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Eukaryotic ribosomal biogenesis is a high-energy–demanding
and complex process that requires hundreds of trans-acting factors
to dynamically build the highly-organized 40S and 60S subunits.
Each ribonucleoprotein complex comprises specific rRNAs and
ribosomal proteins that are organized into functional domains.
The RNA exosome complex plays a crucial role as one of the
pre-60S–processing factors, because it is the RNase responsible
for processing the 7S pre-rRNA to the mature 5.8S rRNA. The
yeast pre-60S assembly factor Nop53 has previously been shown
to associate with the nucleoplasmic pre-60S in a region contain-
ing the “foot” structure assembled around the 3� end of the 7S
pre-rRNA. Nop53 interacts with 25S rRNA and with several 60S
assembly factors, including the RNA exosome, specifically, with
its catalytic subunit Rrp6 and with the exosome-associated RNA
helicase Mtr4. Nop53 is therefore considered the adaptor
responsible for recruiting the exosome complex for 7S pro-
cessing. Here, using proteomics-based approaches in budding
yeast to analyze the effects of Nop53 on the exosome interac-
tome, we found that the exosome binds pre-ribosomal com-
plexes early during the ribosome maturation pathway. We also
identified interactions through which Nop53 modulates exo-
some activity in the context of 60S maturation and provide evi-
dence that in addition to recruiting the exosome, Nop53 may
also be important for positioning the exosome during 7S pro-
cessing. On the basis of these findings, we propose that the exo-
some is recruited much earlier during ribosome assembly than
previously thought, suggesting the existence of additional inter-
actions that remain to be described.

The assembly of eukaryotic ribosomal subunits is a complex
process that requires, in addition to the ribosomal proteins,
more than 200 biogenesis factors (1). Synthesis of ribosomal

subunits starts in the nucleolus, where the precursors rRNAs
pre-35S and pre-5S are transcribed and bound by early pro-
cessing and assembly factors (2). Early endonucleolytic cleavage
reactions separate the pre-20S that is going to be part of the
pre-40S subunit, from the pre-27SA2, which will give rise to the
pre-rRNAs 7S and 26S, and subsequently to the mature rRNAs
5.8S and 25S (3).

In the pre-rRNA maturation pathway, the RNA exosome
complex is responsible for the degradation of the spacer
sequence 5�-external transcribed spacer (5�-ETS)3 after cleav-
age at A0 and for the 3�–5�-end processing of 7S pre-rRNA to
the mature 5.8S rRNA (4, 5). In Saccharomyces cerevisiae, the
exosome is composed of a nine-subunit core (Exo9) arranged as
a heterohexameric ring (Rrp41, Rrp42, Rrp45, Rrp43, Mtr3, and
Rrp46) capped by a heterotrimeric “cap” (Rrp40, Csl4, and
Rrp4) that lacks catalytic activity. In the nucleus and cytoplasm,
Exo9 interacts with Rrp44/Dis3 to form a 10-subunit complex
(Exo10). Rrp44 is an RNase II family member and catalyzes both
endoribonucleolytic and processive 3�–to–5�-exoribonucleo-
lytic reactions (6 –8). The yeast nuclear exosome (Exo11) con-
tains an extra catalytic subunit, Rrp6, which is a distributive
3�–to–5�-exoribonuclease homolog of Escherichia coli RNase
D (9), that binds to the trimeric cap and upper portion of the
hexameric ring, opposite to the Rrp44-binding site. Although
RRP6 is not essential, its deletion causes a slow-growth pheno-
type, temperature sensitivity, and RNA-processing defects
(4, 10).

Nuclear and cytoplasmic forms of the exosome interact with
distinct cofactors in these subcellular compartments (11). In
the nucleus, Rrp47, Mpp6, and the RNA helicase Mtr4 associate
with the exosome (Exo11) to form a 14-subunit complex (12).
The exosome cofactor Mpp6 can associate with the Exo9 core
through interactions with the “cap” subunit Rrp40 to recruit
the other cofactor Mtr4 and to stimulate the activities of the
exosome catalyzed by Rrp6 (13). Rrp47 is a nuclear exosome
cofactor important for Rrp6 stability and activity (14). The
N-terminal domains of Rrp6 and Rrp47 interact in an inter-
twined set of �-helices that form an interface for interaction
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with the N terminus of the RNA helicase Mtr4 (15, 16), a
subunit of the TRAMP complex that bridges the exosome
and the TRAMP (Trf4p/Air2p/Mtr4p polyadenylation com-
plex) (17, 18) and that is also essential for the 7S pre-rRNA
processing (19). The determination of Mtr4 structure
revealed that it interacts with the other two subunits of the
TRAMP complex through its DEXH domain (20), whereas
its KOW domain is involved in the interaction with the pre-
60S trans-acting factor Nop53 (17).

Nop53 is a pre-60S assembly factor (21, 22) that recently had
its structure determined in the Nog2 intermediate (23–25). In
that particle, Nop53 binds 25S rRNA and interacts with Nop7,
Rpl7, and L27 in a region comprising the pre-60S foot structure
assembled around the ITS2 (internal transcribed spacer 2) and
5.8S 3� end (25, 26). Additionally, Nop53 has also been shown to
interact with the exosome catalytic subunit Rrp6 and with the
TRAMP subunits Trf4 and Mtr4 (27–30). Interestingly, deple-
tion of Nop53 leads to the accumulation of 7S pre-rRNA (29), in
agreement with its role as an adaptor protein that recruits the
exosome associated with Mtr4 (23).

Endonucleolytic cleavage at the C2 site in ITS2 of pre-rRNA
27S separates pre-rRNAs 7S (5.8S�5� region of ITS2) and 26S
(3� region of ITS2 plus 25S) (31), which undergo exonucleolytic
processing by the exosome and Rat1/Rai1, respectively, to gen-
erate mature rRNAs 5.8S and 25S (31, 32).

Altogether, in the current model Nop53, Mtr4, and the RNA
exosome are essential for the ITS2 processing of 7S after the
cleavage at C2 (32), when the exosome subunit Rrp44 shortens
7S to the intermediate 5.8S�30, which is then handed over to
Rrp6 that trims it to 6S pre-rRNA, which gives rise to the
mature 5.8S rRNA after further processing in the cytoplasm
(33).

Despite the available information on Nop53 interactions and
structure, a complete understanding of its interplay with the
exosome during pre-rRNA 7S processing is lacking. The elon-
gated topology of Nop53 establishing several protein–protein
interactions with pre-60S components (24) raised the possibil-
ity that it could also interact with other exosome subunits. In
this work, we show evidence that Nop53 may be involved not
only in the recruitment but also in positioning of the nuclear
exosome on the pre-60S particle for processing of 7S pre-rRNA,
based on the observation that, in addition to its direct interac-
tion with Rrp6 and Mtr4, Nop53 also interacts with the core
subunit Rrp45 and the exosome cofactor Mpp6. Furthermore,
we show that Nop53 depletion affects the exosome interac-
tome, particularly enriching components of early pre-ribo-
somal subunits.

