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Biogenesis of small nucleolar RNA-protein complexes (snoRNPs) consists of synthesis of the snoRNA and
protein components, snoRNP assembly, and localization to the nucleolus. Recently, two nucleoplasmic proteins
from mice were observed to bind to a model box C/D snoRNA in vitro, suggesting that they function at an early
stage in snoRNP biogenesis. Both proteins have been described in other contexts. The proteins, called p50 and
p55 in the snoRNA binding study, are highly conserved and related to each other. Both have Walker A and B
motifs characteristic of ATP- and GTP-binding and nucleoside triphosphate-hydrolyzing domains, and the
mammalian orthologs have DNA helicase activity in vitro. Here, we report that the Saccharomyces cerevisiae
ortholog of p50 (Rvb2, Tih2p, and other names) is required for production of C/D snoRNAs in vivo and,
surprisingly, H/ACA snoRNAs as well. Point mutations in the Walker A and B motifs cause temperature-
sensitive or lethal growth phenotypes and severe defects in snoRNA accumulation. Notably, depletion of p50
(called Rvb2 in this study) also impairs localization of C/D and H/ACA core snoRNP proteins Nop1p and
Gar1p, suggesting a defect(s) in snoRNP assembly or trafficking to the nucleolus. Findings from other studies
link Rvb2 orthologs with chromatin remodeling and transcription. Taken together, the present results indicate
that Rvb2 is involved in an early stage of snoRNP biogenesis and may play a role in coupling snoRNA synthesis
with snoRNP assembly and localization.

Synthesis of small nucleolar RNA protein complexes
(snoRNPs) occurs in several stages, which are almost certainly
overlapping (for recent summaries, see references 66 and 81).
The major phases include (i) synthesis of the snoRNA and
protein components, (ii) assembly of the snoRNP, and (iii)
movement of the particle to the nucleolar complex, perhaps
by way of Cajal bodies (22, 45, 54, 58). In metazoans, most
snoRNAs are derived from introns of protein genes, and all of
the assembly steps are believed to occur in the nucleoplasm. In
Saccharomyces cerevisiae, most snoRNAs are transcribed from
independent genes; however, a few are encoded in introns
(81). Processing of the pre-snoRNAs in yeast is coupled to
mRNA splicing (50, 53), and this situation likely pertains to
metazoans as well.

Successful progression of the snoRNA transcript through
each biosynthetic stage depends on the box C/D and H/ACA
sequences used to classify the two large families of snoRNPs
(see, e.g., references 8, 13, 14, 19, 27, 38, 39, 44, 45, 58, 64, and
79). In vivo function studies have shown that the binding of
proteins to the motifs defined by the box elements is essential
for proper processing of the snoRNA (end formation) and its
localization to the nucleolus, presumably as a nascent snoRNP
(reviewed in references 35, 66, and 81). Current models pro-
pose that protein binding to these motifs may be the first step

in snoRNP assembly. Notably, the box elements are also inti-
mately involved in the two types of nucleotide modification
reaction mediated by the snoRNPs, i.e., ribose methylation by
the C/D snoRNPs and pseudouridine formation by the H/ACA
snoRNPs (4–6, 18, 34, 47, 66).

The final list of factors involved in snoRNP synthesis and
function will probably be quite extensive. For example
snoRNA processing involves several nucleases, some of which
also participate in the processing of rRNA, other small RNAs,
and pre-mRNA (72; see also references 2, 15, 16, and 71). For
the snoRNP particles, four common proteins that are specific
for the C/D class and another four that are specific for the
H/ACA class have been identified. The core C/D proteins in
Saccharomyces cerevisiae include Nop1p, Nop56p, Nop58p,
and Snu13p (reviewed in references 35, 52, and 73; see also
references 19, 21, 36, 59, 68, 80, and 83). Orthologs of these
proteins have been demonstrated to exist in other species as
well, including humans (41, 59). Remarkably, several (but not
all) archaeal organisms contain C/D-like guide RNAs and
snoRNP-like proteins of both classes (20, 49, 77). In addition
to the common proteins, some snoRNPs such as U3 have
unique proteins (references 17 and 74 and citations therein).

The C/D snoRNP protein Nop1p is a strong candidate for a
snoRNP-based methyltransferase, as point mutations in a
methylase-like domain disrupt methylation of rRNA globally
(67, 76). The Snu13 protein was recently determined to bind
specifically to the C/D motif (80). Surprisingly, this protein,
known as 15.5 kDa in human cells (48), is also an integral
component of the U4/U6.U5-splicing snRNP (65) and binds to
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a C/D-like motif in U4 (75, 80). It remains to be seen if the
presence of Snu13/15.5 kDa in both snoRNPs and snRNPs
reflects a mechanistic link between splicing and snoRNP syn-
thesis or simply occurs by coincidence.

Proteins common to the H/ACA family of snoRNAs have
been characterized best in S. cerevisiae and include Cbf5p,
Gar1p, Nhp2p, and Nop10p (8, 23, 25, 37, 78). As for the C/D
core proteins, the H/ACA snoRNP proteins are also evolution-
arily conserved (54, 77). Cbf5p is almost certainly the universal
H/ACA-associated � synthase, based on the observation that
point mutations in known pseudouridine synthase motifs abol-
ish activity in vivo (84). Gar1p has RNA binding activity (6) but
is not known to be motif specific.

With the goal of discovering proteins that act early in
snoRNP biogenesis, one of our laboratories identified four
mouse proteins that associate with a model C/D snoRNA in
vitro (46). Two of the proteins are orthologs of yeast Nop56
and Nop58/Nop5p, which were originally identified by genetic
strategies (21). The other two proteins, called p50 and p55, are
novel and are related to each other at the levels of 42% identity
and 68% similarity (46). They are strongly conserved among
the Eukarya and many, but not all, Archaea; interestingly, the
Archaea contain a single ortholog. Each protein has distin-
guishing Walker A and B motifs, which suggest ATP/GTP
binding and nucleoside triphosphatase (NTPase) functions.
Additional sequence relatedness occurs with bacterial DNA
helicase RuvB in N- and C-terminal regions that together
comprise about 50% of the overall sequence (32). Neither
protein has been linked to snoRNAs previously; however, both
have been characterized in other contexts. Both proteins have
been reported to occur in the nucleoplasm (10, 40, 42, 46),
suggesting that they may play a role in an early stage of
snoRNP biogenesis.

Studies by others have implicated the novel snoRNA-related
proteins in chromatin remodeling and transcription through
association with components involved in those processes or
stimulation of gene expression (see Discussion). Most relevant
to the present study, the p50 and p55 proteins have been shown
to associate with each other in yeast and human cells (9, 31, 40,
57, 82) and proteins from rat and human cells exhibit DNA
helicase activities of opposite polarity in vitro (28, 31). Histor-
ically, the proteins were discovered independently by groups
studying different processes in different organisms. Accord-
ingly, they have several names. The mouse protein, called p50
in the previous snoRNA report, had not been described at that
time. Subsequent orthologs were identified and given an as-
sortment of names, including Tip49b (TATA-box binding pro-
tein [TBP]-interacting protein 49b), ECP-51 (erythrocyte cy-
tosol protein 51), TIP48 (trans-activation domain-interacting
protein 48), Reptin52 (repressing pontin 52), TAP54-� (Tip60-
associated protein of 54 kDa in humans), P47 (47-kDa pro-
tein), scTip49b (S. cerevisiae Tip49b), scRUVBL2 (S. cerevisiae
RUVBL2), Rvb2 (RuvB-like protein 2), and Tih2 (Tip49-ho-
mology protein 2) (9, 24, 28, 31, 40, 55, 57, 61, 82). The mouse
protein called p55 in the snoRNA binding study was first dis-
covered in rats and was called Tip49 (32). Orthologs of this
protein have since been reported as well, and various names
have been assigned including Tip49 (TBP-interacting protein
49), Pontin52 (Pont meaning bridge and 52 referring to kilo-
daltons), ECP-54 (erythrocyte cytosol protein 54), NMP238

(nuclear matrix protein 238), RUVBL1 (Ruv B-like protein 1),
TIP49 (transactivation domain interacting protein 49), TAP54-
alpha (Tip60-associated protein of 54 kDa), p50 (50-kDa pro-
tein), Tip49a (TBP-interacting protein 49a), scTip49a (S. cer-
evisiae Tip49a), scRUVBL1 (S. cerevisiae RuvB-like protein 1),
Rvb1 (RuvB-like protein 1), and Tih1 (Tip49 homology pro-
tein 1) (9, 10, 26, 28, 31, 33, 40, 55, 57, 61, 82). In this report,
which features the yeast p50 variant, we refer to the protein as
Rvb2p, as this is the name adopted in the S. cerevisiae Genome
Database. The mouse ortholog and other orthologs are re-
ferred to simply as p50.

