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ABSTRACT

Understanding the functional connection that occurs for the three nuclear RNA polymerases to synthesize ribosome com-
ponents during the ribosome biogenesis process has been the focal point of extensive research. To preserve correct ho-
meostasis on the production of ribosomal components, cells might require the existence of proteins that target a common
subunit of these RNA polymerases to impact their respective activities. This work describes how the yeast prefoldin-like
Bud27 protein, which physically interacts with the Rpb5 common subunit of the three RNA polymerases, is able to mod-
ulate the transcription mediated by the RNA polymerase I, likely by influencing transcription elongation, the transcription
of the RNApolymerase III, and the processing of ribosomal RNA. Bud27 also regulates both RNApolymerase II-dependent
transcription of ribosomal proteins and ribosome biogenesis regulon genes, likely by occupying their DNAORFs, and the
processing of the correspondingmRNAs.With RNApolymerase II, this association occurs in a transcription rate-dependent
manner. Our data also indicate that Bud27 inactivation alters the phosphorylation kinetics of ribosomal protein S6, a read-
out of TORC1 activity.We conclude that Bud27 impacts the homeostasis of the ribosome biogenesis process by regulating
the activity of the three RNA polymerases and, in this way, the synthesis of ribosomal components. This quite likely occurs
through a functional connection of Bud27 with the TOR signaling pathway.
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INTRODUCTION

In many eukaryotes, there are three nuclear RNA polymer-
ases (RNA Pol I, II, III) responsible for synthesizing cellular
RNAs. In plants, two other RNA pols, RNA Pol IV and V,
have been described (Kwapisz et al. 2008; Haag and
Pikaard 2011; Haag et al. 2014; Cuevas-Bermúdez et al.
2017). In yeast, 80% of transcriptional activity, and 50%
in proliferating mammalian cells, is dedicated to the syn-

thesis of ribosomal components (Xiao and Grove 2009);
in yeast, this corresponds to the synthesis of the precursor
of rRNA 35S by RNA Pol I, which generates the mature
18S, 25S, and 5.8S ribosomal RNAs (rRNAs), the synthesis
of 5S rRNA by RNA Pol III, the expression of the mRNAs
corresponding to all ribosomal proteins (RPs), and the syn-
thesis of more than 250 proteins and 80 small nucleolar
RNAs (snoRNAs) trans-acting factors mediated by RNA
Pol II (Loewith and Hall 2011; Jakob et al. 2012; de la
Cruz et al. 2018). This complex transcriptional activity,

7Present address: Institute for Integrative Biology of the Cell
(I2BC), CEA, CNRS, Univ. Paris Sud, University Paris Saclay, F-91198
Gif-sur-Yvette cedex, France

8These authors contributed equally to this work.
Corresponding author: fngomez@ujaen.es
Article is online at http://www.rnajournal.org/cgi/doi/10.1261/rna.

075507.120.

© 2020 Martínez-Fernández et al. This article is distributed exclusively
by the RNA Society for the first 12 months after the full-issue publica-
tion date (see http://rnajournal.cshlp.org/site/misc/terms.xhtml). After
12 months, it is available under a Creative Commons License
(Attribution-NonCommercial 4.0 International), as described at http://
creativecommons.org/licenses/by-nc/4.0/.

1360 RNA (2020) 26:1360–1379; Published by Cold Spring Harbor Laboratory Press for the RNA Society

 Cold Spring Harbor Laboratory Press on March 20, 2023 - Published by rnajournal.cshlp.orgDownloaded from 

mailto:fngomez@ujaen.es
http://www.rnajournal.org/cgi/doi/10.1261/rna.075507.120
http://www.rnajournal.org/cgi/doi/10.1261/rna.075507.120
http://www.rnajournal.org/cgi/doi/10.1261/rna.075507.120
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/
http://www.cshlpress.com


which results in yeast from total RNA Pol I transcription
(60% total transcriptional activity), from ∼10% of all RNA
Pol II transcription and 30% of all RNA Pol III activity
(Warner 1999; de la Cruz et al. 2018), is properly regulated
due to the tight coordination of the three RNA pols (Briand
et al. 2001; Michels and Hernandez 2006).
Cells need to adjust their ribosomecontent to their extra-

cellular environment to properly regulate their growth and
maintain an adequate protein synthesis rate. In response to
favorable conditions, cells up-regulate ribosome synthesis
andgrow faster, as for instanceduring cardiac hypertrophy,
where cells increase their size and augment their ribosome
content (Mayer and Grummt 2006; Iadevaia et al. 2014). In
turn, growth inhibition triggers mechanisms to ensure less-
er ribosome synthesis (Loewith and Hall 2011). This exqui-
site regulation is partly due to the fact that a significant
proportion of global cellular energy and resources is spent
on ribosome biogenesis. In exponentially growing yeast
cells, about 200,000 ribosomes can be found, which im-
plies the assembly of approximately 2000 ribosomes per
minute (Warner 1999). In proliferating human HeLa cells,
this number is about 3500 ribosomes per minute (Lewis
and Tollervey 2000; Mayer and Grummt 2006).
In this complex scenario, it is obvious that mechanisms

may exist to tightly coordinate the activity of the three
RNA pols and other ribosome biogenesis steps to ensure
a nonlimiting amount of all the ribosome components
and factors devoted to their synthesis. Thus, different sig-
naling pathways have been described as general regula-
tors of ribosome biogenesis, which control various
aspects of this multifaceted process, including transcrip-
tion; basically, these pathways comprise the TOR signaling
cascade via TORC1 and PKA kinases (Martin et al. 2004;
Xiao and Grove 2009; Loewith and Hall 2011). The TOR
pathway is active under favorable growth conditions where
a high ribosome production rate is maintained. However,
under stress conditions, this pathway is inhibited and ribo-
some biogenesis concomitantly ceases (Xiao and Grove
2009; González and Hall 2017). Some key regulators
have been described to coordinate the synthesis of
rRNAs, RP genes and the protein factors involved in ribo-
some biogenesis, such as those belonging to the rRNA
and ribosome biogenesis (RRB) and the ribosome biogen-
esis (RiBi) regulons; among these factors, we find Sch9 and
the S6K kinases, several transcription regulators like Rap1,
Ifh1, Pbf1, Pbf2, Sfp1, Msn2/4, and Fhl1 and the compo-
nents of the CURI complex which, in addition to Ifh1, in-
cludes the Ckb2, Utp22, and Rrp7 proteins (Martin et al.
2004; Rudra et al. 2005; Loewith and Hall 2011; Albert
et al. 2016; Vizoso-Vázquez et al. 2018).
As RNA pols I, II and III aremultimeric protein complexes

that contain five common subunits (Shpakovski et al. 1995;
Cuevas-Bermúdez et al. 2017), it is tempting to speculate
that factorsmayexist that influence the transcriptional activ-
ity of the three RNA pols via a common RNA pol subunit to

regulate ribosome biogenesis, probably also in coordina-
tion with signaling pathways. One candidate for these reg-
ulatory factors could be yeast prefoldin-like Bud27 and its
human ortholog URI (unconventional prefoldin RPB5-inter-
actor). Bothproteinsbind thecommonRpb5 subunit for the
three RNA pols and have been proposed to be involved in
TOR-dependent transcription programs (Gstaiger et al.
2003; Martínez-Fernández et al. 2015, 2018). Bud27 and
URI are members of the prefoldin family of ATP-indepen-
dent molecular chaperones, which are considered to func-
tion as scaffold proteins during the assembly of additional
prefoldin family members (Mita et al. 2013; Martínez-Fer-
nández et al. 2018). Both Bud27 and URI contain different
domains: a Rpb5-binding domain, a PFD-binding domain
and a URI-box (Martínez-Fernández et al. 2018). Bud27
also shows a nuclear localization signal (NLS) that is con-
served in its human URI ortholog, and a leucine-rich nucle-
ar export signal (NES) (Martínez-Fernández et al. 2018).
Notably, the PFD-binding domain accounts for the associ-
ation of Bud27 or URI with two members of the prefoldin
complex, Pfd2 and Pfd6 (Mirón-García et al. 2013; Martí-
nez-Fernández et al. 2018), but also appears necessary
for the role of Bud27 during RNA Pol II transcription elon-
gation (Mirón-García et al. 2014). Apart from this function,
Bud27 and/or URI also participate in other relevant nucle-
ar and cytoplasmic processes, some of of which are once
again related to transcription: for example, the biogenesis
and assembly of the three RNA pols in an Rpb5-depen-
dent manner; the elongation of RNA Pol II-dependent
transcription or RNA Pol III-dependent transcription via
the association with chromatin remodeler complex RSC
(Boulon et al. 2010; Cloutier and Coulombe 2010; Forget
et al. 2010; Mirón-García et al. 2013, 2014; Martínez-Fer-
nández et al. 2015, 2018; Vernekar and Bhargava 2015).
Bud27 plays many other cellular functions. Thus, Bud27
has been proposed to coordinate translation initiation
and cotranslational quality control (Deplazes et al. 2009).
Bud27 also seems to act in DNA-repair processes (Mu-
ñoz-Galván et al. 2013). Both, Bud27 and URI have been
considered to participate in TOR-dependent transcription
programs (Gstaiger et al. 2003). Accordingly with their
role in different fundamental cellular processes, human
URI has been described to be related to cancer develop-
ment (Theurillat et al. 2011; Tummala et al. 2014; Buren
et al. 2016).
Notably for its relation with RNA Pol III, the decrease in

RNA Pol III transcription observed in a bud27Δ null strain
closely corresponds with the reduction in RNA Pol III occu-
pancy, at least for genes types 2 (for tRNAs) and 3 (other
genes that differ from those for tRNAs, and 5S rRNA) (Ver-
nekar and Bhargava 2015). Similarly, the absence of Bud27
leads to defects in RNA Pol II transcription elongation,
which is accompanied by reduced RNA Pol II occupancy,
at least in some genes (Mirón-García et al. 2014). However,
very little is known about the influence of Bud27 on both
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RNA Pol I activity and the transcription of the ribosomal
components required for ribosome biogenesis.

