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ABSTRACT

Bud23 is responsible for the conservedmethylation ofG1575of 18S rRNA, in the P-site of the small subunit of the ribosome. bud23Δ
mutants have severely reduced small subunit levels and showa general failure in cleavage at site A2 during rRNAprocessing. Site A2
is the primary cleavage site for separating the precursors of 18S and 25S rRNAs. Here, we have taken a genetic approach to identify
the functional environment of BUD23. We found mutations inUTP2 andUTP14, encoding components of the SSU processome, as
spontaneous suppressors of a bud23Δmutant. The suppressors improved growth and subunit balance and restored cleavage at site
A2. In a directed screen of 50 ribosomal trans-acting factors, we identified strong positive and negative genetic interactions with
components of the SSU processome and strong negative interactions with components of RNase MRP. RNase MRP is responsible
for cleavage at site A3 in pre-rRNA, an alternative cleavage site for separating the precursor rRNAs. The strong negative genetic
interaction between RNase MRP mutants and bud23Δ is likely due to the combined defects in cleavage at A2 and A3. Our
results suggest that Bud23 plays a role at the time of A2 cleavage, earlier than previously thought. The genetic interaction with
the SSU processome suggests that Bud23 could be involved in triggering disassembly of the SSU processome, or of particular
subcomplexes of the processome.
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INTRODUCTION

Eukaryotic ribosomes consist of two subunits—the small
(40S) and the large (60S) subunits. The biogenesis of both
subunits is a highly ordered and complex process that begins
in the nucleolus with the transcription of the polycistronic
35S pre-rRNA by RNA polymerase I (Warner 2001; Panse
and Johnson 2010). The 35S pre-RNA undergoes a series of
successive, regulated, and specificmodifications and cleavages
required to produce 18S, 25S, and 5.8S rRNAs present in the
mature ribosome (Fromont-Racine et al. 2003; Henras et al.
2008).

Factors involved in small subunit biogenesis associate co-
and post-transcriptionally with the pre-rRNA transcript
(Granneman and Baserga 2005). The earliest of these factors,

along withU3 snoRNA, form the SSU (small subunit) proces-
some and are required for the critical cleavages of rRNA at A0,
A1 in the 5′-external transcribed spacer (ETS), and at A2 in in-
ternal transcribed spacer 1 (ITS1) (Dragon et al. 2002; Grandi
et al. 2002; Granneman and Baserga 2004; Henras et al. 2008).
The U3 snoRNP–pre-rRNA complex or the SSU processome
has also been referred to as the 90S pre-ribosome (Schafer
et al. 2003). The SSU processome, in turn, is composed of
several subcomplexes, namely, the UTP-A, UTP-B, UTP-C,
MPP10, and the BMS1 subcomplexes (Granneman and
Baserga 2004). The timely and hierarchical association of
each of these subcomplexes with the nascent transcript has
been shown to be critical for the proper maturation of the ri-
bosome (Venema and Tollervey 1999; Henras et al. 2008).
The rRNA processing complexes containing U3 snoRNA

can be seen cotranscriptionally associated with the nascent
pre-rRNA transcript as 5′-terminal knobs in electron micro-
graphs of Miller chromatin spreads (Mougey et al. 1993;
Dragon et al. 2002; French et al. 2003; Gallagher et al. 2004;
Osheim et al. 2004). The terminal knobs are dynamic enti-
ties that begin as small knobs and then condense into larger
knobs as more factors join and the rRNA is folded into
a more compact structure (Dragon et al. 2002; Wery et al.
2009). This is accompanied by cotranscriptionalmodifications
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and cleavage at A0 and A1 in the 5′ ETS. Subsequent cleavage
at A2 in ITS1 separates the small and large subunit biogenesis
pathways (Osheim et al. 2004; Kos and Tollervey 2010). The
cleavage at A2 in the canonical processing pathway generates
20S pre-rRNA. However, A2 cleavage is not obligatory; pre-
rRNA can be cleaved in ITS1 at site A3 instead of at A2, gen-
erating the normal 27SA3 intermediate (Torchet and
Hermann-Le Denmat 2000; Vos et al. 2004). Cleavage at A3
is carried out by the endonuclease activity of the RNase
MRP ribonucleoprotein complex (Torchet and Hermann-
LeDenmat 2000).Many SSUprocessome–associated accesso-
ry factors and U3 snoRNA leave the pre-40S ribosome at this
stage, whichmay coincidewith release of the pre-40S from the
nucleolus (Schafer et al. 2003). Additional accessory factors
required for late maturation events along with several ribo-
somal proteins join the pre-40S prior to export to the cyto-
plasm. 20S pre-rRNA in the pre-40S particles is cleaved at
site D in the cytoplasm to form 18S rRNA, the mature
rRNA in 40S subunits (Vanrobays et al. 2003).
We previously characterized Bud23 as a protein important

for the biogenesis and nuclear export of 40S ribosomal sub-
units in Saccharomyces cerevisiae (White et al. 2008). Based
on sequence homology and predicted structure analysis,
Bud23 was identified as the methyltransferase responsible
for m7G1575 in the P-site of the decoding center (White
et al. 2008). Despite the position of this base in a critical loca-
tion of the subunit, it is the presence of Bud23 protein but not
its methyl transferase activity that is important for 40S bio-
genesis (White et al. 2008). More recently, work from our
and the Lafontaine group identified Trm112 as a cofactor re-
quired for the stability of Bud23 in vivo (Figaro et al. 2012;
Sardana and Johnson 2012). In this study, we have further ad-
dressed the role of Bud23 in 40S subunit biogenesis. We show
that Bud23 is important for efficient A2 cleavage and shows
genetic interactions with several SSU components and suggest
that it plays a role in triggering SSU processome disassembly.

