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Two core small nucleolar RNP (snoRNP) proteins, Noplp (fibrillarin in vertebrates) and Nop58p (also
known as Nop5p) have previously been reported to be specifically associated with the box C+D class of small
nucleolar RNAs (snoRNAs). Here we report that Nop56p, a protein related in sequence to Nop58p, is a bona
fide box C+D snoRNP component; all tested box C+D snoRNAs were coprecipitated with protein A-tagged
Nop56p. Analysis of in vivo snoRNP assembly indicated that Nop56p was stably associated with the snoRNAs
only in the presence of Noplp. In contrast, Nop58p and Noplp associate independently with the snoRNAs.
Genetic depletion of Nop56p resulted in inhibition of early pre-rRNA processing events at sites A, A,, and A,
and mild depletion of 18S rRNA. However, Nop56p depletion did not lead to codepletion of the box C+D
snoRNAs. This is in contrast to Nop58p, which was required for the accumulation of all tested box C+D
snoRNAs. Unexpectedly, we found that Noplp was specifically required for the synthesis and accumulation of
box C+D snoRNAs processed from pre-mRNA introns and polycistronic transcripts.

The nucleolus is often referred to as a ribosome factory, as
most steps in the production of cytoplasmic ribosomes (syn-
thesis of pre-rRNAs, pre-rRNA processing and modification,
and ribosomal assembly) occur in this subnuclear compartment
(reviewed in reference 38). The nucleolus also functions in the
synthesis of other ribonucleoprotein (RNP) particles (signal
recognition particle, telomerase, and the U6 RNP), as well as
pre-tRNA processing (reviewed in reference 33). More sur-
prisingly, the nucleolus has been shown to function in cell cycle
control and the regulation of gene expression by the seques-
tration and release of regulatory complexes (reviewed in ref-
erences 3 and 14).

Three classes of small nucleolar RNAs (snoRNAs) have
been defined on the basis of conserved features in their pri-
mary and secondary structures (reviewed in references 24 and
41). The vast majority of the box C+D and box H+ACA
classes of snoRNAs function in the selection of sites of 2'-O
methylation and pseudouridylation in the pre-rRNAs, respec-
tively. Human box C+D snoRNAs also direct modification of
the spliceosomal snRNA U6 (45). The third class of snoRNAs
is defined by its sole known member, the RNA component of
the endonuclease RNase MRP, which is closely related to
RNase P (8). All tested box C+D snoRNAs are dispensable
for normal growth in yeast, with the exception of U3 and U14.
Depletion of these snoRNAs inhibits pre-rRNA cleavage at
sites A, A;, and A, and strongly impairs 18S rRNA synthesis
(Fig. 1).

All snoRNAs are associated with specific proteins in small
nucleolar RNP (snoRNP) particles. The box C+D snoRNAs
are associated with Noplp (fibrillarin in vertebrates) and
Nop58p (also known as Nop5p) (26, 39, 50). The 2'-O-meth-
yltransferase has not yet been unambiguously identified. How-
ever, Noplp is predicted to have a binding site for S-adenosyl-
methionine (the methyl donor), and a point mutation
designated nopl-3 inhibited pre-rRNA methylation without
affecting processing, making it a strong candidate to be the
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rRNA methyltransferase (32, 43). The presence of the meth-
yltransferase as an integral component of the box C+D
snoRNPs would be closely analogous to the identification of
the putative rRNA W synthase, Cbfp5p, as a component of the
H+ACA snoRNPs (20, 25, 47).

The box C+D snoRNAs are believed to be relatively un-
structured, with a terminal stem bringing together the con-
served motifs C and D that are very likely to function as
protein binding sites. Selection of sites of methylation occurs
through the formation of a snoRNA-pre-rRNA hybrid by
Watson-Crick base pairing (18, 31; reviewed in reference 40)
that locates box D at a fixed distance of 5 bp from the nucle-
otide to be modified. In most RNA species, a second site of
pre-rRNA interaction is present, together with the duplicated
motifs C' and D’ (19, 44).

In addition to their roles in RNA modification, the conserved
C and D motifs are also essential for accumulation and nucleolar
localization of the snoRNAs (7, 16, 27, 30, 37, 48). These func-
tions are most likely also mediated by snoRNP proteins.

A search for mutations which were lethal in combination
with conditional alleles of Noplp identified two essential
genes, NOP56 and NOP58 (15). Nop56p and Nop58p shared
45% identical amino acid residues, including a carboxy-termi-
nal domain with a repetitive structure rich in lysine, aspartate,
and glutamate residues (KKD/E domain) that is also present in
the nucleolar proteins Cbf5Sp and Dpb3p (25, 49). Both
Nop56p and Nop58p were required for ribosome synthesis and
copurified biochemically with Noplp (15, 26). Like Noplp,
Nop58p was specifically associated with the box C+D snoRNAs
(26). Nop58p was isolated independently by Wu et al. as an
abundant nucleolar antigen interacting with several snoRNAs
and was designated Nop5p (50).

Here we report that Nop56p is a core component of the box
C+D snoRNPs. An assembly pathway for the box C+D
snoRNP is presented in which Noplp and Nop58p bind inde-
pendently to the snoRNAs while Nop56p associates with
Noplp on the snoRNPs. In addition, we address the involve-
ment of Noplp and Nop56p in the accumulation and synthesis
of box C+D snoRNAs.