In this work, we demonstrate that Bud27 influences the
transcriptional activity of the three RNA pols by its absence
impairing the synthesis of all ribosomal components and
the ribosome biogenesis process. Our data indicate that
Bud27 impacts the activity of RNA Pol I, probably through
the transcription elongation step. Furthermore, the regula-
tion of RNA Pol I activity may occur differently to mecha-
nisms described to operate for RNA Pol II and III. We
also show that Bud27 modulates 5S rRNA production by
RNA Pol III, the maturation of rRNAs, mainly 7S pre-
rRNAs processing that leads to mature 5.8S rRNAs and,
notably, the production of the mRNAs of different RP
and RRB/RiBi genes by RNA Pol II. Our results indicate
that Bud27 associates with the ORF region of the RPs
and RRB/RiBi genes, likely by its interaction with RNA Pol
II in a transcription rate-dependent manner. Finally, we
also suggest that Bud27 might modulate the activity of
TORC1 kinase to influence the phosphorylation status of
one of its targets, the S6 RP.

RESULTS

Bud27 modulates RNA Pol I transcription
and rRNA processing

Rpb5 is a subunit shared by the three eukaryotic RNA pols.
Several amino acid substitutions have been shown to affect
the transcriptionmediated by any of the three transcription
complexes (Zaros et al. 2007). We have previously demon-
strated the influence of Bud27 on RNA Pol II-dependent
transcription elongation, which is mediated by the physical
and functional interaction of Bud27 with Rpb5 in coordina-
tion with the RSC chromatin remodeler complex (Mirón-
García et al. 2014). Similarly, Bud27 modulates RNA Pol
III-dependent transcription, probably also via its associa-
tion with the RSC complex (Vernekar and Bhargava
2015). However, whether Bud27 influences RNA Pol I-de-
pendent transcription, which represents ∼60% of total cel-
lular transcriptional activity, and then, the rRNA synthesis
for ribosome biogenesis, has not yet been explored.

Here we investigated whether Bud27 could impact RNA
Pol I activity. To explore the influence of the absence of
Bud27 on the production of rRNAs, the steady-state levels
of the pre- and mature rRNA species were analyzed (See
Supplemental Fig. S2 for a scheme of pre-rRNAprocessing
in yeast). Since Bud27 is not essential, a bud27Δ null strain
and its otherwise isogenic wild-type counterpart were ex-
ponentially grown in liquid YPD at 30°C before being shift-
ed at 37°C andmaintained exponentially growing for up to
12 h; at 37°C, the bud27Δ strain clearly grew more
slowly than its otherwise isogenic wild-type counterpart
(a doubling time of 3.7 h vs. 1.7 h, respectively. See Supple-
mental Fig. S3 for growth curves at 37°C). Total RNA was

extracted from each strain and analyzed by northern blot
hybridization. As shown in Figure 1A, no major differences
weredetected formostof thepre-rRNAs intermediates and
mature rRNAs analyzed from both strains at any tempera-
ture.However, a slight, but significant, increase in the levels
of 7S pre-rRNAs was detected in the bud27Δ null strain
compared to its wild-type counterpart (Fig. 1A). Despite
the accumulation of 7S pre-rRNAs, the steady-state levels
of the mature 5.8S rRNAs remained practically unaffected
following the temperature shift likely because thesemature
RNAs are very stable and their levels normally change as
the result of their dilution by cellular duplication (Kressler
et al. 1998).

We explored in more detail whether the loss-of-function
of Bud27 was associated with defects in rRNA transcription
dependent on RNA Pol I activity and/or pre-rRNA process-
ing. To do so, we analyzed the kinetics of rRNA maturation
by pulse-chase labeling with [5,6-3H]uracil. Both the
bud27Δ mutant and the otherwise isogenic wild-type
strain were transformed with YCplac33 plasmid (CEN,
URA3, see the “Materials and Methods” section) to make
them prototrophic for uracil. Then, cells were exponential-
ly grown in minimal medium lacking uracil (SD-Ura) at 30°C
before being shifted to 37°C and maintained exponential-
ly growing for up to 12 h. Under these conditions, the
bud27Δ mutant cells clearly grew more slowly than the
wild-type cells (a doubling time of about 4.0 h versus
2.7 h, respectively. See Supplemental Fig. S3). Then, cul-
tures were pulse-labeled for 1 min with [5,6-3H]uracil and
chased for 5, 15, 30, and 60 min with nonradioactive uracil
considerably in excess. Total RNAwas extracted from each
sample. Uracil incorporation was measured by scintillation
counting and the same counts per RNA extract were ana-
lyzed by gel electrophoresis, followed by transfer to nylon
membranes and fluorography. As a result, uracil incorpora-
tion into pre- andmature rRNAs reduced by approximately
twofold in the bud27Δ mutant compared to the wild-type
counterpart, as estimated from the counts detected in the
RNA samples (data not shown) and from the relative expo-
sure required to provide equal signals in the nylon mem-
branes after fluorography (Fig. 1B,C). These results
suggest less RNA Pol I activity in the bud27Δmutant cells,
and also evidence that deletion of BUD27modestly affects
rRNA processing. An analysis of high-molecular-weight
RNAs revealed that the maturation of 35S and 27S pre-
rRNAs was slightly delayed in the bud27Δ mutant, as
shown by their persistence in the chase at later time points
(Fig. 1B). A delay in 35S pre-rRNA processing was further
reflected by small amounts of the well-defined 23S pre-
rRNA intermediate appearing. Consistently with some de-
lay during the processing of 27S pre-rRNAs, the synthesis
of the mature 25S rRNA was also retarded, unlike that of
18S rRNA, which was apparently unaffected (Fig. 1B).
The analysis of low-molecular-weight pre- and mature
RNAs showed a marked accumulation of species with the
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gel mobility of 7S pre-rRNAs and delayed mature 5.8S
rRNAs production (Fig. 1C). Taken together, these data in-
dicate that Bud27 directly contributes to both the tran-
scription by RNA Pol I and subsequent co- or

posttranscriptional events by influencing further 35S pre-
rRNAprocessing, which is its sole primary transcript. In par-
ticular, the absence of Bud27 generally delayed the matu-
ration of 25S and 5.8S rRNAs, and led to mild 7S pre-rRNA

E

BA C

D

FIGURE1. Bud27 is required for the optimal synthesis andmaturation of the rRNAs transcribedby RNApolymerase I. (A) Northern blot analysis of
the pre- and mature rRNAs of the wild-type and bud27Δ strains. Cells were grown in YPDmedium at 30°C and shifted to 37°C for 6 or 12 h. Total
RNAwas extracted and equal amounts (5 µg) were subjected to northern hybridization. Probes, in brackets, are described in Supplemental Table
S2 and Supplemental Figure S2. 7S pre-rRNA is indicated by an asterisk. (B,C ) The wild-type and bud27Δ strains were transformed with YCplac33
(CEN, URA3), grown at 30°C in SD-Ura to the mid-log phase and shifted to 37°C for 12 h. Cells were pulse-labeled with [5,6-3H]uracil for 2 min,
followed by a chase with unlabeled uracil largely in excess for the indicated times. Total RNAwas extracted from each sample and 20,000 c.p.m.
were loaded and separated on 1.2% agarose-6% formaldehydegel (B) or on 7%polyacrylamide-8Murea gel (C ) before being transferred to nylon
membranes and visualized by fluorography. The positions of the different pre- and mature rRNAs are indicated. We assume that 7S pre-rRNAs
correspond to the species labeled by an asterisk, which were only evident in bud27Δ cells. (D) RNA Pol I and Pol II occupancy (Rpb8-TAP occu-
pancy) was analyzed by chromatin immunoprecipitation (ChIP) in the wild-type and bud27Δ cells containing a functional TAP-tagged version of
Rpb8, which is a common subunit to the three RNA pols. Cells were grown in YPD at 30°C or shifted to 37°C for 12 h. RNA pols were precipitated
using Dynabeads Pan Mouse IgG as described in the Materials and Methods. The occupancy on the rDNA unit was analyzed for the indicated
amplicons. The values found for the immunoprecipitated PCR products were compared to those of the total input, and the ratio of each PCR
product of transcribed genes to a nontranscribed region of chromosome V was calculated. The average and standard deviations of three biolog-
ical replicates are shown. RNAPol II occupancyon PMA1gene (5′ and 3′ regions) was analyzed at 30°C. Statistical significance, by t-Student. (∗) P<
0.05, (∗∗) P<0.005, (∗∗∗) P<001. The lowest right panel shows the processivity analysis of the data from RNA Pol I occupancy, at 37°C. (E) Wild-
type and bud27Δ cells containing a functional TAP-tagged version of Spt5 were grown in YPDmedium at 30°C or shifted to 37°C for 12 h. Whole-
cell extracts were performed and subjected to pull-down with an anti-TAP resin. The obtained immunoprecipitates were analyzed by western blot
with antibodies against TAP (Spt5), Rpa34.5 (RNA Pol I), Rpb1 (RNA Pol II), and Pgk1 as a control.

