not shown). The ProtA-Nop56DKKE fusion protein was sub-
stantially more stable than full-length ProtA-Nop56p and was
therefore used for the purification shown in Fig. 4A. Coomas-
sie blue staining of the eluate revealed two major bands mi-
grating at about 60 and 36 to 38 kDa and present in approxi-
mately stoichiometric amounts (Fig. 4A, lane 3). The upper
band was detected by anti-ProtA antibodies and was identified
as ProtA-Nop56DKKE. The lower band was detected by both
mouse monoclonal anti-Nop1p (Fig. 4A) and rabbit polyclonal
anti-Nop1p antibodies (data not shown). On each filter, the
position of the lower band visible after staining with Ponceau
Red was marked (indicated by asterisks on Fig. 4A). The
position of this species corresponds to the band detected by the
mouse monoclonal anti-Nop1 antibodies (Fig. 4A, panel a-
Nop1) but does not correspond to any major degradation
products from ProtA-Nop56pDKKE (Fig. 4A, panel a-ProtA).
Nop1p was also copurified from cell extracts expressing ProtA-
Nop56pDKKE (data not shown), even though the full-length
ProtA-Nop56p was degraded to smaller breakdown products.
This suggests that proteolysis of ProtA-Nop56p occurred prob-
ably only during the steps required for elution but not in the
cell.

As a control for affinity purification, a nonfunctional ProtA-
Nop56p construct was used in parallel experiments; this
showed no copurification of Nop1p in the eluate (data not
shown). The mutation corresponded to a deletion of 10 amino

acids between positions 378 and 388 obtained by deletion of an
internal XbaI-XbaI fragment.

In a parallel experiment, a ProtA-Nop1p fusion protein was
used for immunoprecipitation. No copurifying species were
clearly detected by Coomassie blue staining (Fig. 4A, lane 4).
Nop1p is associated with a very large number of different
components of the ribosome synthesis machinery, probably
including more than 50 different small nucleolar ribonucleo-
protein particles. It is therefore likely that any individual pro-
tein will be recovered only in very substoichiometric yield in
association with Nop1p.

Affinity purification was also performed with ProtA-
Nop58DKKE. Nop1p was clearly shown to be copurified, but in
lower yield (data not shown). The apparent substoichiometric
recovery of Nop1p could indicate that only a fraction of the
pool of Nop58p is in association with Nop1p but also could
simply be due to some dissociation of the complex during
purification.

To determine whether all three proteins are present in the
same complex, constructs in which the ProtA tags in ProtA-
Nop56DKKE and ProtA-Nop58DKKE were replaced by 33
Myc tags were made. A strain carrying chromosomal deletions
of both NOP56 and NOP58, complemented by plasmids ex-
pressing ProtA-Nop56DKKE and ProtA-Nop58DKKE, was
constructed. The Myc-tagged constructs were introduced sep-
arately into this strain. In both cases, the introduction of the
Myc-tagged construct allowed the loss of the plasmid carrying
the ProtA-tagged construct with no alteration in growth, show-
ing the Myc-tagged constructs to be functional. These strains
were used in an affinity purification experiment (see Materials
and Methods). Western blot filters prepared from the eluates
were probed with anti-ProtA, anti-Nop1, and anti-Myc anti-
bodies (9E10). Immunoprecipitation of ProtA-Nop56DKKE
led to the copurification of Myc-Nop58DKKE together with
Nop1p (Fig. 4B). However, the parallel experiment in which
ProtA-Nop58DKKE was immunoprecipitated did not result in
detectable coprecipitation of Myc-Nop56DKKE, although
Nop1p was clearly present in the eluate. These results indicate
that all three proteins are probably present in a single complex
(see also Discussion).

Generation and characterization of thermosensitive alleles
of NOP56. To analyze the function of Nop56p, mutant alleles
were generated in a well-conserved region of the protein and
introduced into a nop56 null strain by plasmid exchange (see
Materials and Methods). The effects on growth of two ts alleles
identified by screening of the resulting strains are shown in Fig.
5. Strains carrying nop56-1 exhibit a reduced growth rate at all
temperatures. Strains carrying nop56-2 have a growth rate sim-
ilar to that of NOP561 cells at 23 and 30°C; following transfer
to 37°C, growth slows after 6 to 8 h and cells do not divide after
20 h (Fig. 5A).