To gain insight into the relationship of p50 with the
snoRNAs, we carried out a genetic study of the yeast protein.
Depletion and mutation analyses revealed an essential role in
the accumulation of the box C/D snoRNAs and, surprisingly,
the box H/ACA snoRNAs as well. Depletion also caused core
proteins from each snoRNP family to accumulate in the nu-
cleoplasm. Finally, point mutations revealed that snoRNA pro-
duction requires the phylogenetically conserved ATP/GTP-
binding and hydrolysis motifs. We discuss these results in the
context of the snoRNP literature and reports that link these
proteins with a variety of other processes.

MATERIALS AND METHODS

Gene replacement and tetrad analysis. The strains and plasmids used are
described in Table 1. The RVB2 coding sequence was replaced by transformation
of strain MH2-d with a PCR fragment containing the HIS3 gene from plasmid
YDp-H (11) flanked by 40 bp of sequence up- and downstream of the RVB2 open
reading frame (ORF). The disruption was confirmed by Southern blotting using
a 2.2-kb BamHI probe from pTK123 containing the RVB2 ORF and flanking
sequence. Yeast transformation, sporulation, and dissection were performed as
described previously (1).

Plasmid construction. The RVB2 gene was cloned by PCR amplification from
yeast genomic DNA using Vent polymerase (New England Biolabs) under con-
ditions recommended by the manufacturer. The primers were designed to am-
plify a 2.2-kb genomic region containing 500 bp of upstream and 300 bp of
downstream sequence flanking the RVB2 ORF. The oligonucleotide sequences
were as follows: upstream, GCGCGGATCCTTATCCCTAGTCAGTCGC;
downstream, GCGCGGATCCCTAGAGGCTCTGAATGAG. The amplified
RVB2 ORF was inserted into Yep24 and pRS314 to generate pTK123 and
pTK135, respectively. Subcloning the mouse p50 cDNA into the CT-GFP/
pCDNA 3.1 TOPO vector was performed as follows. The mouse p50 ORF was
amplified from cDNA by PCR using Taq polymerase according to conditions
recommended by Invitrogen. The primers were as follows: upstream, CCATCG
ATTGCATCATGGCAACCGTGG; downstream, GGGAGGTGTCCATTGTT
TCG. The PCR product was gel purified and inserted into the TOPO vector as
described in the green fluorescent protein (GFP) fusion cloning manual (Invitro-
gen).

Yeast Rvb2-GFP was generated in two steps. First pGFPCYC was constructed
by insertion of a 988-bp DNA fragment containing the GFP-UV ORF (Clontech,
Palo Alto, Calif.) and CYC-1 terminator into the PstI and NotI sites of PRS314.
Then, a PCR fragment containing the RVB2 gene and 509 bp of upstream
sequence was digested with KpnI and PstI and inserted into the KpnI/PstI sites of
pGFPCYC immediately upstream and in-frame with the GFP-UV ORF.

pGal-rvb2 was generated by cloning a BamHI/PstI-digested PCR fragment
containing the RVB2 gene into the BamHI and PstI sites of pRSY14. The PCR
product was amplified with primers with sequences ATTGGATCCATGTCGA
TTCAAACTAGTGATCCAAATG and GGTTCTGCAGTGCTGGCCAACT
GCTGCC using yeast genomic DNA as the template. pRSY14 was created by
cloning a SalI/AvrII-digested PCR product containing the GAL1 promoter, clon-
ing sites, and terminator from Invitrogen plasmid pYES2 into XhoI/SpeI-di-
gested pRS314 (63).

Fluorescence microscopy. Nop1p and Gar1p were localized in yeast as follows.
For Nop1p, wild-type (MH2-h) and GAL::rvb2 (YWD313) cells were grown to
early log phase in histidine-free or minimal complete medium, respectively, each
containing 2% raffinose and 2% galactose. After being washed in yeast nitrogen
base and incubated in minimal histidine-free medium containing 4% glucose for
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10 h, cells were fixed and processed for immunofluoresence as previously de-
scribed (12). Fluorescein isothiocyanate-conjugated anti-mouse Nop1p antibod-
ies were diluted 1/200 in phosphate-buffered saline containing 1% bovine serum
albumin (3). For Gar1p, the experimental and wild-type cells were transformed
with a plasmid expressing a Gar1-GFP fusion protein (62). Transformants were
processed as described above, except that growth was in medium lacking histi-
dine and uracil. In situ hybridization against U3 was performed as previously
described (58) with a Cy3-labeled oligonucleotide.

For localization of p50 in monkeys, COS-7 cells were transformed with a
mouse p50-GFP fusion under the control of a cytomegalovirus (CMV) promoter
(pTK147). Living cells were observed with fluorescence microscopy to visualize
GFP and with differential interphase contrast (DIC) to observe cell morphology.

RNA procedures. Steady-state levels of snoRNA were estimated by Northern
blotting or 5�-[32P]pCp labeling as described previously (7). For Northern blot-
ting, gel loading was adjusted to yield approximately equal quantities of tRNA in
each lane. RNAs were fractionated in agarose-formaldehyde or 8% acryl-
amide–7 M urea–Tris-borate EDTA gels. For pCp labeling, 1 �g of total RNA
was 3� end labeled with 5�-[32P]pCp as described elsewhere (7). Blots and dried
[32P]pCp gels were exposed to a Molecular Dynamics PhosphorImager screen
for 14 h. Oligonucleotides used for detecting snoRNAs were as follows: U3,
CATAGGATGGGTCAAGATCATCGCGCC; U14, CGATGGGTTCGTACT
CCTACCGTGG; U18, GTCAGATACTGTGATAGTC; snR37, GATAGTAT
TAACCACTACTG; snR8, CACTCGCGCAGCTACCGATCTGGGCCAATG
GGAGAC; snR46, CTTCCCTTTGGAAATCGGAAATTCAATGATATGCC
CTATGCCC; 5S RNA, AGGCTCTTACCAGCTTAACT; MRP RNA, AATA
GAGGTACCAGGTCAAGAAGC; snR35, GAACAAAATGATGATCTCTCC
GATGGACTTGACGC; snR41, GGGTTGTCGACATGTAGTTAAACCACT
ATTCAGTCGG; U24, GGTATGTCTCATTCGGAACTCAAAGTTCCATCT
GAAGTAGC; snR38, GAGAGGTTACCTATTATTACCCATTCAGACAGG
GATAACTG; snR48, GGAGAGTACTTAAACTTCACATCCTAACATTAG
AGATGCCAG; U5 (s,l), AAGTTCCAAAAAATATGGCAA; U6, AAAACG
AAATAAATCTCTTTGTAAAAC.