Activity of the three RNA polymerases and ribosome

www.rnajournal.org 1363

 Cold Spring Harbor Laboratory Press on March 20, 2023 - Published by rnajournal.cshlp.orgDownloaded from 

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075507.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075507.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075507.120/-/DC1
http://rnajournal.cshlp.org/
http://www.cshlpress.com


accumulation, while no effects were detected in 18S rRNA
maturation.

To further address the role of Bud27 in RNA Pol I tran-
scription, we performed RNA Pol I ChIP experiments (by
qPCR ChIP assays) to analyze the occupancy of this poly-
merase along the 35S rDNA unit. As Bud27 has been
shown to be involved in TOR-dependent transcription pro-
grams and lack of Bud27 partially overlaps TOR inhibition
responses (Gstaiger et al. 2003), and in line with what oc-
curs when TOR is inhibited by rapamycin addition (Clay-
pool et al. 2004) or under nutrient starvation (Torreira
et al. 2017), we addressed whether reduced RNA Pol I oc-
cupancy along the 35S rDNA unit could account for the di-
minished RNA Pol I activity observed in the bud27Δ
mutant. For this purpose, we used exponentially growing
cells in YPD at 30°C of the bud27Δ mutant and the other-
wise isogenic wild-type strain containing a functional
TAP-tagged version of Rpb8, which is a common subunit
to the three RNA pols. Surprisingly, our results (Fig. 1D,
left upper panel) showed no significant differences of
RNA Pol I occupancy throughout the 35S rDNA region or
its promoter in the bud27Δ cells compared to wild-type
cells, except for a minor, but statistically significant, in-
crease in RNA Pol I occupancy at the 18S rDNA unit. These
data suggest that transcription initiation by RNA Pol I is not
altered in bud27Δ mutant cells, rather the RNA Pol I com-
plex may transiently stall at the 5′ end of the 35S rDNA
unit once transcription advances. These results point to a
specific role of Bud27 in RNA Pol I transcription, which
seems to differ from that occurring upon TOR inhibition
by rapamycin or nutrient starvation and results in clearly di-
minished RNA Pol I occupancy (Claypool et al. 2004;
Torreira et al. 2017) that could account for Bud27
modulatingRNAPol I-dependent transcription elongation.
As a control, we also performedRNAPol II ChIP analyses by
taking the advantage of purifying Rpb8-TAP to also precip-
itate RNA Pol II. As expected, and in accordance with pre-
viously reported data (Mirón-García et al. 2014), the results
of the ChIP analyses, which were done with cells grown at
30°C, revealed a significantly decreased RNA Pol II occu-
pancy in the PMA1 gene (Fig. 1D). We validated the RNA
Pol I occupancy data by analyzing the amount of global
RNA Pol I associated with chromatin from the chromatin-
enriched fractions obtained by the yChEFs procedure
(Cuevas-Bermúdez et al. 2019) using western blot experi-
ments run with anti-Rpa34.5 antibodies against its
Rpa34.5 subunit. As shown in Supplemental Figure S4,
no apparent differences in the associationwith the chroma-
tin of RNA Pol I (Rpa34.5) from bud27Δ or wild-type
cells were detected. In contrast, and in agreement with
previously reported data (Vernekar and Bhargava 2015),
RNA Pol III associated less efficiently with chromatin in
bud27Δ cells, as evidenced by a different enrichment
in the Rpc160 largest subunit of RNA Pol III (Supplemen-
tal Fig. S4).

As defects in rRNA synthesis and processing were ob-
served in the bud27Δ mutant cells upon the shift to 37°C
for 12 h (Fig. 1B,C), we also performed RNA Pol I ChIP ex-
periments in bud27Δ and the otherwise isogenic wild-type
cells under these growth conditions. As also shown in Fig-
ure 1D, the qPCR analysis showed that the amount of RNA
Pol I occupancy increased along the entire 35S rDNA and
its promoter in the mutant cells, which was statistically sig-
nificant in this case. Yet despite this general increase, a re-
duction in RNA Pol I occupancy from the beginning to the
end of the rDNA unit was observed in the bud27Δ cells
(Fig. 1D, right upper panel). These data suggest and rein-
force the idea of a defect in RNA Pol I transcription elonga-
tion in bud27Δ cells, but also point out a role of functional
Bud27 in controlling the binding of RNA Pol I to the 35S
rDNA region. To know if lack of Bud27 could influence
RNA Pol I transcription elongation, we measured the proc-
essivity of RNA Pol I by using the ChIP assay results, as pre-
viously reported (Schneider et al. 2007). We compared the
RNA Pol I association near the 5′ and 3′ ends of the 35S
rRNA gene and calculated the ratio between the ChIP sig-
nals at the 3′ end relative to the 5′ end, which can be then
used to estimate the enzyme’s relative processivity. As
shown in Figure 1D (right lower panel), we observed a re-
producible decrease of ∼20% in the distribution of RNA
Pol I at the 3′ of the rDNA gene versus the 5′ region, at
37°C. These results suggest that deleting BUD27 may
lead to an altered efficiency in RNA Pol I elongation along
the rDNA gene.

RNA Pol I transcription elongation and rRNA processing
depend on the Spt4/5 transcription factor, which physically
interacts with RNAPol I. Consequently, spt4Δ and spt5mu-
tants affect rRNA processing and rRNA synthesis
(Schneider et al. 2006; Anderson et al. 2011; Viktorovskaya
et al. 2011; Scull and Schneider 2019). To investigate
whether BUD27 deletion could impair the association be-
tween RNA Pol I and the Spt5/4 complex, we analyzed
the physical interaction between Spt5 and RNA Pol I by
TAP purification of TAP-tagged Spt5 in both the bud27Δ
mutant and wild-type cells grown in YPD at 30°C or upon
a shift to 37°C for 12 h. As shown in Figure 1E, no significant
alteration to the amount of the RNA Pol I Rpa34.5 subunit
copurifiedwith Spt5 resulted from thebud27Δmutation ei-
ther at 30°C or upon the shift to 37°C. Strikingly, BUD27
deletion affected the physical interaction between Spt5
and RNA Pol II, which was analyzed with antibodies against
its Rpb1 largest subunit (Fig. 1E), in consonance with the
previous reporter role of Bud27 in RNA Pol II-mediated
transcription elongation (Mirón-García et al. 2014).

Taken together, these data evidence that lack of Bud27
affects RNA Pol I activity and rRNA processing, probably
by altering transcription elongation in an Bud27-specific
manner that seems to differ from this occurring upon
TOR-inhibition by rapamycin addition or nutrient starva-
tion (Claypool et al. 2004; Torreira et al. 2017).
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Bud27 modulates transcription by
RNA Pol III

We also analyzed the functional rela-
tion between Bud27 and RNA Pol III
and its contribution to ribosome bio-
genesis. Our data revealed that the
steady-state levels of 5S rRNA, a tran-
script synthesized by RNA Pol III, were
apparently not affected in the bud27Δ
null strain at either of the tested tem-
peratures (Fig. 1A). In line with this,
previous data have reported no im-
pact on the transcription of the type
1 (5S rRNA) gene in a bud27Δmutant
(Vernekar and Bhargava 2015). To
gain more insight into the role of
Bud27 in RNA Pol III-dependent tran-
scription and into its contribution to
rRNA synthesis, we further examined
whether Bud27 was required for the
transcription and/or processing of 5S
rRNA. To do so, the kinetics of the
processing and production of 5S
rRNA was also analyzed by pulse-
chase labeling with [5,6-3H]uracil after
a shift to 37°C for 12 h. As shown in
Figure 1C, 5S rRNA production was
clearly delayed upon BUD27 dele-
tion. These results evidence a defect
in RNA Pol III activity for the synthesis
of 5S rRNA, contrarily to what has
been previously proposed (Vernekar
and Bhargava 2015). However, these
data did not contradict those of the
steady-state levels of 5S rRNA when
considering the high cellular stability of this rRNA compo-
nent. To investigate whether a reduction in 5S rRNA syn-
thesis could result from a deficiency in the RNA Pol III
occupancy to the 5S rRNA gene (type 1) (Shukla and
Bhargava 2018), we performed RNA Pol III ChIP assays us-
ing as bait a TAP-tagged Rpb8 expressed in bud27Δ or
wild-type cells grown at 30°C in YPD medium. Notably
as shown in Figure 2B, the RNA Pol III occupancy in the
5S rRNA gene clearly decreased in the bud27Δ mutant
compared to its otherwise isogenic wild-type counterpart.
Similar results were obtained when the ChIP analyses were
performed upon a shift to 37°C for 12 h (Fig. 2B, bottom
panel).
The defect in RNA Pol III transcription observed in the