Results

Nop53 can interact with the exosome core subunit Rrp45 and
the cofactor Mpp6

To investigate in more detail the role played by Nop53 in
exosome recruitment to pre-60S for processing of the pre-
rRNA 7S, we tested its interaction with core exosome subunits
and with the exosome cofactor Mpp6. In addition to its inter-
action with Rrp6 (30), we show by pulldown assays that Nop53
also interacts with the exosome core subunit Rrp45 and with

Mpp6, but not with Rrp44 (Fig. 1, A–C). Based on the available
structure of the nuclear exosome (12) showing that Rrp45 and
Mpp6 are exposed on the same side of the complex, it is con-
ceivable to hypothesize that Nop53 could not only recruit the
14-subunit exosome but also be important for the positioning
of the exosome on the pre-60S particle during 7S pre-rRNA
processing. This hypothesis takes into account that although
Nop53 interacts with Rrp6, Rrp45, Mtr4, and Mpp6, the com-
plex subunit that process the 7S substrate is Rrp44 (4), posi-
tioned on the opposite side of the exosome (34).

Because of its simultaneous interaction with many pre-60S
proteins (25), we set out to determine the portions of Nop53
involved in the interaction with Rrp6. With this aim, deletion
mutants of Nop53 were constructed, fused to GST, and used in
pulldown experiments with His–Rrp6. His–Rrp6 interacted
with mutants corresponding to the N-terminal portion of
Nop53, namely Nop531– 80, Nop5381–157, and Nop53161–230
(Fig. 1, D and E). The C-terminal half of Nop53 has been shown
to be involved in anchoring this protein to pre-60S (25), and
consistently, the corresponding mutants did not interact with
Rrp6. Importantly, Nop53 interacts with Mtr4 through its
N-terminal AIM motif (residues 59 – 64) (23). Because the
mutant Nop53161–230, which does not contain the AIM motif,
interacts with Rrp6, these results suggest that Nop53 may inter-
act with Rrp6 and Mtr4 at the same time during pre-rRNA 7S
processing.

Nop53 affects the exosome interactome but not the exosome
complex stability

Considering the Nop53 direct interaction with the exosome,
we set out to analyze in more detail the effects of Nop53 on the
Rrp6 interactome. For this purpose, coimmunoprecipitation
experiments were performed with Rrp6-TAP expressed in the
conditional strain �nop53/tetOff-GFP-NOP53 carrying the
endogenously tagged Rrp6 –TAP. In this strain, Nop53 expres-
sion was repressed by the addition of doxycycline to the
medium. Proteins coimmunoprecipitated with Rrp6 –TAP, in
the presence or absence of Nop53, were identified by MS-based
proteomics. Coimmunoprecipitation assays were also per-
formed using the same conditional strain expressing only the
TAP tag, used as control for unspecific binding to the resin.
Biological triplicates (Fig. S1) of Rrp6 –TAP and TAP tag coim-
munoprecipitations were subjected to MS-based label-free
quantitative proteomics. Interestingly, Nop53 depletion led to
higher levels of ribosomal assembly factors being copurified
with the exosome (Fig. 2), indicating that in addition to its
recruitment function, Nop53 may also be required for the
release of the exosome from pre-ribosomal particles.

Using PatternLab for proteomics 4.1.1.4 software, the iden-
tified proteins in at least two biological replicates for each con-
dition (presence and depletion of Nop53) were grouped and
depicted in a Venn diagram (Fig. 2A; Table S1) along with the
negative control. From the total 403 proteins, 47 were ex-
clusively identified upon depletion of Nop53, and two were
uniquely detected in the presence of Nop53. Two independent
TFold analyses were performed (Rrp6 –TAP against the Nega-
tive Control, Fig. 2A; Table S1) to classify the proteins that were
also identified in the negative control. Only those with a statis-
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tically significant increase in the Rrp6 –TAP group (in the pres-
ence or absence of Nop53) were considered. Applying this filter,
the number of uniquely identified proteins coimmunoprecipi-
tated with Rrp6 in the presence and absence of Nop53 were 2

and 50, respectively. Three additional proteins were included in
this latter group, because, despite being present in the negative
control, they were significantly enriched upon depletion of
Nop53.

Figure 1. Nop53 interacts with the exosome and with exosome cofactors. GST pulldown assays were performed to test the interaction between Nop53 and
the exosome components Rrp44 and Rrp45 and with the exosome cofactor Mpp6. A, GST–Nop53 immobilized in GSH-Sepharose beads pulled down His–Rrp6
and His–Rrp45. GST was used as negative control of interaction. *, E. coli proteins nonspecifically recognized by anti-GST antibody. B, GST–Mpp6, but not GST,
also pulled down His–Nop53, whereas GST–Rrp44 did not (C). D, Rrp6 interacts with the N-terminal half of Nop53. The interaction between different GST-fused
Nop53 truncation mutants was tested against His–Rrp6 by GST pulldown assay indicating that only the N-terminal region of Nop53 is able to interact with the
exosome catalytic subunit Rrp6. GST was used as a negative control. Total extract of cells expressing His–Rrp6 was incubated either with purified GST or
GST–Nop53 mutants. In, input; FT, flow-through; W, wash; Elu, elution. E, schematic representation of Nop53 with the relative positions of the amino acids
indicated in the truncation mutants.
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Importantly, Nop53 was identified among the exclusively
coimmunoprecipitated proteins with Rrp6 –TAP (Fig. 2A;
Table S1), corroborating the pulldown assays (Fig. 1). The most
striking result to emerge from these data, however, was that
upon depletion of Nop53, several early nucleolar pre-60S trans-
acting factors (e.g. Mak21, Loc1, and Mak16) as well as small
subunit processome (SSU) processome factors (e.g. Utp7, Utp9,
and Imp3) (35) appeared to become stably associated with the
Rrp6 complex (Fig. 2A).

For the coimmunoprecipitated proteins identified in both
conditions (in at least two biological replicates), a TFold analy-
sis was performed, in which the more negative the fold change,
the more enriched the protein is upon depletion of Nop53 (Fig.
2B; Fig. S2; Table S2). Similarly, the higher a positive fold
change is, the more reduced the level of this protein is found
upon depletion of Nop53. Altogether, the volcano plot shows
that among the 244 commonly identified proteins, 104 satisfy
neither the fold change cutoff nor the FDR cutoff � (red dots),
74 satisfy the fold change cutoff but not � (green dots), 43 satisfy
both the fold change cutoff and � but are proteins of low abun-
dance in the samples (orange dots), and 23 proteins satisfy all
statistical filters (blue dots), being significantly enriched or
reduced upon Nop53 depletion (Fig. 2B).