RESULTS

BUD23 physically interacts with middle-stage
40S biogenesis factors

In an attempt to understand what role BUD23 plays in small
subunit biogenesis, we first mapped the association of Bud23
with nascent ribosomes in the known sequential pathway
of accessory factor binding in 40S biogenesis (Dez and
Tollervey 2004). A plasmid harboring C-terminal GFP-tagged
Bud23wastransformed into strainsexpressinggenomicC-ter-
minal TAP-tagged factors acting at early (Utp9,Utp18,Utp22,
Utp25), middle (Enp1, Nob1, Hrr25, Ltv1), and late (Rio2,
Hcr1) stages of small subunit biogenesis (Dez and Tollervey
2004). Affinity purification was performed using the TAP
tag, and the immunoprecipitates were probed for Bud23-
GFPand forRps8asamarker for40S.Bud23-GFPcoimmuno-
precipitated with biogenesis factors that work in the middle

stages of small subunit biogenesis (Enp1, Nob1, Hrr25, and
Ltv1) but not with early (Utp9, Utp18, Utp22, Utp25) or late
cytoplasmic 40S associated factors (Rio2, Hcr1) (Fig. 1A).
Because we have previously observed that a C-terminal GFP-
tagpartially impairs Bud23 function (Li et al. 2009),we repeat-
ed this analysis with anN-terminally tagged construct and ob-
tained similar results (data not shown).
To ascertain which RNA intermediates interact most stably

with Bud23-associated complexes, we performed immuno-
precipitation using C-terminal TAP-tagged Bud23. Bud23-
TAP efficiently pulled down 20S pre-rRNA, but not 35S
pre-rRNA or U3 snoRNA, RNAs that are associated with
the Utp proteins including Utp9 (Fig. 1B,C; Dragon et al.
2002; Grandi et al. 2002). These results of RNAs associated
with Bud23 were consistent with the results of protein copur-
ification: that Bud23 is recruited to the pre-40S pathway at an
intermediate step in the nucleolus and/or nucleus, but is not
present in the earliest SSU-containing particles or late cyto-
plasmic pre-40S. We conclude that Bud23 joins the pre-ribo-
some near the transition from the early U3 snoRNP-bound
90S particle to the 20S rRNA containing pre-40S particle.

Genetic interactions of BUD23

bud23Δ shows negative genetic interaction with UTP-A and
RNase MRP components

Although physical interactions give information about stable
interactions, genetic interactions can reveal functional inter-

FIGURE 1. Bud23 stably associates with middle-stage factors of small-
subunit maturation. (A) Bud23-GFP immunoprecipitates with middle-
stage-acting biogenesis factors. Extracts from cells expressing the in-
dicated C-terminal TAP-tagged 40S biogenesis factors and Bud23-GFP
(pAJ2151) were immunoprecipitated with IgG-Sepharose. Extracts
from cells expressing only Bud23-GFPwere used as negative control. Im-
munoprecipitated proteins were subjected to SDS-PAGE and Western
blotting using anti-GFP-HRP and anti-Rps8 antibodies to detect
Bud23-GFP andRps8, respectively. (B) Bud23-TAP immunoprecipitates
20S pre-rRNA. Extracts from cells expressing Bud23-TAP (pAJ2558)
were immunoprecipitated with IgG-Sepharose. Extracts prepared from
cells expressing untagged Bud23 and Utp9-TAP were used as negative
and positive controls, respectively. Immunoprecipitated RNA was ana-
lyzed for the presence of 35S and 20S rRNA by dot blotting using oligos
listed in Table 5. (C) Bud23-TAP does not immunoprecipitate U3
snoRNA. Extracts from cells expressing Bud23-TAP were immunopre-
cipitated with IgG-Sepharose. Extracts prepared from cells expressing
untagged Bud23 and Utp9-TAP were used as negative and positive con-
trols, respectively. Immunoprecipitated RNA was analyzed for the pres-
ence of U3 snoRNAbyNorthern blotting with AJO1686 listed in Table 5.
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actions. Therefore, we decided to test for genetic interactions
with the bud23Δmutant. Biogenesis of eukaryotic ribosomal
subunits is dependent on more than 200 accessory factors
(Henras et al. 2008), a large percentage of which are essential.
We took advantage of a temperature-sensitive (ts) collection
consisting of approximately 250 essential genes in S. cerevisiae
(Ben-Aroya et al. 2008). Each mutant in this collection is
markedwith aURA3 gene: yfeg-ts-URA3 (your favorite essen-
tial gene, YFEG). We selected 50 ts mutants from this collec-
tion that were reported to have rRNA processing defects
(Ben-Aroya et al. 2008). Each of these ts mutant strains was
crossed to a bud23Δ mutant. Haploid double mutants (yfeg-
ts-URA3 bud23Δ::KanMX) were then assayed for genetic
interaction by comparing the growth of the double mutant

with the parental single mutants. The doubling times and
growth curves for each strain were generated as described
(Toussaint and Conconi 2006). We scored neutral genetic in-
teractions as having the fitness predicted by the product of the
fitness of individual mutants. Positive genetic interactions
were indicated by fitness deficits less than predicted from
theproduct of the individual parental fitness,whereas synthet-
ic negative genetic interactions were indicated by fitness defi-
cits greater than the simple product of the individual mutants
(Dixon et al. 2009).
We identifiedmultiple negative and positive interactions in

our genetic screen (Tables 1, 2). Strong negative genetic inter-
actions with bud23Δ were observed with a few functionally
revealing clusters. The first cluster was composed of SSU

TABLE 1. Negative genetic interactions

Known function Strain Fitness at 31°C
Expected fitness
for no interaction

Observed
fitness

% fitness reduction
from expected

Single mutant yfeg-ts::URA3 bud23Δ::KanMX Double mutant
WT 1
bud23Δ 0.47

SSU processome associated dhr2 0.31 0.15 0.1 33%
SSU processome associated utp8 0.57 0.27 0.097 64%
SSU processome associated utp9 0.6 0.28 <0.04 >86%
SSU processome associated utp12 0.56 0.26 0.14 46%
SSU processome associated utp24 0.69 0.33 0.21 34%
SSU processome associated emg1 0.66 0.27 0.15 44%
H/ACA snoRNP associated nhp2 0.42 0.2 0.12 42%
RNase MRP pop3 0.33 0.155 0.08 48%
RNase MRP pop4 0.49 0.23 0.138 40%
RNase MRP snm1 0.41 0.19 <0.04 >79%
Ribosomal protein rps13 0.74 0.35 0.2 43%
rRNA transcription reb1 0.56 0.26 0.11 58%
rRNA transcription rrn7 0.68 0.32 0.13 59%
Nucleocytoplasmic transport srp1 0.69 0.33 0.09 73%
Nucleocytoplasmic transport ntf2 0.46 0.23 0.08 65%