The nop56-1 and nop56-2 alleles were recovered and se-
quenced. The mutagenized alleles were also recovered from
other strains: two that allowed growth at all temperatures and
one allele that was nonfunctional at all temperatures, as shown
by the inability of the plasmid exchange strain to grow on
medium containing 5-FOA (which selects against the URA3
marker present on the plasmid that also carries the wild-type
NOP56 gene). The sequences of the mutant alleles were ana-
lyzed; nop56-1 contains two mutations leading to the substitu-
tion of Val-333 with Ala and Met-385 with Arg. The single
mutation found in nop56-2 replaced Tyr-355 with Cys. To
confirm that this change was responsible for the growth defect
of nop56-2 strains at a restrictive temperature, the 0.5-kb NcoI
fragment of NOP56, which includes the nop56-2 mutation but
has no other changes, was used to replace the corresponding

FIG. 6. Analysis of rRNA maturation by pulse-chase labeling. Following
transfer to 37°C for 6 h, cells were pulse-labeled with [3H]uracil for 1 min and
then chased with a large excess of unlabeled uracil for the times indicated. Total
RNA was recovered, separated by gel electrophoresis, and visualized by fluo-
rography.
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fragment in a plasmid carrying the wild-type gene NOP56. The
resulting plasmid was transformed into the plasmid exchange
test strain and gave rise to a ts phenotype.

Function of Nop56p during ribosome biogenesis. As an ini-
tial test for detects in ribosome synthesis, the ribosomal pro-
tein profile was analyzed by sucrose gradient centrifugation.
After incubation of NOP56 and nop56-2 strains at 37°C for
either 2 or 6 h, proteins were pulse-labeled with [35S]methi-
onine. Cell lysates were fractionated on a 10 to 40% sucrose
gradient, and the recovered fractions were analyzed by SDS-
PAGE. In the nop56-2 strain, the peak of 40S subunit proteins
matched that in the NOP56 strain, but no clear peak of 60S
proteins was observed in the mutant (data not shown).

To determine whether the apparent deficiency in 60S sub-
unit synthesis in nop56-2 strains was due to defects in pre-
rRNA processing, this was analyzed by pulse-chase labeling
(Fig. 6) and Northern blot hybridization (Fig. 7). Following
transfer to the nonpermissive temperature for 6 h, the nop56-2
strain showed lower incorporation of [3H]uracil compared to
the NOP561 strain; in Fig. 6, the nop56-2 panel was exposed
three times longer than the NOP561 panel. Figure 6 reveals a
substantial delay in rRNA maturation in the nop56-2 strain.
Mature 25S and 18S rRNA were visible in wild-type cells after
4 min of chase. In contrast, mature 18S rRNA did not clearly
accumulate in the nop56-2 strain until 15 min of chase, while
mature 25S was still scarcely detected at this time point. Pro-
cessing of the 35S pre-rRNA primary transcript is strongly
inhibited; a substantial level of 35S remains after a 15-min
chase, whereas it is not detected later than 4 min of chase in
the wild-type cells, consistent with the time of transcription of
the pre-rRNA during which labeled 35S continues to be pro-

duced. The normal products of cleavage at sites A1 and A2, the
32S 27SA2, and 20S pre-rRNAs, are strongly reduced (see Fig.
7 for the positions of the cleavage sites). In contrast, the 23S
RNA, which is the product of direct cleavage of the 35S pre-
rRNA at site A3 in the absence of upstream processing, is
detected in the mutant. The 27SB pre-rRNA is detected in the
mutant, but its appearance is strongly delayed.

The steady-state levels of the pre-rRNAs were further ex-
amined by Northern blot hybridization (Fig. 7). Following
growth at the permissive temperature, no aberrant processing
was observed in the nop56-2 strain (Fig. 7, lanes 3), and all
rRNA intermediates exhibited a level similar to that of the
wild-type control strain incubated under the same conditions
(Fig. 7, lanes 1). Following transfer of the nop56-2 strain to
37°C, all probes reveal a strong accumulation of the 35S pre-
rRNA (Fig. 7, lanes 4 to 6), consistent with the results of
pulse-chase labeling. This is associated with the appearance of
the 23S pre-rRNA and loss of the 32S, 27SA2, and 20S pre-
rRNAs. Together, these data indicate that processing of the
35S pre-rRNA is strongly inhibited at sites A0, A1, and A2.
Some accumulation of the 27SB pre-rRNA is also seen in the
nop56-2 strain, indicating that production of the mature 25S
rRNA is also delayed at this processing step. The steady-state
level of the mature 18S rRNAs was not clearly reduced in the
nop56-2 strain, and the level of the 25S rRNA was only mildly
reduced (Fig. 7D).