MATERIALS AND METHODS

Strains. The Saccharomyces cerevisiae strains Y606 [nop56::HIS3 +
pRS315(LEU2)-NOP56] and Y799 [nop56-2] were described previously (15).
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FIG. 1. Structure of the ribosomal DNA and pre-rRNA-processing pathway in yeast. (A) In the 35S primary transcript, the sequences of the mature 18S, 5.8S, and
25S pre-rRNAs are flanked by the external transcribed spacers (5" and 3’ ETS) and separated by the internal transcribed spacers (ITS1 and ITS2). The cleavage sites
are indicated by uppercase letters (A, to E), and the oligonucleotide probes used are indicated by lowercase letters (a to f). (B) Successive cleavage of the 35S pre-rRNA
at sites Ay and A generates the 33S and 32S pre-rRNAs. Cleavage of the 32S pre-rRNA at site A, then generates the 20S and 27SA, pre-rRNAs, which are precursors
to the RNA components of the small and large ribosomal subunits, respectively. The mature 18S rRNA is generated by cleavage of the 20S pre-rRNA at site D. The
27SA, precursor is either cleaved at site A; by RNase MRP, generating the 27SA; pre-rRNA, or at site Bl to yield 27SB; pre-rRNA. The 27SA; pre-rRNA is rapidly
digested by the 5'-to-3’ exonucleases Xrnlp and Ratlp to yield the 27SBg pre-rRNA. Processing at site B,, the 3" end of the 25S rRNA, occurs concomitantly with 27SB
5’-end formation, since a probe specific for the 10-nucleotide extension beyond site B, detects 27SA but not 27SB (21). The 27SBg and 27SB;_ pre-rRNAs both follow
the same pathways of processing to 25S and 5.8Sg; through cleavage at sites C,, the 5" end of the mature 25S rRNA, and C, in ITS2, followed by 3’-to-5’ exonucleolytic
digestion of 7Sg and 7S from site C, to E by the exosome complex. Pre-rRNA processing analysis in GAL-regulated and thermosensitive alleles of Nop56p (nop56-2)
indicated that Nop56p is required for the early pre-rRNA cleavage at sites Ay, A;, and A,. In addition, 27SB processing was inhibited in nop56-2 strains.

Strains YDL401 (22), YDL522-17 (GAL::nop58) (26), D255 (GAL::nopl) (42),
nopl-TS (nopl-2, nopI-3, nopl-4, nop1-5, and nopl-7) (44), and rrp6A::KI TRP1
(2) were described previously. Strains YDL527-1 and YDL527-7 (GAL::nop56)
were constructed in YDL401 by use of a one-step PCR strategy (22). This
resulted in the direct fusion on the chromosome of a HIS3-pGAL cassette in
front of the ATG of NOP56. PCR amplification was done with plasmid pTL26
(22) and oligonucleotides LD188 and LD189. Transformants were selected on
2% raffinose—2% sucrose-2% galactose (RSG) minimal medium lacking histi-
dine, screened for glucose sensitivity, and analyzed by PCR on yeast colonies
with oligonucleotides LD154 and LD155. The RNA analyses presented in Fig. 5
and 7 were performed in duplicate on two independently isolated GAL::nop56
strains (YDL527-1 and YDL527-7). The results shown are for strain YDL527-1.

For Nop56p depletion and heat inactivation, the wild-type strains used were

YDLA401 and Y606, respectively. YDL401 was used as the wild-type control for
Noplp depletion and Noplp heat inactivation.

Time courses, RNA extraction, Northern hybridization, and primer extension
analysis. For depletion of Nop56p (YDL527-1 and YDL527-7), cells growing
exponentially in permissive RSG complete medium at 30°C were harvested by
centrifugation, washed, and resuspended in prewarmed yeast extract peptone-
dextrose (YPD) medium. During growth, the cells were diluted with prewarmed
medium and constantly maintained in exponential phase.

RNA extraction, Northern hybridization, and primer extension were done as
described previously (23). Standard 1.2% agarose-formaldehyde—8 and 6% poly-
acrylamide gels were used to analyze the processing of the high- and low-
molecular-weight TRNA species and the steady-state levels of the snoRNAs.
Nine micrograms of total RNA were used per lane for the Northern blot and
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FIG. 2. Nop56p is specifically associated with the box C+D snoRNAs. Immunoprecipitation on IgG-agarose was performed on lysates from strains expressing
fusions between ProtA and Nop56p (ProtA-NOP56 or ProtA-NOP56AKKE). An isogenic wild-type control strain (NOP56) and a ProtA-NOP5S strain were used as
controls. The concentrations of KAc used during immunoprecipitation are indicated. RNA was extracted from equivalent amounts of total (T), supernatant (S), and
pellet (P) fractions, separated on an 8% polyacrylamide gel, and analyzed by Northern hybridization. (A) Probes specific for box C+D snoRNAs; (B) probes specific

for box H+ACA snoRNAs; (C) probes specific for the snRNAs U5 and U6.

primer extension experiments. For heat inactivation of Nop56p, strain Y799 was
grown at 23°C in YPD medium and transferred to 37°C. For depletion of Nop1p,
strain D255 was grown in RSG medium to mid-log phase, washed, and trans-
ferred to YPD medium. For Noplp heat inactivation, the nopI-2 to nopl-7
strains were grown in YPD medium at 23°C and transferred to 37°C. Nop58p
depletion was achieved as previously described (26). The rp6-A strain was grown
at 30°C in SD —trp.

Analysis of methylation levels. The overall level of rRNA methylation was
assessed by in vivo pulse-labeling of the RNAs with either [*H]uracil or [*H]me-
thionine followed by autoradiography. A GAL::nop56 strain (YDL527-1) and the
isogenic wild-type control (YDL401), transformed with a plasmid expressing the
URA3 gene (pFL44S) (5), were grown at 30°C in minimal medium lacking uracil,
methionine, and histidine and containing 2% galactose, 2% sucrose, and 2%
raffinose. Exponentially growing cells were washed and transferred to prewarmed
minimal medium lacking uracil, methionine, and histidine and containing 2%
glucose. At identical optical densities at 600 nm (ODgy,) of 0.41 (for the
GAL::nop56 strain, this corresponded to 6 h after transfer to nonpermissive
conditions), wild-type and mutant cells were pulse-labeled for 5 min with 100 pCi
of either [*H]uracil or [*H]methionine/ml. Aliquots (1 ml) of cultures were
pelleted and snap frozen in liquid nitrogen. Total RNA was extracted and
resolved on a 1.2% agarose-formaldehyde gel. The gels were transferred to
GeneScreen Plus membranes (NEF-976; Dupont De Nemours), sprayed with
tritium enhancer (NEF-970G; Dupont De Nemours), and exposed for autora-
diography.

