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We report the characterization of the yeast Npa2p (Urb2p) protein, which is essential for 60S ribosomal
subunit biogenesis. We identified this protein in a synthetic lethal screening with the rsa3 null allele. Rsa3p is
a genetic partner of the putative RNA helicase Dbp6p. Mutation or depletion of Npa2p leads to a net deficit
in 60S subunits and a decrease in the levels all 27S pre-rRNAs and mature 25S and 5.8S rRNAs. This is likely
due to instability of early pre-60S particles. Consistent with a role of Npa2p in 60S subunit biogenesis, green
fluorescent protein-tagged Npa2p localizes predominantly to the nucleolus and TAP-tagged Npa2p sediments
with large complexes in sucrose gradients and is associated mainly with 27SA2 pre-rRNA-containing preribo-
somal particles. In addition, we reveal a genetic synthetic interaction between Npa2p, several factors required
for early steps of 60S subunit biogenesis (Dbp6p, Dbp7p, Dbp9p, Npa1p, Nop8p, and Rsa3p), and the 60S
protein Rpl3p. Furthermore, coimmunoprecipitation and gel filtration analyses demonstrated that at least
Npa2p, Dbp6p, Npa1p, Nop8p, and Rsa3p are present together in a subcomplex of low molecular mass whose
integrity is independent of RNA. Our results support the idea that these five factors work in concert during the
early steps of 60S subunit biogenesis.

The synthesis of eukaryotic ribosomes is a complex and
highly energy-consuming process (53, 103). Ribosome biogen-
esis takes place primarily in the nucleolus, but some events
occur in the nucleoplasm, where the preribosomal subunits
gain export competence, and in the cytoplasm, where the last
steps in the maturation of the ribosomal subunits (r-subunits)
occur (94, 96). Although ribosome biogenesis is conserved
throughout eukaryotes (39, 90), it has been best characterized
in the yeast Saccharomyces cerevisiae (for reviews, see refer-
ences 33, 58, and 100). In yeast, three of the four rRNAs (18S,
5.8S, and 25S rRNAs) are transcribed as a single precursor by
RNA polymerase I, whereas RNA polymerase III separately
transcribes the pre-5S rRNA (for a review, see reference 73).
Concomitantly with transcription, the pre-rRNA intermediates
are extensively modified (for a review, see reference 13). These
precursors are then processed by a complex series of endo- and
exonucleolytic reactions (see Fig. 1), which requires small nu-
cleolar RNAs and nonribosomal proteins (r-proteins) (for re-
views, see references 58 and 101). While some of these protein
factors have clear functions in pre-rRNA processing and mod-
ification (e.g., nucleases and base methylases), the precise
functions of most of them remain unclear.

Pre-rRNA processing does not occur on naked RNA mole-

cules. Instead, pre-rRNA molecules at all stages of maturation
associate with most r-proteins and nonribosomal proteins to
form preribosomal particles (r-particles) (27, 37, 94, 104). Re-
cent advances in the proteomic field have facilitated the iden-
tification of the protein components of preribosomal particles
(for reviews, see references 14, 31, 33, and 95). These analyses
have also redefined the model of the r-subunit assembly path-
way. In this model, the 90S preribosomal particles contain the
complete machinery responsible for cleavages of the 35S pre-
rRNA at sites A0 to A2 as well as several large and small
r-proteins but lack most of the factors involved in 60S r-subunit
formation (5, 23, 41, 49; for reviews, see references 14, 21, 31,
and 33). Following pre-rRNA cleavage at site A2, the last 90S
particle gives rise to early 43S and 66S preribosomal particles,
which contain 20S and 27SA2 pre-rRNAs, respectively. It ap-
pears that most of the factors associated with 90S particles,
with few exceptions, are released after this cleavage step (23,
41, 72, 82). The early 43S preribosomal particle is rapidly
exported to the cytoplasm, where 20S pre-rRNA is processed
to mature 18S rRNA and the last modification and assembly
reactions take place (8, 96). Only a few factors and 40S ribo-
somal proteins have been described so far as being needed to
finish the maturation of 40S r-subunits from early 43S preri-
bosomal particles (22, 29, 32, 43, 52, 65, 82, 89, 98). The study
of the different purified pre-60S complexes is consistent with
the presence of distinct pre-60S intermediates. These interme-
diates are termed, according to their position in the pathway,
early, medium, late, and cytoplasmic pre-60S r-particles (4, 19,
28, 44, 72, 80, 81). Much less is known about the role of 60S
r-proteins in 60S r-subunit maturation (17, 18, 25, 35, 60, 71,
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97). The earliest 66S preribosomal particle is likely the result of
the association of about 50 nonribosomal proteins and several
large r-proteins with the 27SA2 pre-rRNA (19; see Discus-
sion). The complexity of the pre-60S r-particles decreases dur-
ing their maturation (36, 72, 80), and the export-competent
pre-60S particle has completed the pre-rRNA processing re-
actions (4, 72). As for the pre-40S particles, last assembly
reactions occur in the cytoplasm (46, 55, 86).

Despite the success of the proteomic approach in defining
preribosomal particles and identifying their components, many
challenges clearly remain for a complete understanding of ri-
bosome assembly. Many of the nonribosomal factors that have
been identified in preribosomal particles or in systematic anal-
yses remain uncharacterized so far. For those characterized,
we generally lack an understanding of their precise function in
ribosome assembly and we do not know their substrates and

FIG. 1. Pre-rRNA processing in S. cerevisiae. (A) Structure and processing sites of the 35S pre-rRNA. This precursor contains the sequences
for the mature 18S, 5.8S, and 25S rRNAs that are separated by two internal transcribed spacer sequences, ITS1 and ITS2, and flanked by two
external transcribed spacer sequences (ETS), 5� ETS and 3� ETS. The mature rRNA species are shown as bars and the transcribed spacer
sequences as lines. The processing sites and the various probes used are indicated. (B) Schematic representation of the pre-rRNA processing
pathway of the 35S pre-rRNA and pre-5S rRNA. Cleavage and trimming reactions are indicated. The data presented in this study suggest that
Npa2p is required for efficient processing of the 27S pre-rRNAs. For reviews of pre-rRNA processing and the known processing enzymes, see
references 75 and 101.
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their interacting partners. Except in a few instances, we under-
stand neither the order of recruitment of the different factors
to the preribosomal particles (81) nor their precise time of
action. We are interested in the identification of partners of
the putative RNA helicase Dbp6p, which is required for 60S
r-subunit assembly and has been proposed to act at an early
step during this process (56). Our initial genetic and functional
analyses have revealed specific interactions between Dbp6p,
different 60S r-subunit assembly factors (Dbp7p, Dbp9p,
Nop8p, Npa1p/Urb1p, and Rsa3p), and the 60S r-protein
Rpl3p (16, 78). Here, we provide evidence that the predomi-
nantly nucleolar Npa2p protein is an additional member of the
aforementioned network of proteins. Our results indicate that
Npa2p is required for 27S pre-rRNA processing and suggest
that Npa2p has an early role during 60S r-subunit assembly
similar to that described previously for Dbp6p (56), Dbp7p
(12), Dbp9p (11), Nop8p (108), Npa1p (19, 70, 78), or Rsa3p
(16, 78). Recently, some of us have reported the composition
of very early pre-60S r-particles purified using Npa1p-TAP as
bait (19). These particles also contain Dbp6p, Dbp7p, Dbp9p,
Npa2p, and Nop8p but seem to lack Rsa3p (19). Npa2p (al-
ternatively named Urb2p) has also been independently iden-
tified in a systematic functional analysis of essential yeast genes
(70). Therein, Npa2p was described as a protein required for
ribosome biogenesis that copurified with Npa1p (70). In agree-
ment with these reports, in this study, we found that Npa2p is
present in a very early pre-60S r-particle(s) containing 27SA2

pre-rRNA and that it physically interacts with Npa1p. More-
over, we provide evidence that Npa2p also intimately interacts
with Dbp6p, Nop8p, and Rsa3p even in the absence of RNA.
We conclude that Npa2p forms a RNA-independent hetero-
meric subcomplex required during early maturation of nascent
60S r-subunits.