TABLE 2. Positive genetic interactions

Known function Strain Fitness at 33°C
Expected fitness
for no interaction

Observed
fitness

% fitness increase
from expected

Single mutant yfeg-ts::URA3 bud23Δ::KanMX Double mutant
WT 1
bud23Δ 0.43

tRNA methylation trm5 0.43 0.18 0.49 63%
SSU processome associated utp18 0.65 0.28 0.51 45%
SSU processome associated enp2 0.55 0.24 0.41 41%
Intranuclear transport noc2 0.15 0.064 0.24 73%
DNA repair and SSU biogenesis hrr25 0.4 0.18 0.29 39%
Late SSU maturation tsr4 0.075 0.032 0.091 65%
Late SSU maturation nob1 0.53 0.22 0.42 48%
Translation Initiation rpg1 0.54 0.24 0.46 48%
Spliceosome disassembly ntr2 0.6 0.26 0.43 40%
Chromatic remodeling fmp47 0.42 0.18 0.41 56%
CoA biosynthesis cab5 0.11 0.05 0.35 86%
Function unknown ylr132c 0.44 0.19 0.43 56%
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processome components, notably the UTP-A complex mem-
bers Utp8 and Utp9. The UTP-A complex has been reported
to be the earliest protein subcomplex of the SSU processome
that binds cotranscriptionally to the nascent pre-rRNA
(Gallagher et al. 2004; Henras et al. 2008). A second category
of strong negative genetic interactions was observed with
components of the RNase MRP ribonucleoprotein complex:
Snm1, Pop3, and Pop4. RNase MRP is an essential ribonu-
cleoprotein complex that is responsible for cleavage at site
A3 in ITS1 (Lygerou et al. 1996). Negative genetic interaction
was also observed with Dhr2, Utp12, Utp24, and Emg1 (all
SSU processome–associated proteins), Nhp2 (a protein es-
sential for H/ACA snoRNP function), Reb1 and Rrn7 (RNA
polymerase I–associated proteins), Srp1 and Ntf2 (proteins
involved in nucleo-cytoplasmic transport), and ribosomal
protein Rps13 (Table 1).
Several proteins known to be involved in various stages

of small-subunit biogenesis—Utp18, Enp2, Tsr4, Hrr25,
and Nob1—exhibited positive genetic interaction with
BUD23. We also identified positive genetic interactions with
genes that have no known role in 40S biogenesis: TRM5,

NTR2, NOC2, RPG1, FMP47, CAB5, and YLR132c (Table
2). The genetic interactions with the SSU processome and
RNase MRP components were particularly interesting and
suggest that Bud23 plays an earlier role in 40S biogenesis
than is obvious from physical interactions.

The bud23Δ growth defect is suppressed by mutations
in SSU processome components

Although BUD23 is not essential for viability, deletion of the
gene results in a severe slow-growth phenotype (Fig. 2A;
Tables 1, 2; White et al. 2008). We took advantage of the
slow growth rate of a bud23Δ mutant to isolate spontaneous
extragenic suppressors. All such suppressors thatwe identified
were dominant (data not shown). We analyzed two of these
suppressors (seeMaterials andMethods) and identified single
amino acid changes in Utp14 (A758G) and in Utp2 (A2D).
Utp2 is also named Nop14. These mutations strongly sup-
pressed the growth defect and 40S subunit deficit of a
bud23Δmutant (Fig. 2A,B), although levels were not fully re-
stored to those ofwild type. Epitope-taggedmutantUtp14 and

FIGURE 2. bud23Δmutant is suppressed by mutations in the SSU processome proteins Utp14 and Utp2. (A) Tenfold serial dilutions of the isogenic
wild type (BY4741), bud23Δ (AJY2161), utp14-A758G bud23Δ (AJY2683), and utp2 A2D bud23Δ (AJY3581) mutants were spotted on complete rich
media (YPD) and incubated for 2 d at 30°C. (B) Point mutations in Utp14 or Utp2 improve the subunit balance in a bud23Δ mutant. Whole cell
extracts from wild type, bud23Δ, utp14-A758G bud23Δ, and utp2 A2D bud23Δ strains were subjected to sucrose density gradient ultracentrifugation
in the presence (5 mM) or absence of Mg2+. Absorbance at 254 nm was monitored continuously throughout the gradients. (C) Bud23 coimmuno-
precipitates with Utp14 and Utp2. Extracts from cells expressing Utp14-TAP or Utp2-TAP and myc-Bud23 were immunoprecipitated with IgG-
Sepharose. Extracts from cells expressing only myc-Bud23 were used as negative control. Immunoprecipitated proteins were subjected to SDS-
PAGE and Western blotting using anti-myc, anti-Rps3, anti-Mpp10, and peroxidase anti-peroxidase (PAP) to detect myc-Bud23, Rps3, Mpp10,
and Utp14, respectively.
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Utp2proteinswere expressed at levels similar towild-typepro-
teins, and increaseddosageofwild-type genes didnot suppress
bud23Δ (data not shown), indicating that suppressionwasdue
to functional differences in the mutant proteins. Both Utp14
and Utp2/Nop14 have been previously described as essential
SSU processome components (Dragon et al. 2002; Kuhn
et al. 2009); however, they have not been assigned to any spe-
cific class ofUTPproteins. Although it has been suggested that
Utp14 is anATPase (Phipps et al. 2011), theputativeWalker-A
motif is not conserved among Utp14 homologs, leading us to
conclude that it is unlikely that Utp14 hydrolyzes ATP.

The genetic interaction between BUD23 and UTP14 and
UTP2 prompted us to ask whether they also exhibit physical
interaction. To do this, we affinity-purified genomic TAP-
tagged Utp14 and Utp2 and probed for Bud23, Rps3, a small
subunitmarker, andMpp10, an SSUprocessome component,
as controls. Bud23 copurified with bothUtp14 andUtp2 (Fig.
2C). These results were somewhat unexpected, considering
the lack of physical interaction between other Utp proteins
and Bud23 observed in Figure 1, and suggest that either
Bud23 transiently interacts with the 90S pre-ribosome or

that some SSU processome components are retained on the
pre-40S particle after cleavage at A2.

The absence of Bud23 results in a specific
mislocalization of several UTP components

To investigate the functional significance of the genetic inter-
action of BUD23 and UTP14, we asked if the deletion of
BUD23 affects the localization of SSU processome compo-
nents. We arbitrarily chose genomic GFP-tagged Utp9,
Utp10,Utp13, andUtp18 strains (Huh et al. 2003). All of these
proteins were strongly nucleolar in localization in a wild-type
background (Fig. 3A, left). However, in a bud23Δ mutant,
these proteins were significantly enriched in the nucleoplasm,
in addition to their nucleolar localization (Fig. 3A, right).
A similar mislocalization was also observed for Utp14 (Fig.
3B). On the other hand, the U3 snoRNA, a core component
of the SSUprocessome, didnotdisplay a change in localization
in the absence of Bud23 (data not shown). This suggests that
the mislocalization phenotype of UTP factors is independent
of U3 snoRNA, possibly reflecting the mislocalization of a