In Fig. 3, only the statistically significant differences (orange
and blue dots) are depicted in a pie chart divided according to
biological function. It is quite evident that the coimmunopre-
cipitated proteins whose levels were significantly affected by
the Nop53 depletion are mainly related to ribosome biogenesis
and the exosome complex. To evaluate in detail how these
groups varied, each protein comprising each pie chart sector is
shown with the respective fold change (Fig. 3B). (Positive fold
change: increase upon Nop53 depletion; Negative fold change:
decrease upon Nop53 depletion.) Surprisingly, one of the most
significant increases of proteins associated with Rrp6 –TAP
was that of the RNA helicase Mtr4 (Fig. 3), with which Rrp6
directly interacts during 7S pre-rRNA processing. These results
suggest that in the absence of Nop53, Rrp6 and Mtr4 are more
tightly associated.

When comparing both conditions, the statistically valid
results with high fold changes were found mainly related to
ribosomal maturation factors (Figs. 2 and 3). Considering the
role of Nop53 in recruiting the exosome to the pre-60S (23), we
expected that upon its depletion the exosome would be associ-
ated with pre-ribosomal assembly factors to a lesser extent.
Intriguingly, however, the results indicate that the major effect
of Nop53 depletion on the exosome interactome is its stronger

association with early pre-60S particles, as well as with 90S
and pre-40S particles. Among the possible interpretations, the
exosome could be retained with earlier pre-ribosome interme-
diates or there could be an increased recruitment of the exo-
some to degrade defective pre-ribosomal subunits. In the first
case, the exosome could already be associated with pre-60S
even before the recruitment of Nop53 to the Nog2 pre-60S
particle.

To verify whether Nop53 was affecting the association of
only Rrp6 with pre-ribosomes or whether the whole exosome
was being retained in pre-ribosomal complexes, similar exper-
iments were performed with �nop53/tetOff-GFP-NOP53
expressing Rrp43-TAP. The results show that the exosome core
subunit Rrp43 also copurified more pre-60S, 90S, and pre-40S
factors upon depletion of Nop53 (Fig. 4; Table S3), further indi-
cating that the whole exosome could be retained in earlier pre-
ribosomal particles.

Analysis of the protein components of pre-ribosomal parti-
cles 90S, 40S, and 60S that had their levels increased in associ-
ation with the exosome upon depletion of Nop53 allowed us to
pinpoint the specific stages of ribosome maturation that were
more enriched (Fig. 5). Most of the identified 90S/pre-40S com-
ponents corresponded to early cotranscriptional (e.g. Pol5,
Kri1, and Nop6) and 5�ETS factors (e.g. Utp9, Mpp10, and
Sas10), in agreement with the exosome role in the degradation
of that upstream spacer. Interestingly, several SSU processome
factors (e.g. Nop14, Krr1, Kre33, Pno1, and Emg1) were also
found enriched in the samples, which could suggest an earlier
association of the exosome, prior to the endonucleolytic cleav-
age that releases 5�ETS. The identification of two late 40S mat-
uration factors (Ltv1 and Rio2), however, could be related to an
increased recruitment of the exosome to degrade misassembled
intermediates (Fig. 5B).

The most interesting observation, however, came from the
analysis of the enriched pre-60S assembly factors coimmuno-
precipitated with both Rrp6 and Rrp43 upon depletion of
Nop53 (Fig. 5B). Not only were several late nucleolar factors
constituents of the already described exosome-bound pre-60S
particle detected (namely Cic1, Nog1, Nug1, Nog2, Rpf2, and
Rlp24) (12, 25), but also earlier factors. Notably, along with
several components of very early particles, one of the most
enriched maturation stages was the state E, whose identified
assembly factors Noc3, Brx1, Nop2, Ebp2, Has1, and Nop2 have
to be released to allow the binding of Nog2, Rsa4, and Nop53
(25, 26, 36). This compositional remodeling coincides with the
exit of the pre-60S from the nucleolus to the nucleoplasm (35).

Figure 2. Depletion of Nop53 affects the Rrp6 interactome. To evaluate how Nop53 modulates the interaction of Rrp6 with other factors, a coimmunopre-
cipitation assay was performed both in the presence (�doxycycline) and upon depletion (�doxycycline) of Nop53 using the conditional strain
�nop53/tetOff::GFP-NOP53 carrying the endogenous Rrp6 –TAP fusion. As a negative control, the same strain carrying only the TAP tag was employed. For each
condition, the elution of biological triplicates was subjected to label-free quantitative analysis. Using the PatternLab software, the identified proteins in at least
two biological replicates were grouped in a Venn diagram (A), showing that among a total of 403 proteins, two were exclusively identified in the presence of
Nop53, and 47 uniquely upon depletion of Nop53. Three additional proteins were included in this latter group because, despite being present in the negative
control, they were significantly enriched upon depletion of Nop53 (Fig. S3). Separately, the exclusively identified proteins in each condition are listed in boxes,
highlighting the over-representation of pre-60S (red) and pre-90S/pre-40S (blue) assembly factors. B, proteins that were coimmunoprecipitated with Rrp6 both
in the presence and absence of Nop53 (identified in at least two replicates per group) were compared through TFold analysis (benjamini-hochberg q-value;
F-stringency (fold-change stringency parameter); L-stringency (stringency parameter for lowly-abundant proteins)) using PatternLab software (52). The top
and bottom of the volcano plot display proteins, respectively, depleted and enriched upon depletion of Nop53. Among the 244 commonly identified proteins,
104 did not show a statistically significant change upon depletion of Nop53 (red dots), 74 met the fold change criteria but were not statistically significant (green
dots), 43 are low abundance proteins that met both the fold change and statistical criteria (orange dots), and 23 proteins met both the fold change and statistical
criteria (blue dots).
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Late maturation factors, such as those found in Nmd3 particles,
or cytoplasmic assembly factors were not enriched. Altogether,
these results strongly converge to indicate an early association
of the exosome both during 90S/pre-40S and pre-60S matura-
tion. Interestingly, most of the 90S and pre-60S factors that
were more abundantly associated with the exosome upon
depletion of Nop53 interact with each other, are positioned in
close proximity in these particles, or are on the same side of the
particles (Fig. 6) (25, 36, 37).