Antisense RNA probes for hybridization analyses were prepared by transcrip-
tion with T7 RNA polymerase in the presence of [�-32P]CTP. Probes were
constructed for RNase P, snR3, snR13, snR10, snR11, snR30, EF-1�, ASC1,

TEF4, RPS5, RPL32, and RPS26B RNAs. Hybridization was in a solution
containing 30% formamide, 5� SSPE (1� SSPE is 0.15 M NaCl, 10 mM
NaH2PO4, and 1 mM EDTA [pH 7.4]) buffer, 50 �g of heparin/ml, 0.2% sodium
dodecyl sulfate (SDS) at 42°C for 16 h. Posthybridization washes were performed
in 7� SSPE for 10 min at 25°C with agitation for oligonucleotide probes and in
0.2� SSPE–1% SDS for 1 h at 65°C for antisense probes.

Primer extension analyses were carried out as follows. Ten micrograms of total
RNA was hybridized to 1 pmol of 32P-labeled oligonucleotides in a volume of 6
�l by heating to 95°C followed by cooling to 25°C over 10 min. To this mixture
was added 2 �l of 5� reverse transcription buffer, and 4 U of avian myeloblas-
tosis virus reverse transcriptase (U.S. Biochemicals [USB]). The mixture was
incubated for 30 min at 37°C, and the reaction was stopped by the addition of 5
�l of USB stop solution. Extension products were fractionated and detected as
described for [32P]pCp labeling. Placement of the oligonucleotides used for the
extension reactions is shown in Fig. 4A. The sequences are as follows: oligo 1
(35S end), AGCGACTCTCTCCACCG; oligo 3 (site A1), CATGGCCTTAAT
CTTTGAGAC; oligo 5 (site A2), GGCCCCGATTGCTCGAATGCCCAAAG.

For pulse-chase labeling of RNA with methionine, GAL::rvb2 cells were grown
in minimal medium containing 2% (each) raffinose, sucrose, and galactose but
lacking methionine. When the optical density at 600 nm (OD600) reached 1.0, 3
ml of cells was incubated with 200 �l of L-[3H]methionine (85 Ci/mmol) for 2.5
min. To this sample was added 250 �l of unlabeled L-methionine (200 mM), and
500 �l of the mixture was removed at the time points indicated (see Fig. 4D) and
snap-frozen in liquid nitrogen. RNA extraction, fractionation, and autoradiog-
raphy were carried out as described elsewhere (83). The remaining cells were
washed with prewarmed minimal medium containing 3% glucose and incubated
at 30°C for up to 20 h. These cells were harvested and resuspended at 25 OD600

units/ml. To 6 ml of this suspension was added 800 �l of prewarmed L-[3H]me-
thionine; all other steps were performed as described above except that the
sample was chased with 1 ml of unlabeled L-methionine, and 1-ml aliquots were
harvested at each time point. For electrophoretic analysis, 30,000 cpm of labeled
RNA was loaded per lane.

Protein analysis. Protein detection in Western blots was with rabbit anti-
Rvb2p polyclonal immunoglobulin G (IgG) and a goat anti-rabbit IgG-peroxi-
dase conjugate (Calbiochem). Protein extraction, SDS-polyacrylamide gel elec-

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description

Strains
MH2-d ...................................MATa/� ade2-1/ade2-1 his3	200/his3	200 leu2-1/leu2-1 ura3-52/ura3-52 trp1	101/trp1	101 gal2/gal2
MH2-h ...................................MAT� ade2-1 his3,200 leu2-1 ura3-52 trp1,101 gal2
YTK84 ...................................MH2-d rvb2::HIS3/RVB2
YTK86 ...................................MH2-h rvb2::HIS3 pTK123 (RVB2 URA3 2 �m)
YWD312 ...............................YTK86 Rvb2-GFP (cured of pTK123)
YWD313 ...............................YTK86 pGAL-rvb2 (TRP1 CEN6) (cured of pTK123)
YWD339 ...............................MH2-h pYES235W (URA3 2 �m)
YWD340 ...............................MH2-h pWD296N (URA3 2�m)
YTK100 .................................YTK86 pTK149 (TRP1 CEN6) (cured of pTK123)
YTK104 .................................YTK86 pTK153 (TRP1 CEN6) (cured of pTK123)

Plasmids
pTK123 .................................PCR product of RVB2 with natural flanking sequence inserted into the BamHI site of Yep24 (URA3 2�m)
pWD235WGFP ....................Yeast RVB2 ORF fused in frame to GFP (TRP1 CEN6)
GFP/pCDNA3.1 ...................Super GFP ORF under control of CMV promoter (Invitrogen)
pTK135 .................................RVB2 gene with natural flanking sequences inserted into BamHI site of pRS314 (TRP1 CEN6)
pTK147 .................................PCR-amplified mouse Rvb2 homolog (p50) ORF inserted into MCS of pcDNA 3.1/CT-GFP TOPO (Invitrogen)
pTK149 .................................pTK135 with rvb2 K81A mutation
pTK151 .................................pTK135 with rvb2 G75A mutation
pTK153 .................................pTK135 with rvb2 G80A mutation
pTK156 .................................pTK135 with rvb2 K81R mutation
pTK157 .................................pTK135 with rvb2 T82S mutation
pTK159 .................................pTK135 with rvb2 I295V mutation
pTK163 .................................pTK135 with rvb2 E297D mutation
pTK165 .................................pTK135 with rvb2 V298G mutation
pRSY14 .................................pRS314 with GAL1 promoter and CYC-1 terminator
pYES235W ...........................pYES2 with wild-type RVB2 gene
pWD296N .............................Plasmid pYES235W with rvb2 D296N mutation
pGAL-rvb2 ...........................RVB2 ORF flanked by GAL1 promoter and CYCI terminator (TRP1 CEN6)
pYDp-H ................................Plasmid carrying HIS3 gene and regulatory sequences (Amp; ori); PCR template for gene replacement
Rvb2-GFP .............................Yeast Rvb2 fused in frame to the N terminus of GFP (TRP1/CEN6)
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trophoresis (PAGE), blotting, and chemiluminescence detection were carried
out as described previously (84).

Construction of rvb2 mutant strains. Site-directed mutations were created in
Walker A and B motifs as follows. For all Walker B mutations except D296N, a
220-bp megaprimer was generated by PCR using oligonucleotides complemen-
tary to plasmid pTK123; the upstream primer contained one or two mismatches
to the template to create the desired amino acid change, and the downstream
primer was ATTGTCTTAATCTCCTGCTC. The megaprimer was used in con-
junction with primer GACCGCTCTTGCCATGGGTG and template pTK123 in
a second round of PCR to generate an 840-bp product. This fragment was
digested with PflMI and ligated into pTK135 from which the corresponding
wild-type PflMI fragment had been removed. For Walker A mutations, a 270-bp
megaprimer was generated by PCR using primers complementary to plasmid
pTK135; the upstream primer was GTAAAGCGGCCGCATGTCGGATTCAA
ACTAGTG, and the downstream primer was complementary to the Walker A
region, except for mismatches introduced to create selected point mutations. The
megaprimer was used with primer ACTGCTGTAACGCAAACTAG in a second
round of PCR to amplify a 1-kb fragment from pTK135. This fragment was
digested with SpeI and ligated into the SpeI site of pTK135.

Plasmids were introduced into yeast strain YTK86 by lithium acetate trans-
formation, and transformants were selected on yeast nitrogen base with dextrose
lacking tryptophan and uracil. Transformants were then cured of pTK123 (wild-
type p50) by two rounds of streaking on 0.1% 5-fluoroorotic acid (5-FOA) at
30°C. Isolates no longer able to grow on YND lacking uracil were restreaked
onto YPD and incubated at 16, 30, or 37°C. For strain and plasmid descriptions
and nomenclature, see Table 1.

The rvb2 Walker B D296N allele was generated as follows. A region of the
RVB2 ORF was amplified from pGAL-rvb2 using primers CCTTCAACTGGT
AAGACCGCTC and CATTCTATATCCAACATGTGGACTTCGTTGATAA
ATAATACACCAGGAAC. The PCR product was digested with PflMI and
ligated into PflMI-digested pGAl-rvb2, generating pGAL-ATP235. A BamHI/
XhoI fragment carrying the mutant rvb2 DNA was liberated from pGAL-
ATP235 and inserted into BamHI/XhoI-digested pYES2 (Invitrogen), generat-
ing pWD296N. This plasmid was transformed into strain MH2-h; the resulting
strain is called YWD340.