FIGURE 3. Bud23 is required for the proper localization of SSU components. (A) UTP proteins mislocalize to the nucleoplasm in the absence of
Bud23. The indicated strains expressing genomic GFP-tagged proteins in a wild-type or bud23Δ background were grown in synthetic complete media
to mid-log phase at 30°C and analyzed for GFP fluorescence and differential interference contrast (DIC). (B) A point mutation in Utp14 corrects the
mislocalization in a bud23Δ mutant. Strains expressing wild-type (wt) Utp14-GFP wt Bud23 (AJY3261), wt Utp14-GFP bud23Δ (AJY3263), and
utp14-A758G-GFP bud23Δ (AJY3262) were grown in synthetic complete media to mid-log phase at 30°C and analyzed for GFP fluorescence (green)
and DIC. Sik1-RFP (pAJ1629) was used as a nucleolar marker (red). (C) Mislocalization of Utp14 is specific to a bud23Δmutant. The indicated strains
expressing Utp14-GFP in a slx9Δ or ltv1Δ background were grown in synthetic complete media to mid-log phase at 30°C and analyzed for Utp14-GFP
fluorescence. (D) A point mutation in Utp2 (utp2-A2D) corrects themislocalization of Utp14-GFP in a bud23Δmutant. A bud23Δ strain expressing wt
Utp14-GFP and containing wt Utp2 (pAJ2595) or utp2-A2D (pAJ2596) was grown in synthetic complete media to mid-log phase at 30°C and analyzed
for Utp14-GFP localization.
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specific subcomplex(es) of the processome. We also moni-
tored the localization of Sik1-RFP as a nucleolar marker.
Sik1-RFP localization remained largely restricted to the nucle-
olus in all the conditions tested. Hence, the mislocalization of
Utp14 and other SSU components was not due to a gross
change of nucleolar structure. To check if the aberrant nucle-
oplasmic localization of Utp14 is specific to a bud23Δmutant
or is a general defect associated with small subunit biogenesis
mutants, we looked at the localization of Utp14-GFP in ltv1Δ
and slx9Δ mutants. Ltv1 is a late-stage 40S biogenesis factor
(Seiser et al. 2006), whereas Slx9 has been shown to be associ-
ated with the 90S pre-ribosome (Grandi et al. 2002; Bax et al.
2006). The localization of Utp14-GFP remained restricted to
the nucleolus in both ltv1Δ and slx9Δ mutants (Fig. 3C).
These results together suggest that the deletion of BUD23
has a specific effect on the localization of SSU components.
The mislocalization of Utp14 in bud23Δ mutant cells was

corrected by the utp14-A758G mutation (Fig. 3B, third
panel). The mislocalization of Utp14 could also be corrected
by expression of the dominant utp2-A2Dmutant from a plas-
mid (Fig. 3D); 60% of the cells expressing utp2-A2D showed
strictly nucleolar localization of Utp14-GFP compared with
13% in the presence of wild-type UTP2. Thus, mutations
in Utp14 and Utp2 that suppress a bud23Δ mutant can cor-
rect the defect in localization of Utp14. These results strongly
suggest that the mutations in UTP2 and UTP14 suppress
bud23Δ by a common mechanism.

UTP14 interacts with both 90S and pre-40S particles

Although classified as an SSU processome component, the
function of Utp14 in small-subunit biogenesis is not known.
To better understand which ribosomal precursors Utp14 in-
teracts with, we monitored the sedimentation of Utp14-TAP
on a sucrose gradient. We also monitored the sedimentation
of Rps8 as a control for 40S, 80S, and polysomes. In wild-type
cells, Utp14-TAP sedimented not only at the approximate
position of 90S (Fig. 4A, top, fractions 10–12), as expected
for an SSU processome factor, but also at the position of
40S/pre-40S (Fig. 4A, top, fraction 6). In fact, more Utp14
was observed at the position of 40S than at 90S. In the ab-
sence of Bud23, Utp14 sedimented with the 90S but was ab-
sent in the pre-40S region (Fig. 4A, middle). Instead, Utp14
appeared to sediment in higher-molecular-weight complexes
at the approximate position of 60S (Fig. 4A, middle, fractions
7–9). The sedimentation pattern of utp14-A758G-TAP was
intermediate between the sedimentation of Utp14-TAP in a
wild-type (wt) and bud23Δmutant, and the signal at the po-
sition of pre-40S is partially restored (Fig. 4A, bottom).
To confirm that the Utp14-TAP signal sedimenting at the

position of pre-40S represents a pre-40S-associated particle,
we asked if Utp14-TAP would immunoprecipitate 20S pre-
rRNA. Indeed, Bud23 and Utp14, but not Utp9, pulled
down 20S rRNA (Fig. 4B). However, both Utp14 and Utp9,
but not Bud23 efficiently pulled down U3 snoRNA. Utp2

has also been previously shown to immunoprecipitate U3
snoRNA, as well as 35S and 20S pre-rRNAs (Dragon et al.
2002; Kühn 2007). This suggests that although Utp14 and
Utp2 have been described as SSU processome components,
they stay on the pre-40S particle at least until after the cleav-
age at A2 to form 20S pre-RNA.

Utp14 particle in a bud23Δ mutant contains
U3 snoRNA but lacks 20S pre-rRNA

In a bud23Δmutant, Utp14–TAP sedimented at the approxi-
mate position of 60S and was lost from the pre-40S position.
We performed immunoprecipitations with Utp14–TAP in a
wt and bud23Δ mutant to analyze the differences in Utp14-
associated complexes. 20S rRNA was not detected in the
Utp14–TAP complex in the absence of Bud23, butwas partial-
ly restored in the utp14-A758G suppressor mutant (Fig. 5A).
Consistentwith 20S rRNAanalysis, several ribosomal proteins
including Rps3, Rps24, and Rps2 were significantly under-
represented in the Utp14–TAP particle in a bud23Δ mutant
(Fig. 5C; data not shown). We also observed a modest re-
duction in SSU processome components Mpp10 and Imp4
(Fig. 5C), but did not see a reduction in the levels of U3
snoRNA associated with Utp14–TAP in the bud23Δ mutant
(Fig. 5B). These results suggest that in the absence of Bud23,
Utp14 and presumably some but not all SSU processome

FIGURE 4. Utp14 sedimentation is perturbed in a bud23Δmutant. (A)
Utp14-TAP sediments with pre-40S and 90S pre-ribosomes. Whole cell
extracts from cycloheximide-treated cells expressing genomic wt
Utp14-TAP wt Bud23 (AJY3561), wt Utp14-TAP bud23Δ (AJY3528),
utp14-A758G-TAP bud23Δ (AJY3532) were subjected to sucrose density
gradient ultracentrifugation. Proteins were precipitated from fractions
and subjected to SDS-PAGE. Utp14-TAP and Rps8 were detected
using PAP and anti-Rps8 antibody, respectively. The positions of 40S,
60S, and 80S are indicated. The lower band in the top panel is a degrada-
tion product of Utp14-TAP. (B) Utp14-TAP immunoprecipitates U3
snoRNA as well as 20S pre-rRNA. Extracts from cells expressing Utp9-
TAP, Bud23-TAP, or Utp14-TAP were immunoprecipitated with IgG-
Sepharose. Immunoprecipitated RNA was analyzed for the presence of
U3 snoRNA and 20S rRNA by Northern blotting with the oligos listed
in Table 5.
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components alongwithU3 snoRNAare trapped inahigh-mo-
lecular-weight complex that sediments approximately at 60S
but is not associated with 20S pre-rRNA or ribosomal pro-
teins. The absence of 20S or other related rRNA species could
be due to degradation of a stalled rRNA intermediate in this
complex or reflect a subassembly of the SSU processome
that accumulates separate from pre-rRNA in a bud23Δ
mutant.