Western blot analysis. For protein extraction, cells equivalent to an ODg, of
10 were harvested and resuspended in 200 wl of sodium dodecyl sulfate loading
buffer with 50 pl of glass beads. The cells were vortexed for 1 min and incubated
for 1 min at 95°C three times successively. The lysates were cleared by centrif-
ugation for 10 min at 14 krpm, and supernatants equivalent to 0.375 ODg unit
of cells were loaded per lane. Samples were run on a sodium dodecyl sulfate—
15% polyacrylamide gel electrophoresis gel and blotted according to standard
procedures. The blot was decorated with monoclonal mouse anti-Noplp anti-
body (mA66; dilution, 1:20; kindly provided by J. Aris, University of Florida) or
with polyclonal rabbit anti-Srp14p (dilution, 1:500; kindly provided by J. Brown,
University of Edinburgh) and developed with the ECL detection kit (Amer-
sham).

Oligonucleotides. A comprehensive snoRNA database is available (http:
/fwww.bio.umass.edu/biochem/rna-sequence/Yeast_snoRNA_Database/snoRNA
_DataBase.html) (36). The probes for box C+D snoRNAs were as follows:
snR38, GAGAGGTTACCTATTATTACCCATTCAGACAGGGATAACTG
(255); snR39, CGACAGCATCGTCAATGACTAGTCGAATATGTATTGGG
(256); snR54, CTCTACAAGATCGTTTGATCACAGTCAGTAGAACGAAA
GTTATTG (257); snR59, GGTGATTAAACGACAGCATTGTCAAAGACTA
GTCGA (258); and snR73, GCTCAGTACCACGCCCTGT (259). U3, Ul4,

U18, U24, snR4, snR13, and snR190 were as described previously (26). The
probes for box H+ACA snoRNAs (snR3, snR10, snR11, snR30, snR31, snR33,
snR36, snR37, and snR42) and for MRP RNA were all described previously (26).
The probes for spliccosomal snRNAs were U5 (AAGTTCCAAAAAATATGG
CAA) and U6 (AAAACGAAATAAATCTCTTTGTAAAAC). The oligonucle-
otides used for pre-rRNA hybridization were oligonucleotides a, CATGGCTT
AATCTTTGAGAC (008); b, CGGTTTTAATTGTCCTA (004); ¢, TTGTTAC
CTCTGGGCCC (003); d, CCAGTTACGAAAATTCTTG (005); e, GGCCAG
CAATTTCAAGTTA (013); and f, CTCCGCTTATTGATATGC (007).

A probe specific to NOP56 mRNA was generated by PCR on genomic DNA
with oligonucleotides LD154 and LD155 and labeled using the Prime-a-Gene
labeling kit (Promega).

The following oligonucleotides were used to construct yeast strains: LD154,
CATATGATGACAATGTGG; LD155, AATCAAATCCTGAGCAAG; LD18S,
AAGTGAAATTTTTTTGAGTGATGAGATGGGAAATGAAAAATTTTGT
GCCTCTTGGCCTCCTCTAGT; and LD189, AAACAGTAGGTATTCAATA
GGAGCCATCTTTCACTAAATACTGTTCTGCACGCTCGAATTCCTTGA
ATTTTCAAA.

RESULTS

Nop56p is specifically associated with the box C+D snoRNAs.
The association of Nop56p with the snoRNAs was addressed
by immunoprecipitation experiments. Epitope-tagged alleles
of Nop56p were constructed in which two copies of the z
domain of Staphylococcus aureus protein A (ProtA) were fused
in frame with the ATG of either full-length or carboxy-termi-
nally truncated versions of Nop56p. Both tagged alleles were
found to be functional, as shown by the absence of growth
defects when they were expressed in a fully deleted nop56-A
background (reference 15 and data not shown).

Coprecipitation experiments with immunoglobulin G (IgG)-
agarose beads revealed that ProtA-NopS6p is associated with
all tested box C+D snoRNAs: U3, Ul4, U18, U24, snR4,
snR13, snR39, and snR190 (Fig. 2A, lanes 7 to 12, and data not
shown). No coprecipitation was observed with a nontagged
Nop56p control strain (Fig. 2A, lanes 4 to 6). A ProtA-Nop58p
strain was used as a control and efficiently coprecipitated the
snoRNAs (Fig. 2A, lanes 1 to 3) (26). To exclude the possibility
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FIG. 3. Nop56p, but not Nop58p, is dependent on Noplp for binding to the snoRNAs. (A and B) Western analysis of Noplp levels in ProtA-NOP56AKKE X
GAL::mopl (A) and ProtA-NOP58AKKE X GAL::nopl (B) strains. (C and D) Immunoprecipitation on IgG-agarose was performed on lysates from strains expressing
ProtA epitope-tagged alleles of Nop56p (C) or Nop58p (D) in the presence (0-h time points) or absence (24- and 48-h time points) of Noplp. RNA was extracted from
equivalent amounts of total (T), supernatant (S), and pellet (P) fractions, separated on an 8% polyacrylamide gel, and analyzed by Northern hybridization.

that the highly charged KKD/E domain of Nop56p led to
nonspecific snoRNA binding, the association was also tested in
ProtA-NopS6AKKE strains (see Materials and Methods).
Truncation of the carboxy-terminal region of Nop56p had no
effect on association with the snoRNAs (Fig. 2A, lanes 13 to
18, and data not shown).