RESULTS

Rvb2p is required for accumulation of C/D and H/ACA
snoRNAs. The essentiality of the RVB2 gene was examined by
transforming diploid cells with a DNA fragment composed of
HIS3::rvb2. Tetrad analysis of HIS3::rvb2/� heterozygotes
yielded a 2:2 segregation pattern, and surviving spores were
HIS
, demonstrating that the RVB2 gene is required for
growth. Evidence that gene replacement occurred at the RVB2
locus came from transforming HIS3::rvb2/� cells with a plas-
mid (pTK123) harboring the RVB2 gene and natural flanking
sequences. Tetrads from URA� diploids contained four viable
spores, confirming that gene replacement occurred at the
RVB2 locus and that plasmid pTK123 carries a functional copy
of RVB2 (data not shown). High-copy-number expression of
the related p55 gene (RVB1) was not able to rescue the effects
of RVB2 deletion (results not shown). While this work was in
progress, another group also showed that the RVB2 gene is
essential (31).

The possibility that Rvb2p is involved in the production of
box C/D snoRNAs was examined by first creating a galactose-
dependent test strain in which synthesis of RVB2 mRNA can
be repressed by incubating cells in glucose medium and mon-
itoring snoRNA levels after the onset of repression. Charac-
terization of the test strain (YWD313; Table 1) showed that
the levels of RVB2 mRNA and protein drop soon after shifting
from galactose to glucose medium (Fig. 1). The mRNA was
undetectable 2 h after the medium shift (Fig. 1A), and Western
blotting showed that the protein level was substantially re-

duced after 2 h and effectively depleted by 8 h (the next time
point; Fig. 1B).

The importance of Rvb2p for snoRNA accumulation was
evaluated by Northern analyses of total RNA prepared from
cells after 0 to 32 h in glucose. In addition to examining the
C/D snoRNAs, we also assessed potential effects on the
H/ACA snoRNAs, the MRP snoRNA, 5S rRNA, and the
RNase P RNA. Loss of Rvb2p strongly impaired accumula-
tion of the C/D snoRNAs and, to our surprise, the H/ACA
snoRNAs as well. The steady-state levels of the five box C/D
and seven H/ACA snoRNAs probed decreased markedly over
the course of Rvb2p depletion (Fig. 2A and B). In contrast,
little or no effect was seen for the other small RNAs examined
(Fig. 2C). Interestingly, the level of the U3 box C/D snoRNA
appeared to be nearly constant over the same period (Fig. 2A,
top, and data not shown).

These blotting results were extended by examining the elec-
trophoretic pattern of [32P]pCp-labeled total RNA using the
same samples (data not shown). In addition to verifying the
snoRNA effects, the patterns showed that accumulation of
some other small RNAs including 5S and 5.8S was somewhat

FIG. 1. Kinetics of Rvb2 depletion in galactose-dependent test
cells. Test cells dependent on a GAL::rvb2 allele (strain YWD313)
were grown in medium containing 2% galactose, washed, and shifted
to medium containing 2% glucose. Cell samples were collected before
and at various intervals after the medium shift. (A) Northern analysis
of RVB2 mRNA accumulation. Total RNA was extracted from cells at
the time points indicated and fractionated on an agarose-formalde-
hyde gel, and a blot was probed with radiolabeled DNA that recognizes
RVB2 mRNA. (B) Western analysis of Rvb2p protein accumulation.
Total protein was extracted at the time points indicated, fractionated
by SDS-polyacrylamide gel electrophoresis, and electroblotted to a
nitrocellulose membrane. Proteins were detected with rabbit poly-
clonal IgG (raised against recombinant Rvb2p) and a goat anti-rabbit–
peroxidase conjugate. Left lane, total protein from a strain (YWD312)
carrying HIS3::rvb2 and Rvb2-GFP expressed from a plasmid; the
other lanes show total proteins from GAL::rvb2 cells incubated in
glucose for 0, 2, and 8 h, as indicated.
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impaired at later time points, after 20 to 32 h in glucose.
Interestingly, at late time points (20 to 32 h), two novel small
RNA species in the size range of 240 to 245 nucleotides were
observed to accumulate. The identities of these RNAs are not
known. The time course shows that Rvb2p loss has a rapid
effect on snoRNA or snoRNP production and, eventually, less-
immediate effects on other RNAs. Taken together the results
indicate that loss of snoRNAs occurs soon after repression of
Rvb2p expression and that other effects also occur, but much
later.

Is the snoRNA effect direct or indirect? The role of Rvb2p in
snoRNA accumulation could be direct or indirect. Direct ef-
fects could reflect a mechanistic role in processes such as
snoRNA transcription or maturation, assembly of snoRNP
particles, and localization of nascent snoRNPs to the nucleo-
lus. Similar effects can be imagined to occur if Rvb2p loss
disrupts processes that overlap or are otherwise coupled to
these events. Plausible examples include impaired expression
of protein genes that encode snoRNAs within intron elements
and interference with expression of ribosomal proteins or
rRNA. Loss of intron-encoded snoRNAs might lead to loss of
all snoRNAs including those expressed from independent
snoRNA genes (via regulation). Defects in the synthesis of r-
proteins or rRNA would interfere with ribosome biogenesis, of
course, and this could lead to reduced levels of snoRNAs and
snoRNPs. For example, defective rRNP intermediates that are
associated with snoRNPs might form. These complexes might
turn over and lead to a deficiency in snoRNAs. Combinations
of both direct and indirect effects on snoRNA levels can also
be envisioned.

To test the possibility that reduced expression of snoRNA
host genes is a contributing factor, we analyzed the effects of
Rvb2p loss on one such gene, EF-1�. This gene encodes the
U18 snoRNA in addition to the EF-1� protein. Our initial
analysis showed that U18 is affected by Rvb2p loss (Fig. 2A).
We probed total RNA for EF-1� mRNA at three time points
after repressing Rvb2p expression. The results revealed that
mRNA transcription increased dramatically soon after the
shift to glucose (i.e., 2 and 8 h) and then dropped. After 32 h
in glucose, the mRNA level had declined to about the same as
that detected before the shift (Fig. 3). Eight hours after the
shift to glucose, the level of U18 was dramatically reduced
while the level of EF-1� was greatly increased compared with
the levels in cells grown in galactose. We conclude that loss of
the U18 intronic snoRNA that occurs during Rvb2p depletion
is not caused by reduced expression of its host gene. An addi-
tional snoRNA host gene, ASC1, was analyzed in the same way
and gave a similar pattern (Fig. 3). This gene encodes the

FIG. 2. Rvb2p is required for accumulation of box C/D and
H/ACA snoRNAs in yeast. Test cells dependent on a GAL::rvb2 allele
(strain YWD313) were grown in galactose medium and shifted to
glucose medium. Total RNA was extracted from cells harvested at
various intervals following the shift, and snoRNAs were examined by
Northern blot analysis. RNA loading was adjusted to obtain approxi-
mately equal amounts of tRNA per lane. The gel patterns show the
effects of Rvb2p depletion on the accumulation of box C/D snoRNAs
(A), box H/ACA snoRNAs (B), and RNase P, MRP, and 5S RNAs
(C).
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intronic snoRNA U24, which we show below also requires
Rvb2p for accumulation.