Bud23 is required for efficient A2 cleavage

Weexamined the steady-state levels of rRNAprecursors inwt,
bud23Δmutant, and a suppressed bud23Δmutant containing
utp14-A758G or utp2-A2D. As we have shown previously
(White et al. 2008), A2 cleavage in a bud23Δmutant was inef-
ficient, with a marked reduction in the levels of 27S A2 inter-
mediate (Fig. 6A, lane 1). Interestingly, the utp14-A758G as
well as utp2-A2D suppressors restored 27SA2 pre-rRNA in
bud23Δ cells to levels intermediate between wild type and
bud23Δ mutant, resulting in an overall improvement in 18S
levels (Fig. 6A, lanes 3,4; quantified in Fig. 6C).

In the absence of A2 cleavage, cleavage at A3 is likely to be
essential for separating theprecursors for 40S and60Sprocess-
ing. The strong negative genetic interaction that we observed
between bud23Δ and RNase MRP components (Table 1)
may reflect such a block in rRNA processing. Accordingly,
we analyzed pre-rRNA processing in the double mutants by
Northern hybridization. The negative genetic interaction be-
tween bud23Δ and the tsmutants was observed at 30°C, a tem-
perature at which the single mutants are viable. We therefore
analyzed rRNA processing in all strains at 30°C. Pop3 and
Snm1 are essential components of RNase MRP, the primary
activity responsible for cleavage at A3 (Lygerou et al. 1996).
Not surprisingly, the double mutants of RNase MRP and
bud23Δ had significantly reduced levels for 20S and 18S
rRNAs, when normalized to U2 (Fig. 7A; quantified in Fig.
7B). Similar results were obtained in multiple experiments.
This is consistent with simultaneously impairing A2 and A3
cleavage in the double mutant. The defects in cleavage at A2
and A3 are also reflected in the reduction in the total levels
of 5.8S rRNA in the double mutants (Fig. 7C). In wild-type
cells as well as bud23Δmutant, A3 cleavage occurs normally,
and 5.8SS is the predominant form of 5.8S rRNA. Because
A3 is the entry site for the nucleases responsible for processing
the 5′ end of 5.8SS, a defect in A3 cleavage in RNase MRP
mutants results in reduced production of 5.8SS and results
in a 30% reduction in the total levels of 5.8S (5.8SS + 5.8SL).
However, the bud23Δ RNase MRP double mutants exhibited
a more pronounced defect in 5.8S levels (60%–80% reduc-
tion) than either single mutant or the expected effect of the
double mutants. Thus, the strong negative genetic interaction
of these double mutants was likely due to reduced cleavage at

FIGURE 5. Utp14-containing particles contain U3 snoRNA but lack
20S or ribosomal proteins in a bud23Δ mutant. (A) Utp14–TAP does
not immunoprecipitate 20S pre-rRNA in a bud23Δ mutant. Extracts
from the indicated strains expressing wt Utp14–TAP wt Bud23
(AJY3561), wt Utp14–TAP bud23Δ (AJY3528), utp14-A758G-TAP
bud23Δ (AJY3532) were immunoprecipitated with IgG-Sepharose.
Extracts prepared from cells expressing untagged Utp14 were used
as negative control. Immunoprecipitated RNA was analyzed for the
presence of 20S by Northern blotting with the oligos listed in Table 5.
(B) Utp14-TAP immunoprecipitates U3 snoRNA in a bud23Δ mutant.
Extracts from the strains described in A were immunoprecipitated
with IgG-Sepharose and analyzed for the presence of U3 snoRNA by
Northern blotting with the oligos listed in Table 5. (C) Utp14–TAP im-
munoprecipitates lessMpp10, Imp4, and ribosomal proteins in a bud23Δ
mutant. Extracts from the strains described inAwere immunoprecipitat-
ed with IgG-Sepharose. Immunoprecipitated proteins were subjected to
SDS-PAGE and Western blotting using PAP, anti-Mpp10, anti-Imp4,
and anti-Rps3 antibodies to detect Utp14–TAP, Mpp10, Imp4, and
Rps3, respectively.

FIGURE 6. Suppressors of bud23Δ mutant restore A2 cleavage. (A)
Total RNA extracted from the indicated strains grown to OD600∼ 0.3
in YPD at 30°C was separated on an agarose/formaldehyde denaturing
gel, transferred to a membrane, and probed with the indicated oligonu-
cleotide probes to identify rRNA processing intermediates. U2 RNAwas
used as a loading control and probed with AJO962 listed in Table 5. (B)
Schematic depicting pre-rRNA intermediates and probes used. (C)
Quantitation of Northerns shown in A. The hybridization signals were
detected by phosphorimaging and quantified using Quantity One
(Bio-Rad).
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bothA2, due to bud23Δ, and atA3, due to pop3 or snm1 tsmu-
tations. A failure to cleave at A2 and A3will result in an overall
inability to properly process the pre-40S and a general failure
in ribosome biogenesis.

DISCUSSION

BUD23 works at the transition of early
to middle stage of 40S biogenesis

Biogenesis of the small ribosomal subunit is a dynamic pro-
cess that can be divided into stages, marked by critical
rRNA cleavages, key structural rearrangements, and the

actively changing repertoire of accessory factors associated
with thematuring ribosome (Schafer et al. 2003). On the basis
of results presented here, we propose that Bud23 acts at the
transition of early tomiddle stage of small subunit biogenesis,
at the time of A2 cleavage and after the first two endonucleo-
lytic cleavages in the 5′ ETS at A0 and A1. rRNA processing
has been shown to proceed both by cotranscriptional and
post-transcriptional cleavages of the nascent precursor 35S
rRNA. High-resolution kinetic labeling studies have reported
that ∼70% of the nascent transcripts are cleaved cotranscrip-
tionally at A2 (Kos and Tollervey 2010). We have previously
shown an ∼70% reduction in total 40S levels in a bud23Δ
mutant (White et al. 2008). It is possible that Bud23 acts pri-
marily in the cotranscriptional cleavage pathway of rRNA
processing.
If Bud23 is required for efficient A2 cleavage, we would

imagine that it should join the 90S particle before this cleavage
event. Although Bud23 did copurify with Utp2 and Utp14, it
did not copurify with other early SSU processome factors.
This may be due to the transient nature of these interactions
or concurrent disassembly of the SSU processome when
Bud23 enters the particle. The behavior of Bud23 is reminis-
cent of another putative methyltransferase, Rrp8, that shows
synthetic lethality with gar1 mutants and strongly affects
cleavage at A2 but does not immunoprecipitate SSU pro-
cessome components or H/ACA or C/D box snoRNPs
(Bousquet-Antonelli et al. 2000). However, how Rrp8 medi-
ates its role in rRNA processing or its putative substrate is
not understood.