bud27Δ mutant was not specific of 5S rRNA, but also ex-
tended to type 2 (tRNAs) genes. In fact the kinetics of
the processing and production of tRNAs analyzed by
pulse-chase labeling with [5,6-3H]uracil after a shift to
37°C for 12 h demonstrated that the bulk of pre-tRNAs

was clearly delayed in the bud27Δ strain compared to
the wild-type control (Fig. 1C). Furthermore, the steady-
state levels of the distinct pre- and mature tRNA species
analyzed by northern blot hybridization from the total
RNA isolated from wild-type and bud27Δ cells showed
that pre-tRNA levels clearly lowered in the bud27Δ strain
upon the shift to 37°C (Fig. 2A). Notably, our results also
evidenced slight differences between the wild-type and
bud27Δ strains at 30°C, such as those in the pre-tRNA lev-
els for leucine (Sup56) and for the initiator methionine
tRNAs, unlikewhat has been previously reported (Vernekar
and Bhargava 2015), and also in the band intensities for
leucine (SUP56) and isoleucine pre-tRNA, which suggests
mild defects in pre-tRNA processing. However, the levels
of the analyzedmature tRNAs did not significantly change,
which could likely be due to their cellular stability. In agree-
ment with the diminished RNA Pol III activity, an equivalent
decrease in RNA Pol III occupancy was evidenced for the
leucine tRNA (tL(CAA)A) gene. Furthermore, a major

BA

FIGURE 2. Bud27 is required for the optimal synthesis and maturation of 5S rRNA and tRNAs
transcribed by RNA polymerase III. (A) Northern analyses of the selected pre- and mature
tRNAs and 5S rRNA of wild-type and bud27Δ strains. Cells were grown in YPD medium at
30°C and shifted to 37°C for 12 h. Total RNA was extracted and equal amounts (5 µg) were
subjected to northern hybridization. Probes, in brackets, are described in Supplemental
Table S2. 7S pre-rRNAs are indicated by an asterisk. Note that the doublets shown in the
pre-tRNA panels are different precursor forms of the corresponding tRNAs. (B) RNA Pol III oc-
cupancy (Rpb8-TAP occupancy) was analyzed by chromatin immunoprecipitation (ChIP) in the
wild-type and bud27Δ cells containing a functional Rpb8-TAP tagged, which is a common sub-
unit to the three RNA pols. Cells were grown in YPD at 30°C or shifted to 37°C for 12 h. RNA
pols were precipitated using Dynabeads Pan Mouse IgG as described in Materials and
Methods. Occupancy in the type 1 (5S rDNA), type 2 (tRNALeu, SUP56), and type 3 (SCR1)
genes was analyzed. The values found for the immunoprecipitated PCR products were com-
pared to those of the total input, and the ratio of each polymerase chain reaction (PCR) product
of transcribed genes to a nontranscribed region of chromosomeVwas calculated. The average
and standard deviations of three biological replicates are shown. Statistical significance, by t-
Student. (∗∗) P<0.01, (∗∗∗) P<0.05.
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reduction in RNA Pol III occupancy was observed for the
SCR1 gene (type 3). These results were consistent with
the lesser association of Rpc160, which is the largest sub-
unit of RNA Pol III, with chromatin in bud27Δ cells (Supple-
mental Fig. S4). Similar results were obtained when the
ChIP analyses were performed upon a shift to 37°C for
12 h, although the reduction in RNA Pol III occupancy in
the leucyl-tRNA was clearly exacerbated (Fig. 2B, bottom
panel).

Notably, these defects were apparently not the mere
consequence of a defective Bud27-dependent assembly
of RNA Pol III. In fact, correcting the assembly of the three
RNApols in the bud27Δmutant strain by RPB5 overexpres-
sion at either 30°C (Mirón-García et al. 2013) or 37°C, as
the suppression of the cytoplasmic mislocalization of sub-
units of the RNA pols revealed (Supplemental Fig. S5), did
not modify the results in Figures 1A–C and 2A (data not
shown). Moreover, under the RPB5 overexpression condi-
tions, the bud27Δ mutant but not the wild-type strain was
hypersensitive to mycophenolic acid (Supplemental Fig.
S6), a nucleotide triphosphate (NTP)-depleting drug
used to detect S. cerevisiae strains defective in transcrip-
tion elongation (Shaw et al. 2001).

Altogether, our data indicated that Bud27 contributed
to the efficient RNA Pol III-dependent transcription of 5S
rRNA, but also to the transcription and processing of other
types of RNA Pol III-driven genes. The reduced transcrip-
tion activity wasmainly dependent on RNAPol III occupan-
cy for 5S rRNA, but also for the other RNA Pol III genes,
which agrees with previous data for type 2 and type 3
genes (Vernekar and Bhargava 2015). Notably, the defects
caused by loss of Bud27 did not seem dependent mainly
on defective RNA Pol III assembly, unlike what has been
previously proposed (Vernekar and Bhargava 2015).
Similarly, RPB5 overexpression did not suppress the RNA
Pol I transcriptional defects observed in a bud27Δ strain
(data not shown). Moreover, these defects were not
caused by significant differences in the rDNA gene copy
number, estimated by qPCR, between the wild-type and
the bud27Δ mutant strain (Supplemental Fig. S7).

Bud27 is required for the normal accumulation of the
mRNAs of ribosomal protein genes

As stated above, in addition to transcription by RNA Pol II
(Mirón-García et al. 2014), Bud27 contributes to transcrip-
tion by RNA Pol I and III and, therefore, to the transcription
of ribosomal components. Aspreviouslymentioned, lackof
Bud27 lowers themRNA levels of certain genes transcribed
by RNA Pol II at 37°C, such as PYK1 (Mirón-García et al.
2014). Wewondered if Bud27 could significantly influence
the transcription of RP genes, and if inactivating Bud27
could also impact ribosome biogenesis via RP production.
Thus, we explored whether the loss-of-function of Bud27
wouldalsoaffect the steady-state levelsof themRNAsof se-

lected genes corresponding to RP proteins of the large and
small r-subunit. Otherwise isogenic wild-type and bud27Δ
cells were grown at 30°C and then shifted to 37°C for up
to 12 h. Then, total RNAwas isolated and the mRNA levels
of selected RP genes were assessed by RT-qPCR. As shown
inFigure3A, thebud27Δ strain led toa substantial decrease
in mRNA accumulation for all tested RP genes, especially
when shifting cells from 30°C to 37°C.

Some RP genes contain introns, which have been sug-
gested to modulate the expression of the corresponding
RP genes in response to different stresses (Petibon et al.
2016). To investigate whether intron maturation is im-
paired in the absence of Bud27, and how it influences
the drop observed in the accumulation of mature RP
mRNAs in a bud27Δ strain, the levels of the mature and im-
mature forms of RPL26 mRNA were also analyzed by RT-
qPCR. As shown in Figure 3B, the immature form of this
mRNA accumulated when bud27Δ cells were shifted to
37°C for 12 h, while the mature form decreased and,
thus, led to a higher immature/mature mRNA RPL26 ratio
than that observed in the corresponding wild-type strain
(Fig. 3C). Notably, this alteration was not exclusive of in-
tron-containing RP genes, but was also observed for the
mRNAs of other intron-containing genes, such as those
of LSM7, RPB6, or ASC1, which codes for the Asc1 protein
that interacts with ribosomes and regulates translation
(Baum et al. 2004). Therefore, lack of Bud27 generally al-
ters mRNA splicing.

Altogether, our results suggest that Bud27 seems to be
required for the proper accumulation of mRNAs of RP
genes, likely due to a positive role played during their tran-
scription, but also by the contribution of Bud27 to the ge-
neral mRNA splicing process.

Bud27 globally regulates the expression of RP and
ribosome biogenesis regulon genes

By bearing in mind the impact of Bud27 inactivation on the
accumulation of the mRNA levels for selected RP genes,
we studied the mRNA levels for all the RP and RiBi genes
in a genome-wide analysis by RNA-seq in a bud27Δ mu-
tant and its otherwise isogenic wild-type strain at the per-
missive temperature of 30°C. Two biological replicates
were used with high technical reproducibility (see
Supplemental Fig. S8). As shown in Figure 4, the RP genes
expression was down-regulated in the bud27Δ mutant
compared to its wild-type counterpart. Although this
decrease was weak when globally analyzed, the results in
Figure 3 reflect that this effect was exacerbated when shift-
ing cells to 37°C, at least for the analyzed genes. A less
marked, but still significant decrease, was also observed
for the global expression of the RiBi genes (Fig. 4). The
RiBi genes required for 60S r-subunit biogenesis were sim-
ilarly affected to those required for 40S r-subunit biogene-
sis (data not shown). Notably, the drop in mRNA
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accumulation for the RP genes in the bud27Δ mutant ver-
sus its otherwise isogenic wild-type control became more
evident when all the RP genes were represented on a scat-
terplot (as shown in Fig. 7, panel C). This also occurred for
the RiBi genes, albeit to a lesser extent.
Taken together, we conclude that Bud27 is required for

optimal expression of RP genes and, to a lesser extent, of
most RiBi genes.