MATERIALS AND METHODS

Strains, media, and genetic manipulations. Most yeast strains used in this
study (see Table S1 in the supplemental material) are derivatives of strain W303
(MATa/MAT� ade2-1/ade2-1 his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 trp1-1/
trp1-1 ura3-1/ura3-1 can1-100/can1-100). The isolation of synthetic lethal (sl)
mutants has been previously described (78). Strain IVY317 [YCplac33-NPA2]
was obtained after four consecutive backcrosses of W303-1A with a meiotic
npa2::KanMX4 segregant of Y26839 (Euroscarf collection) containing the
YCplac33-NPA2 plasmid. Strain YO795 (NAP2-TAP) was obtained as follows:
a gene cassette flanked on the 5� side by the last 52 nucleotides of the NPA2 open
reading frame (ORF) and on the 3� side by a segment of the NPA2 terminator and
containing the TAP tag sequence followed by a URA3 marker gene from Kluyvero-
myces lactis was PCR amplified using plasmid pBS1539 (76) and oligonucleotides
YJR041C-TAP1 (5�-TTTCAAAGCACTTTACCTCCAATACAAAAAGGTTGG
TAAATGGCGCGAAGATTCCATGGAAAAGAGAAG-3�) and YJR041C-
TAP2 (5�-ACTTGTTTAAGCTCCGTCACCCTGTTATTAAACGTGAGCAGA
GAAATGCCTTTACGACTCACTATAGGG-3�). This cassette were integrated
into strain YO341, creating strain YO795.

Growth and handling of yeast were performed by established procedures (3,
54). Tetrad dissections were performed using a Singer MSM manual microma-
nipulator. Escherichia coli strain DH5� was used for cloning and propagation of
plasmids (79).

Cloning of NPA2. Strain sl3-4, which has a slow growth (sg) phenotype at any
temperature tested, was transformed with a YCplac111-based yeast genomic
library (57), and about 10,000 transformants were screened for wild-type growth
on plates with synthetic dextrose without leucine (SD-Leu) at 30 and 37°C. One
plasmid, pIV223, containing a ca. 8.7-kb insert, complemented both the sg and
the sl phenotypes of the sl3-4 mutant. The sl phenotype of strain sl2-3, which
grows as the wild-type strain at any temperature, was also complemented by
pIV223. The sequence of the terminal regions shows that the library insert
contained YJR040W (GEF1) and YJR041C (NPA2/URB2) as sole complete

ORFs. Further subcloning of YJR041C as a 5.2-kb SphI-BbeI fragment,
which was blunt ended, into SmaI-restricted YCplac111 (40) (hereafter
named YCplac111-NPA2) and YCplac33 (40) (hereafter named YCplac33-
NPA2) confirmed that use of YJR041C was sufficient to complement the sg and
sl phenotypes of the sl3-4 mutant and the sl phenotype of the sl2-3 mutant.

Plasmids. YCplac33-NPA2eGFP was constructed as follows: a 5.1-kb NruI-
NarI fragment from pIV223 was blunt ended and cloned into SmaI-restricted
YCplac33-yeGFP/TCYC1 (a gift from M. Hall). One candidate in the appropri-
ate orientation, pIV1-eGFP, was selected. Then, a PCR was performed using
pIV223 as a template and the oligonucleotides 5�-1813-NPA2 (5�-GAGGAGA
CAAATATCACG-3�, placed 60 bp upstream from the sole XbaI site present in
the YJR041C ORF) and 3�-XBA1-NPA2 (5�-GCTCTAGAATCTTCGCGCCA
TTTAC-3�, complementary to the end of the YJR041C ORF but lacking the stop
codon; an XbaI site is underlined). The PCR product was digested with XbaI and
cloned into pIV1-eGFP, which was also restricted with XbaI. YCplac33-NPA2-
eGFP is one candidate in the appropriate orientation.

To generate pTAPC111-NPA2, pTAPC111-NOP8 (pDK961; a generous gift
from D. Kressler) was digested with EcoRI and BamHI and blunt ended. This
double digestion releases the NOP8 ORF but retains the TAP tag with the
vector. Then, a 5.1-kb NruI-NarI fragment from pIV223 was blunt ended and
cloned in the appropriate orientation to generate pIV230. Finally, the aforemen-
tioned XbaI-restricted PCR product was cloned into XbaI-restricted pIV230.
pTAPC111-NPA2 is one candidate in the appropriate orientation.

pRS414-NPA2 was obtained by cloning a blunt-ended 5.1-kb SphI-BbeI frag-
ment from pIV223 into the SmaI site of pRS414 (87).

The plasmid YCplac22-NOP8-HA was constructed by cloning a ca. 2.3-kb
EcoRI-HindIII fragment from pHAC111-NOP8 (pDK646; a generous gift from
D. Kressler) into the EcoRI-HindIII-restricted YCplac22 plasmid (87).

pHAC111-NPA1 was constructed by cloning of a 5.9-kb ApaI-NsiI blunt-
ended fragment from pIV222 (78) into SmaI-restricted pHAC33 (a gift from M.
Hall). One candidate in the appropriate orientation, pIVN1-HA, was selected.
Then a PCR was performed using YCplac111-NPA1 as a template and the
oligonucleotides NPA1StuIUP and NPA1StopLO (78). The PCR product was
digested with StuI and BamHI and ligated into pIVN1-HA restricted with the
same enzymes. pHAC33-NPA1 is a correct candidate of this cloning. PHAC111-
NPA1 was obtained after subcloning of a 6.6-kb PvuII fragment of pHAC111-
NPA1 into SmaI-restricted YCplac33 plasmid.

YCplac33-RSA3-eGFP and YCplac22-HA-DBP7 were generous gifts from D.
Kressler. YCplac22-HA-DBP9 and pRS414-HA-DBP6 have been previously de-
scribed (11). pHAC33-RSA3 has also been previously reported (16).

Construction of a GAL::ZZ-NPA2 allele and in vivo depletion of Npa2p. Strain
YH378 (GAL::ZZ-NPA2) was obtained as follows. A gene cassette flanked on
the 5� side by a segment of the NPA2 promoter and on the 3� side by the 5� end
of the NPA2 ORF and containing the HIS3 gene marker and the GAL10 pro-
moter followed by the ZZ tag sequence was PCR amplified using plasmid pTL27
(61) and oligonucleotides pGAL-YJR041C1 (5�-AGAGGGCACTTGGTCACA
ACTACAGAATTGTTTACTAGCATAGGAACATCCTCTTGGCCTCCTCT
AGT-3�) and pGAL-YJR041C3bis (5�-TTTCGACAAATCTTGGGCATTGTC
TGGGATAGATAGTTCTTCTGTAAGATCACCCATATTCGCGTCTACTT
TCGG-3�). This cassette was integrated into strain YDL402 (61), creating strain
GAL::ZZ-NPA2.