The proteins that were copurified at increased levels with the
exosome upon depletion of Nop53 were separated by func-
tional complexes using the STRING database, which also allows
the visualization of protein interactions (38). Fig. S3 shows the
enriched 90S/pre-40S and pre-60S assembly factors copurified
with Rrp6 and Rrp43 upon depletion of Nop53. The results
summarized in this figure reinforce the conclusion that deple-
tion of Nop53 leads to the retention of the exosome in pre-
ribosomal complexes.

Regarding the exosome assembly, both Rrp6 and Rrp43
copurified all exosome subunits in both conditions (Fig. S4),

showing that Nop53 did not significantly affect the assembly
and/or stability of the exosome complex.

Depletion of Nop53 leads to more stable association of the
exosome with pre-ribosomal particles

To confirm the hypothesis that Nop53 depletion affects the
association of the exosome with pre-ribosomes, total extracts of
different TAP-tagged strains were subjected to density gradient
analysis thus allowing us to analyze the sedimentation of com-
plexes. As a control, we used a strain expressing TAP–Mtr3
(representative of the exosome core). Despite being present in
the bottom fractions, Mtr3 was mainly concentrated in frac-
tions 13–17 (Fig. 7A), where complexes of �400 kDa sedi-
mented (Fig. S5A) and could correspond to free exosome com-
plexes. 60S ribosomal protein Rpl5 was clearly concentrated at
the bottom of the glycerol gradient but was also present in
higher fractions (Fig. 7A; Fig. S6A). In the strain �nop53/
GAL::NOP53 growing in galactose (presence of Nop53), Rrp43
showed the same profile as Mtr3 (Fig. 7B, Gal; Fig. S6B). Similar
to the core exosome subunits Mtr3 and Rrp43, Rrp6 was pres-

Figure 3. Rrp6 remains associated with the core exosome complex and is retained in immature pre-ribosomal subunits upon depletion of Nop53. A,
proteins that showed a statistically significant enrichment or depletion (both orange and blue dots in Fig. 4B) in the absence of Nop53 were categorized
according to their biological function in a pie chart. Among the most enriched classes, both ribosome biogenesis and exosome complex stood out. B, same
proteins, significantly affected by Nop53 depletion, are depicted with their respective fold changes. Positive and negative fold change values indicate,
respectively, enrichment and decrease upon Nop53 depletion. Of note, several early pre-60S and pre-40S transacting factors were found coimmunoprecipi-
tated with increased levels in the absence of Nop53. The exosome subunits and cofactors were slightly enriched, but not as much as the RNA helicase Mtr4.
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ent in fractions 13–17 but was more concentrated in fractions
15–19, denoting a larger complex (Fig. 7B; Fig. S6B). Interest-
ingly, the TRAMP subunit Trf4 cosedimented with the exo-
some in the lower part of the gradient, and it was more concen-
trated in the same fractions as Rrp6 but was also present in
upper fractions, probably corresponding to free TRAMP com-
plex (Fig. 7B; Fig. S6B). Consistent with the results of protein
coimmunoprecipitation described above, the sedimentation of
the exosome subunits changed upon depletion of Nop53 (Glu),
becoming more concentrated in the lower fractions of the gra-
dient, where Rpl5 was also present (Fig. 7B, right panel; Fig.
S6B). These results indicate that in the absence of Nop53, the
exosome remains bound to pre-60S, suggesting a role for
Nop53 in the release of the exosome from the nucleolar pre-
ribosomes. Curiously, the peak of Trf4 was also shifted to lower
fractions of the gradient upon depletion of Nop53, but unlike
the exosome subunits, Trf4 was also present in higher fractions
of the gradient, probably as part of free TRAMP complex (Fig.
7B; Fig. S6B). Control experiments for the analysis of RNAs
extracted from the glycerol gradient fractions show that the
bottom fractions contain early precursor rRNAs, whereas 7S

and 6S intermediates sediment in the middle fractions (Fig.
S5B). The sedimentation of the ribosomal protein Rpl5 did not
change upon depletion of Nop53 (Fig. 7; Fig. S6B).

To exclude the possibility that carbon source in the culture
could influence the association of the exosome with other com-
plexes in the cell, similar experiments were performed with
strain �nop53/tetOff::GFP-NOP53/GFP-Rrp6. In the presence
of Nop53 (� doxycycline), Rrp6 was mainly present in the mid-
dle fractions of the gradient. After repression of Nop53 expres-
sion by the addition of doxycycline, Rrp6 sedimentation was
shifted to the bottom of the gradient, cofractionating with Rpl5
(Fig. 7C, upper panels; Fig. S6C). These results strongly indicate
that Nop53 plays a role in exosome release from pre-60S after
processing of 7S pre-rRNA. The results of the coimmunopre-
cipitation of proteins with Rrp6 –TAP shown above, however,
indicate that Nop53 may influence the exosome release from
even earlier pre-ribosome complexes. To determine whether
the effect on the exosome sedimentation was due to the
depletion of Nop53 or to a general inhibition of 60S matura-
tion, Nip7, which is a pre-60S maturation factor and has
been shown to interact with the exosome subunit Rrp43 (39),

Figure 4. Depletion of Nop53 also affects the Rrp43 interactome. To analyze how Nop53 modulates the interaction of Rrp43 with other factors, a
coimmunoprecipitation assay was performed both in the presence (�doxycycline) and upon depletion (�doxycycline) of Nop53 using the conditional strain
�nop53/tetOff::GFP-NOP53 containing RRP43-TAP fusion in a plasmid. As a negative control, the same strain carrying only the TAP tag was used. For each
condition, the elution of biological triplicates was subjected to label-free quantitative analysis. Using the PatternLab software, the identified proteins in at least
two biological replicates were grouped in a Venn diagram, showing that among a total of 417 proteins, six were exclusively identified in the presence of Nop53,
and 64 uniquely upon depletion of Nop53. The exclusively identified proteins in each condition are listed in boxes, highlighting the over-representation of
pre-60S (red) and pre-90S/pre-40S (blue) assembly factors.
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was also analyzed. The results show that depletion of Nip7
does not cause the retention of the exosome in larger com-
plexes (Fig. 7D; Fig. S6D).