Genome-wide analysis of Bud27 binding is seen
to be associated with RP genes

In light of the results described so far, wewere interested in
understanding if Bud27 would act locally to modulate RP
and also RiBi gene transcription. It has been reported
that Bud27 can be detected in isolated chromatin fractions
(Mirón-García et al. 2014). Thus, we analyzed the actual
binding locations of Bud27 in the genome. To do so, we
performed a ChIP-seq analysis using a TAP-tagged
Bud27 strain grown at 30°C on YPD medium, and found
that it was bound to the chromatin of many protein-coding
genes (Fig. 5A). The metagene analysis showed that, on
average, the genes belonging to the RP and RiBi regulons
displayed greater Bud27 occupancy than the average pro-
tein-coding genes (Fig. 5B). Interestingly, Bud27 showed a
tendency to accumulate toward the 3′ end of the RP gene

bodies, whereas the RiBi gene bodies were more evenly
occupied (Fig. 5B).
The relative Bud27 occupancy levels observed among

the three groups of analyzed genes, in which RPs were
more occupied than RiBi, and RiBi were, in turn, more oc-
cupied than the average protein-coding gene, coincided

BA

C

FIGURE 3. Lesser accumulation of mRNAs of the RP genes in the absence of Bud27. (A) Analysis of the mRNA accumulation of several RP genes
by RT-qPCR in the wild-type and bud27Δ strains. Cells were grown in YPDmedium at 30°C and shifted to 37°C for 12 h. ThemRNA levels of PYK1
were used as a control of a gene whose expression decreases and those of ACT1 as the control of a gene with no significant alteration. The used
oligonucleotides are listed in Supplemental Table S1. (B) Analysis by RT-qPCR of the mRNA accumulation of the immature and mature forms of
some intron-containing genes in the wild-type and bud27Δ strains. Cells were grown in YPD medium at 30°C and shifted to 37°C for 12
h. (C ) Ratios for the immature versus mature forms of the genes analyzed in B.

FIGURE4. Comparison of the transcriptomic expression profile of the
RP and RiBi genes from bud27Δ and wild-type yeast cells. Box plots
showing the effects of BUD27 deletion on the expression levels of
the indicated classes of genes. Statistical testing was done by the
Wilcoxon test. Data represent the differentially expressed genes
(more than twofold). Cells were grown in YPD at 30°C.
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well with their average mRNA production by RNA poly-
merase II (nascent transcription rates, nTR) (Jordán-Pla
et al. 2015) and, as expected, with the occupancy profiles
of RNA Pol II as measured by ChIP-seq of its major subunit,
Rpb1, in the wild-type strain (Fig. 5C). So we wondered if
Bud27 could be associated with chromatin in a transcrip-
tion rate-dependent manner and if, in fact, as shown in
Figure 5D, a clear positive correlation existed between
Bud27 occupancy and transcription rates, nTR, by analyz-
ing the average metagene profile of Bud27-TAP occupan-
cy over the gene bodies and flanking regions of all the
protein-coding genes represented by quartiles and decile
1 of the nascent transcription rate level, nTR (Jordán-Pla
et al. 2015).

We also wondered whether the altered mRNA levels of
genes RP and RiBi observed upon lack of Bud27 were
caused by defects in RNA Pol II occupancy. As shown,
the metagene analysis of the ChIP-seq data sets for
Rpb1 evidenced alterations to the occupancy profiles in
both groups of genes, with more severe effects noted in
the RP genes (Fig. 5E). These results fall in line with the
global mRNA accumulation analysis shown in Figure 4.

The FunSpec analysis (Robinson et al. 2002) of the GO
categories for the RNA Pol II Bud27-occupied genes in
our genome-wide analysis identified cellular components
that corresponded mainly to the ribosome and biological
functions related mainly with rRNA maturation, rRNA pro-

cessing, ribosome biogenesis and assembly, and transla-
tion (Supplemental Fig. S9).

Altogether, these data reveal that the RP and RiBi mRNA
level changes caused by lack of Bud27 are likely due to an
alteration to RNA Pol II distribution along the gene bodies
that depend on this protein being physically present in the
chromatin of these genes.

Absence of Bud27 slightly impairs translation
and ribosome biogenesis

As lack of Bud27 negatively impacts the synthesis of most
ribosomal components, that is, rRNA transcription mediat-
ed by RNA Pol I and III, the expression of RP genes medi-
ated by RNA Pol II and the processing of 7S pre-rRNAs, we
explored in more detail whether lack of Bud27 could glob-
ally impair the ribosome biogenesis process. To test this,
polysome profile analyses were performed in a bud27
null strain and its otherwise isogenic wild-type counterpart
grown in liquid YPD at 30°C and shifted to 37°C for up to 6
h. Under these conditions, the bud27Δ mutant cells grew
more slowly. As shown in Figure 6, when shifted to 37°C,
the polysome profile from the bud27Δ mutant showed
both a marked increase in the 80S peak and less polysome
content compared to that of the wild-type strain. This re-
sult agrees with the previously reported role for Bud27 in
the initiation of translation (Deplazes et al. 2009).

E

BA C

D

FIGURE 5. ChIP-seq analysis of Bud27 occupancy. (A) Heatmap of the input-normalized Bud27-TAP ChIP-seq signals over a region that includes
the gene body 500 bp upstream of the transcription start site (TSS), and 500 bp downstream from the cleavage and polyadenylation sites (pA).
The heatmap includes all the protein-coding genes with TSS and pA annotations. (B) The input-normalized average metagene profile of the oc-
cupancy of Bud27-TAP over gene bodies and flanking regions of all protein-coding genes from Figure 5A and the subsets of the RP (n=129) and
RiBi (n=236) genes. (C ) The same as in panel B for Rpb1 ChIP-seq. (D) The average metagene profile of the occupancy of Bud27-TAP over the
gene bodies and flanking regions of all the protein-coding genes, separated by the nascent transcription rate level (nTR). Q1–Q4 indicates the
nTR quartiles. D1 refers to the first nTR decile. (E) The average Rpb1 ChIP-seq occupancy change profile (bud27Δ /wt ratio) over the three groups
of the analyzed genes.
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Interestingly, a slight deficit of the free 60S versus the 40S
r-subunits was also observed, which was not accompanied
by the appearance of half-mer polysomes (Fig. 6). This re-
sult suggests a slight deficit in the 60S r-subunits in
bud27Δ cells. Accordingly, the quantification of the total
r-subunits by low Mg2+ sucrose gradients resulted in only
an approximate 10% reduction in the 60S in relation to
the 40S r-subunits ratio in the bud27Δ strain compared
to the wild-type control after 6 or 12 h at 37°C.
Altogether, these results indicate that Bud27 make a rele-
vant contribution to ribosome production and function.
Hence the deletion of BUD27 leads to a slight deficit in
the 60S r-subunits in relation to the 40S r-subunits, which
is compatible to the above-mentioned delay observed
during the production of the 25S, 5.8S, and 5S mature
rRNAs, and with a mild defect on 7S pre-rRNA processing.

Bud27 inactivation provokes a significant
transcriptional response that partially mimics
TOR pathway inactivation

Bud27 has been proposed as a TOR signaling cascade
component by coordinating nutrient availability with
gene expression driven by TORC1 kinase (Gstaiger et al.
2003). The TORC1 signaling pathway has also been shown
to control ribosome biogenesis in yeast (Martin et al.
2006). To explore the molecular relation between Bud27
and the TOR pathway in more detail, the transcriptional re-
sponses achieved by inactivating Bud27 or the TOR cas-
cade were compared. We first analyzed the RNA-seq
data from the bud27Δ strain exponentially grown in YPD
medium at 30°C versus its otherwise isogenic wild-type
strain. In parallel, we compared the RNA-seq data for the
wild-type yeast cells grown in YPD medium at 30°C in

the absence and presence of rapamycin for 12 h to inacti-
vate the TOR pathway (see Supplemental Fig. S1).
As a result, the expression of around 1000 genes

changed by at least twofold in the bud27Δ strain com-
pared to the wild-type control (406 up-regulated, 558
down-regulated). Notably, about 20%–30% of these
genes (118 up-regulated, 127 down-regulated) were also
altered in the rapamycin-treated cells (Fig. 7A). The com-
parison between the transcriptome profiles for the
bud27Δ mutant versus its wild-type counterpart, and the
rapamycin-treated cells versus the untreated control
showed a mild positive correlation (r=0.3) (Fig. 7B).
When looking specifically at the RiBi and RP genes, the
correlation increased to r=0.33 and r=0.42, respectively.
This indicates that the effects of the experimental condi-
tions were more specific for these two ribosome-related
gene regulons than for the average protein coding gene
(r=0.27) (Fig. 7C).
We performed a functional analysis of the RNA-seq data

and found that the commonly up-regulated or down-regu-
lated genes under both experimental conditions were en-
riched in unique GO categories: biosynthetic processes-
related categories among the up-regulated genes, and
translation, ribosome biogenesis and RNA processing
among the down-regulated genes. Similar results have
been previously described for rapamycin-treated cells
(Crespo and Hall 2002; Bandhakavi et al. 2008; Kumar
et al. 2018).
All these data collectively suggest that lack of Bud27

leads to a significant transcriptional response that partially
mimics the TOR inactivation transcriptional response, and
indicate that Bud27 probably influences ribosome biogen-
esis via the TORpathway. It is worth noting that while ama-
jor important alteration has been detected in our
transcriptomic analysis of the bud27Δ null strain, one pre-
vious report has described differences only in 39 genes
(Gstaiger et al. 2003). These significant disparities are
probably due to differences in the technology used in
each analysis and in their respective sensitivities.