We conclude that many pre-rRNA processing steps are in-
hibited or strongly delayed in the nop56-2 mutant strain,
greatly delaying the synthesis of the mature rRNAs. However,
the steady-state levels of the mature rRNAs indicate that their
synthesis does continue, and the pre-rRNA processing defect is

FIG. 7. Steady-state levels of the pre-rRNAs visualized by Northern blot hybridization. For each panel (A to D), lanes 1 and 2 correspond to total RNA extracted
from a wild-type strain after growth for 24 h at 23 or 37°C, respectively, and lanes 3 to 6 correspond to total RNA extracted from a nop56-2 strain (lane 3, 24 h at 23°C;
lane 4, 6 h at 37°C; lane 5, 18 h at 37°C; lane 6, 24 h at 37°C). The positions of probes A to D, which were used for panels A to D, respectively, are shown on a diagram
of the 35S pre-rRNA. Probe D, which is directed against the mature 5.8S rRNA, cross-hybridizes with mature 18S and 25S rRNA.
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therefore unlikely to be the direct cause of lethality in the
nop56-2 mutant strain.

DISCUSSION

sl interactions have recently proved useful for the analysis of
large macromolecular structures such as the nuclear pore com-
plex (7, 10) or complex RNA biogenesis pathways such as
tRNA processing (42, 43). sl analyses starting with the pre-
rRNA processing component have been used to identify three
nucleolar proteins, Nop77p (5), Rrp5p (52), and Rok1p (50).
Here we report the use of this approach to characterize new
components interacting with Nop1p. NOP56 was identified as
sl with nop1-5, a ts lethal allele that blocks processing of the
pre-RNA. A database search identified Nop58p, which is 45%
identical to Nop56p, and a human homolog, hNop56p, that is
52% identical. Expression of the human cDNA in yeast failed
to complement a nop56 null mutation. Subsequently, Nop58p
was identified in a screen for mutations that are sl with the
nop1-3 allele that inhibits 29-O methylation of the pre-rRNA
(49). Both Nop56p and Nop58p are essential nucleolar pro-
teins.

Another gene, NOP77/NOP4, was previously identified as sl
with nop1-5 (5, 46). Comparison of the genomic NOP77/NOP4
allele from the sl mutant with the allele present on the plasmid
which suppressed the sl phenotype revealed a single nucleotide
change (5). Surprisingly, an independently isolated wild-type
clone of NOP77/NOP4 had the same sequence as the gene
isolated from the sl mutant (46), indicating that the heteroge-
neity in the NOP77/NOP4 sequences represented a natural
allelic variation between yeast strains.

To assess the role of Nop56p in rRNA processing and ribo-
some biogenesis, ts mutants were generated. One mutant,
nop56-2, was chosen for further characterization on the basis
of its severely ts phenotype at 37°C. Analysis of this mutant
indicated that the phenotype was caused by one mutation
(Y3553C) in a region of the protein that is conserved
throughout evolution. The pre-rRNA processing defects ob-
served at the restrictive temperature show similarities to those
observed for nop1-5 mutant strains; processing at several sites
was inhibited, leading to a delay in the appearance of both 18S
and 25S rRNA, with a greater effect on 25S than on 18S
processing. The processing defect does not, however, appear to
be the direct cause of lethality, since growth inhibition was not
accompanied by a strong reduction in the levels of the mature
rRNAs. We predict that the primary defect in nop56-2 strains
is in the assembly of the preribosomal particles and/or the
folding of the pre-rRNA. The observed delay in pre-rRNA
processing may be a consequence of the abnormal structure of
the preribosomes in the mutant.

Mutations in Nop77p/Nop4p also inhibit the synthesis of 25S
and 5.8S rRNAs, although the phenotype is distinct from that
of nop56-2, being largely due to the loss of the 27SA3 pre-
rRNA (5, 46). As with Nop56p, the defect in Nop77p/Nop4p
mutant strains was attributed to a primary defect in ribosome
assembly, with a secondary defect in pre-rRNA processing (5,
46). Mutations that inhibit pre-rRNA processing have been
identified in at least 16 genes that are not predicted to encode
actual RNA processing components. These include six pre-
dicted RNA helicases and a number of ribosomal proteins, and
many or all of these are likely to be required for correct
assembly of the preribosomal particles. Why do these muta-
tions inhibit processing? It is possible that the processing
nucleases require the correct assembly of a very complex sub-
strate for cleavage. However, the two known endonucleases,
RNase MRP and RNase III, can recognize their cleavage sites

in the naked pre-rRNA in vitro (8, 26), so this seems unlikely.
We believe that in the absence of correct assembly, processing
is inhibited by some quality control system (22). In the normal
cell, the function of this system would be to delay processing
long enough for a missing protein to bind or for some stem to
fold correctly, etc.