Rrp6 –TAP copurifies early pre-rRNA intermediates

To further confirm the hypothesis that the depletion of
Nop53 affects the exosome association with pre-ribosomes,
RNA coimmunoprecipitation was performed using the strain
�nop53/tetOff::GFP-NOP53/RRP6-TAP. Corroborating the
data presented above, Rrp6 copurified more pre-rRNA under
depletion of Nop53 (Fig. 8, � dox). Interestingly, despite not
leading to 23S accumulation in the cells, the absence of Nop53
led to more 23S coprecipitation with Rrp6 (Fig. 8A, probes P1
and P2). This dead-end processing intermediate is a substrate
for degradation by the exosome (40 –42), and its more efficient
copurification with Rrp6 may suggest that absence of Nop53
affects earlier pre-rRNA processing steps. These results further
confirm the more efficient copurification of pre-40S factors
with Rrp6 upon depletion of Nop53. It remains to be defined
whether the exosome found enriched in association with the
23S pre-rRNA targets it for degradation or waits for 5�ETS
release. Further strengthening the hypothesis that Nop53
affects earlier pre-rRNA processing steps, 35S pre-rRNA was
also more efficiently copurified with Rrp6 in the absence of
Nop53 (Fig. 8A, probes P1–P5). Northern hybridization with
different probes showed that Rrp6 not only co-purified more
35S and 23S pre-rRNAs upon depletion of Nop53, but also 32S
(Fig. 8A, P2–P5), 27S (P3–P5) and 7S (P4) intermediates. More
strikingly, Rrp6 copurified U3 small nuclear RNA and more
efficiently in the absence of Nop53 (Fig. 8A, probe U3). 5S rRNA
and scR1, which were nonspecifically copurified, did not show
any enrichment in the absence of Nop53 (Fig. 8A; Fig. S7). Con-
firming the specificity of the RNAs being co-purified with
Rrp6 –TAP, mature 5.8S rRNAs was not enriched in the coim-
munoprecipitated samples. These results strongly indicate that
Nop53 affects the exosome release from pre-ribosomes and
show that recruitment of the exosome may occur as early as the
SSU processome is formed by the binding of U3 snoRNP.

In agreement with these observations, the analysis of Rrp6
subcellular localization, both in the presence and absence of
Nop53, shows it is present in the nucleus, but particularly con-
centrated in the nucleolus (Fig. S8; supporting Experimental
Procedure), further confirming its early binding to nucleolar
pre-ribosome intermediates.

Discussion

The maturation factors involved in 60S ribosomal subunit
formation, as well as the steps during which they bind and are
released from the pre-60S, have been extensively studied in
recent years (24, 33, 43), and Nop53 has been shown to bind
pre-60S at the late nucleolar steps of maturation, at the same
time as Rsa4 and Nog2, and to be released before the particle is

transported to the cytoplasm (44). The binding and release of
Nop53 coincide with the cleavage at site C2 in ITS2 and subse-
quent processing of 7S pre-rRNA by the exosome that will gen-
erate the intermediate 6S pre-rRNA (23). Depletion of Nop53
leads to the accumulation of the pre-rRNAs 27S and 7S (27–
29), in agreement with its role in recruitment of the exosome.
Nop53 has been shown to interact directly with the exosome
catalytic subunit Rrp6 (30), and as shown here, this interaction
is mediated by the N-terminal portion of Nop53, which
includes a region encompassing the AIM motif required for the
interaction with Mtr4 (45). The observation that partial dele-
tions of the Nop53 AIM sequence cause the accumulation of 7S
(a substrate for Rrp44) and of 5.8S � 30 (a substrate for Rrp6)
(23) strongly suggests that the interaction of Nop53 with Rrp6
could be important during the 3�end handover from Rrp44 to
Rrp6. Accordingly, it has recently been shown that during 7S
pre-rRNA processing, Mtr4 directly binds the exosome subunit
Rrp4, displacing the RNase domain of Rrp6, which becomes
more exposed and available for other interactions (12). These
observations, together with the results shown here, allow us to
propose that Nop53 would be able to interact with Rrp6 con-
comitantly with the processing of 7S by Rrp44.

The recently resolved structure of the exosome-bound pre-
60S particle containing 5.8S�30 pre-rRNA intermediate did
not show clear cryo-EM density for Nop53 (12), indicating that
Nop53 could be flexibly bound to pre-60S after processing by
Rrp44 and formation of 5.8S�30. This observation is coherent
with our postulation that Nop53 would be able to directly inter-
act with different exosome subunits (Rrp6, Rrp45, Mtr4, and
Mpp6) during 7S processing. Based on the position of the core
exosome subunit Rrp45 and the cofactor Mpp6 on the same
side of the complex (12), we can hypothesize that these inter-
actions could play a role not only in the exosome recruitment to
the pre-60S, but also in the proper positioning of the exosome
during 7S processing by Rrp44 and even the hand over process
to Rrp6 for trimming the remaining 5.8S�30.

In addition to recruiting and positioning the exosome, we
show here that Nop53 also influences the release of the exo-
some from pre-ribosomal intermediates, because depletion of
Nop53 causes the cosedimentation of the exosome with large
mass complexes corresponding to pre-ribosomal particles. In
the absence of Nop53, the exosome subunits Rrp43 and Rrp6, as
well as the TRAMP subunit Trf4, were retained at the bottom of
glycerol gradients as part of larger complexes. Confirming these
results, we show that exosome subunits copurify more pre-ri-
bosomal assembly factors upon depletion of Nop53 and, inter-
estingly, earlier pre-rRNA processing factors than previously
described.

The association of the exosome with pre-60S upon depletion
of its recruiting factor Nop53 could be explained by the obser-
vation that Mtr4 binds pre-60S at an earlier stage than Nop53

Figure 5. Comparison of the proteins copurified with Rrp6 and Rrp43 that showed increased levels upon depletion of Nop53. A, Venn diagram depicting
the identified proteins in at least two replicates coimmunoprecipitated with Rrp6 and Rrp43, whose levels were increased upon depletion of Nop53. B,
schematics of pre-40S and pre-60S maturation pathways, depicting stages at which the identified proteins copurified with Rrp6 or Rrp43 associate with
pre-ribosomes. Classification was based on Ref. 29. Proteins not classified are as follows: pre-40S proteins Rpa49 and Rpc19; pre-60S proteins Jip5 and Rrp12.
No common proteins had their levels reduced upon depletion of Nop53.
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(26), and it could recruit the exosome by its interaction with
Rrp6. Importantly, Mtr4 binds ITS2 sequence on pre-60S (23),
allowing this protein to recruit the exosome, despite not cor-
rectly positioning it for processing of the 7S pre-rRNA. The
interaction of early precursor rRNAs with the exosome identi-

fied by RNA coimmunoprecipitation experiments further sug-
gests that the exosome may be recruited by other factors in
addition to Nop53. This early nucleolar exosome association
could be related to a surveillance mechanism allowing rapid
degradation of misassembled particles to ensure the recycling

Figure 6. Proteins coimmunoprecipitated with the exosome in higher levels in the absence of Nop53 participate in different phases of ribosomal
maturation. A, structural representation of 90S pre-ribosomes with the identified protein complexes are depicted in different colors as follows: pink, UTP-A;
blue, UTP-B; orange, UTP-C; green, U3 snoRNP; yellow, Mpp10 complex. Proteins in bold letters are those indicated in Fig. 5B. The remaining parts of the particle
are represented in light gray. B, individual proteins from the subcomplexes indicated in (A) are highlighted in different colors. C, schematics of the positions of
the proteins in the 90S particle and their interactions within the particle. Note that all proteins interacting more efficiently with the exosome in the absence of
Nop53 are exposed on the same face of 90S. Structure of the 90S particle was based on Ref. 37 (PDB 5WLC). D, representation of pre-60S maturation pathway,
with the factors identified here highlighted in different colors. The exosome associates with various pre-60S intermediates in the absence of Nop53. Schematics
show the interactions between the proteins identified here within the pre-60S. Structures of pre-60S particles were based on Refs. 25, 36. State A (PDB 6EM3),
state B (PDB 6EM4), state C (PDB 6EM1), state D (PDB 6EM5), state E (PDB 6ELZ), and late nuclear states (PDB 3JCT) are shown.
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of assembly factors (46). It would also allow a rapid recruitment
for 7S trimming and 5�ETS degradation.