While this work was in progress, another group reported
that inactivation of a temperature-sensitive variant of Rvb2p
causes a substantial decrease in the levels of mRNAs for ribo-
somal proteins (40). We tested the possibility that snoRNA
loss might be linked to disruption of r-protein expression by
examining the steady-state levels of three r-protein mRNAs
during Rvb2p depletion. The transcripts tested are from the
RPS5, RPL32, and RPS26B genes. As observed for the
snoRNA host genes above, the level of r-protein mRNAs in-
creased immediately after the shift to glucose and then
dropped off to a level approximately equal to that found in
cells grown in galactose (Fig. 3). While snoRNA levels are
reduced after 8 h in glucose, the level of ribosomal protein
mRNAs is greatly elevated. Furthermore, after 32 h in glucose,
snoRNAs are nearly undetectable while r-protein mRNAs are
present at about the same level as in galactose medium. We
conclude that the loss of snoRNAs that occurs during Rvb2p
depletion is not a consequence of reduced accumulation of
r-protein mRNAs.

To determine if the loss of snoRNAs in Rvb2p-depleted
cells could be caused by a defect in rRNA transcription, we
carried out a pulse-labeling experiment in which wild-type and

GAL::rvb2 cells were labeled with [3H]methionine or [3H]ura-
cil before and at various time points after a shift from galactose
to glucose medium. Total RNA was extracted and fraction-
ated, and newly synthesized rRNA was visualized by autora-
diography. The results indicated that after 8 h of incubation in
glucose, the amount of rRNA made in GAL::rvb2 cells was
approximately the same as that made in wild-type cells. After
24 h in glucose, the accumulation of new rRNA was somewhat
impaired in GAL::rvb2 cells (data not shown); we do not know
if this reduction reflects impaired synthesis or accelerated deg-
radation of rRNA. Thus, following lengthy repression of
Rvb2p synthesis, rRNA accumulation is impaired, and this
occurs after the onset of snoRNA loss. We conclude that the
snoRNA accumulation defect associated with Rvb2p depletion
is probably not due to impaired rRNA transcription.

Rvb2p is required for pre-rRNA processing. The require-
ment for Rvb2p in snoRNA accumulation predicts that it also
affects pre-rRNA processing, since a few C/D and H/ACA
snoRNAs are needed for cleavage reactions. To test this pos-
sibility, the steady-state levels of various pre-rRNAs were de-
termined (for YWD313 cells) following depletion of Rvb2p in
glucose medium. Northern analysis was carried out on total
RNA, and processing intermediates and the mature rRNAs
were detected using oligonucleotide probes specific for inter-
nally and externally transcribed spacer regions and mature 18S
or 25S rRNA (Fig. 4A). As anticipated, loss of Rvb2p impaired
rRNA processing. All major intermediates leading to the pro-
duction of 25S, 18S, and 5.8S rRNAs decreased in abundance,
while the 32S precursor transcript accumulated. The interme-
diates affected include the 27S and 7S species, which are pre-
cursors of 25S and 5.8S rRNAs, and the 20S species, which is
the direct precursor of 18S rRNA. The levels of the mature
rRNA species were correspondingly low compared with those
for wild-type cells, and each decreased at about the same rate
(Fig. 4B). The data demonstrate that Rvb2p is required for the
processing steps that generate the 25S, 18S, and 5.8S rRNA
species.

Consistent with this situation, results from a pulse-chase
labeling analysis showed that both 18S and 25S RNAs are
produced at a considerably slower rate in Rvb2p-depleted cells
(Fig. 4D). The effect of Rvb2p on rRNA production is unusual,
as genes involved in rRNA processing typically affect produc-
tion of either large- or small-subunit rRNAs. To our knowl-
edge, this is the first example of a gene that affects the majority
of snoRNAs from both major snoRNA families. The unusual
pattern of rRNA processing could reflect loss of an unknown
snoRNA(s) that affects processing of 25S rRNA or negative
effects on other factors important for rRNA maturation.

To determine which pre-rRNA cleavages are affected,
primer extension analyses were performed on total RNA from
cells depleted of Rvb2p. The primers used are suitable for
detecting the 5� ends of the primary transcript, and the prod-
ucts that result from cleavages at the A1 and A2 sites (primers
1, 3, and 5 in Fig. 4A). The levels of the intermediates gener-
ated by the two cleavages decreased approximately 80- and
30-fold, respectively, after 20 h in glucose (Fig. 4C), while the
relative abundance of the 35S transcript decreased 10-fold.
The data indicate that Rvb2p loss leads to impairment of the
A1 and A2 cleavages and a decrease in the accumulation of the
35S precursor. The A1 and A2 cleavages depend on C/D

FIG. 3. Accumulation of selected mRNAs in Rvb2p-depleted cells.
GAL::rvb2 test cells were grown in medium containing 2% galactose,
washed, and shifted to medium containing 2% glucose. Total RNA was
extracted from cells collected before (left lane) and after (other lanes)
the medium shift, fractionated on a 1.5% agarose-formaldehyde gel,
and incubated with appropriate radiolabeled antisense probes. Incu-
bation times in glucose are indicated above each lane. 18S rRNA
served as a loading control.
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FIG. 4. Rvb2p is required for pre-rRNA processing. (A) Structure of the 35S pre-rRNA, showing the positions of cleavage sites and regions
complementary to oligonucleotide probes 1 to 8. ITS, internal transcribed spacer. (B) Steady-state levels of pre-rRNA species in cells depleted of
Rvb2 mRNA for 0 to 32 h. Total RNA was extracted from cells at the times indicated following shift from galactose to glucose and subjected to
Northern analysis. Loading was adjusted to obtain approximately equal quantities of tRNA. The oligonucleotides used to identify the various
rRNA species are as follows: probes 3 and 9, mature 18S and 25S rRNAs, respectively; probe 4, 20S and 35S precursors; probe 8, 27S and 7S
precursors. (C) Mapping of the 5� ends of the 35S precursor and products of the A1 and A2 cleavage reactions. The 5� ends were identified by primer
extension analysis using as the template total RNA from cells depleted of Rvb2 mRNA as described for panel B. Oligonucleotides 1, 3, and 5 were
extended to the 5� end of 35S rRNA and the A1 and A2 cleavage sites, respectively. (D) Pulse-chase analysis of pre-rRNA processing in GAL::rvb2
cells incubated in galactose (left) or glucose medium for 20 h (right). Cells were labeled with [3H]methionine for 2.5 min and chased with cold
methionine. Samples were removed at the times indicated, and total RNA was extracted and fractionated on an agarose-formaldehyde gel.
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snoRNA U14 and H/ACA snoRNA snR30, which accumulate
poorly in Rvb2p-depleted cells. Thus, loss of these snoRNAs
seems a likely basis for these defects. The relative decrease in
35S pre-rRNA is more difficult to explain; one possibility is
degradation of aberrant rRNP intermediates. We note that
enhanced turnover could also contribute to loss of products
generated by cleavages at A1 and A2.

The yeast and mouse homologs of Rvb2p occur in the nu-
cleoplasm. The Rvb2p protein and its orthologs have been
reported to be present in the nucleoplasm of yeast and verte-
brate cells (40, 46). The observation that Rvb2p has strong
effects on accumulation of snoRNAs and rRNA prompted us
to carry out an independent evaluation of its nuclear location
using different strategies. The analyses were done with both
yeast Rvb2p and its mouse counterpart (p50), fused in each
case to GFP and expressed in yeast or monkey COS-7 cells.
For the yeast analysis, a strain harboring plasmid-borne Rvb2-
GFP (YWD312; rvb2::HIS3 pWD235WGFP) was grown to log
phase in selective medium. The cells were incubated with a
Cy3-labeled oligonucleotide probe that recognizes U3, and the
subnuclear localizations of Rvb2-GFP and U3 were examined
by fluorescence microscopy (see Materials and Methods). The
results show that Rvb2p occurs throughout the nucleoplasm
and appears to be absent from the nucleolus (Fig. 5A).