As previously observed for ProtA-Noplp and ProtA-
Nop58p, the efficiency of coprecipitation with ProtA-NopS6p
varied for different box C+D snoRNA species, presumably
reflecting differences in accessibility within the snoRNP struc-
tures. The efficiency of coprecipitation with ProtA-Nop56p was
generally lower than that observed with ProtA-Nop58p. The
interactions between the ProtA-tagged alleles of Nop56p and
the box C+D snoRNAs appeared to be specific. Very limited
amounts of the box H+ACA snoRNAs tested (snR3, snR10,
snR11, snR30, snR31, snR33, snR36, snR37, and snR42) were
recovered in the pellet fractions (Fig. 2B, lanes 7 to 15, and
data not shown). The spliceosomal snRNAs U5 and U6 and
the MRP RNA were also not precipitated (Fig. 2C and data
not shown). The immunoprecipitation experiments were per-
formed at two salt concentrations: 150 and 500 mM KAc.
Nonspecific association between Noplp and the box H+ACA
snoRNAs was reported at 150 mM but was lost under the more
stringent conditions of 500 mM (13). Similarly, the weak asso-
ciation between Nop56p and the box H+ACA snoRNAs seen
at 150 mM was lost at 500 mM (Fig. 2B, compare lanes 9 and
12 with lane 15). As previously reported (26), Nop358p also
coprecipitated several H+ACA species slightly above the
background level at 150 mM (Fig. 2B, lanes 1 to 3; see, for
example, snR37). The coprecipitation of the box C+D snoRNAs
with Nop56p was not greatly affected by the salt concentration
(Fig. 2A).

We conclude that Nop56p is associated with all tested box
C+D snoRNAs. The interactions between NopS6p and the
snoRNAs were specific, resistant to stringent immunoprecipi-
tation conditions, and not dependent on the highly charged
carboxyl KKD/E domain.

Association of Nop56p with the box C+D snoRNAs requires
Noplp. Nop56p and Nop58p interact genetically and physically
with Noplp. The requirement for Noplp in the association of
Nop56p and Nop58p with the box C+D snoRNAs was as-
sessed by immunoprecipitation in strains with Nop1p depleted.
The chromosomal NOPI gene was placed under the control of
a GAL promoter in strains expressing either a ProtA-
Nop56AKKE or ProtA-NopS8AKKE fusion. In each case, two
independently isolated strains were analyzed. In these experi-
ments carboxy-terminally truncated versions of Nop56p and
Nop58p that lack the KKD/E repeat regions were used, as they
were reported to be less sensitive to proteolytic degradation
during immunoprecipitation (15). Deletion of these domains
had no effect on interaction with the snoRNAs (Fig. 2) (15, 26,
50).

ProtA-NOP56AKKE X GAL::nopl (YDL532-5 and -8) and
ProtA-NOP5SAKKE X GAL::nopl (YDL542-8 and YDL542-
12) strains were grown in galactose medium (zero-hour sam-
ples) and transferred to glucose medium for 24 or 48 h. The
steady-state level of Noplp was analyzed by Western blotting
and found to be substantially reduced 24 h after transfer (Fig.
3A and B). Coprecipitation of the box C+D snoRNAs U3,
U14, U18, U24, snR190, and snR39 with ProtA-Nop56p was
seen in cell lysates prepared after growth on galactose medium
(Fig. 3C, lanes 3 and 12, and data not shown). However, this
precipitation was lost following transfer to glucose medium for
24 or 48 h (Fig. 3C, lanes 6, 9 and 15). In contrast, immuno-
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FIG. 4. Effects of Nop58p depletion on Nop56p association with the snoRNAs
and Noplp. Immunoprecipitation on IgG-agarose was performed on lysates from
a strain expressing ProtA-NopS6AKKE in the presence (0 h) or absence (20 h)
of Nop58p. Total protein and RNA were extracted from equivalent amounts of
total (T), supernatant (S), and pellet (P) fractions. (A) Northern blot hybridiza-
tion with probes directed against box C+D snoRNAs. (B) Western blot deco-
rated with anti-Noplp antibodies (mA66); these cross-react with the ProtA tag
on Nop56p. Several degradation products of ProtA-NopS6AKKE were observed,
including one (*) migrating slightly faster than Noplp (15).

precipitation of the box C+D snoRNAs U3, U14, U18§, U24,
snR190, and snR39 with ProtA-Nop58p was seen in lysates
from cells grown on either galactose (Fig. 3D, lanes 3 and 9,
and data not shown) or glucose (Fig. 3D, lanes 6 and 12)
medium. Western blot analysis showed that Noplp was not
required for the accumulation of the ProtA-Nop56AKKE and
ProtA-NopS8AKKE fusions (data not shown).

We conclude that Noplp is required for the stable associa-
tion of Nop56p with the box C+D snoRNAs but is not re-
quired for the Nop58p-snoRNA association.

The requirement for Nop58p in the Nop56p-snoRNA inter-
action is more difficult to assess, since depletion of Nop58p
results in strong codepletion of all tested box C+D snoRNAs
(e.g., snR190 [Fig. 4A] [26]). However, a 3’-extended version
of U24 is accumulated in strains with Nop58p depleted (Fig.
4A) (26). This species was efficiently coprecipitated with
Nop56p in a GAL:nop58 strain expressing a ProtA-
Nop56AKKE fusion (Fig. 4A, lane 6).

We conclude that, at least in the case of the 3’-extended
form of U24, Nop56p associates with a box C+D snoRNA in
the absence of Nop58p.