Is Bud23 involved in disassembly
of the SSU processome?

The dynamics of trans-acting factors coming into and leaving
the pre-ribosomal particles during their assembly requires
the coordinated recruitment and release of proteins. Many
of these release events require GTPases or ATPases that are
thought to drive conformational changes (Strunk and Karb-
stein 2009; Kressler et al. 2012). The genetic analysis of these
events in the later steps of 60S biogenesis reveals a special
relationship between trans-acting factors and their devoted
releasing factors (Lo et al. 2010; Panse and Johnson 2010).
In many cases, a requirement for a releasing factor can be
bypassed by mutations in the target trans-acting factor that
must be released. In these cases, the suppressing mutations
weaken the affinity of the factor for the pre-60S particle
(Senger et al. 2001; West et al. 2005). In the 40S pathway,
we show that single-point mutations in Utp14 (utp14-
A758G) or Utp2/Nop14 (utp2-A2D) result in suppression
of A2 cleavage defect in a bud23Δ mutant, resulting in im-
proved 40S production and improved growth. By analogy
to the genetic interactions observed in the 60S pathway,
we suggest that the suppressing mutations in UTP14 and
UTP2 facilitate disassembly of complexes that fail to disas-
semble efficiently in the absence of Bud23. Because both

FIGURE 7. Negative genetic interaction between BUD23 and RNase
MRP mutants is due to a defect in A2 cleavage. (A) Total RNA extracted
from the indicated strains grown to OD600∼ 0.3 in YPD at 30°C was sep-
arated on an agarose/formaldehyde denaturing gel, transferred to a
membrane, and probed with the indicated oligonucleotide probes to
identify rRNA processing intermediates. U2 was probed as described
in Figure 6. (B) Quantitation of the Northern blots shown in A. The hy-
bridization signals were detected by phosphorimaging and quantified
using Quantity One (Bio-Rad). (C) Levels of both 5.8SS and 5.8SL
rRNAs are reduced in bud23Δ rnaseMRP-ts double mutants. Total
RNA from strains described inAwere resolved on a 10%TBE-urea poly-
acrylamide gel, visualized by staining with ethidium bromide and quan-
tified using Image J (NIH). For quantitation of 5.8S levels, total 5.8SS +
5.8SL rRNA signal was normalized to tRNA (loading control) and rep-
resented as a ratio to the wild-type 5.8S level.
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UTP14 and UTP2 are essential, the suppressing mutations
must maintain protein function while bypassing the lack of
Bud23. However, we observed an increase of Utp14 sedimen-
tation in the region of 60S instead of 40S in the absence of
Bud23, suggesting an accumulation of an U3 snoRNA-con-
taining aberrant or intermediate complex due to a defect in
disassembly of some but not all processome factors.

The steady-state localization of most SSU processome and
early pre-rRNA processing factors is nucleolar. However,
work in human cells has demonstrated rapid exchange of fac-
tors involved in pre-rRNA processing between the nucleolus
and nucleoplasm (Phair and Misteli 2000; Chen and Huang
2001; Leary et al. 2004). This was suggested to reflect recycling
of these factors for subsequent rounds of processing in the nu-
cleolus. According to this model, after the early processing
cleavages at A0, A1, andA2, the SSUprocessome disassembles
leaving ribosomal proteins andadditional accessory factors re-
quired for later processing steps bound to the pre-rRNA. The
processome components released into the nucleoplasm must
then cycle back into the nucleolus for the next round of pre-
rRNA processing (Leary and Huang 2001). A delay in disas-
sembly of the complex in a bud23Δ mutant could result in a
change in the steady-state distribution of these proteins as
monitored by GFP localization.

We show that the deletion of BUD23 results in steady-state
enrichment of nucleoplasmic localization of several SSU
processome components. Failure of timely disassembly of
these components could lock these factors in dead-end inter-
mediates and block their participation in subsequent rounds
of pre-rRNA processing. We observed that Utp14 complexes
in the absence of Bud23 lack several ribosomal proteins, pos-
sibly reflecting stalled assembly intermediates. The lack of
disassembly may also be indirectly responsible for the nuclear
export defect we earlier reported in a bud23Δmutant (White
et al. 2008).

Genetic interaction with RNase MRP

The RNaseMRP components Pop3, Pop4, and Snm1 showed
strong negative genetic interaction with bud23Δ. RNase MRP
is an essential and evolutionarily conserved ribonucleopro-
tein complex that is responsible for the endonucleolytic
cleavage at A3 in ITS1 (Lygerou et al. 1996). Mutations in
both the RNA and protein components of RNase MRP
have been implicated to result in a compromised immune
system and dwarfism (Mattijssen et al. 2010). Cleavage at
A3 initiates the formation of the 5′ end of 5.8S rRNA (Chu
et al. 1994; Henry et al. 1994). However, cleavage of 35S
rRNA by RNase MRP at A3 can presumably still continue
even in the absence of A1/A2 cleavage (Henry et al. 1994;
Torchet et al. 1998; Torchet and Hermann-Le Denmat
2000). A bud23Δ mutant by itself is severely compromised
for A2 cleavage and is probably largely dependent on cotran-
scriptional A3 cleavage by RNase MRP to release the pre-40S
particle. We suggest that the simultaneous blocks in cleavage

at A2 and A3 in the bud23Δ rnase MRP-ts double mutant, ac-
counts for the severe negative genetic interaction.

Does Bud23 monitor pre-40S assembly
to trigger A2 cleavage?