For in vivo depletion, the GAL::ZZ-NPA2 strain was grown in YPGal�Suc
(1% yeast extract, 2% peptone, 2% galactose, 4% sucrose) medium at 30°C until
reaching the midexponential phase (optical density at 600 nm [OD600], 0.8). Cells
were harvested, washed, and used to inoculate cultures in YPD (1% yeast
extract, 2% peptone, 2% glucose) medium. Cell growth was monitored over a
period of 30 h, during which the cultures were regularly diluted into fresh YPD
medium to maintain exponential growth. As a control, the wild-type YDL402
strain was used. At different time points, samples were collected to perform
protein and RNA extractions and polysome analysis.

Fluorescence microscopy. Strain IVY317 [YCplac111-NPA2] was transformed
with YCplac33-NPA2eGFP followed by plasmid segregation on SD-Ura plates.
This strain grows at the same rate as a wild-type strain.

For localization, IVY317 [YCplac33-NPA2eGFP] was first transformed with
pUN100-DsRedNOP1 (kindly provided by J. Bassler). Then, several transfor-
mants were grown to mid-log phase in SD-Leu-Ura liquid medium at 30°C,
washed, and resuspended in water. Acquisition was performed using a Leica
DMR microscope equipped with a DC camera following the instructions of the
manufacturer. Digital images were processed with Adobe Photoshop 7.0 (Adobe
Systems).

Sucrose gradient centrifugation. Polysome and r-subunit preparation and
analyses were performed as previously described (56). Gradient analysis was
performed with an ISCO UA-6 system with continuous monitoring at A254.
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Analyses of proteins and pre-rRNAs from gradient fractions were carried out
exactly as previously described (15).

Synthetic interaction crosses. To determine synthetic lethal or enhancement
interactions, crosses involving the npa2-1 or the npa1-1 mutant and selected
mutants affecting assembly of 60S r-subunits were performed. Information on the
crosses can be found in the supplemental material.

Antibodies and Western blotting. Rabbit anti-protein A antibodies were pur-
chased from Sigma and HA.11 monoclonal antibodies from Covance. Rabbit
polyclonal anti-Has1p antibodies have been previously described (26). Anti-
Nog2p antibodies were a gift from M. Fromont-Racine (81). Anti-Nop1p anti-
bodies (MCA-28F2) were obtained from EnCor Biotechnology. Anti-Nop7p
antibodies were a gift from B. Stillman (24). Anti-Rpl3p monoclonal antibodies
were a gift from J. Warner (102). Anti-Rpl12p and anti-Rpp0p were a gift from
J. P. G. Ballesta (9). Anti-Rsp8p was a gift from G. Dieci (67). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting
were performed following standard procedures (79). Antibody binding was de-
tected with horseradish peroxidase-conjugated secondary antibodies (Bio-Rad)
and a chemiluminescence system (Pierce).

RNA extractions, Northern hybridization, and primer extension. RNA extrac-
tion, Northern hybridization, and primer extension analyses were carried out
according to standard procedures (99). In all experiments, RNA was extracted
from samples corresponding to 10 OD600 units of exponentially grown cells and
5 or 2.5 �g was loaded in gels or used in primer extension reactions. Sequences
of oligonucleotides used for RNA hybridization and primer extension analyses
have been described previously (20, 78).

Immunoprecipitations. Two liters of the appropriate cells were grown in YPD
or specific SD medium to an OD600 of 0.8 and then harvested. The cell pellets
were washed twice with cold water and frozen with liquid nitrogen. Frozen cell
pellets were broken with dry ice in a RM100 motorized mortar grinder (Retsch)
as previously described (84). Broken cells were resuspended in 2 ml of cold
IPP150 buffer (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1% Triton X-100)
plus 0.5 mM dithiothreitol, 0.2 mM EDTA (pH 8.0), 20% glycerol, and protease
inhibitors (Complete; Roche). Total cell extracts were obtained by centrifugation
at 20,000 � g in a 75VTi rotor (Beckman) for 1 h at 4°C. The supernatants were
used for immunoprecipitation or subjected to a second centrifugation at 180,000 �
g in the same rotor for 45 min at 4°C. The latter supernatants were named
ultracentrifuged extracts. Aliquots of 2 ml of total or ultracentrifuged extracts
were mixed with 200 �l of immunoglobulin G-Sepharose 6 Fast Flow (IgG-
Sepharose) beads (Amersham) and incubated for 2 h at 4°C with end-over-end
tube rotation. When indicated, the ultracentrifuged extracts were treated with
100 ng/ml RNase A before mixing with the IgG-Sepharose beads. After incuba-
tion, the beads were washed eight times with 1.5 ml of the same buffer at 4°C, the
IgG-Sepharose beads were collected, and the bound proteins were eluted with
900 �l 0.5 M acetic acid and concentrated by lyophilization. Total, nonbound and
bound proteins were separated on 6 and 12% SDS–PAGE gels and subjected to
Western blot analysis using the appropriate antibodies.

For the immunoprecipitation analysis (see Fig. 7), the protocols used were
those previously described in reference 63.

RESULTS

Isolation of npa2 mutants that exhibit a synthetic lethal
phenotype with the rsa3 null allele. We have previously iden-
tified a genetic network of interaction between Dpb6p, Dbp7p,
Dbp9p, Rpl3p, Nop8p, and Rsa3p (16). More recently, we
have extended the genetic network by performing a synthetic
lethal (sl) screening with the rsa3 null allele (78). This screen-
ing confirmed the interactions between RSA3 and DBP6,
DBP9, RPL3, and NOP8 and revealed additional interactions
with alleles of NPA1 (78). Two sl mutants, the sl3-4 and sl2-3
strains, remained uncharacterized (see Materials and Meth-
ods). To identify the corresponding mutated genes, we first
transformed the sl3-4 strain with a yeast genomic library and
recovered the library plasmid of the sole colony that grew as
the wild-type strain at 30°C and lost the sl phenotype (restored
red-white sectoring and growth on 5-fluoroorotic acid [5-FOA]).
Sequence and subcloning analysis of the insert showed that ORF
YJR041C, which we named NPA2, corresponds to the gene de-

fined by the sl3-4 mutation. NPA2 also complemented the sl
phenotype of the sl2-3 strain.

To isolate the sl mutation from the sl3-4 mutant, hereafter
npa2-1, we crossed this strain to an isogenic wild-type strain,
W303-1A; the resulting diploid was sporulated and tetrads
were dissected. In all complete tetrads, two sg spore clones
were obtained. For further analyses, the meiotic segregants
IVY255 and IVY251 were selected (see Table S1 in the sup-
plemental material). Further genetic analysis confirmed that
the npa2-1 mutation is linked to the NPA2 gene (data not
shown). Figure 2 shows that the npa2-1 mutation confers a sg
phenotype and causes lethality in combination with the rsa3
null allele. The sg phenotype of npa2-1 is enhanced at 37°C
(data not shown).

Npa2p is an essential protein that localizes in the nucleolus.
NPA2 is an essential gene that encodes a relatively large pro-
tein of 1,147 amino acids (135.2 kDa). A detailed sequence
analysis revealed no obvious protein motifs for Npa2p, but its
first 748 amino acids have a predicted structure related to
proteins of the HEAT-repeat family (Yeast Resource Center
Informatics Platform; http://www.yeastrc.org) (45). We also
found an IMP dehydrogenase-GMP reductase domain be-
tween amino acids 520 and 855 (InterProScan; http://www.ebi
.ac.uk/InterProScan), although the biological relevance of this
finding is unclear. Searches in the preribosomal network (http:
//pre-ribosome.de) (68) found Npa2p associated with early pre-
60S particles. Moreover, Npa2p has been described to be re-
quired for pre-rRNA processing (70, 74) and it has been found
by some of us as a component of a very early pre-60S parti-
cle(s) containing Npa1p-TAP (19).