Noplp and Nop56p were reported to be tightly associated
and to coprecipitate in stoichiometric amounts (15). In order
to determine whether these interactions are dependent on the
snoRNAs, cell lysates were prepared from the ProtA-
NOP56AKKE X GAL::nop58 strain, YDL536-2, following
growth in permissive RSG medium and 20 h after transfer to

MoL. CELL. BIOL.

glucose medium. Following immunoprecipitation of ProtA-
Nop5S6AKKE, the proteins were analyzed by Western blotting
with anti-Noplp antibodies. Under permissive conditions,
Noplp was readily detected in the pellet fractions (Fig. 4B,
lane 3) along with the ProtA-NopS6AKKE fusion protein that
is also decorated by the antibodies due to its ProtA domain.
Several ProtA-NopS6AKKE degradation products were also
detected. Following depletion of Nop58p and the snoRNAs,
Noplp was not detectably coprecipitated with ProtA-Nop56p
(Fig. 4B, lane 6).

We conclude that Nop1p and Nop56p do not associate in the
absence of snoRNAs, indicating that the two proteins only
interact within the snoRNPs.

Nop56p is not required for snoRNA accumulation. All
tested box C+D snoRNAs were codepleted with Nop58p (26),
and we therefore tested the steady-state levels of the sSnoRNAs
in the absence of Nop56p.

To allow depletion of Nop56p, the chromosomal copy of
NOP56 was placed under the control of a regulated GALI0
promoter using a one-step, PCR-based strategy (see Materials
and Methods). The growth rate of GAL::nop56 strains was
already impaired on permissive RSG medium (a doubling time
of 2 h for the wild type and 4 h for the GAL::nop56 strain).
Following transfer to nonpermissive glucose medium, the
growth rate decreased, with a major reduction in doubling time
occurring between 9 and 10 h after transfer (Fig. 5SA). Eighteen
hours after transfer, the doubling time of GAL::nop56 strains
had increased to 16 h. Total RNA was extracted at various time
points after transfer to glucose medium, and the levels of
NOP56 mRNA were analyzed by Northern hybridization. In
the GAL::nop56 strains, the NOP56 mRNA was barely de-
tected in RSG medium (Fig. 5B, lane 3), which was presumably
the basis for the 50% growth rate inhibition. No mRNA was
detected after transfer to glucose medium (Fig. 5B, lanes 4 to
6). The analyses presented in Fig. 5 (also see Fig. 7) were
performed in duplicate on two independently isolated
GAL::nop56 strains (YDL527-1 and YDL527-7 [see Materials
and Methods]). The strains showed identical phenotypes; re-
sults are shown only for YDL527-1.

The steady-state levels of the snoRNAs were analyzed by
Northern hybridization in GAL::nop56 strains and in the pre-
viously described temperature-sensitive (TS)-lethal nop56-2
strain (15) during growth under permissive conditions and
following transfer to glucose medium or 37°C. All tested box
C+D snoRNAs, U3, U14, U18, U24, snR4, snR13, snR39, and
snR190 (Fig. 5C and data not shown), were accumulated at
levels close to those of the wild type. The steady-state levels of
the snoRNAs showed a mild increase in the mutants, presum-
ably as a consequence of an overall decrease in rRNA levels
(see below), since constant amounts of total RNA were loaded.
Several box H+ACA snoRNAs tested, snR3, snR10, snR11,
snR30, snR36, and snR42 (Fig. 5C and data not shown), also
accumulated to wild-type levels.

We conclude that genetic depletion of NopS6p and heat
inactivation in nop56-2 strains had no effect on the accumula-
tion of the box C+D snoRNAs.

Noplp is required for snoRNA accumulation. During the
analysis of Noplp depletion, we were surprised to see the
appearance of slow-migrating forms of the U18 and U24
snoRNAs (Fig. 3C to D and data not shown). This observation
prompted us to analyze the requirement for Nop1p in snoRNA
accumulation and synthesis. A GAL:nopl strain (42) was
grown in galactose medium (zero hour) and transferred to
glucose medium for 12 and 24 h. Five TS nop! alleles (43) that
do not affect Noplp accumulation and have distinct ribosome
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FIG. 5. Nop56p is not required for snoRNA accumulation. (A) Growth of the GAL::nop56 (solid circles) and NOP56 (open squares) strains following transfer to
glucose medium. Cell density was measured at regular intervals, and the cultures were periodically diluted to maintain exponential growth. The results are presented
on an exponential scale with the ODy values corrected for the dilution factor. (B) Northern-blot hybridization of NOP56 mRNA in GAL::nop56 and nop56-2 strains.
Total RNA was extracted from GAL::nop56 and nop56-2 strains following growth under permissive conditions on RSG medium or at 23°C (0 h) and following transfer
to repressive conditions on glucose medium or at 37°C for the times indicated. Isogenic control strains were used. Total RNA was resolved in a 1.2% agarose gel
containing formaldehyde. (C) Steady-state levels of the snoRNAs on depletion and heat inactivation of Nop56p. Total RNA was extracted from GAL::nop56 and
nop56-2 strains grown in RSG medium or at 23°C (0 h) and following transfer to glucose medium or to 37°C for the times indicated. Isogenic control strains were used.

RNA was resolved in an 8% polyacrylamide gel under denaturing conditions.

synthesis defects were also analyzed. These were grown at 23°C
(zero hour) and transferred to 37°C for 6 h.