A striking feature of Nop56p and Nop58p is the presence of
KKE/D repeats present at the COOH terminus. Similar repeat
sequences are found in the human microtubule-associated pro-
teins MAP1A and MAP1B (23, 35), and KKE/D repeats have
been reported to confer microtubule binding activity (37).
Highly homologous repeats are present in two other yeast
nucleolar proteins; Cbf5p is the putative rRNA pseudouridine
synthase and is also required for pre-rRNA processing at sites
A0, A1, and A2 (18, 21), while Dbp3p is a putative RNA
helicase that is required for normal cleavage at site A3 (54).
The KKE/D motif is not found in any other predicted ORF in
the yeast genomic sequence, and its occurrence in four nucle-
olar proteins would appear to be significant.

Simultaneous deletion of the KKE/D repeats from both
Nop56p and Nop58p did not clearly affect cell growth and did
not impair the localization of either protein. The motif is
therefore not a necessary signal for nuclear or nucleolar local-
ization. The KKE/D domains of Cbf5p and Dbp3p have also
been reported to be dispensable (54). Curiously, rat Nap57p,
the homolog of Cbf5p (29), and human hNop56p both lack the
KKE/D repeat sequences, despite otherwise showing very high
conservation. A major difference between yeasts and higher
eukaryotes is the closed mitosis in yeasts (i.e., the nuclear
membrane remains intact during cell division in yeasts). This
means that all of the nuclear contents, including the nucleolus
and the ribosome synthesis machinery, must be segregated to
the daughter nuclei. We speculate that the KKE/D domains do
indeed confer microtubule binding activity. This may aid the
efficient and accurate segregation of the pre-rRNA processing
machinery during mitosis. In the absence of the KKE/D re-
peats, segregation of the nucleolar components would be
somewhat less accurate, but this might not affect growth under
most conditions. Alternatively, the presence of a KKE/D re-
peat on only one protein might be sufficient to support normal
cell growth. In the case of the RNA binding motif present in
nucleoporins Nup145p, Nup116p, and Nup100p, deletion of
the motif from all three proteins was needed for lethality (10).

Nop56p is recovered from cell lysates in a stoichiometric
complex with Nop1p. Moreover, Nop58p could also be copre-
cipitated with Nop56p, indicating that a trimeric Nop56p-
Nop58p-Nop1p complex exists. Nop58p is also associated with
Nop1p, but recovery of Nop1p with Nop58p is substoichiomet-
ric. This might, however, be due to partial dissociation during
purification of the ProtA-Nop58p complex. We can exclude
nonspecific interactions due to the KKE/D motifs, since Nop1p
was recovered in association with both Nop56p and Nop58p
when tagged constructions lacking the KKE/D motif were
used, and no coprecipitation was observed when a nonfunc-
tional version of Nop56p was used for affinity purification (data
not shown). No protein of the size of Nop77p/Nop4p was
detected in the Nop56p precipitate, and Nop77p coprecipitates
only a small amount of Nop1p (5), showing that it cannot be a
stable component of the Nop56p-Nop1p complex. No snoRNAs
were detectably coprecipitated with the Nop1p-Nop56p com-
plex, and the phenotypes of the nop1-5 and nop56-2 mutations
do not resemble those seen on mutation of any characterized
snoRNA. We conclude that the function of the Nop1p-Nop56p
complex in ribosome synthesis is probably not mediated by
snoRNAs.

Despite the homology between Nop56p and Nop58p,
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NOP58 cannot complement the nop1-5 sl strain and NOP56
cannot complement the nop1-3 sl strain. We predict that the
point mutations in nop1-5 and nop1-3 specifically interfere with
the normal interaction of Nop1p with Nop56p and Nop58p,
respectively. These would be sl in combination with mutations
in Nop56p and Nop58p which interfere with normal binding to
Nop1p. The phenotype of the nop56-2 mutation resembles that
of nop1-5; it will be of interest to determine whether the
phenotype of a conditional nop58 allele resembles that of
nop1-3.

In conclusion, we believe that a complex between Nop1p
and Nop56p is required for a step(s) in ribosome assembly that
does not involve the snoRNAs. Nop77p is not a stable com-
ponent of the complex but functionally interacts with it. Given
the high evolutionary conservation, we would predict that
fibrillarin and hNop56p have a similar function in human cells.
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