For the analysis of monkey cells, expression of the p50-GFP
coding sequence was from a CMV promoter. The fusion con-
struct was transformed into COS-7 cells, and the location of
the fusion protein was examined by fluorescence microscopy;
morphology was visualized by DIC. The GFP fluorescence
(Fig. 5B, left) was very evident in the nucleoplasm in all cells
examined and here too appears to be confined to this com-
partment. As in the yeast analysis, little or no p50 signal was
observed in the nucleolus; however, it is too soon to rule out a
presence in this location. No fluorescence is apparent in the
cytoplasm. The GFP sequence is not believed to affect the
localization of p50, as GFP alone accumulates in the cytosol
and the yeast p50-GFP fusion protein is functional in yeast
(Fig. 5A). These patterns corroborate earlier biochemical frac-
tionation and microscopy data from other laboratories (40, 46).
In addition, the results include a nucleolar reference molecule
(U3) for yeast and represent the first high-resolution analysis
for p50 in a mammalian cell.

Depletion of Rvb2p causes delocalization of C/D and H/ACA
core snoRNP proteins. In addition to the depletion effects
described above, the fact that Rvb2p is a nucleoplasmic protein
also suggests that Rvb2p influences snoRNA synthesis at an
early stage, perhaps at the level of snoRNP assembly or traf-
ficking. Interference with snoRNP formation is known to lead
to loss of snoRNAs, presumably because free snoRNAs and
defective RNP intermediates are degraded. In principle, a de-
fect in snoRNP localization might also lead to snoRNA loss,
although this has not been established. More directly, of
course, the loss of snoRNAs could reflect a defect in snoRNA
gene expression. To further assess the role of Rvb2p, we ex-
amined the effect of blocking its production on the distribution
of two core snoRNP proteins in the nucleus, one from each
major snoRNP family. The proteins were Nop1p (C/D family)
and Gar1p (H/ACA family). The locations of the snoRNP
proteins were analyzed by immunofluorescence microscopy
(Nop1p) or by direct fluorescence microscopy (Gar1-GFP)

10 h after shifting the test cells from galactose to glucose
medium.

In wild-type cells, both core proteins were localized in a
crescent-shaped structure characteristic of the nucleolus, and
no signal was apparent in the nucleoplasm (visualized with
DAPI [4�,6�-diamidino-2-phenylindole]). After Rvb2p deple-
tion, the Nop1p signal was no longer restricted to the nucleolus
but was dispersed throughout the nucleoplasm (Fig. 6B) and,
in some cells, Nop1p was also evident in the cytoplasm. The
signal for Gar1p was also delocalized, and in many cases punc-
tate structures were seen throughout the nucleoplasm (Fig.
6A). These results indicate that Rvb2p is required for local-
ization of the snoRNP proteins and are consistent with a defect
in the formation or localization of snoRNP complexes. It
should be noted that a similar mislocalization of Nop1p has
been observed following depletion of Nop58p or Sen1p; both
conditions induce a loss of box C/D snoRNAs (69, 83). For
Rvb2p, however, both classes of snoRNPs are affected. The
basis of these effects remains to be determined.

The Walker A and B motifs are essential for snoRNA pro-
duction. To assess the functional importance of the Walker A
and B domains, we substituted conserved amino acids in each
motif. The substitutions made were similar or identical to those
that impair the function of bacterial DNA helicase RuvB and
mammalian translation factor eIF4a; both are known ATPases
(43, 51). Plasmids harboring the mutant alleles were intro-
duced into yeast test strain YTK86, and the plasmid containing
the wild-type allele was evicted by counter-selection on me-
dium containing 5-FOA.

Of nine mutations constructed, two were lethal (G75A and
D296N), three caused temperature sensitivity (G80A, K81R,
and K81A), and the remainder caused little or no growth
inhibition (Table 2). The rvb2 K81R mutation was reported
earlier to be lethal (40), but in our test cells a conditional
temperature sensitivity (ts) phenotype is observed. The cause
of this difference is not known, but variation in genetic back-
ground could be a factor. The ts growth phenotypes caused by
the G80A and K81A alleles are shown in Fig 7B. Interestingly,
high-copy-number expression of the rvb2 D296N allele in wild-
type MH2-h cells severely impaired growth (Fig. 7C). These
results demonstrate that the putative nucleotide binding and
ATPase domains are required in vivo. The phenotypes do not
appear to be due to instability of the mutant proteins, at least
for two ts variants. Fluorescence imaging analysis of the mutant
K81A and G80A proteins showed that each occurs in the
nucleus at levels comparable to that of wild-type Rvb2p (data
not shown).

To determine if the Walker A domain is required for
snoRNA production, levels of snoRNA were examined in cells
dependent on either of two alleles conferring temperature
sensitivity. Cells with Walker A (P-loop) G80A or K81A mu-
tations were grown to mid-log phase at the permissive temper-
ature of 30°C and shifted to 37°C. Total RNA was extracted
from cells sampled before and at various intervals after the
shift and examined by Northern blot analysis. The patterns
revealed that the K81A mutation caused a noticeable defect in
the accumulation of six box H/ACA and six box C/D snoRNAs
examined. While the defect was evident for the majority of
snoRNAs tested, the magnitude of the effects varied (compare,
for example, snR48 with snR37; Fig. 8). As with the depletion
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FIG. 5. Nuclear location of Rvb2p and mouse p50. (A) Distribution of Rvb2-GFP in yeast. Yeast cells (YWD312) each harboring a
plasmid-borne copy of Rvb2-GFP (pWD235WGFP) were grown to log phase in selective medium. The cells were incubated with a Cy3-labeled
oligonucleotide probe specific for U3, and the subnuclear localizations of p50-GFP and U3 were examined by fluorescence microscopy (top row).
Nuclear DNA was visualized with DAPI (bottom left), and cell morphology was visualized with DIC (bottom right). (B) Localization of the mouse
homolog of Rvb2 in COS-7 cells. Cells were transformed by the calcium-phosphate procedure (58) with a plasmid (pTK147) carrying mouse Rvb2
fused to GFP. Localization of Rvb2-GFP was observed by fluorescence microscopy (left), and nucleoli were visualized with phase contrast (right).
Each field is 30 by 30 �m; arrows, nucleoli.
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analysis, the variation appears to be unrelated to the genetic
origins of the RNAs, i.e., whether the snoRNAs are intronic or
independently transcribed, and the accumulation of U3 was
not affected. Accumulation patterns were also analyzed for
three other small nuclear RNAs: the U5 and U6 splicesomal
RNAs and RNase P RNA. These species were not affected
(Fig. 8C).

The accumulation patterns of mRNAs for genes EF-1�,
ASC1, TEF4, RPS5, and RPL32 were also analyzed. The pat-
terns were not altered by the point mutation (Fig. 8D; see
below). Three of these genes encode snoRNAs affected by the

K81A mutation (EF-1�, ASC1, and TEF4), and two specify
ribosomal proteins (RPS5 and RPL32). Taken together, the
results indicate that the Walker A domain is specifically re-
quired for production of snoRNAs and that the effects of
Rvb2p depletion and inactivation are essentially the same.

Analysis of pCp-labeled RNA from one point mutant
(G80A) revealed that the two aberrant small RNA species
observed in the protein depletion analysis were also evident
here, after incubation at the nonpermissive temperature for 2
to 10 h (data not shown).