Utp18, a 90S pre-ribosomal particles subunit, has also been
shown to interact with Mtr4 through an AIM domain (23),
being important for the exosome recruitment to 90S particles.
Although Rrp6 co-purifies more pre-rRNAs 35S and 23S upon
depletion of Nop53, we did not find any significant change in
the levels of Utp18 copurifying with Rrp6 in the presence or
absence of Nop53. However, in addition to Utp18, other 90S
subunits such as Sas10 and Lcp5 interact with the exosome (35)

and could recruit the exosome to these particles. Interestingly,
Sas10 and other UTP-B subunits were found enriched among
the proteins copurified with Rrp6 and Rrp43 in the absence of
Nop53. Together with the increased copurification of 23S pre-
rRNA, these observations strengthen the hypothesis that upon
depletion of Nop53 the exosome could be found associated
with the SSU processome, being recruited by Sas10 and other
factors.

The retention of the exosome on nucleolar pre-60S particles
upon depletion of Nop53 complements previous in vitro results

Figure 7. Nop53 affects exosome association with pre-60S. The conditional strain �nop53/GAL::NOP53 was transformed with plasmids expressing
either the exosome subunits Rrp43 and Rrp6 or the TRAMP subunit Tfr4 fused to the TAP tag to monitor the association of these complexes to the
pre-60S particle in the presence or absence of Nop53. A, cell extract from a strain expressing TAP–Mtr3 was subjected to centrifugation through the
glycerol gradient for separation of soluble proteins from ribosomal particles. Rpl5 was used as a control for the 60S and pre-60S ribosomal subunit.
Molecular mass markers were centrifuged in parallel, and their fractionation is indicated by arrows. B, fractionation of Rrp43, Rrp6, and Trf4 in the
presence (Gal) or absence (Glu) of Nop53 shows their concentration in lower fractions of the gradient after depletion of Nop53. C, similar experiments
with the conditional strain �nop53/tetOff::GFP-NOP53-expressing GFP–Rrp6 show the same concentration of this exosome subunit in lower fractions
after depletion of Nop53 (�doxycycline). Numbers of fractions from the gradient are indicated. D, conditional strain �nip7/GAL::A-NIP7 expressing
GFP-Rrp6 was used as a control for a pre-60S maturation factor and shows that its depletion (Glu) does not affect Rrp6 fractionation.
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showing that when ITS2 processing is blocked, assembly fac-
tors comprising the foot structure of the pre-60S remain bound
to these particles (33). Based on the results presented here, we
propose a model in which the exosome may be correctly posi-
tioned on the pre-60S by the Nop53 interactions with Rrp6,
Rrp45, and Mpp6. Furthermore, the identification of 90S, pre-
40S, and early pre-60S assembly factors enriched with two of
the exosome subunits, led us also to propose that the exosome is
recruited in much earlier stages than previously predicted,
opening the possibility for new interactors among the early
assembly factors yet to be described.

Experimental procedures

Yeast strains manipulation

The maintenance and growth of yeast strains were carried
out in minimal media (YNB) supplemented with required
amino acids and were performed according to Ref. 47. The lith-
ium acetate method was employed for yeast transformation
(48). To deplete Nop53 expression, carbon source conditional-
strains were shifted from galactose to glucose-containing

medium for 18 h, whereas conditional-strains regulated by the
Tet-Off system (49) were grown in glucose-containing media
and transferred to the same media supplemented with doxycy-
cline (1.5 �g/ml) for 18 h. The full list of yeast strains used in
this study is described in Table 1.

Plasmids

Plasmids constructed in this work were obtained either by
restriction cloning or by using InFusion HD (Clontech) recom-
bination cloning system. The full list of plasmids used in this
study is described in Table 2.

Heterologous protein expression and GST-pulldown assay

GST and His6-tag fusion proteins respectively encoded by
pGEX4T1(GE Healthcare) and pET28(Novagen) vectors were
expressed in BL21 CodonPlus(DE3)–RIL E. coli strain (Agilent
Technologies), as described previously (30). 500 ml of induced
culture were harvested, suspended in lysis buffer (A: 20 mM

Hepes, pH 8.0, 150 mM NaCl, 5 mM MgCl2, 1 mM PMSF; or B: 20
mM Tris-HCl, pH 8.0; 150 mM NaCl, 1 mM EDTA, pH 8.0; 0.8%

Figure 8. Rrp6 –TAP co-purifies early precursor rRNAs. A, �nop53/tetOff::GFP-NOP53/RRP6-TAP strain was used for RNA coimmunoprecipitation with Rrp6 –
TAP in the presence (�Dox (doxycycline )), or absence (�Dox) of Nop53. Total RNA extracted from �rrp6 strain was used as a control of precursor rRNAs
accumulating in the absence of Rrp6. Left panels show two biological replicates of RNAs extracted from aliquots of total cell extracts in the indicated conditions
used in the coimmunoprecipitations as shown on the right panels. Precursor rRNAs are indicated on the right. 5S rRNA and scR1 were used as controls for
nonspecific binding to the resin. Total RNA extracted from replicate 1 in the absence of Nop53 (�Dox) was lost during loading on the gel, but it was maintained
in the figure because it clearly shows the accumulation of 7S pre-rRNA under this condition. B, schematic representation of the yeast 35S pre-rRNA indicating
the hybridizing positions of the different probes.
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Nonidet, 1 mM PMSF, 1 mM DTT), and lysed using a French
press. Buffer A was used in the interaction assay between GST–
Nop53 and His-tagged exosome subunits, and buffer B was
employed both in the interaction assay between His–Rrp6 and
GST–Nop53 truncation mutants and in the pulldown assay
between His–Nop53 and GST-fused exosome subunits. Total
cellular extract was cleared by 17,000 rpm centrifugation for 30
min at 4 °C. GST–Nop53 truncation mutants were purified
through affinity, followed by size-exclusion chromatography in
buffer B. GST fusion proteins were incubated with 50 �l of
pre-equilibrated GSH–Sepharose beads (GE Healthcare) for
1 h at 4 °C. After extensive washing with lysis buffer, the cleared
total extract containing the His6-tag fusion protein was added
to the beads and incubated for 1 h at 4 °C. Extensive washing of
the bound proteins with lysis buffer with higher ionic strength
(250 mM NaCl) was performed before elution with 10 mM

reduced GSH, 50 mM Tris-HCl, pH 8.0. As a negative control
for unspecific interaction, GST-covered beads were incubated
with the extract of His-tagged protein of study. Fractions of
flow-through and wash were collected after incubation with
both cellular extracts, and together with total extract and elu-
tion were resolved through SDS-PAGE separation and analyzed
by Western blotting with anti-GST (Sigma) and anti-His
(Sigma).