For a first hint of the function of Npa2p, we determined its
subcellular localization. To do this, we constructed a C-termi-
nal green fluorescent protein-tagged NPA2 allele expressed
under the control of its cognate promoter (see Materials and
Methods). The resulting strain was further transformed with
pUN100-DSRed-NOP1, which expressed DsRed-tagged Nop1p

FIG. 2. The npa2-1 mutation confers a slow growth phenotype and
is synthetically lethal with the rsa3 null allele. Strains IVY251 (npa2-1),
carrying the plasmid YCplac33-NPA2, and YMD3-2D (�rsa3) were
crossed, the resulting diploid was sporulated, and tetrads were dis-
sected. Complete tetrads were streaked on YPD plates and restreaked
on 5-FOA-containing plates to counterselect YCplac33-NPA2. A rep-
resentative tetratype tetrad is shown on a YPD plate (top half) or on
a 5-FOA containing plate (bottom half). Plates were incubated at 30°C
for 4 days.
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(35). We detected the green fluorescence of Npa2p-green fluo-
rescent protein in the nucleolus, since it mostly colocalized with
the red signal of DsRed-Nop1p (see Fig. S1 in the supplemental
material). Our results are in full agreement with those of Huh
et al. (50) and consistent with a role of this protein in ribosome
biogenesis.

Mutation or depletion of Npa2p leads to a deficiency in 60S
r-subunits. To investigate the role of Npa2p in ribosome bio-
genesis, we first analyzed polysome profiles of npa2-1 and
NPA2 isogenic strains. For the NPA2 strain, we detected a
typical wild-type profile (Fig. 3A). For the npa2-1 strain, we
detected a deficit of free 60S versus 40S r-subunits, an overall
decrease in the level of 80S ribosomes, and an accumulation of
half-mer polysomes (Fig. 3B). We also performed polysome
profile analysis upon depletion of Npa2p. For this, we first
constructed a conditional GAL::ZZ-NPA2 strain (YH378),
which contains the NPA2 gene under the control of the GAL10
promoter (see Materials and Methods). In galactose-sucrose
containing medium, the GAL::ZZ-NPA2 strain had the same
growth behavior as the otherwise isogenic strain, indicating
that the GAL::ZZ-NPA2 allele is fully functional. As expected,
only residual growth of the GAL::ZZ-NPA2 strain was ob-
served on glucose-containing plates (see Fig. S2 in the supple-

mental material). After a shift from galactose-sucrose to glu-
cose-containing liquid medium, the growth rate of the
GAL::ZZ-NPA2 strain remained similar to that of the wild-
type strain during at least the first 6 h but then progressively
decreased to a doubling time of �8 h after 30 h, as compared
with the 2 h doubling time for YDL402. A concomitant deple-
tion of Npa2p was observed by Western blotting (see Fig. S2 in
the supplemental material). The GAL::ZZ-NPA2 strain and its
isogenic wild-type counterpart (YDL402) were grown at 30°C
in medium containing galactose and sucrose as a carbon source
and then shifted to glucose-containing medium for 6, 12, and
24 h. Extracts were prepared at the different time points, and
polysome profiles were analyzed. Wild-type profiles were ob-
tained for both strains in galactose-sucrose medium and for
YDL402 at any time after the shift (Fig. 3C and data not
shown). In similarity to the npa2-1 mutant results, the Npa2p-
depleted strain displayed a deficit in 60S r-subunits. This deficit
was observed after 6 h and became more pronounced after 12
and 24 h in glucose-containing medium (Fig. 3D to F). These
results show clearly that Npa2p is required for 60S r-subunit
accumulation.

Npa2p is required for normal pre-rRNA processing. To
determine whether the deficit in 60S r-subunits in the npa2
mutant strains is associated with defects in pre-rRNA process-
ing, we analyzed the steady-state levels of pre- and mature
rRNA species by Northern blotting and primer extension.
First, total RNA was isolated from the GAL::ZZ-NPA2 and
the isogenic NPA2 strain at various time points after transfer
from galactose-sucrose to glucose-containing medium and an-
alyzed by Northern hybridization. As shown in Fig. 4, a signif-
icant decrease in levels of mature rRNAs was observed after
depletion of Npa2p. The 35S pre-rRNA and the aberrant 23S
(that extends from �1 to site A3) and 21S (that extends from
site A1 to site A3) pre-rRNA species slightly accumulated, with
ongoing depletion compared to result seen with the wild-type
strain in glucose medium. These accumulations are likely due
to delayed processing at site A2 and to a lesser extent at sites
A0 and A1. Probably in part as a consequence of the A2 cleav-
age delay, the levels of the 20S and the 27SA2 precursors were
significantly affected. Importantly, there was a drastic reduc-
tion in the levels of the 27SB pre-rRNA species but a less
pronounced reduction of 7S pre-rRNAs (Fig. 4A to B). Finally,
we detected mild accumulation of an aberrant A2-C2 fragment
at early time points of depletion, which suggests that depletion
of Npa2p allows premature cleavage of 27SA2 pre-rRNA at
site C2.

In order to discriminate between the 27SA2 and 27SA3

pre-rRNAs, distinguish between the 27SBL and 27SBS pre-
rRNAs, and detect the 25.5S pre-rRNA species, we per-
formed primer extension analyses. As shown in Fig. 4C, the
quantities of the cDNAs terminating at sites A3, B1L, and
B1S and to a lesser extent those terminating at site A2 were
found to be significantly decreased upon depletion of
Npa2p. Moreover, primer extension analysis through site C2

showed a clear reduction in the level of the 25.5S pre-rRNA
upon depletion of Npa2p.

Pre-rRNA processing was similarly affected in the npa2-1
mutant after a shift for 9 h to 37°C. The 35S and 23S pre-
rRNAs accumulated, the levels of the 20S and 27SA precursors
were reduced markedly, and the levels of the 7S pre-rRNA,

FIG. 3. The npa2-1 mutation and the depletion of Npa2p result in
a deficit in free 60S r-subunits and in the accumulation of half-mer
polysomes. W303-1B (NPA2) (A) and IVY251 (npa2-1) (B) strains
were grown in YPD at 30°C. Strain YH378 (GAL::ZZ-NPA2) was
grown at 30°C in YPGal�Suc (C) or shifted to YPD for 6 h (D), 12 h
(E), and 24 h (F). Cells were harvested at an OD600 of 0.8, and cell
extracts were resolved in 7% to 50% polysome sucrose gradients. The
A254 was continuously measured. Sedimentation is shown from left to
right. The peaks of free 40S and 60S r-subunits, 80S free couples-
monosomes, and polysomes are indicated. Half-mers are labeled by
arrows.
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18S, and 25S rRNA were reduced mildly; however, no clear
alteration in the levels of 5.8S and 5S was detected (data not
shown).

Altogether, our results suggest that the deficit in 60S
r-subunit levels upon depletion or mutation of Npa2p is a
consequence of impaired formation of the 27S precursors,
thus leading to decreased levels of the mature 25S and 5.8S
rRNAs. The phenotypes discussed above are most likely due
to improper early assembly and instability of early pre-60S
r-particles.

Npa2p is a component of preribosomal particles containing
27SA2 pre-rRNA. We previously showed that Npa2p is associ-
ated with Npa1p, itself predominantly present within very early
pre-60S r-particle(s) (19). This finding suggested that Npa2p is
also a component of such particles. To confirm this inference,
we first analyzed the sedimentation behavior of the Npa2p-
TAP fusion protein in low Mg2� sucrose density gradients.
This kind of gradient has proved very useful to study the
sedimentation of 60S preribosomal particles (15, 78, 93), which
are labile and partially dissociated when subjected to standard

polysome sucrose gradients (92) (see below). Strains express-
ing Npa2p-TAP grow normally, indicating that the tagged pro-
tein is functional (data not shown). As shown in Fig. 5A, most
Npa2p-TAP was found associated with high-molecular-mass
particles. We detected association with high-molecular-mass
particles for other proteins, including Dbp6p, Has1p, Npa1p,
Nop8p, and Rsa3p (Fig. 5A). All these factors, except Rsa3p,
have also been described as components of the Npa1p-TAP
purified particle(s) (19). Northern hybridization showed that
the maximum of the peak of Npa2p-TAP coincides with the
peak of the 27SA2 pre-rRNA (Fig. 5B).