Bud27 influences S6 phosphorylation status
and accumulation

In mammals, S6K kinase phosphorylates eS6, an RP of the
40S r-subunit, at several residues to promote the activation
of the genes required for ribosome biogenesis (Chauvin
et al. 2014). This phosphorylation is considered one of
the most important targets of mTORC1 signaling and oc-
curs in response to nutrients. Similarly, in S. cerevisiae,
S6 (also named eS6 or Rps6) phosphorylation is also de-
pendent on nutrients in a TORC1-dependent manner
(González et al. 2015). To explorewhether Bud27 function-
ally interacts with the TOR pathway and, therefore, pro-
vides a possible explanation for its impact on the
ribosome biogenesis pathway, the phosphorylation/

FIGURE 6. Absence of Bud27 impairs translation and 60S r-subunit
metabolism. Polysomes profile analysis of the wild-type and bud27Δ
cells grown to the mid-log phase in YPD medium at 30°C and then
shifted to 37°C for 6 h. Cells were harvested at an OD

600
of about

0.8. Whole-cell extracts were prepared and 10 A260 units of each ex-
tract were resolved in 7%–50% sucrose gradients. A254 was continu-
ously measured. Sedimentation goes from left to right. The peaks of
the free 40S and 60S r-subunits, 80S vacant ribosomes or monosomes
and polysomes, are indicated.
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dephosphorylation status of yeast S6 protein was used as a
readout of TOR activity upon Bud27 inactivation. A highly
specific commercial antibody against human phospho-
(Ser235/236) S6 was used, which cross-reacts with phos-
phorylated yeast S6.Wild-type and bud27Δ cells were first-
ly grown at 30°C in YPDmedium before adding rapamycin
to inactivate the TOR pathway. At different time points,
cells were harvested, and whole cells extracts were per-
formed, and later analyzed for the S6 phosphorylation/
dephosphorylation status by western blot. As expected,
S6 was strongly dephosphorylated upon rapamycin treat-
ment in the wild-type cells (Fig. 8). This dephosphorylation
was apparently maximal 50 min after adding rapamycin.
Notably in bud27Δ cells, the amount of phosphorylated
S6 was apparently less than in the wild-type cells, with a
decrease of ∼25% noted in the untreated cells. Strikingly,
the kinetics of the dephosphorylation of S6 also occurred
apparently more quickly upon the addition of rapamycin,
and was maximal at the 25-min time point, while residual
phosphorylated S6 remained after this time point.

Taken together, these results strongly suggest that
Bud27 interplays with TORC1 activity kinase as lack of
Bud27 accelerates S6 dephosphorylation and the inactiva-
tion of Bud27 and the TOR pathway leads to a partial tran-
scriptional common response.

DISCUSSION

Ribosome biogenesis is a high-energy consumption pro-
cess that requires stringent regulation to ensure proper ri-
bosome production to deal with cell growth and protein
synthesis in different environmental and metabolic situa-
tions. To support this statement, it is noteworthy that the
synthesis of ribosomal components corresponds to
∼80% of total transcriptional activity in yeast, and to 50%
in proliferating mammalian cells (Xiao and Grove 2009).
One main regulation point of this process is performed
in relation to the activity of the three RNA pols as these
three complexes are required for the synthesis of the dif-
ferent ribosome components and the factors involved in

BA
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FIGURE 7. Global transcriptomic expression analysis of a bud27Δmutant and rapamycin-treated wild-type cells. (A) Venn diagrams representing
the differentially expressed genes (more than twofold) in the bud27Δ versus wild-type cells and the rapamycin-treated versus untreated wild-type
cells. Cells were grown in YPD at 30°C. Rapamycin was added at the 400 ng/mL concentration. P-values are represented for each analyzed data
set. (B) A correlation scatterplot showing the relation between the RNA-seq data of the bud27Δ versus wild-type cells and the rapamycin-treated
versus untreated wild-type cells. The Spearman correlation coefficient is indicated. The color scale indicates the density of overlapping genes
(from colder to warmer colors as density increases). (C ) A similar correlation analysis as in B depicting the correlation coefficients of the RP,
RiBi, and the other protein-coding genes, separately. Tendency lines are adjusted to the specific gene groups indicated by the color scheme.
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all the steps during ribosome biogenesis, namely rRNA
transcription, pre-rRNA processing, RP production and as-
sembly, which are all temporally and spatially concomitant
and interdependent processes (Loewith and Hall 2011;
Jakob et al. 2012; de la Cruz et al. 2018; Vizoso-Vázquez
et al. 2018). It has been reported that the TOR pathway
is a master regulator of ribosomal components transcrip-
tion, growth and ribosome biogenesis, and it performs
its regulatory activity in different transcriptional and post-
transcriptional steps of gene expression (Martin and Hall
2005). We herein evidence that, in yeast, the prefoldin-
like Bud27 protein modulates the activities of all three
RNA pols to properly influence the transcription of ribo-
somal components and ribosome biogenesis. The action
of Bud27 differs and depends on each RNA pol. Thus,
Bud27 modulates the synthesis of 35S rRNA by RNA Pol
I, likely by influencing transcription elongation and pre-
rRNA processing. Bud27 impacts 5S rRNA and tRNA tran-
scription by modulating RNA Pol III occupancy to chroma-
tin. Bud27 regulates the transcription of RP and RiBi genes
by its association to these genes and by influencing both
RNA Pol II transcription elongation in an transcription
rate-dependent manner and mRNA splicing. Bud27 also
seems to interplay with the TOR pathway to generally influ-
ence the ribosome biogenesis process.
One intriguing question remains: how Bud27 can con-

trol the three different transcriptional machinery activities.
Our previous results suggested that this could be achieved
by it coming into direct contact with a common sub-
unit shared by the three RNA pols. In fact we have previ-
ously shown that Bud27 physically associates with Rpb5,
which is indeed a universally shared subunit among
the RNA pols of eukaryotes (Mita et al. 2011; Boulon
et al. 2012; Mirón-García et al. 2013, 2014; Martínez-
Fernández et al. 2015; Martínez-Fernández and Navarro
2018). Rpb5 is required for the transcription mediated by
any of the three RNA pols (Zaros et al. 2007), although spe-
cific functions in RNA Pol II-mediated activity have also
been reported (Miyao and Woychik 1998; Martínez-

Fernández andNavarro 2018). The ac-
tion of Rpb5 on the activity of the
three RNA pols partly occurs through
its physical and functional association
with the RSC chromatin remodeler
complex (Soutourina et al. 2006). Fur-
thermore, the tripartite interaction of
Rpb5 with RSC and Bud27 has been
proven important for regulating tran-
scription elongation by RNA Pol II
(Mirón-García et al. 2014) and tran-
scription by RNA Pol III (Vernekar
and Bhargava 2015). Accordingly,
this tripartite Bud27, Rpb5 and RSC
interaction could also act to regulate
RNA Pol I activity.

Regarding the functional interaction of Bud27 with RNA
Pol I, our results indicated that lack of Bud27 resulted in
low 35S pre-rRNA levels, as evidenced by the pulse-chase
experiments. However, and strikingly, this defect was not
accompanied by diminished RNA Pol I occupancy along
the rDNA unit in relation to a wild-type strain, or the
rDNA promoter, which also evidenced no defects in tran-
scription initiation. This phenomenon seemed to differ
from those that occur for RNA Pol II and RNA Pol III
because, as shown by our results and previously reported
ones, lack of Bud27 decreases RNA Pol II and RNA Pol III
activities in concert with reduced RNA Pol II occupancy
to chromatin, at least for some genes (Mirón-García et al.
2014; Vernekar and Bhargava 2015). Despite the fact
that Bud27 mediates TOR-dependent transcription pro-
grams (Gstaiger et al. 2003; Martínez-Fernández et al.
2015, 2018) and that lack of Bud27 partially mimics TOR
pathway inactivation (Gstaiger et al. 2003 and this work),
the impact of BUD27 deletion in RNA Pol I transcription
seemed specific and differed from that occurring under
TOR inactivation by rapamycin addition or nutrient starva-
tion. In these scenarios, RNA Pol I activity inhibition occurs
as a consequence of diminished RNA Pol I occupancy to
rDNA. This specific effect of Bud27 on RNA Pol I transcrip-
tion does not seem atypical because, also in the post-log
stationary phase, switching rRNA genes from an active to
an inactive state has been also demonstrated to not be
caused by the regulatory pathways involving TOR
(Claypool et al. 2004). Notably, and despite the high
RNA Pol I occupancy along the rDNA unit in the bud27Δ
mutant, a drop between the 3′ and 5′ regions of the
rDNA unit was observed, which suggests a defect in the
relative processivity of the enzyme and in transcription
elongation, as previously reported for other RNA Pol I mu-
tants (Schneider et al. 2007). Concomitantly, the alteration
of rRNA processing observed with BUD27 deletion (mild
accumulation of 7S pre-rRNA, accompanied by a minor ac-
cumulation of 23S rRNA) could result from the transcrip-
tional elongation defect. This would fall in line with the

FIGURE 8. The phosphorylation status of S6 is altered in the cells lacking Bud27.Western blot
analysis of the phosphorylated (Rps6-P) and nonphosphorylated (Rps6) S6 RP in both the wild-
type and bud27Δ mutant cells. Cells were grown in YPD medium at 30°C (time 0) or in YPD
containing 400 ng/mL rapamycin for the indicated times. Anti-phospho (pSer235/236)-S6
RP and anti-S6 RP antibodies were used. Pgk1 was taken as the internal control.
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results frommutants of both RNA Pol I and elongation fac-
tor Spt4/5 showing that a defect in transcription elonga-
tion could perturb the processing of precursors for either
25S or 18S rRNAs. It would also evidence that the RNA
Pol I transcription elongation rate and rRNA processing
are functionally coupled (Schneider et al. 2006, 2007;
Scull and Schneider 2019). In any case, our results do not
discard a mild impact of exosome activity on 7S rRNA pro-
cessing given that its Rrp6 subunit, which is needed for 7S
rRNA processing (Guglielmi and Werner 2002; Cepeda
et al. 2019), associates less efficiently with chromatin in
the bud27Δ mutant (our unpublished data).