Protein coimmunoprecipitation

Rrp6 –TAP, Rrp43–TAP, and TAP (tandem affinity purifica-
tion) tag separately expressed in the carbon-source conditional
strain �nop53/tetOff::GFP-NOP53 grown in glucose-containing
medium in the absence or presence of doxycycline (expression or
depletion of Nop53, respectively) were used in coimmunoprecipi-
tation experiments. The affinity purification procedure was car-
ried out as described previously (50). For both conditions, 5 liters
of cells grown to an OD600 of 1.0 were harvested by centrifugation,
resuspended in resuspension buffer (50 mM Tris-HCl, pH 8.0, 200
mM KCl, 5 mM MgCl2, 5% glycerol, 1 mM PMSF) and flash-frozen
in liquid N2. The total cellular extract that was obtained by grind-
ing in a Ball Mill device (Retsch, Mixer Mill MM 200) was cleared
by centrifugation at 40,000 rpm for 1 h at 4 °C. The cleared super-
natant was then incubated for 2 h at 4 °C with IgG-Sepharose 6
Fast Flow (GE Healthcare) previously equilibrated with resuspen-
sion buffer. After extensive washing with the same buffer, elution
of the bound proteins was performed by incubation with 500 mM

ammonium hydroxide for 20 min (51).

Sample preparation

The protein content was quantified by Bradford assay. 75 �g
of protein were reduced with 5 mM of DTT at 56 °C for 25 min.
All samples were cooled to room temperature and incubated in
the dark with 14 mM of iodoacetamide for 30 min. Afterward,
the samples were digested for 16 h with sequence grade modi-
fied trypsin at a 1:50 (E:S) ratio at 37 °C. Following digestion, all
reactions were acidified with 10% (v/v) TFA (0.4% v/v final con-
centration) to stop proteolysis. Desalting was carried out using
SepPak C18 cartridges (Waters).

MS/MS analysis

Peptide samples were suspended in 0.1% formic acid and
analyzed two times. The setup used a Proxeon EASY-nLC II
coupled online with an LTQ Orbitrap Velos mass spectrometer
(Thermo Fisher Scientific). The peptide mixture was loaded in
a 100-�m inner diameter � 2-cm trap column (Dr. Maish-
ReproSil-Pur C18-AQ, 5-�m beads) and was separated using a
New Objective PicoFrit� column (25 cm length � 75-�m inner
diameter) packed in-house with ReproSil-Pur C18-AQ 3 �m
resin (Dr. Maisch GmbH HPLC). The flow rate was 200 nl/min,
and we applied a 90-min gradient using the steps 95% of mobile
phase A (5% acetonitrile in 0.1% formic acid) to 40% of mobile
phase B (95% acetonitrile in 0.1% formic acid) for 75 min,
40 –95% of B for 5 min, and 95% of B for 10 min. After each run,

Table 1
Yeast strains used in this work

Strain Genotype Refs.

�nop53 n MET15 his3�1 leu2�0 ura3�0 NOP53::kanMX4 29
�nop53/GAL::His-NOP53 �nop53, YCp111GAL::His-NOP53 29
�nop53/tetOff-GFP-NOP53 �nop53, ptetOff-GFP-NOP53 This study
�nop53/tetOff-GFP-NOP53/ RRP6-TAP �nop53/tetOff-GFP-NOP53/YCp111-RRP6::TAP (HIS3) This study
�nop53/tetOff-GFP-NOP53/ RRP43-TAP �nop53/tetOff-GFP-NOP53/YCp111-RRP43::TAP (HIS3) This study
�nop53/GAL::His-NOP53/TAP-RRP6 �nop53, YCp111GAL::His-NOP53, pMET-TAP-RRP6 This study
�nop53/GAL::His-NOP53/TAP-RRP43 �nop53, YCp111GAL::His-NOP53, pMET-TAP-RRP43 This study
�nop53/GAL::His-NOP53/TAP-TRF4 �nop53, YCp111GAL::His-NOP53, pMET-TAP-TRF4 This study
�nop53/TAP-NOP53 �nop53, pMET-TAP-NOP53 This study
�nop53/tetOff-GFP-NOP53/GFP-Rrp6 �nop53, ptetOff-GFP-NOP53, pUG34-Rrp6 This study
Mtr3-TAP MATa; ura3–52; leu2–3,112; YGR158c::TAP-KlURA3 Euroscarf�
�nip7/GAL::A-NIP7 MATa; ade2-1 leu2-3,112 trp1-1 ura3-1 nip7::HIS3 p[LEU2 ARS1 GAL1::NIP7] 59

Table 2
List of plasmids used in this work

Plasmid Description Refs.

YCp111GAL::His-NOP53 GAL1::His-NOP53, LEU2, CEN4 29
yCP111 tetoff-GFP-NOP53 tetO-CYC1::GFP-NOP53, LEU2,