We also performed coimmunoprecipitation experiments
with Npa2p-TAP and nontagged control strains and analyzed
coprecipitated RNAs by Northern hybridization and primer
extension. As is consistent with the previous published data for
Npa1p-TAP (19), by far the most efficiently coprecipitated
pre-rRNA with Npa2p-TAP was the 27SA2 pre-rRNA (Fig. 6A
and B). A small fraction of 35S pre-rRNA could also be co-
precipitated (Fig. 6B). The 27SB and 7S precursors were pre-
cipitated only at background levels, and no significant precip-

FIG. 4. Effects of Npa2p depletion on steady-state levels of pre-rRNAs and mature rRNAs. Strains YDL402 (NPA2) and YH378
(GAL::ZZ-NPA2) were grown in YPGal�Suc medium and then shifted to YPD medium. Cells were harvested at the indicated times, and total
RNA was extracted. (A) Equal amounts of total RNA (5 �g) were resolved on a 1.2% agarose–formaldehyde gel, transferred onto a nylon
membrane, and hybridized consecutively with different probes. (B) Equal amounts of total RNA (2.5 �g) were resolved on a 7% polyacrylamide–
urea gel, transferred onto a nylon membrane, and hybridized consecutively with different probes. (C) Equal amounts of total RNA (5 �g) were
used for primer extension analysis. Probe g was labeled and used for the reactions. Note that this probe allows detection of 27SA2 (as the stop at
site A2), 27SA3 (as the stop at site A3), both 27SBs (as stops at sites B1L and B1S), and 25.5S (as the stop at site C2). Probe names are indicated
between parentheses (see Fig. 1 for their locations in the 35S pre-rRNA). Signal intensities were measured by scanning, and values obtained
(indicated below each lane) were normalized to those obtained for the wild-type strain grown in galactose-sucrose medium, arbitrarily set at 100.
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itation was seen for the snRNA U4, which was used as a
negative control (Fig. 6).

We conclude that Npa2p is a specific component of a very
early pre-60S ribosomal particle(s).

Synthetic lethality with npa1 and npa2 alleles (genetic part-
ners of Npa2p). To obtain more details about the function of
Npa2p, we have tested the synthetic interaction relationships
between the npa2-1 mutant and the set of mutants that show
genetic interaction with the rsa3 null allele (78). These mutants
map in genes for the 60S r-subunit assembly factors Dbp6p,
Dbp7p, Dbp9p, Nop8p, and Npa1p and the 60S r-subunit pro-
tein Rpl3p (16, 78). As a specificity control, we selected Spb4p,
since we had previously shown that there is no synthetic inter-
action between the spb4-1 mutant and mutant alleles of DBP6,
DBP7, or RSA3 (16, 78). As additional controls, we selected
different has1 alleles, two nop4 mutants, and the dbp3 and nop6
null alleles (see Table S1 in the supplemental material). Has1p,
Nop4p, and Dbp3p are 60S r-subunit biogenesis factors that
have been described as components of the Npa1p-TAP puri-
fied particle(s) (19). Nop6p is a predicted 60S r-subunit bio-

genesis factor which was found associated with Npa2p in a
large-scale affinity purification study (47).

As a result, we detected synthetic interaction only between
npa2-1 and mutant alleles of DBP6, DBP7, DBP9, NOP8,
RSA3, and RPL3 but not with npa1-1 (Fig. 7). In addition, none
of the combinations of npa2-1 with the tested has1 and nop4
alleles, the spb4-1 mutant, or the dbp3 and nop6 null alleles
showed synthetic interaction (Fig. 7). Interestingly, when sim-
ilar sl analyses were performed with the npa1-1 mutant, we
found identical results: the npa1-1 showed synthetic interaction
only with mutant alleles of DBP6, DBP7, DBP9, NOP8, RSA3,
and RPL3 (Fig. 7). The specific genetic interactions between
Npa2p or Npa1p and Dbp6p, Dbp7p, Dbp9p, Nop8p, Rsa3p,
and Rpl3p strongly suggest that all these proteins functionally
interact during early assembly of 60S r-subunits.

Npa2p forms a complex with other trans-acting factors in-
volved in early steps of 60S r-subunit biogenesis (protein part-
ners of Npa2p). We next asked whether the set of proteins that
genetically interact with Npa2p are also able to interact phys-
ically. For this purpose, we first analyzed the sedimentation

FIG. 5. Npa2p is present in large complexes, most likely pre-60S r-particles. Total cell extracts were obtained from IVY317 (Npa2p-TAP,
Has1p, Rpl3p), IVY325 (Npa1p-HA), IVY347 (HA-Dbp6p), IVY411 (Nop8p-HA), and IVY409 (Rsa3p-HA) cells following growth at 30°C.
About 15 A254 units of cell extract were resolved in 7% to 50% sucrose gradients containing a low concentration of Mg2� to dissociate ribosomes
into subunits. Sedimentation is shown from left to right. The sedimentation positions of 40S and 60S ribosomal subunits are indicated.
(A) Fractions were collected from the gradients, and proteins were extracted from the same volume of each fraction, resolved on 7% SDS–PAGE
gels, and subjected to Western blotting. The blots were decorated with specific antibodies detecting the proteins indicated. (B) RNA was extracted
from equal volumes of each fraction, resolved on a 1.2% agarose–formaldehyde gel, and transferred onto a nylon membrane. The same membrane
was hybridized with different probes. Probe names are indicated between parentheses. T stands for total extract, and numbers correspond to
fraction numbers.
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profile of Npa2p and other 60S r-subunit assembly factors on
polysome sucrose gradients. This kind of gradient has been
reported to allow dissociation of a number of pre-60S r-particle
components; thus, 27S precursors sediment more slowly than
25S rRNA (92) (see Fig. 8B).

As expected for a component of a pre-60S ribosomal parti-
cle, a fraction of Npa2p-TAP was present in large complexes
and cosedimented with 27SA pre-rRNA (Fig. 8A, lanes 12 to
15). However, most Npa2p was reproducibly detected in frac-
tions 6 and 7, where no pre-rRNAs are detected (Fig. 8A, lanes
6 and 7). Interestingly, we found a similar sedimentation pat-
tern for Dbp6p, Npa1p, Nop8p, and Rsa3p (Fig. 8A, lanes 6
and 7) and Dbp7p and Dbp9p (data not shown). A different
behavior was observed for Has1p, which is enriched in frac-
tions 11 to 13 containing 27SA2 pre-rRNA, and for Rpl3p,
which sedimented with the bulk of the 60S r-subunits and
ribosomes (Fig. 8). These results indicate that Npa2p, Dbp6p,
Dbp7p, Dbp9p, Nop8p, Npa1p, and Rsa3p are present in pre-
60S r-particles but that they can be released from them as a
complex(es) of low molecular mass.