This mechanism by which Bud27 regulates RNA Pol I
activity is suggested to be dependent on the tripartite
interaction between Bud27-Rpb5 and the chromatin
remodeler complex RSC, which falls in line with Bud27 in-
fluencing chromatin conformation, and then transcription
by RNA Pol II and Pol III through its association with
RSC (Mirón-García et al. 2014; Vernekar and Bhargava
2015). Furthermore, the Rpb5-RSC interaction is necessary
for the activity of the three yeast RNA polymerases
(Soutourina et al. 2006). Accordingly, Bud27 could
also act by influencing the chromatin structure of the
rDNA unit via its interaction with RSC and RNA Pol
I. Alternatively, Bud27 could influence the activity or asso-
ciation of other chromatin remodelers with rDNA, such as
the SWI/SNF remodeler complex, by thereby modulating
the RNA Pol I transcription process. Indeed an snf6Δ mu-
tant (SWI/SNF) shows similar RNA Pol I transcriptional al-
terations to those observed for the bud27Δ mutant; that
is, a defect in transcription elongation with no major alter-
ation of RNA Pol I occupancy and a modest defect in pre-
rRNA processing, which are consistent with a linkage
between rRNA transcription and rRNA processing (Zhang
et al. 2013). In agreement with an impact of Bud27 on
the rDNA chromatin structure, our data from MNase-seq
experiments in the bud27Δ mutant in relation to its other-
wise isogenic wild-type strain showed clear differences for
this DNA region (A Cuevas-Bermúdez, V Martínez-
Fernández, AI Garrido-Godino et al., in prep.). Finally,
our RNA-seq analysis suggested that the reduction in
RNA Pol I activity provoked by lack of Bud27 was not
due to a low expression level of transcription factors Rrn3
and Hmo1, both of which control RNA Pol I activity
(Reiter et al. 2011).

Although no defect on 5S rRNA transcription due to
BUD27 deletion has been previously reported (Vernekar
and Bhargava 2015), our attempt to explore the impact
of Bud27 on RNA Pol III activity more precisely by northern
blot and pulse-chase experiments revealed that Bud27
mildly influenced 5S rRNA synthesis and then global
rRNA cellular content, and in a way dependent on RNA
Pol III occupancy to the corresponding DNA units.
Similarly, and corroborating previous data, Bud27 also im-
pacted tRNA synthesis and type 3 genes transcription (i.e.,

SCR1), which agrees with the major role proposed for
Bud27 in regulating RNA Pol III-mediated transcription
by influencing RNA Pol III occupancy and RSC association
with the enzyme (Vernekar and Bhargava 2015).

Regarding RNA Pol II, our data remarkably showed that
Bud27 could specifically contribute to the expression of
RiBi and RP genes. In fact our results indicated a drop in
RP and RiBi mRNA expressions in the bud27Δ strain, which
could per se account for the defect in ribosome biogenesis
that we observed in this strain. In line with this, a concerted
expression of RP and RiBi genes has been described to en-
sure adequate ribosome biogenesis (Loewith and Hall
2011; Jakob et al. 2012; de la Cruz et al. 2018). The dimin-
ishing accumulation of RP and RiBi mRNAs in the bud27Δ
strain might be explained by general reduced RNA Pol II
activity as lack of Bud27 can negatively impact RNA Pol
II-dependent transcription elongation (Mirón-García et al.
2014). However, we favor a scenario in which Bud27 plays
a specific role in the expression of these genes. In line with
this, our ChIP-seq data indicated that Bud27 specifically
occupied RP and RiBi genes. Thus, by deleting the
BUD27 gene, it could directly impact RP and the RiBi
genes expression by altering Bud27 association with chro-
matin. Our data also evidenced that the Bud27 association
with chromatin occurred in a transcription rate-dependent
manner (this work) and influenced transcription elongation
(Mirón-García et al. 2014), which agrees with the fact that
the transcription regulation of RP and RiBi genes, which
correspond to those with high average transcription rates
(Jordán-Pla et al. 2015), occurs at the elongation level, as
previously suggested (Pelechano et al. 2009). In addition,
RP gene expression has been described to be dependent
on the TFIIS transcription elongation factor (Gómez-
Herreros et al. 2012). It has also been recurrently demon-
strated that most RP and RiBi elements participate in
rRNA processing (Choesmel et al. 2007; Reiter et al.
2011; Iadevaia et al. 2012; de la Cruz et al. 2018), a process
that can occur in yeast either before or after 35S pre-rRNA
completes its synthesis (Osheim et al. 2004; Kos and
Tollervey 2010). Therefore, we cannot rule out that the
lowered expression of the genes for RP and RiBi factors ob-
served upon Bud27 inactivation could account for the
rRNA maturation defect detected in the bud27Δ strain,
at least in part. Not only RP and RiBi expression, but also
global mRNA splicing, are affected upon Bud27 inactiva-
tion, which is likely a side consequence of its RNA Pol II
transcription elongation defect by taking into account
the concerted connection between RNA Pol II transcrip-
tion elongation and mRNA splicing (Dujardin et al. 2014;
Saldi et al. 2016). As ribosome biogenesis implies ∼90%
of all cellular mRNA splicing, and many RP genes contain
introns (Warner 1999; Metzl-Raz et al. 2017), this global
and non-RP-specific defect could also influence ribosome
biogenesis. The drop in the expression of some transcrip-
tion factors directly involved in the up-regulation of RP and
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RiBi gene expression (Martin et al. 2004; Loewith and Hall
2011; Albert et al. 2016; Vizoso-Vázquez et al. 2018), which
also occurs upon the deletion of BUD27, could also ac-
count for the lower detected RP and RiBi gene expression.
By considering together the influence of BUD27 dele-

tion on the activity of the three RNA pols, the alteration
to the ribosomal component transcription could also be
coordinately impacted by the three enzymes, which would
agree with the data that describe in S. cerevisiae cross-talk
between tRNA and rRNA synthesis (Briand et al. 2001),
cross-talk between RNA Pol I and RNA Pol II for RP genes
transcription (Michels and Hernandez 2006), or with the
concerted transcriptional activity of RNA Pol I and 5S
rRNA, and RP mRNA synthesis (Laferte et al. 2006).
Bud27 is required for the cytoplasmic assembly of the

three RNA pols in yeast (Mirón-García et al. 2013;
Vernekar and Bhargava 2015). However, this circumstance
does not seem to account for the different transcriptional
defects that we observed in the absence of Bud27.
Indeed, overcoming the RNA pols assembly defect
shown by the bud27Δ mutant by RPB5 overexpression at
either 30°C (Mirón-García et al. 2013) or 37°C (see
Supplemental Fig. S5) did neither modify the pre-rRNA
and pre-tRNA processing defects led by the bud27Δmuta-
tion (data not shown) nor overcome the sensitivity of
bud27Δ mutant cells to mycophenolic acid, a nucleotide
triphosphate (NTP)-depleting drug used to detect S. cere-
visiae strains defective in transcription elongation (Shaw
et al. 2001). All these results did not seem to be the indirect
consequence of the slow growth rate of the bud27Δ mu-
tant strain at 37°C, because many of them were evident
even at the permissive temperature of 30°C.
It has been previously reported that yeast Bud27 and hu-

man URI are components of the TOR signaling pathway
(Gstaiger et al. 2003). As our results showed that Bud27
could regulate the transcriptional activities of all the ele-
ments related to ribosome biogenesis, it would likely be in-
volved in a sort of coordination with the TOR pathway for
proper ribosome biogenesis. One main question is to dis-
cern how Bud27 can indeed act in the TOR cascade. Our
transcriptomic analyses of a bud27Δ strain provided results
that resembled, but were not identical to, those upon TOR
pathway inactivation by rapamycin (Hardwick et al. 1999;
Crespo and Hall 2002; Bandhakavi et al. 2008; Kumar
et al. 2018), which suggests a possible functional connec-
tion between the functions of Bud27 and those of the TOR
pathway. Some other pieces of evidence have been de-
scribed and agree with the action of Bud27 in ribosome
biogenesis via the TOR pathway: diminished rRNA pro-
cessing involving reduced RPs synthesis has already
been shown upon rapamycin-dependent TOR pathway in-
activation (Powers and Walter 1999; Reiter et al. 2011); the
RSC complex, which associates with Bud27 (Mirón-García
et al. 2014; Vernekar and Bhargava 2015), has been report-
ed to play a role in the transcription of the genes related to