Our work provides evidence for a role of Bud23 in the tran-
sition of the small subunit from an early 90S particle to a
middle-stage pre-40S particle. This transition is marked by
several key and interdependent events: formation of the cen-
tral pseudo-knot, cleavage at A2 in ITS1, and the removal
of several early SSU processome components from the pre-ri-
bosome to allow for subsequent maturation (Schafer et al.
2003; Henras et al. 2008). The central pseudoknot is the key
architectural feature of the overall RNA structure of the small
subunit. The correct folding of the central pseudoknot is
thought to set the stage for A2 cleavage leading to the separa-
tion of 40S and 60S maturation pathways. Mutants that can-
not stably form the central pseudoknot are thought to be
defective for cleavage at A2 resulting in the absence of a detect-
able 27SA2 pre-rRNA intermediate (Beltrame and Tollervey
1995; Hughes 1996).
Bud23methylates G1575 in 18S rRNA in a helix that stacks

coaxially with the central pseudoknot. We have shown pre-
viously that Bud23 protein, but not its methyltransferase
activity, is important for its function (White et al. 2008).
Considering the physical relationship between the Bud23
methylation site and the central pseudoknot, we propose
that recognition of its substrate by Bud23 may be a means of
monitoring the status of assembly of the small subunit. In
this model, we imagine that Bud23 triggers cleavage at A2
only after correct folding of its substrate, which may depend
on the completion of the folding of the central pseudoknot.
Methylation of its target site may then simply be a means of
“marking” the subunit as having passed a quality-control
checkpoint.

MATERIALS AND METHODS

Strains, plasmids, and media

All S. cerevisiae strains used in this study are listed in Table 3. All
TAP-tagged and GFP-tagged strains were from Open Biosystems
and temperature-sensitive strains were kindly provided by Dr.
P. Hieter (Ben-Aroya et al. 2008).

Identification of utp14-A758G suppressor and construction
of bud23Δ suppressor library

Ten micrograms of total yeast DNA was partially digested with
Sau3A1 and then size-fractionated on a 10%–40% sucrose gradient
prepared in 1 M NaCl, 20 mM Tris-HCl (pH 7.5), 5 mM EDTA by
centrifugation at 30,000 rpm for 20 h at 20°C in a SW40 rotor
(Beckman). DNA was extracted from fractions containing 1- to 3-
kb DNA fragments and was cloned into the BamHI site of pRS416.
The library was transformed into a bud23Δ mutant and screened
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for suppressing phenotype. The plasmid harboring the dominant
suppressor was isolated and the insert identified by sequencing.

Identification of utp2-A2D suppressor

The suppressing mutation was identified by high-throughput
SOLiD sequencing of the suppressor genomic DNA. Sequencing
was carried out by the Genome Sequencing and Analysis Facility
at UT Austin.

Construction of strains for the genetic screen

A subset of temperature-sensitive mutant strains (Ben-Aroya et al.
2008) was mated with a bud23Δ strain, sporulated, and dissected
at room temperature. For quantification of genetic interactions, cells
were cultured in 100 µL of YPD containing 75 µg/mL Ampicillin in
96-well plates by shaking continuously for 36 h in a microplate read-
er (Powerwave; Biotek). The doubling times were calculated from
growth curves as described (Toussaint and Conconi 2006). The fit-
ness of each strain was calculated as the ratio of the doubling time of

the wild type to that of the mutant (Dixon et al. 2009). The expected
fitness of double mutants was calculated as the product of the
observed fitness of the parental single-mutant strains. For quantita-
tion of negative genetic interaction, growth was monitored at 31°C
where the ts mutants were viable but exhibited a fitness defect.
Fitness reduction was calculated as a percentage of the difference be-
tween expected and observed fitness values. For quantitation of pos-
itive genetic interaction, growth was monitored at 33°C, where the ts
mutants exhibited a significant fitness defect to measure improve-
ment in fitness. Fitness improvement was calculated as a percentage
of the difference between observed and expected fitness values.
Genomic integration of TAP tag at the C terminus of Utp14 and

Utp2 was performed as described (Longtine et al. 1998). Swapping
of the HIS3MX6-TAP cassette with the KlURA3-HA cassette was
carried out as described (Sung et al. 2008). For deletion of the
BUD23 locus fromGFP-tagged strains, the bud23Δ::KanMX cassette
was amplified from AJY2161 and transformed into the parent GFP-
tagged strains. All strains constructed by homologous recombina-
tion were confirmed by PCR.

TABLE 3. Strains used in this study

Strain Genotype Source

AJY2161 MATa bud23Δ::KanMX his3Δ1 leu2Δ0 ura3Δ0 met15Δ0 White et al. 2008
AJY2643 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Winzeler et al. 1999
AJY2665 MATa ENP1-TAP::HIS3MX6 leu2Δ0 ura3Δ0 Ghaemmaghami et al. 2003
AJY2666 MATa NOB1-TAP::HIS3MX6 leu2Δ0 ura3Δ0 Ghaemmaghami et al. 2003
AJY2667 MATa RIO2-TAP::HIS3MX6 leu2Δ0 ura3Δ0 Ghaemmaghami et al. 2003
AJY2683 MATa bud23Δ::NatMX utp14-A758G his3Δ1 leu2Δ0 ura3Δ0 This study
AJY2891 MATa LTV1-TAP::HIS3MX6 leu2Δ0 ura3Δ0 Ghaemmaghami et al. 2003
AJY2897 MATa HRR25-TAP::HIS3MX6 leu2Δ0 ura3Δ0 Ghaemmaghami et al. 2003
AJY3128 MATa pop3-ts::URA3 bud23Δ::KanMX his3Δ1 leu2Δ0 This study
AJY3129 MATa snm1-ts::URA3 bud23Δ::KanMX his3Δ1 leu2Δ0 This study
AJY3255 MATa ura3Δ0 leu2Δ0 his3Δ1 lys2Δ0 (or LYS2) met15Δ0

(or MET15) can1Δ::LEU2-MFA1pr::His3 pop3-ts::URA3
Ben-Aroya et al. 2008

AJY3259 MATa ura3Δ0 leu2Δ0 his3Δ1 lys2Δ0 (or LYS2) met15Δ0
(or MET15) can1Δ::LEU2-MFA1pr::His3 snm1-ts::URA3