To further analyze this small complex(es), we decided to
adopt the procedure described by Hughes and coworkers (59),
which allowed them to report the copurification of Npa2p with

FIG. 6. Npa2p interacts predominantly with the 27SA2 pre-rRNA. (A) Northern analysis of pre-rRNAs and mature rRNAs precipitated with
Npa2p-TAP or from extracts lacking a tagged protein. Precipitations were performed using IgG-Sepharose beads and total cellular extracts. RNA
was extracted from the pellets obtained after precipitation (lanes IP) or from an amount of total extract corresponding to 1/30 of that used for the
precipitation (lanes T). (B) Primer extension analysis of pre-rRNAs precipitated with Npa2p-TAP. Precipitation was performed as described for
panel A. (C) Northern analysis of snRNA U4 precipitated with Npa2p-TAP. Precipitation was performed as described for panel A. Signal intensity
was measured by phosphorimager scanning to derive the percentage of input RNA precipitated together with Npa2p-TAP (indicated below each
IP lane). bg, background value. Probe names are indicated between parentheses.

FIG. 7. Genetic partners of Npa2p. Solid lines represent synthetic
lethality, and dashed lines represent synthetic enhancement. This pa-
per shows the genetic interaction of npa2 and npa1 alleles, with mu-
tations in the genes coding the indicated proteins. Note that the ge-
netic network formed by Dpb6p, Dbp7p, Dbp9p, Nop8p, Rpl3p, and
Rsa3p has been previously described (78). See Materials and Methods,
Results, and the supplemental material for more details.
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Npa1p (70). Briefly, large complexes such as preribosomal
particles and r-subunits present in total extracts are pelleted by
a high-speed centrifugation step (180,000 � g for 45 min)
before precipitation of Npa2p-TAP and analysis of coimmu-
noprecipitating proteins (Fig. 9). When the high-speed centri-
fugation step was omitted, Dbp6p, Dbp7p, Dbp9p, Nop8p,
Npa1p, and Rsa3p were found associated with Npa2p-TAP
(Fig. 9). Neither Nog2p, Nop1p, nor Nop7p was found associ-
ated with Npa2p-TAP (data not shown). Rpl3p, Rpl12p, and
Rpp0p but not Rps8p were found associated with Npa2p-TAP
(Fig. 9 and data not shown). Interestingly, when the high-speed
centrifugation step was performed, only Dbp6p, Nop8p,
Npa1p, and Rsa3p were found associated with Npa2p-TAP.
Neither Dbp7p nor Dbp9p and the tested r-proteins copre-
cipitated with Npa2p-TAP (Fig. 9 and data not shown).
When the nontagged Npa2p strains were used as a control,
no coimmunoprecipitation was detected except for Rsa3p
from total cell extracts (Fig. 9). We suspect that Rsa3p has
some unspecific affinity for Sepharose supports. We con-
clude that Npa2p interacts intimately with Dbp6p, Nop8p,
Npa1p, and Rsa3p.

In order to test whether or not RNA mediates the interac-
tion between the factors discussed above, an RNase treatment
of the supernatant obtained following high-speed centrifuga-
tion of extracts was performed before immunoprecipitation.
As seen in Fig. 10, the interaction between Npa2p and Dbp6p,
Nop8p, Npa1p, and Rsa3p is kept even after RNase treatment.
We conclude that Npa2p is present in a stable heteromeric
subcomplex(es) with Dbp6p, Npa1p, Nop8p, and Rsa3p which
is independent of the presence of pre-rRNA.

To define better this subcomplex(es), gel filtration fraction-
ation of RNase-treated high-speed centrifuged extracts was
performed by chromatography through a Superose 6HR col-
umn and fractions were analyzed by Western blotting. As
shown in Fig. 11A, Npa2p-TAP reproducibly peaked in frac-
tions 24 to 28, with a maximum at fraction 26. This indicates
that Npa2p is present in a complex of about 550 to 600 kDa.
We also studied the elution patterns of Dbp6p, Nop8p, Npa1p,
and Rsa3p and found that a substantial proportion of all these
proteins coeluted with Npa2p-TAP (Fig. 11A). This was more
evident for Dpb6p and Npa1p, while Nop8p and Rsa3p were
eluted together in intermediate fractions. The combined mo-

FIG. 8. Npa2p, Npa1p, Dbp6p, Nop8p, and Rsa3p dissociate from preribosomes upon polysome gradient fractionation. Total cell extracts were
obtained from IVY317 (Npa2p-TAP, Has1p, and Rpl3p), IVY325 (Npa1p-HA), IVY347 (HA-Dbp6p), IVY411 (Nop8p-HA), and IVY409
(Rsa3p-HA) cells following growth at 30°C. About 15 A254 units of cell extract were resolved in 7% to 50% standard sucrose gradients for polysome
analysis. Sedimentation is shown from left to right. The peaks of 40S and 60S ribosomal subunits and 80S couples-monosomes are indicated. The
analysis of proteins (A) and RNA (B) from the gradients was performed as described in the legend of Fig. 5.
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lecular masses of Npa2p-TAP and its partner proteins yield a
mass of about 500 kDa, which is consistent with a heteromeric
nature of the Npa2p-containing complex. Some Dbp6p was
reproducibly eluted in fractions 30 to 32, indicating that Dpb6p
forms also a smaller complex of about 150 kDa which clearly
does not represent monomeric Dbp6p. Some Npa2p-TAP
eluted at a position close to the void volume (fraction 16), thus
corresponding to a complex of about 1 MDa. This presumably
represents the population of Npa2p that it is complexed with
the above-mentioned protein partners and fragments of pre-
rRNA that are broken during the high-speed ultracentrifuga-
tion. Indeed, when the treatment with RNase is avoided after
high-speed ultracentrifugation, most Npa2p is detected in frac-
tion 16. Under these experimental conditions, most Dbp6p,
Nop8p, Npa1p, and Rsa3p coeluted with Npa2p (Fig. 11B).
We suggest that this 1 MDa subcomplex corresponds to the
light peak containing Npa2p that is detected upon polysome
sucrose gradient fractionation (Fig. 8A, fractions 6 and 7).
Interestingly, part of Dbp6p was still eluted in fractions 30 to
32, indicating that the existence of this Dbp6p subcomplex of
150 kDa is independent of the presence of RNA (Fig. 11B).

We conclude that Npa2p can be released from early pre-60S
r-particles as a �1 MDa complex that contains RNA. An
RNase treatment allows the identification of a smaller stable
complex of 550 to 600 kDa that contains at least Npa2p,
Dbp6p, Nop8p, Npa1p, and Rsa3p.

FIG. 10. Coimmunoprecipitation (co-IP) of Dbp6p, Npa1p, Nop8p,
and Rsa3p with Npa2p is independent of RNA. Strains IVY317 (Npa2p-
TAP), IVY325 (Npa1p-HA), IVY347 (HA-Dbp6p), IVY411 (Nop8p-
HA), and IVY409 (Rsa3p-HA) harboring a NPA2-TAP construct were
grown at 30°C to mid-log phase. Cells were broken in a mortar grinder
and processed as ultracentrifuged extracts as described in Materials and
Methods. Half of each extract was treated with 100 ng/ml RNase A for 1 h
at 4°C, and both treated and untreated extracts were then subjected to
immunoprecipitation (IP) with IgG-Sepharose beads. Precipitated pro-
teins were analyzed as described in the legend of Fig. 9.