A range of strategies have evolved for the expression of
snoRNAs, which can be excised from the introns of pre-
mRNAs or synthesized from their own promoter and termina-
tor sequences, either as monocistronic or polycistronic tran-
scription units (reviewed in reference 29); both U18 and U24
are intron encoded. All the tested intronic box C+D snoRNAs,
U18, U24, snR38, snR39, snR54, and snR59, were depleted
following transfer of the GAL::nop! strain to glucose medium
(Fig. 6A, compare lanes 2 and 5, and data not shown). Accu-
mulation of snoRNAs synthesized from polycistronic tran-
scripts was tested for species expressed from transcription units
encoding two snoRNAs (Ul4 and snR190), three snoRNAs
(snR51 and snR70), and 7 snoRNAs (snR73 and snR76) (9, 10,
34, 35). All tested snoRNAs encoded in polycistronic tran-
scripts, except U14, were strongly codepleted with Noplp (Fig.
6A and data not shown). U3 (Fig. 6A) and snR4 (data not
shown) are expressed as monocistronic transcripts and were
unaffected on Noplp depletion, as was the MRP RNA (Fig.
6A).

Accumulation of the intronic box C+D snoRNAs was
strongly reduced at 37°C in the nopl-2, nopl-3, and nopl-5
strains but was unaffected in the nopl-4 and nopl-7 strains.
The nopl-4 and nopI-7 mutations, therefore, uncoupled the
lethality of nopl mutations from effects on snoRNA accumu-
lation. The effects of different nop1 alleles on accumulation of
polycistronic snoRNAs were similar to those on the intronic
box C+D snoRNAs, with depletion seen in the nop1-2, nopi-3,
and nopI-5 strains at 37°C.

Alterations in the lengths of several snoRNAs were seen in

nopl mutants. For U24, shorter forms accumulated in the
nopl-7 strain (Fig. 6A, lane 17) while longer forms appeared in
the nopl-5 strain at 23°C (Fig. 6A, lane 14). These were,
however, shorter than the species detected in the GAL::nop58
strain (Fig. 6A, lane 19). Extended forms of snR38, snR51, and
U18 were also seen in the nopI-5 strain (Fig. 6A, lane 14, and
data not shown), and extended snR39, snR51, snR73, and U18
were seen on depletion of Noplp (Fig. 6A, lane 4, and data not
shown). The strongest accumulation of extended species was
seen in the nopl-5 strain at 23°C, the permissive temperature
for growth and pre-rRNA processing, and was not accompa-
nied by a clear reduction in snoRNA levels. Noplp was there-
fore required both for snoRNA accumulation and for accurate
synthesis, with these functions uncoupled in the nopI-5 strain.

Effects on snoRNA length were most evident for U18 and
U24. Primer extension analysis (Fig. 6B) from internal U18
and U24 primers revealed that 5'-end formation was not af-
fected on Noplp depletion or inactivation. The reduction in
primer extension signals was in good agreement with the re-
sults of the Northern analysis. We conclude that Noplp is
required for normal 3’-end formation of these snoRNAs.

Deletion of the gene encoding Rrp6p, a component of the
exosome complex of 3'—5' exonucleases (2, 6), led to the
accumulation of snoRNAs that were 3’ extended by 3 to 4
nucleotides (Fig. 6A, lane 20) (1). The 3’-extended forms of
U18, snR38, snR39, snR51, and snR73 seen in the nop! mu-
tants comigrated with those detected in rrp6-A strains. This
suggests that Nop1p may interact with the exosome complex to
promote accurate 3’ trimming of the snoRNAs.

We conclude that Noplp is required for the accumulation
and accurate 3'-end formation of intron-encoded and polycis-
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FIG. 6. Noplp is required for the accumulation and synthesis of snoRNAs
processed from introns and polycistronic transcripts. Steady-state levels of in-
tronic and polycistronic snoRNAs on depletion and heat inactivation of Noplp
are shown. Total RNA was extracted from a GAL::nopI strain and from nopi-2
to nopl-5 and nopl-7 strains following growth under permissive conditions on
galactose or at 23°C (0 h) and transfer to a glucose-based medium or 37°C for the
times indicated. For comparison, total RNA was extracted from a null allele of
r1p6 (rrp6A::TRPI) and from a GAL-regulated NOP5S strain (GAL::nop58). (A)
RNA separated on 6% polyacrylamide gels and analyzed by Northern hybrid-
ization. (B) Primer extension using internal U18 or U24 primers. Inserts show
longer exposures of the lanes indicated.

tronic snoRNAs. It is notable that the effects on snoRNA
accumulation and synthesis seen on depletion of Noplp were
not seen on depletion of Nop56p (Fig. 5C). This indicates that
Noplp associates with the snoRNAs in the absence of Nop56p.

MoL. CELL. BIOL.

Requirement for Nop56p in pre-rRNA processing. During
the analysis of Noplp, distinctly different effects on ribosome
and snoRNA synthesis were observed in genetically depleted
strains and in TS mutants (42, 43) (see above). We therefore
compared pre-rRNA processing in GAL::nop56 strains and the
previously reported nop56-2 TS strain (15).

GAL::nop56 strains were grown in RSG medium and trans-
ferred to glucose medium. Total RNA was extracted 9, 15, and
20 h after transfer and analyzed by Northern hybridization
(Fig. 7A [the oligonucleotide probes used are indicated, and
their locations are shown in Fig. 1A]). Importantly, even in
permissive RSG medium (Fig. 7A, lanes 0), the GAL::nop56
strains have a strongly reduced level of NOP56 mRNA (Fig.
5B) and are substantially impaired in growth (50% reduction).