Interestingly, the defect in snoRNA production is allele spe-

FIG. 6. Loss of Rvb2p causes delocalization of C/D and H/ACA snoRNP proteins. GAL::rvb2 test strains containing chromosomally encoded
Nop1p (YWD313) or a plasmid encoding a Gar1p-GFP fusion were grown in minimal selective galactose medium and shifted to glucose medium
for 10 h to halt production of RVB2 mRNA (see Materials and Methods). Nop1p was detected with a primary monoclonal antibody, followed by
a fluorescein isothiocyanate-coupled secondary antibody and observed by immunofluorescence microscopy. Gar1p-GFP was observed by direct
fluorescence microscopy. (A) Localization of Gar1p in wild-type cells (upper left) and cells depleted of Rvb2p (lower left). (B) Localization of
Nop1p in wild-type cells (upper left) and Rvb2p-depleted cells (lower left). The nucleus was visualized with a DNA stain (DAPI; middle). A
merged view is also shown (right).
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cific. Cells harboring a K81R allele, which preserves the charge
at position 81, or a G80A substitution accumulate snoRNAs to
wild-type levels (Fig. 8, right, and data not shown). In several
ATPases of known three-dimensional structure, the ε amino
group of the lysine corresponding to K81 forms a salt bridge
with the terminal phosphate(s) of nucleoside diphosphates and
nucleoside triphosphates (NTPs) (29). This situation could ex-
plain why loss of charge in the K81A protein has such a strong
effect. The defect was observed at the permissive temperature
and was not exacerbated by prolonged incubation at 37°C,
indicating that no correlation exists between the thermal in-
stability of mutant Rvb2p and its ability to function in snoRNA
production. These results argue that Rvb2p has NTP binding
and/or hydrolysis activities and that these activities are re-
quired for snoRNA production.

DISCUSSION

The results show that Rvb2p has an essential role in snoRNP
biogenesis and that this function most likely occurs at an early
stage and in the nucleoplasm. Depletion or inactivation of the
protein results in loss of both major classes of snoRNAs and
impaired localization of core snoRNP proteins. Processing of
rRNA is impaired as well, and these effects could also reflect
loss of snoRNAs, since a few snoRNAs in each major family
are needed for rRNA processing (35, 73). Two factors point to
a nucleoplasmic role for Rvb2p. First, it is clear that the vast
majority and possibly all of the protein is in the nucleoplasm
(Fig. 5) (40, 46). Second, results from a variety of other studies
unrelated to snoRNAs have linked Rvb2p and its vertebrate
counterparts with nucleoplasmic components (see below). On
this basis, it seems most likely that Rvb2p functions in the
nucleoplasm, although the possibility that it has a nucleolar
phase is still formally open.

Several clues about the role of Rvb2p in snoRNA produc-
tion are provided by studies of Rvb1p and Rvb2p orthologs
(p50 and p55) in other organisms and in other contexts. The
most definitive information available is that both proteins have
been demonstrated to have DNA helicase activity in vitro (see

below). Based on interactions with proteins of known function,
the p50 and p55 proteins have been suggested to participate,
variously, in transcription, chromatin remodeling, DNA re-
combination, signal transduction, and the cell cycle (9, 10, 28,
31, 32, 40, 55, 61, 82). The potential for overlap among these
processes is high, of course. It will be interesting to learn if
some or all of the effects observed, including those described
here, are linked to a single biochemical process or rather re-
flect similar DNA- or RNA-based roles in multiple processes.
The key findings from these studies are discussed in the fol-
lowing sections, with a view to identifying common links and
clues about snoRNA accumulation.

The earliest ties to transcription are based on observations
that rat p55 was in immunoprecipitates of TBP prepared from
nuclear extracts (32) and, in a separate study, copurified with
the RNA polymerase II (Pol II) holoenzyme through several
chromatographic steps and density gradient centrifugation
(55). The interaction with the Pol II complex appears to be of
high affinity. However, association of p55 with TBP and Pol II
has not been determined to occur in the cell, and these effects
may not extend to p50.

More recently, p50 and p55 have been implicated in tran-
scription on other grounds. In a yeast study, Rvb2p (p50) was
shown to be required for accumulation of mRNAs that specify
ribosomal proteins (40); in the present study we show that
Rvb2p depletion affects snoRNAs before r-protein production.
In rat cells, p50 and p55 have been determined to influence
oncogenic transformation in response to transcription factors
c-Myc and H-Ras (82). In the context of the present study,
c-Myc may have limited relevance, since p50 is highly con-
served and Myc-related factors are not. In other studies, hu-
man p50 and p55 were shown to interact biochemically with
�-catenin and TBP and to serve as antagonistic regulators for
activation of the Wnt signaling pathway (9, 10). All of these
effects could be manifest at the level of transcription, but
effects on downstream processes are also possible.

Intriguing new results appear to place the p50 and p55
proteins in position to influence transcription by remodeling
chromatin. In one study Rvb2p and Rvb1p were both found to
be present in a megadalton complex affinity purified from yeast
using an epitope-tagged variant of chromatin-remodeling fac-
tor INO80 (61). The complex contained 3�35� helicase activity
and stimulated transcription from chromatin. In another study,
human p50 and p55 were both identified in a complex isolated
through binding to histone acetylase TIP60 (28). The TIP60
complex acetylates nucleosomes in vitro and has ATPase and
DNA helicase activities as well. Interestingly, the yeast and
human complexes contain several common protein homologs
(including p50 and p55) and are probably functionally equiv-
alent in the two species. Notably, both Rvb2p and Rvb1p are
essential for growth in yeast while INO80 is not.

More recently, a different affinity enrichment procedure was
used to isolate a yeast complex containing Rvb1p and Rvb2p,
and chromatin-remodeling activity was once again demon-
strated (30). In that study, it was shown that the two proteins
are responsible for activation or repression of a subset of yeast
genes that comprise up to 5% of the genome (30). It would be
interesting to learn the basis of these effects and the physio-
logical significance.

It has been proposed that the p50 and p55 orthologs are

TABLE 2. Growth phenotypes caused by point mutations
in the Walker motifs of Rvb2pa

Motif Mutation
Phenotype at:

16°C 30°C 37°C

Walker A G75A 
 
 

G80A � � 

K81R 
 ��� 

K81A � � 

T82S � � �

Walker B I295V ��� ��� ���
E297D �� ��� ��
V298G ��� ��� ���
D296N 
 
 


a Mutations were made in the A and B elements by site-directed mutagenesis.
The mutant alleles were inserted individually into a TRP/CEN vector (Table 1)
and then introduced into a strain with an inactive rvb2 chromosomal gene
(YTK86, with an rvb2::HIS3 allele) and a plasmid-borne copy of wild-type RVB2
(PTK123). The latter plasmid was evicted by curing on 5-FOA. Growth pheno-
types were assessed on YPD at 3 days (30°C) or 7 days (16 and 37°C). ���,
wild-type growth rate; ��, slow growth; �, very slow growth; 
, lethal.
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FIG. 7. Point mutations in the Walker A and B domains disrupt growth. (A) Selected residues in Walker domains A and B of Rvb2p were
substituted by site-directed mutagenesis. (B) Point mutations G80A and K81A (Walker A motif) cause temperature-sensitive growth defects. Left
plate, permissive temperature (30°C); right plate, restrictive temperature (37°C). (C) The D296N allele is lethal and also toxic when overexpressed
in a wild-type background. Growth of a wild-type strain (MH2-h) expressing a high-copy-number GAL1::rvb2 D296N allele is severely impaired
in galactose medium (right, bottom two rows) but unaffected when expression is repressed by incubation in glucose (left, bottom two rows). No
effects occur with the empty vector (left and right, top rows) or a vector containing a wild-type RVB2 allele under the control of the GAL1 promoter
(left and right, second rows from top). The dilution series is indicated above each panel. N, no dilution.
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involved in other aspects of DNA function as well. Based on
modest sequence similarity with the bacterial RuvB protein,
which participates in homologous recombination and repair of
double-stranded breaks, it was suggested that p55 has a similar
function(s) in eukaryotic cells (55). That case is somewhat
weakened, however, by the fact that the RuvB-like Walker A
and B domains in p50 and p55 are much further apart than in
RuvB. A role in recombination was also suggested by a positive
two-hybrid interaction of human p55 with a subunit of human
replication protein A (hsRPA3), but there is no other experi-
mental evidence supporting this suggestion.