FIG. 9. Coimmunoprecipitation (co-IP) of Dbp6p, Npa1p, Nop8p, and Rsa3p with Npa2p. Strains IVY317 (Npa2p-TAP and Rpl3p), IVY325
(Npa1p-HA), IVY347 (HA-Dbp6p), IVY411 (Nop8p-HA), IVY409 (Rsa3p-HA), IVY422 (HA-Dbp7p), and IVY423 (HA-Dbp9p) harboring an
NPA2-TAP construct (Npa2p-TAP strains) or the untagged NPA2 gene (Npa2p strains) on a plasmid were grown at 30°C to mid-log phase. Cells
were broken in a mortar grinder and processed as total or ultracentrifuged extracts by centrifugation as described in Materials and Methods.
Extracts were then subjected to immunoprecipitation (IP) with IgG-Sepharose beads. Totals of 0.25% of extract (T), 0.25% of unbound proteins
(U), and 1/8 of the immunoprecipitated fraction (IP and co-IP) were subjected to SDS-PAGE and then analyzed by Western blotting using specific
antibodies to detect the different proteins.
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DISCUSSION

To identify proteins that function together with the putative
RNA helicase Dbp6p in the synthesis of 60S r-subunits, we
screened for mutations that are sl with the rsa3 null allele,
which is in turn sl with selected dbp6 alleles (16). We have
characterized in detail the proteins corresponding to most sl
mutations that are the 60S r-subunit biogenesis factors, Dbp7p,
Dbp9p, Nop8p, Npa1p, Rsa3p, and the 60S r-protein Rpl3p
(78). The data presented here establish that alleles of the
NPA2/URB2 gene are also sl with rsa3.

We demonstrate that Npa2p is an early-acting nucleolar
component of the 60S r-subunit synthesis machinery. Inactiva-
tion of Npa2p in the npa2-1 mutant or depletion of Npa2p
results in a net deficit in 60S r-subunits. This is due to a strong
deficit in the steady-state levels of 27SA2 pre-rRNA and its
pre-rRNA derivatives 27SB, 7S, and 25.5S, resulting in greatly
diminished levels of mature 25S and 5.8S rRNAs. It seems
likely that in the absence of Npa2p assembly of early pre-60S
r-particles does not occur properly and therefore that 27SA2

pre-rRNA is efficiently degraded. An aberrant A2-C2 fragment
accumulated, suggesting that improper assembly of early pre-
60S r-particles also allows premature processing of the 27SA2

pre-rRNA fragment at site C2. Accumulation of the A2-C2

fragment has been previously observed in Ssf1p- and Npa1p-
depleted cells and in the cic1-2 and npa1-1 mutants at 37°C (19,
28, 30, 78). In addition, mutation or depletion of Npa2p leads
to mild accumulation of 35S pre-rRNA and appearance of
aberrant 23S pre-rRNA. This is due to delayed processing at
sites A0 to A2, which is frequently observed in most strains
deficient for 60S r-subunit accumulation and is most likely the
consequence of the lack of proper recycling of trans-acting
factors involved in pre-rRNA processing at these sites (34; for
further discussion, see reference 101). Mutations or depletion
of Dbp6p (56), Dbp7p (12), Dbp9p (11), Nop8p (108), Rsa3p
(16, 78), Npa1p (78), and Rpl3p (I. V. Rosado, unpublished
results) leads to pre-rRNA processing defects very similar to
those of the npa2-defective strains. We believe that Npa2p is a
member of a subset of 60S r-subunit assembly factors that
operate together, mediating similar structural changes in early
66S preribosomal particles. In agreement with this hypothesis,
we found that an Npa2p-TAP construct associates primarily
with early 66S preribosomal particles containing 27SA2 pre-
rRNAs. A lesser amount of 35S pre-rRNA copurifies with
Npa2p-TAP, which is consistent with a role of Npa2p in an

FIG. 11. Npa2p forms a discrete complex of about 600 kDa. Strains IVY317 (Npa2p-TAP), IVY325 (Npa1p-HA), IVY347 (HA-Dbp6p),
IVY411 (Nop8p-HA), and IVY409 (Rsa3p-HA) harboring a NPA2-TAP construct were grown at 30°C to mid-log phase. (A) Cells were broken
in a mortar grinder, processed as ultracentrifuged extracts as described in Materials and Methods, and treated with 100 ng/ml RNase A for 1 h
at 4°C. Extracts were then subjected to gel filtration chromatography through a Superose 6 HR column. Fractions were collected and subjected
to SDS-PAGE and Western blotting using specific antibodies to detect the different proteins analyzed. T, total loaded extract; numbers correspond
to fraction numbers. Arrows indicate elution positions of molecular mass standards. (B) Gel filtration analysis of ultracentrifuged extracts not
treated with RNase.
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earlier assembly step. The lack of association with 27SB pre-
rRNAs may reflect the fact that Npa2p dissociates from early
66S preribosomal particles upon 27SA pre-rRNA processing.
This idea is further supported by the fact that Nog2p, which
associates with pre-60S r-particles after 27SB pre-rRNA is
generated (81), does not coimmunoprecipitate with Npa2p
(data not shown). Attempts to explore the pre-rRNAs associ-
ated with Dbp6p have so far failed (J. de la Cruz, unpublished
data; see also reference 16), and analysis of the RNAs associ-
ated with Dbp7p, Dbp9p, Nop8p, or Rsa3p has not yet been
performed. Npa1p has a pattern of association to pre-60S
particles similar to that of Npa2p (19). Moreover, Dbp6p,
Dbp7p, Dbp9p, and Nop8p are also stably associated with the
Npa1p-containing particle (19), and comparisons with selected
purified pre-60S r-particles strongly suggest that at least
Dbp7p, Dbp9p, and Nop8p may dissociate from these particles
following 27SA pre-rRNA processing (68, 72, 81).

The hypothesis of functional associations between Npa2p
and Dbp6p, Dbp7p, Dbp9p, Nop8p, Npa1p, Rsa3p, and Rpl3p
is further supported by our genetic data that show synthetic
lethality or enhancement in interactions between Npa2p or
Npa1p and the rest of the above-named proteins. This clearly
reflects specific functional interactions rather than mere cumu-
lative effects on diminishing 60S r-subunit levels. Indeed, pre-
vious studies indicate that most combinations of double mu-
tants with 60S r-subunit deficiency do not result in lethality (for
examples, see references 1, 16, and 57). Moreover, the npa2
and npa1 mutations are not sl with mutants in other 60S r-
subunit biogenesis factors such as Dbp3p (105), Has1p (26),
Nop4p (88), and Spb4p (15).

Our data show that Dbp6p, Dbp7p, Dbp9p, Nop8p, Npa1p,
and Rsa3p and r-protein Rpl3p, Rpl12p, and Rpp0p are effi-
ciently immunoprecipitated with tagged Npa2p from total cell
extracts while Nog2p, Nop1p, Nop7p, and Rps8p are not. This
result, together with that of the similar sedimentation patterns
of Dbp6p, Dbp7p, Dbp9p, Npa1p, Nop8p, and Rsa3p factors in
r-subunit sucrose gradients, strongly suggests that all these
proteins exist within early 66S preribosomal particles. Interest-
ingly, Dbp6p, Nop8p, Npa1p, Npa2p, and Rsa3p were found in
fractions near the top of polysome sucrose gradients, suggest-
ing that these factors may dissociate from early 66S preribo-
somal particles during polysome fractionation. Consistent with
this idea, we found that Dbp6p, Nop8p, Npa1p, and Rsa3p
were still efficiently immunoprecipitated with tagged Npa2p
from high-speed supernatants. This result confirms the data by
Mnaimneh et al. (70), who reported an Npa1p-Npa2p interac-
tion, and extends the list of partners to Dbp6p, Nop8p, and
Rsa3p. In addition, it suggests that all these proteins could be
organized in a discrete subcomplex. One important observa-
tion is that this subcomplex contains RNA, most likely in the
form of fragments of 27SA pre-rRNA. However, the integrity
of the subcomplex is RNA independent, since the interaction is
not disrupted even after an exhaustive RNase treatment. Gel
filtration chromatography of RNase-treated high-speed super-
natants further revealed that the Npa2p-containing subcom-
plex has an apparent molecular mass of about 550 to 600 kDa
and that substantial amounts of Dbp6p, Nop8p, Npa1p, and
Rsa3p were eluted together with Npa2p, which strengthens the
hypothesis that these four proteins are components of the
complex. We also found Dbp6p in a smaller complex of about