Ben-Aroya et al. 2008

AJY3261 MATa UTP14-GFP::HIS3MX6 leu2Δ0 ura3Δ0 Huh et al. 2003
AJY3262 MATa utp14-A758G-GFP::HIS3MX6 bud23Δ::NatMX leu2Δ0 ura3Δ0 This study
AJY3263 MATa UTP14-GFP::HIS3MX6 bud23Δ::KanMX leu2Δ0 ura3Δ0 This study
AJY3317 MATa UTP2-TAP::KlURA3 his3Δ1 leu2Δ0 met15Δ0 This study
AJY3431 MATa UTP9-GFP::HIS3MX6 leu2Δ0 ura3Δ0 Huh et al. 2003
AJY3434 MATa UTP18-GFP::HIS3MX6 leu2Δ0 ura3Δ0 Huh et al. 2003
AJY3436 MATa UTP10-GFP::HIS3MX6 leu2Δ0 ura3Δ0 Huh et al. 2003
AJY3437 MATa UTP13-GFP::HIS3MX6 leu2Δ0 ura3Δ0 Huh et al. 2003
AJY3440 MATa UTP9-GFP::HIS3MX6 bud23Δ::KanMX leu2Δ0 ura3Δ0 This study
AJY3442 MATa UTP10-GFP::HIS3MX6 bud23Δ::KanMX leu2Δ0 ura3Δ0 This study
AJY3443 MATa UTP18-GFP::HIS3MX6 bud23Δ::KanMX leu2Δ0 ura3Δ0 This study
AJY3444 MATa UTP13-GFP::HIS3MX6 bud23Δ::KanMX leu2Δ0 ura3Δ0 This study
AJY3501 MATa UTP9-TAP::HIS3MX6 leu2Δ0 ura3Δ0 Ghaemmaghami et al. 2003
AJY3503 MATa UTP22-TAP::HIS3MX6 leu2Δ0 ura3Δ0 Ghaemmaghami et al. 2003
AJY3504 MATa UTP25-TAP::HIS3MX6 leu2Δ0 ura3Δ0 Ghaemmaghami et al. 2003
AJY3506 MATa UTP18-TAP::HIS3MX6 leu2Δ0 ura3Δ0 Ghaemmaghami et al. 2003
AJY3510 MATa HCR1-TAP::HIS3MX6 leu2Δ0 ura3Δ0 Ghaemmaghami et al. 2003
AJY3518 MATa UTP14-GFP::HIS3MX6 slx9Δ::KanMX leu2Δ0 ura3Δ0 This study
AJY3519 MATa UTP14-GFP::HIS3MX6 ltv1Δ:KanMX leu2Δ0 ura3Δ0 This study
AJY3528 MATa UTP14-TAP::KlURA3 bud23Δ::KanMX his3Δ1 leu2Δ0 met15Δ0 This study
AJY3532 MATa utp14-A758G-TAP::KlURA3 bud23Δ::KanMX his3Δ1 leu2Δ0 met15Δ0 This study
AJY3560 MATa UTP14-TAP::KlURA3 his3Δ1 leu2Δ0 met15Δ0 This study
AJY3581 MATa bud23Δ::KanMX utp2-A2D his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 This study

aMating type not determined.
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Cells were cultured at 30°C, unless otherwise indicated, in rich
medium or synthetic dropout medium, containing 2% glucose.
All microbiological techniques and cloning were performed as de-
scribed (Sambrook et al. 1989). Plasmids used in this study are listed
in Table 4.

Immunoprecipitation and Western blotting

For immunoprecipitations, 200-mL cultures were grown to an
OD600 of 0.6–0.8 in selective medium. Cells were resuspended in
500 µL of IP buffer (100 mM NaCl, 50 mM Tris-HCl at pH 7.5,
1.5 mM MgCl2, 0.15% NP-40, 1 mM PMSF, 1 µg/mL leupeptin,
1 µg/mL pepstatin A), lysed by vortexing with glass beads (five cycles
of 30 sec of vortexing and 2 min on ice), and clarified by centrifu-
gation at 15,000g at 4°C. Immunoprecipitation was performed for
the protein A tag by incubating extracts with IgG-Sepharose beads
(Amersham IgG Sepharose 6 Fast Flow) for 1 h at 4°C, followed
by TEV enzyme cleavage for 2 h at 16°C. The beads were separated
from the TEV eluate by centrifugation at 2000g for 30 sec. The eluted
proteins in the supernatant were precipitated by adding 10% TCA
and incubated overnight at −20°C. This was followed by centrifuga-
tion at 15,000g for 10 min at 4°C. The precipitated proteins were re-
suspended in 30 µL of 1× Laemmli buffer, heated for 5 min at 99°C,
and separated on a 8% SDS-PAGE gel.

For Western blotting, membranes were incubated with the
appropriate primary antibody for 2 h at room temperature or at
4°C overnight, and the secondary antibody for 30 min at room
temperature.

Sucrose density gradient sedimentation

For polysome profile analysis, 200-mL cultures were grown at 30°C
to OD600 of 0.3. Cycloheximide was added to the cultures (100 µg/
mL final concentration) followed by incubation with shaking for
10 min at 30°C. The cells were then poured onto ice and collected
by centrifugation. All subsequent steps were carried out 0°C–4°C.
Cells were washed and resuspended in 600 µL of lysis buffer (100
mM KCl, 50 mM Tris-HCl at pH 7.5, 5 mM MgCl2, 150 µg/mL cy-
cloheximide, 7 mMBME, 1mMPMSF, 1 µg/mL leupeptin, 1 µg/mL
pepstatin A), and lysed by vortexing in the presence of glass beads.
The extract was centrifuged for 10 min at 15,000g at 4°C, and the
supernatant was recovered. Nine OD260 units were loaded onto a
7%–47% sucrose gradient prepared in lysis buffer and centrifuged
for 2.5 h at 40,000 rpm (Beckman SW40 rotor). A gradient fraction-
ator (ISCOModel 640) was used to record the UV profile and to col-
lect fractions for further analysis.

Microscopy

Overnight cultures were diluted to an OD600 of 0.1 into fresh selec-
tive medium and allowed to grow for 4–5 h at 30°C. Fluorescence
was visualized on a Nikon E800 microscope fitted with a Plan
Apo 100×/1.4 objective and a Photometrics CoolSNAP ES camera
controlled by NIS-Elements AR2.10 software. Images were prepared
using Adobe Photoshop CS5.

Northern blotting

All RNAs were prepared using acid phenol:chloroform extraction as
described (Sambrooket al. 1989). TheRNAspecieswere separated by
1% agarose-formaldehyde gel electrophoresis and transferred to
Zeta-Probe GTmembrane (Bio-Rad) by capillary transfer. Dot blot-
tingwas performedbydepositing 1%of the inputRNAandone-third
of the immunoprecipitated RNA onto a Zeta-Probe GT membrane
(Bio-Rad) using a 96-well dot-blot system (Schleicher & Schuell).
The transferred RNAs were UV-cross-linked to the membrane and
Northern blotting using 5′-32P-labeled oligonucleotide probes was
performed as described previously (Li et al. 2009). The hybridization
signals were detected by phosphorimaging and quantified using
Quantity One (Bio-Rad). Oligonucleotides used in this study are list-
ed in Table 5. U3 snoRNA and 5.8S rRNAs shown in Figure 7 were
resolved on a 10%TBE-urea polyacrylamide gel (Life Technologies).
5.8S rRNAs were visualized by staining with ethidium bromide, and
the signals were quantified using ImageJ (NIH).
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