CEN4
This study

ptetOff-GFP-NOP53 tetO-CYC1::GFP-NOP53, URA3,
CEN4

This study

pMET-TAP-Rrp43 MET25::TAP-RRP43, HIS3, CEN6 50
pMET-TAP-Rrp6 MET25::TAP-RRP6, HIS3, CEN6 This study
pMET-TAP-Nop53 MET25::TAP-NOP53, HIS3, CEN6 This study
pMET-TAP-Trf4 MET25::TAP-TRF4, HIS3, CEN6 This study
pUG34-Rrp6 MET25::GFP-RRP6, HIS3, CEN6 60
pUG34-Rrp44 MET25::GFP-RRP44, HIS3, CEN6 This study
pET28a-Nop53 6xHis::NOP53, KanR 30
pET-Rrp45 6xHis::RRP45, KanR 61
pET-Rrp40 6xHis::RRP40, KanR 61
pET-Rrp6 6xHis::RRP6, KanR This study
pGEX4T1 GST, AmpR GE Healthcare
pGEX4T1-Nop53 GST::Nop53, AmpR This study
pGEX4T1-Nop53(1–80) GST::Nop53 1–80, AmpR This study
pGEX4T1-Nop53(81–157) GST::Nop53 81–157, AmpR This study
pGEX4T1-Nop53(161–230) GST::Nop53 161–230, AmpR This study
pGEX4T1-Nop53(1–300) GST::Nop53 1–300, AmpR This study
pGEX4T1-Nop53(301–380) GST::Nop53 301–380, AmpR This study
pGEX4T1-Nop53(382–455) GST::Nop53 382–455, AmpR This study
pGEX4T1-Mpp6 GST::Mpp6, AmpR This study
pGEX4T1-Rrp44 GST::Rrp44, AmpR This study
pGEX4T1-Rrp6 GST::Rrp6, AmpR 30
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the trap column and column were equilibrated with mobile
phase A. The LTQ-Orbitrap Velos instrument was set to data-
dependent acquisition to automatically switch between full-
scan MS and MS/MS acquisition with a dynamic exclusion of
90 s. Survey scans (375–2,000 m/z) were acquired in the
Orbitrap system with a resolution of 60,000 at m/z 400. The 10
most intense ions, excluding unassigned and 1� charge state,
were sequentially isolated and fragmented using collision-in-
duced dissociation with a normalized collision energy of 30.
The fragment ions were analyzed in the LTQ.

Peptide spectrum matching (PSM)

The data analysis was performed with the PatternLab for
proteomics 4.1.1.4 software that is freely available at http://
www.patternlabforproteomics.org (52). The sequences from
S. cerevisiae were downloaded on May 7th, 2019, from the Uni-
ProtKB/Swiss-Prot, and then a target-decoy database was gen-
erated to include a reversed version of each sequence plus those
from 127 common MS contaminants. The number of entries in
the database was 12,344 (6049 forward sequences, 6172 decoys,
and 123 contaminant sequences). The Comet 2016.01 revision
3 search engine was used for identifying the mass spectra (53).
The following search parameters were considered: fully and
semi-tryptic peptide candidates with masses between 550 and
5500 Da, up to two missed cleavages, 40 ppm for precursor
mass, and bins of 1.0005 m/z for MS/MS. The modifications
were carbamidomethylation of cysteine and oxidation of
methionine as fixed and variable, respectively. Mass spectrom-
etry raw data is shown in Table S4.

Validation of PSMs

The validity of the peptide spectrum matches was assessed
using Search Engine Processor (SEPro) (54, 55). The identifica-
tions were grouped by charge state (2� and �3�), and then by
tryptic status, resulting in four distinct subgroups. For each group,
the XCorr, DeltaCN, DeltaPPM, and Peaks Matches values were
used to generate a Bayesian discriminator. The identifications
were sorted in nondecreasing order according to the discriminator
score. A cutoff score was accepting an FDR of 1% at the peptide
level based on the number of decoys. This procedure was indepen-
dently performed on each data subset, resulting in an FDR that was
independent of charge state or tryptic status. Additionally, a min-
imum sequence length of five amino acid residues and a protein
score greater than 3 were imposed. Finally, identifications deviat-
ing by more than 10 ppm from the theoretical mass were dis-
carded. This last filter led to FDRs, now at the protein level, to be
lower than 1% for all search results (56).

Relative quantitation of proteins

A label-free protein quantitative analysis was performed with
PatternLab’s XIC (57) module allowing up to 20 ppm deviation
from the precursor. Differentially abundant proteins were pin-
pointed using PatternLab’s TFold module (58). The differential
proteomic comparison only considered proteins identified with
two or more unique peptides. Only proteins present in at least
two technical replicates were considered for the TFold analysis.
The PatternLab’s Venn diagram module was used to pinpoint

proteins uniquely identified to a condition; likewise, only pro-
teins identified in two replicates were considered.

Immunoblot

Protein samples resuspended in loading buffer were resolved
by SDS-PAGE (in Tris-Glycine Buffer) and transferred to poly-
vinylidene difluoride membranes (GE Healthcare). Western
blotting assays were carried out using as primary antibodies
anti-GST (Sigma ), anti-GFP (Sigma), anti-CBP (Millipore),
anti-polyHis (Sigma), and anti-Rpl5 (gift from Dr. C. F. Zanelli).
The secondary antibodies employed, anti-rabbit IgG (GE
Healthcare�) and anti-mouse IgG (GE Healthcare), were both
conjugated to horseradish peroxidase (HRP). Protein detection
was carried out using Immobilon Western Chemiluminescent
HRP Substrate (Millipore).

Glycerol gradient sedimentation

Cleared total yeast extracts obtained from 2-liter cultures by
grinding with a Ball Mill device (Retsch, Mixer Mill MM 200) were
quantified for protein content with bicinchoninic acid (BCA,
Sigma) method. Approximately 10 mg of total protein were loaded
on the top of a 12-ml linear glycerol gradient 10–30% (50 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 10% glycerol, 1
mM PMSF) previously obtained using a Gradient Master device
(Biocomp�). The samples were subjected to a 40,000 rpm centrif-
ugation for 16 h at 4 °C in a Hitachi ultracentrifuge. Using an
EconoSystem (Bio-Rad), each gradient was aliquoted in 24,500-�l
fractions, whereas the sedimentation profile was monitored by an
A260 measurement. The gradient fractions were then either pre-
cipitated with 10% trichloroacetic acid (TCA) before SDS-PAGE
separation for protein detection by immunoblot or subjected to
RNA extraction for Northern blot analysis.

Coimmunoprecipitation of RNAs

Total cellular extracts were prepared from strain �nop53/
tetOff::GFP-NOP53/RRP6-TAP growing in the presence or
absence of doxycycline (depletion or expression of Nop53,
respectively) and added to IgG-Sepharose beads (Amersham
Biosciences). Immunoprecipitation was performed at 4 °C for
2 h. IgG-Sepharose beads were washed with buffer (50 mM Tris-
HCl, pH 7.5, 100 mM NaCl, 1.5 mM MgCl2, 5% glycerol, 1 mM

PMSF), and RNA was isolated from bound fractions by adding
phenol directly to the beads. After precipitation, the recovered
RNA was denatured and separated by electrophoresis on 1.5%
agarose gels and transferred to nylon membranes. For compar-
ison, 20 �g of RNA from total extract was loaded on the gel.
Hybridization was performed using biotin-labeled probes spe-
cific to rRNAs. 5S rRNA and scR1 were used as controls for
nonspecific binding to the resin. Quantification of bands from
Northern hybridizations were performed with ImageJ software.
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