In GAL::nop56 strains, strong accumulation of 35S pre-
rRNA was seen (Fig. 7A, row I), accompanied by depletion of
the 32S (Fig. 7A, row I), 20S (Fig. 7A, row VII), and 27SA,
(Fig. 7A row 1V) pre-rRNAs. The 23S RNA, which extends
from the 5’ end of the pre-rRNA transcript to site A5 in ITS1,
was also detected in GAL::nop56 strains (Fig. 7A, row VI).
Oligonucleotide ¢ (Fig. 7A, row I) hybridizes to both the 33S
and 32S pre-rRNAs (Fig. 1), which are not resolved on the gel,
but the 32S pre-rRNA is much more abundant and generates
most of the signal. This phenotype is highly characteristic of
substantial inhibition of cleavage at sites A,, A,, and A, (Fig.
1). GAL depletion always allows a certain degree of leakage,
and in this case, the residual processing appeared to be suffi-
cient to produce 18S rRNA at steady-state levels close to those
of the wild type (Fig. 7A, row VIII). No clear alteration in the
levels of the 27SB pre-rRNA (Fig. 7A, row II) or the mature
25S rRNA (Fig. 7A, row V) was observed.

In the nop56-2 strain at 37°C (Fig. 7B, lane 4), some accu-
mulation of the 35S pre-rRNAs and 23S RNA was seen, indi-
cating a mild inhibition of the cleavages at sites A, A,, and A,.
The effects on the 35S, 27SA,, and 20S pre-rRNAs were, how-
ever, much less marked than in the strains with Nop56p de-
pleted. In contrast, clear accumulation of the 27SB pre-rRNA
was seen in the nop56-2 strain at 37°C, accompanied by a
reduced level of the mature 25S rRNA (Fig. 7B, row V, lane 4).

We conclude that cleavage at sites A, A,, and A, is affected
in both GAL::nop56 and nop56-2 strains, but with different
severities. It is notable that in neither mutant does the magni-
tude of the reduction in the mature rRNA levels appear suf-
ficient to account for the severe growth inhibition observed.
Moreover, little further impairment in processing was seen on
transfer of the GAL::nop56 strain from RSG medium to glu-
cose, although growth is substantially more inhibited. We con-
clude that the defect in pre-rRNA processing is probably not
the primary cause of lethality on depletion of Nop56p.

The effects of Nop56p depletion on 2'-O methylation were
assessed by metabolic labeling. A GAL::nop56 strain and the
isogenic wild-type control were grown in RSG medium and
transferred to glucose medium for 6 h before being pulse-
labeled for 5 min with either [*H]methionine or [*H]uracil.
Total RNA was extracted from the same numbers of cells,
separated on 1.2% agarose—formaldehyde gels, transferred to
GeneScreen membranes, and visualized by fluorography. In-
corporation in the strain with Nop56p depleted was substan-
tially lower than in the wild type, presumably due to its reduced
growth rate. However, the reductions in the incorporation of
tritiated methionine and tritiated uracil were not clearly dif-
ferent (data not shown).

We conclude that 2'-O methylation of the rRNA was more
resistant to depletion of Nop56p than was pre-rRNA process-
ing. The same phenomenon was observed on depletion of
Nop58p (26) but not on depletion of Noplp, which inhibited
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FIG. 7. Pre-rRNA processing in GAL::nop56 and nop56-2 strains. (A) GAL::nop56 strain in permissive RSG medium (0 h) and at time points (9 to 20 h) after
transfer to glucose medium. (B) nop56-2 strain grown at 23°C (0 h) and following transfer to 37°C for 9 h. Isogenic control strains were used in parallel. Total RNA
was extracted and resolved in a 1.2% agarose gel containing formaldehyde. The steady-state levels of precursors and mature rRNAs were determined by hybridization
with oligonucleotides a (row VIII), b (row VII), ¢ (rows I, IV, and VI), d (row III), e (row II), and f (row V). The oligonucleotides are depicted in Fig. 1 and are
described in Materials and Methods. Oligonucleotides d and e do not formally distinguish between 27SA, and 27SA;, but 27SA; is substantially less abundant than
27SA,, and the reduced amount of 27SA observed in rows II and III is a consequence of the reduced 27SA, levels.

both pre-rRNA processing and nucleolar methylation (42),
consistent with the proposal that Noplp is the methyltrans-
ferase.

DISCUSSION

Nop56p is the third common component of the large family
of box C+D snoRNPs to be identified. ProtA-tagged Nop56p
coprecipitated all tested box C+D snoRNAs with no signifi-
cant coprecipitation of the box H+ ACA snoRNAs or other
small RNAs (MRP RNA and snRNAs). The highly charged
carboxy-terminal KKD/E domain of Nop56p was not required
for interactions with the snoRNAs. A similar carboxy-terminal
truncation in Nop58p also had no effect on interaction with the
snoRNAs (26).

Previous studies indicated that Nop58p coprecipitated with
all tested box C+D snoRNAs and was required for their ac-
cumulation (26), showing it to be an integral component of all
box C+D snoRNPs. Similarly, Noplp coprecipitated with all
tested box C+D snoRNAs (4, 13) and was required for the
accumulation of all species expressed from pre-mRNA introns
and polycistronic transcripts and must also be a component of
the corresponding snoRNPs. Since Noplp coprecipitated with
Nop56p in stoichiometric amounts (15) and these interactions
did not take place in the absence of the snoRNAs, we conclude
that Nop1p, Nop56p, and Nop58p are common components of
most, and probably all, box C+D snoRNPs.

Based on our initial analysis of the in vivo assembly of the
snoRNPs, we propose that Noplp and Nop58p bind indepen-
dently to the box C+D snoRNAs, with Nop56p then associat-

ing with Noplp on the snoRNP. The association of Nop56p
with the snoRNAs was only detected in the presence of Noplp,
whereas Nop58p could interact with the snoRNAs in the ab-
sence of Noplp. Moreover, Noplp and Nop58p are required
for the stability of box C+D snoRNAs, whereas Nop56p is not,
indicating that neither Noplp nor Nop58p is dependent on
Nop56p for association with the snoRNAs. This is consistent
with the recent report that recombinant Xenopus fibrillarin
binds directly to the Ul6 snoRNA (11) and indicates that
Nop56p only interacts with snoRNAs that have prebound
Noplp. All tested box C+D snoRNAs were lost in strains with
Nop58p depleted (26), complicating the analysis of its role in
snoRNP assembly. A 3'-extended form of U24 was, however,
accumulated on depletion of Nop58p and was efficiently pre-
cipitated with ProtA-Nop56p, demonstrating that the associa-
tion of Nop56p with this species at least was not dependent on
Nop58p.