Results from two other studies are also interesting and dif-
ficult to interpret. In one, p55 was reported to occur in nuclear
matrix preparations from human and rat cells. Specifically, p55
was enriched in an insoluble pellet following treatment of
nuclei with detergent, buffer of high ionic strength, and DNase
I (26). A different study, with human erythrocytes, found that
p50 and p55 (named ECP-51 and ECP-54) bind a fragment of
the membrane protein stomatin in vitro (57). These results
could reflect important subcellular associations for p50- and
p55-containing complexes, although the erythrocyte situation
may not be relevant to snoRNP synthesis, since these cells do
not have a nucleus.

In light of the complexity and number of processes in which
Rvb2p is involved, it is possible that the effects on snoRNA
accumulation and snoRNP protein localization could arise
from alterations in more than one nuclear process. An impor-
tant goal for the future will be to carry out systematic studies
on the order and kinetics of the various snoRNP-related events
that occur during Rvb2p depletion and inactivation. These
results should yield valuable insights into the precise cause-
and-effect relationships between Rvb2p function and the bio-
genesis of snoRNPs and ribosomes.

The results from our point mutation studies show that the
Walker A and B domains are essential for cell growth (see also
reference 40) and for accumulation of snoRNAs. The growth
phenotypes (Table 2 and Fig. 7) would be predicted in some
cases, based on effects of mutations in known ATPases such as
eIF-4A and RuvB (43, 51). For example, G75 and K81 in yeast
Rvb2p (Walker A) are vital for function and correspond to
residues required for ATP binding and/or ATPase activity in
eIF-4A (51). Similarly, the D296N mutation blocks function.
Overexpression of the latter protein causes a dominant lethal
growth phenotype in cells with a wild-type gene (Fig. 7C). This
situation is analogous to that observed for Escherichia coli
RuvB, where the equivalent mutation (D113N) causes a loss of
ATPase activity and overexpression of the allele in vivo results
in a dominant-negative UV-sensitive phenotype (43). These
results strongly suggest that Rvb2p has ATPase activity in vivo
and are consistent with reports showing that p50 has ATPase
and ATP-dependent DNA helicase activities in vitro (28, 31).
DNA helicase activity can be imagined to be important in gene
transcription, for example, in remodeling chromatin structure
or influencing the binding of transcription factors. Our present
results argue that Rvb2p does not influence snoRNA accumu-
lation by altering transcription of host mRNA genes. Thus, for
these and perhaps the other snoRNAs, the effect of Rvb2p is
apparently downstream of transcription.

In principle, it is possible that Rvb2p can alter helices in
RNA as well as DNA. Several proteins with DNA helicase

FIG. 8. Accumulation of snoRNA is impaired in cells harboring
rvb2 ts mutations. Results of Northern blot analysis are shown for box
H/ACA snoRNAs (A), box C/D snoRNAs (B), splicing snRNAs and
RNase P (C), and EF-1�, ASC1, TEF4, RPS5, and RPL32 mRNAs
(D). Panels A to C include total RNA from wild-type cells (WT) and
cells with the rvb2 K81A allele (K81A) or G80A allele (G80A). Times
of incubation at 37°C are indicated above each lane. Time zero iden-
tifies samples harvested prior to the temperature shift. Northern blots
in panel D are of RNA extracted from cells grown at 30°C.
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activity can also unwind RNA:RNA and RNA:DNA helices in
vitro (reference 60 and citations therein). One protein of this
class, yeast Sen1p, is particularly relevant to the present study,
as it also affects snoRNP biogenesis, with similar conse-
quences. Sen1p from Schizosaccharomyces pombe has helicase
activity with both RNA and DNA in vitro, and the S. cerevisiae
ortholog affects the processing of snoRNAs and localization of
the snoRNP proteins Nop1 (C/D class) and Sbp1 (H/ACA
class) (56, 69, 70). RNA helicases can be imagined to function
at different stages of snoRNP synthesis, including dissociation
of snoRNA transcripts from DNA, remodeling of RNPs during
pre-snoRNA processing or snoRNP assembly, and perhaps
interactions with the nucleolar trafficking machinery.

The fact that p50 and p55 were affinity selected in vitro with
a model C/D snoRNA is consistent with a role for one or both
proteins at the RNA or RNP level. Specificity is suggested by
the finding that complex formation required an intact C/D
motif, as mutations in box D blocked assembly (46). The two
C/D snoRNP core proteins, Nop56p and Nop58p, were present
in the complex in nearly stoichiometric amounts, as seen in
natural complexes from yeast (21). The p50 and p55 proteins
occurred at similar levels (21). Attempts to immunoprecipitate
snoRNAs from mouse extracts with rabbit antibodies to mouse
p50 were negative (46), and in the present study we were
unable to detect snoRNAs in immunoprecipitates of protein
A-tagged yeast Rvb2p (data not shown). These results suggest
that p50 may not be present in mature snoRNP particles. To
date, neither p50 nor p55 has been detected in preparations of
natural C/D (and H/ACA) snoRNPs enriched from yeast or
human extracts by affinity enrichment schemes. However, the
complexes analyzed thus far were incomplete. Because p50 and
p55 exhibited stable, stoichiometry-like binding in the initial
isolation strategy, it seems likely that their association with
snoRNAs is relevant and that this association probably occurs
in vivo as well, in the nucleoplasm.

The p50 and p55 proteins could bind directly to snoRNA or
indirectly through protein-protein interactions. The observa-
tion that loss or mutation of Rvb2p impairs the accumulation
of H/ACA snoRNAs implies that the association may not be
limited to C/D snoRNAs. In the context of snoRNA binding,
this result has several possible interpretations. One possibility
is that RNA binding is direct and occurs through RNA struc-
ture elements common to both H/ACA and C/D snoRNAs.
Simple sequence elements are not likely to be involved here, as
the only conserved sequences known are the family-specific
box elements. Alternatively, direct binding to RNA could in-
volve secondary- or tertiary-structure domains common to
both major classes of snoRNAs. Arguing against this possibility
is the belief that the C/D snoRNAs do not have conserved
secondary structures beyond the C/D motif.

More likely is the possibility that p50 and p55 associate with
both major classes of snoRNAs through common elements
that occur in the snoRNP proteins. The signals could be
present in a protein common to all C/D and H/ACA snoRNAs,
although none has yet been identified. Alternatively, p50 could
bind to different family-specific proteins with common motifs.
The latter possibility is especially attractive at present, as the
two sets of unique core proteins each include one member with
striking sequence relatedness to the other. One of these cor-
responds to the Snu13p/15.5 kDa protein, which binds directly

to the C/D motif and which is present in natural C/D snoRNPs
(80). The related H/ACA protein is Nhp2p in yeast (hNHP2 in
humans) (54, 65). Yeast Snu13p and Nhp2p exhibit an overall
relatedness of 33% identity and 44% similarity. The related
sequences are concentrated in the middle of the protein, where
a stretch of 22 amino acids is 55% identical and 82% similar.
These core proteins provide a common link between the two
major classes of snoRNAs and are excellent candidates for the
binding of p50 and p55. We note that Snu13p was not observed
in the affinity isolation procedure that identified p50 and p55;
however, it might have been overlooked in the gel analysis
because of its small size (46).

The fact that Snu13p is also present in the U4 snRNP raises
the interesting possibility that mRNA splicing and snoRNA
synthesis may be linked. It is possible that Snu13p has separate,
unrelated functions in splicing and snoRNP production. How-
ever, the processes are clearly coupled, and Snu13p is a com-
mon link. Similarly, the ties between p50 and chromatin re-
modeling and gene expression suggest that p50 (and p55)
might participate in coupling the processes that coordinate
ribosome and protein synthesis. Relevant to this, the Snu13p
and Nhp2p sequences have some similarity to ribosomal pro-
tein L30 (RPL30) in S. cerevisiae, and corresponding proteins
in a wide range of organisms from the Archaea to humans (80).
The sequence relatedness, 24% identity and 33% similarity,
between Snu13p or Nhp2 and RPL30 is modest; however,
these similarities raise the possibility of yet other links between
splicing, snoRNP production, and ribosomes. Sorting out these
relationships promises to be both interesting and challenging.
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