150 kDa. Further studies are required to define the nature of
this smaller complex. We conclude that Dbp6p, Nop8p, Npa1p,
Npa2p, and Rsa3p define both a structural and functional
subcomplex involved in 60S r-subunit biogenesis. Our results
are consistent with the recent data from a genome-wide char-
acterization of yeast protein complexes (38). Thus, when we
make use of the informatic tool described in that reference to
analyze core components of protein macrocomplexes (see http:
//yeast-complexes.embl.de), we find Npa2p in the same net-
work as Dbp6p, Nop8p, Npa1p, and Rsa3p among other most
likely unrelated proteins such as Arg1p, Leu4p, Leu9p, and
Pcr1p. Neither Gavin et al. nor we have found evidence for a
genetic or physical interaction of the Npa2p-containing sub-
complex with Nip7p (reference 38 and data not shown). Nip7p
is a nucleolar 60S r-subunit biogenesis factor (109) which has
been described as interacting with Nop8p, as determined by
two-hybrid analysis and coimmunoprecipitation experiments
using total cell extracts (108). Consistent with a lack of func-
tional relationship between the Npa2p-containing subcomplex
and Nip7p, the deficiency of Nip7p leads to a delayed process-
ing of 27SB pre-rRNA species instead of instability of 27SA2

pre-rRNA (109).
The specific sl interactions between rpl3 alleles and mutants

in all components of the Npa2p-containing subcomplex,
Dbp7p, and Dbp9p may result from the fact that these factors
are required for the efficient assembly of Rpl3p into early 66S
preribosomal particles. The Npa2p-containing complex,
Dbp7p, and Dbp9p could allow dissociation of Rpl3p from
Rrb1p, which has been proposed to function as the chaperone
for free Rpl3p prior to or during its loading onto pre-60S
r-subunits (51, 83). In agreement with this model, the rrb1-TAP
allele, which displays a sg and a ts phenotype (83), is sl with
dbp6, dbp9, npa1, npa2, and nop8 alleles and enhances the
growth defect of dbp7 and rsa3 null alleles (I. V. Rosado and
J. de la Cruz, unpublished results). Both genetic and molecular
approaches are required to study properly how Rpl3p assem-
bles onto nascent 60S r-subunits.

Few additional low-molecular-mass complexes involved in
yeast ribosome biogenesis have been reported so far. In addi-
tion to snoRNPs, RNase P, and RNase MRP (for reviews, see
references 6 and 107), only a few other complexes have been
analyzed in depth: the exosome (for a review, see reference
69), the UTP A-C subcomplexes (59), the t-UTP complex (37),
the Erb1p-Nop7p-Ytm1p subcomplex (59, 66), the Arx1p-
Alb1p complex (64), and the Rix1p complex (36, 59). However,
subcomplexes are likely a common feature in ribosome bio-
genesis. This hypothesis is supported by the fact that many
r-subunit biogenesis factors fractionate near the top of poly-
some sucrose gradients. Throughout the literature, we have
found many examples of such factors, including Noc1p (67),
Nop53p (91), Rix7p (34), Rrp1p (49), Rcl1p (7), and Ssf1p
(28). Moreover, some of these complexes are conserved in
higher eukaryotes, such as the exosome (10) or the PeBoW
complex consisting of the proteins WDR12, Bop1, and Pes1,
which are the mammalian homologues of Ytm1p, Erb1p, and
Nop7p, respectively (48, 62). Regarding the Npa2p-containing
subcomplex, so far, recognizable mammalian homologues have
been identified for Nop8p and Npa1p (19, 85). Further work is
needed to determine whether mammalian Nop8p and Npa1p
interact with each other and putative mammalian homologues
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of Dpb6p, Npa2p, and Rsa3p. Moreover, the issue has to be
addressed of whether the Npa2p-containing subcomplex and
the complexes mentioned above exist independently of preri-
bosomes or only in the context of preribosomal particles.

In conclusion, we show that Npa2p is necessary for early
steps in the biogenesis of 60S r-subunits and present evidence
for a direct functional and physical interaction between 60S
r-subunit biogenesis factors Nop8p, Npa1p, Npa2p, and Rsa3p
and the putative RNA helicase Dbp6p. Recently, it has been
reported that the nucleolar protein Esf2p interacts directly
with the putative RNA helicase Dbp8p and that this interac-
tion substantially increases Dbp8p ATPase activity (42). Sim-
ilarly to Dbp8p, Dbp5p requires activation by Gle1p and ino-
sitol hexakisphosphate (2, 106) and eIF4A by eIF4B, eIF4H,
and eIF4F (77). Further studies are required to determine
whether or not Nop8p, Npa2p, Npa1p, and Rsa3p modulate
the in vivo and in vitro activities of Dbp6p.
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of ribosomal RNA in Saccharomyces cerevisiae, p. 257–270. In R. Martin
(ed.), Protein synthesis: methods and protocols, vol. 77. Humana Press,
Totowa, NJ.

100. Venema, J., and D. Tollervey. 1995. Processing of pre-ribosomal RNA in
Saccharomyces cerevisiae. Yeast 11:1629–1650.

101. Venema, J., and D. Tollervey. 1999. Ribosome synthesis in Saccharomyces
cerevisiae. Annu. Rev. Genet. 33:261–311.

102. Vilardell, J., and J. R. Warner. 1997. Ribosomal protein L32 of Saccharo-
myces cerevisiae influences both the splicing of its own transcript and the
processing of rRNA. Mol. Cell. Biol. 17:1959–1965.

103. Warner, J. R. 1999. The economics of ribosome biosynthesis in yeast.
Trends Biochem. Sci. 24:437–440.

104. Warner, J. R., and R. Soeiro. 1967. Nascent ribosomes from HeLa cells.
Proc. Natl. Acad. Sci. USA 58:1984–1990.

105. Weaver, P. L., C. Sun, and T.-H. Chang. 1997. Dbp3p, a putative RNA
helicase in Saccharomyces cerevisiae, is required for efficient pre-rRNA
processing predominantly at site A3. Mol. Cell. Biol. 17:1354–1365.

106. Weirich, C. S., J. P. Erzberger, J. S. Flick, J. M. Berger, J. Thorner, and K.
Weis. 2006. Activation of the DExD/H-box protein Dbp5 by the nuclear-
pore protein Gle1 and its coactivator InsP6 is required for mRNA export.
Nat. Cell Biol. 8:668–676.

107. Xiao, S., F. Scott, C. A. Fierke, and D. R. Engelke. 2002. Eukaryotic
ribonuclease P: a plurality of ribonucleoprotein enzymes. Annu. Rev. Bio-
chem. 71:165–189.

108. Zanchin, N. I. T., and D. S. Goldfarb. 1999. Nip7p interacts with Nop8p, an
essential nucleolar protein required for 60S ribosome biogenesis, and the
exosome subunit Rrp43p. Mol. Cell. Biol. 19:1518–1525.

109. Zanchin, N. I. T., P. Roberts, A. DeSilva, F. Sherman, and D. S. Goldfarb.
1997. Saccharomyces cerevisiae Nip7p is required for efficient 60S ribosome
subunit biogenesis. Mol. Cell. Biol. 17:5001–5015.

VOL. 27, 2007 Npa2p-CONTAINING SUBCOMPLEX 1221