Most box C+D snoRNAs are synthesized by posttranscrip-
tional processing, either from introns excised from pre-mRNAs
or from polycistronic pre-snoRNAs. In both cases, 5" process-
ing of the mature snoRNAs involves the 5'—3’ exonucleases
Ratlp and Xrnlp, while 3’ processing involves the exosome
complex of 3'—5" exonucleases (1, 34, 46). All tested box C+D
snoRNAs that are synthesized from introns or polycistronic
transcripts were codepleted with Noplp, with the exception of
U14. Noplp was not, however, required for normal accumu-
lation of the U3 and snR4 snoRNAs that are encoded in
monocistronic transcripts. This is distinct from the effects of
Nop58p depletion, which strongly reduced the levels of all box
C+D snoRNAs, including snR4, U3, and U14 (26). In con-
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trast, the levels of all tested snoRNAs were unaffected either
by depletion of Nop56p or by the conditional-lethal nop56-2
mutation.

Alterations in the position of the mature 3’ ends of several
snoRNAs were seen in nopl mutants. The mutant alleles of
NOPI uncoupled various defects in ribosome synthesis (43)
and also differ in their effects on snoRNA synthesis and accu-
mulation. The strongest effects on 3’-end formation were
shown by the nopl-5 strain at the permissive temperature
(23°C), at which snoRNA accumulation was unaffected. Dis-
crete 3'-extended forms of many snoRNAs are observed in
strains lacking the Rrp6p component of the exosome complex,
which is responsible for the final trimming of the pre-snoRNAs
(2, 6). The extended snoRNAs in the nop! and rrp6 mutants
were similar in size, suggesting that Noplp interacts with the
exosome during snoRNA 3’ maturation. The formation of
longer forms of the snoRNAs on depletion or mutation of
snoRNP components is slightly surprising; if anything, the loss
of these factors might have been expected to allow the exo-
some complex further access into the mature snoRNA region.
This indicates that the snoRNP proteins play a more active
role than simply blocking the exosome. They may be required
to promote the final trimming reaction and/or to displace other
factors that protect the 3" ends of the pre-snoRNAs.

It was surprising that Noplp was required for the accumu-
lation of snoRNAs synthesized from polycistronic and intronic
precursors but not monocistronic snoRNAs. These appear to
have highly homologous box C+D regions and 3’-terminal
stems, which likely constitute the snoRNP protein binding site.
The obvious difference is that the monocistronic snoRNAs
have a 5’-cap structure and therefore do not undergo 5’ pro-
cessing by Rat1p. It is possible that in addition to influencing 3’
processing, Noplp is also involved in protection of the 5’ ends
during pre-snoRNA processing.

What is the function of Nop56p? Depletion of Nop56p in-
hibited cleavage at sites A,, A;, and A,, leading to impaired
synthesis of the 18S rRNA (Fig. 1). These cleavages were also
inhibited in strains with Noplp, Nop58p, or the U3 and U14
snoRNAs depleted (17, 26, 28, 42, 50), suggesting that Nop56p
is required for the normal functioning of U3 and/or Ul4.
Interestingly, the GAL::nop56 and nop56-2 strains had distinct
pre-rRNA-processing phenotypes. Greater inhibition of the
cleavages at sites A,, A,, and A, was seen on depletion of
Nop56p than in the nop56-2 strain. In contrast, the nop56-2
strain had additional defects in the 25S rRNA synthesis path-
way that were not observed on Nop56p depletion. The effects
on ribosome synthesis of genetic depletion of Noplp and con-
ditional-lethal point mutations were also found to be distinctly
different, and some mutations in NOPI also interfere with 25S
rRNA synthesis (42, 43).

In neither the strains with Nop56p depleted nor the nop56-2
strains does the reduction in the mature rRNAs appear suffi-
cient to account for the severe growth inhibition. This is in
contrast to depletion of Nop58p or Noplp, both of which
substantially reduced 18S rRNA levels. Ribose methylation of
rRNA was also not greatly affected on Nop56p depletion. As
previously proposed, NopS6p could be involved in the correct
assembly of ribosomal particles (15); mutations in NOPI that
lead to specific defects in ribosome assembly have been re-
ported. Deletion of the cap binding complex proteins CBP20
and CBP80 (Gcr3p and Mud13p in yeast) was recently re-
ported to be synthetic lethal with mutations in the snoRNP
proteins Nop58p and Cbf5p (12). In the absence of Ger3p and
Mud13p, some inhibition of pre-rRNA processing was ob-
served, and synergistic defects in ribosome synthesis were pro-
posed as the basis for the colethality (12). Since the inhibition
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of rRNA synthesis does not appear to be the basis of the
lethality seen on depletion of Nop56p, additional functions of
the snoRNP proteins in other aspects of RNA metabolism
appear possible. The cap binding complex is required for splic-
ing commitment complex formation, and pre-mRNA splicing
is therefore a possible target.

A homologue of Noplp and a single homologue of Nop56p-
Nop58p are present in Archaea, where they may be associated
with methylation guide RNAs (24). We propose that Nop56p
was derived from an ancestral Nop58p-like protein by gene
duplication, but the proteins have clearly undergone substan-
tial divergence in function.
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