ribosome biogenesis (Angus-Hill et al. 2001; Yu et al. 2015;
Vizoso-Vázquez et al. 2018); the transcription elongation
regulation of RP and RiBi genes depends on PKA kinase,
which participates in the TOR signaling cascade
(Pelechano et al. 2009). Hence, by taking into account
the effects of inactivating Bud27 on the transcriptionmedi-
ated by the three RNA pols and its parallelism with TOR
pathway inactivation, it is possible to speculate that the
transcriptional coregulation needed to ensure proper ribo-
some biogenesis can be influenced by Bud27 as one pos-
sible coordinator. Obviously, further experiments are
required to demonstrate this. Yet consistently with this hy-
pothesis, our results revealed that Bud27 influenced the
phosphorylation status of RP S6, a read-out of TOR activity,
which depends on TORC1 and is necessary for ribosome
biogenesis in both yeast and mammals (Du et al. 2012;
González et al. 2015; Kos-Braun et al. 2017).
Despite the role of Bud27 inmodulating transcription by

the three RNA pols, its influence on pre-rRNA processing
and its impact on ribosome synthesis, it is necessary to fur-
ther experimentally explain the precise role of Bud27 in ri-
bosome biogenesis. In line with this, and by considering
the role of Bud27 as a cochaperone and its association
with ribosomes and other chaperones (Deplazes et al.
2009; Martínez-Fernández et al. 2015, 2018), we cannot
exclude the fact that lack of Bud27 might also account
for a defect in the assembly of the elements required for
ribosome synthesis. It is tempting to speculate that
Bud27 may influence not only ribosome assembly in the
nucleus, but also the association between the small and
large r-subunits to be engaged in translation in the cyto-
plasm, which agrees with previously reported data
(Deplazes et al. 2009). This function could be mediated
by the PFD-binding domain of Bud27 as this domain is
necessary for Bud27 to interact with the prefoldin com-
plex, and probably with the R2TP module, which occurs
for the human URI protein (Boulon et al. 2012; Martínez-
Fernández et al. 2018).
Finally, further experiments are strictly required to deci-

pher the functional relation between Bud27 and the TOR
pathway, and to more precisely understand the impact of
Bud27 on chromatin structure and transcription. It is worth
mentioning that our data envisage that the impact of
Bud27 inactivation on transcription, and then on cellular
physiology, must be stronger than initially thought.
Hence, this suggests that Bud27 must be a key element
in many other cellular processes and, accordingly, human
URI has been reported to be crucial for cancer develop-
ment (Theurillat et al. 2011; Tummala et al. 2014; Buren
et al. 2016). We assume that the ribosome biogenesis de-
fects caused by Bud27 inactivation may influence cell
growth not only in yeast, but also in humans and other eu-
karyotes, if we consider the close relation between Bud27
and URI (Chaves-Pérez et al. 2018; Martínez-Fernández
et al. 2018). This phenomenon, and the major gene
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expression alterations caused by Bud27/URI deficiency,
could impact many cellular processes, including some
thatmight lead to different human diseases, including can-
cer (Theurillat et al. 2011; Teng et al. 2013; Tummala et al.
2014; Buren et al. 2016).

MATERIALS AND METHODS

Yeast strains and growth conditions

The Saccharomyces cerevisiae strains used in this study are listed
in Table 1.

The common yeastmedia, growth conditions and genetic tech-
niques were used as described elsewhere (García-López et al.
2011). Yeast strains were cultured in liquid YPD or YPGal media
containing 2% glucose or 2% galactose, respectively, at 30°C, un-
less otherwise specified. Synthetic SD medium supplemented
with the specific nutrients required for auxotrophic deficiencies
was also used. Rapamycin and mycophenolic acid (MPA) were
used at the indicated concentrations.

In liquid cultures, cell growth was constantly monitored to
maintain them in exponential phase, especially after the temper-
ature shift to 37°C.

Chromatin immunoprecipitation and sequencing
analyses

The chromatin immunoprecipitation experiments were per-
formed using Dynabeads Pan Mouse IgG (Invitrogen) for Rpb8-
TAP, as previously described (Garrido-Godino et al. 2013). For
real-time PCR, a 1:100 dilution was used for input DNA and a
1:4 dilution was used for the DNA of immunoprecipitated sam-
ples. Genes were analyzed by quantitative real-time PCR in tripli-
cate with at least three independent biological replicates using
SYBR premix EX Taq (Takara). Quantification was performed as in-
dicated in the Figure legends. The oligonucleotides utilized for
the different PCRs are listed in Supplemental Table S1.

The chromatin immunoprecipitation and sequencing (ChIP-
seq) of Bud27-TAP and Rpb1 were performed in biological dupli-
cates. For the ChIP-seq experiments, 200mL of each yeast culture
were collected at an OD600 of about 0.6 and crosslinked by add-
ing 1% formaldehyde. After a 15-min incubation, 10 mL of 2.5 M
glycine were added and cultures were incubated for 5 min in the
presence of this solution. Cells were harvested and washed four
times with 150 mM NaCl, 20 mM Tris-HCl, pH 7.5 (by centrifuga-
tion). Then, they were resuspended in 300 µL of lysis buffer
(50 mM HEPES, 140 mM NaCl, 1 mM EDTA, pH 8.0, 1% [v/v]
Triton-X-100, 0.1% [w/v] sodium deoxycholate, 1 mM PMSF,
0.15% [w/v] benzamidine and protease inhibitor cocktail
[Complete, Roche]). Cell disruption was carried out by vigorously
vortexing these samples in the presence of 200 µL of glass beads
for 15 min. After disruption, lysis buffer was added to cell extracts
to adjust to 1.5 mL. Then samples were subsequently sonicated
by a Bioruptor sonicator (Diagenode) for 45 min at 30-sec on/
off intervals.

Immunoprecipitation was performed in duplicate using 200 µL
of magnetic beads Dynabeads Pan Mouse IgG (Invitrogen) for
Bud27-TAP, or 200 µL of magnetic beads Dynabeads M-280
sheep anti-mouse IgG (Invitrogen) mixed with the 8WG16 anti-
Rpb1 antibody (Santa Cruz) for Rpb1, and 300 µL of the sonicated
samples. Washing and decrosslinking followed the conventional
chromatin immunoprecipitation procedure; supernatants were
collected in the same tube and DNA was purified with the
Nucleospin Extract II Purification kit (Macherey-Nagel). The eluted
DNAwas concentratedby lyophilization. Immunoprecipitates and
their corresponding input DNA samples were sequenced in an
Illumina HiSeq 2000 instrument. The quality metrics of the Fastq
sequencing data sets were obtained with FastQC andwere visual-
ly inspected.Basedon the first quality check, sequencingadapters
were removed from raw readswith FastxClipper. A second inspec-
tion round with FastQC was carried out after the filtering steps to
verify that filters were properly applied. The resulting high-quality
sequences were mapped to the S. cerevisiae S288C genome
(SGD R64) with Hisat2 using default parameters. The resulting
BAM alignment files were sorted, indexed and visually inspected
with the genome browser IGV (www.broadinstitute.org/igv/).

TABLE 1. S. cerevisiae strains

Strain Genotype Origin

BUD27-
TAP

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 BUD27::TAP::HIS3MX6 Open Biosystems

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Euroscarf

ISS2 MATα his3-Δ200 lys2-Δ801 ura3-Δ52 tΔrp1-Δ63 ade2-Δ101 RPO31::13xMyc::kanMX6 Gift from O. Lefebvre

YFNOL1 MATα his3-Δ200 lys2-Δ801 ura3-Δ52 trp1-Δ63 ade2-Δ101 RPO31::13xMyc::kanMX6 BUD27::
HIS3MX6

This work

YFN105 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 trp1-Δ63 BUD27::kanMX4 (Mirón-García et al.
2013)

YFN310 MATa his3Δ1 leu2Δ0 ura3Δ0 trp1-Δ63 RPA190::3xHA::HIS3 RPC160::13xMyc::TRP1 BUD27::
kanMX4 RPB8::TAP::HIS3MX6

This work

YFN311 MATa his3Δ1 leu2Δ0 lys2-801 trp1-Δ63 ura3-52 RPA190::3xHA::HIS3 RPC160::13xMyc::TRP1
RPB8::TAP::HIS3MX6

This work

YFN316 MATa his3Δ1 leu2Δ0 lys2-801 met15Δ0 ura3Δ0 trp1-Δ63 SPT5::TAP::HIS3MX6 BUD27::kanMX4 This work
YFN317 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 trp1-Δ63 SPT5::TAP:: HIS3MX6 This work
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Based on the good similarity of the average occupancy profiles
from the two biological replicates (Supplemental Fig. S1), the
two data sets from each sample were merged into one single
data set with SamTools (Li et al. 2009).

Protein immunoprecipitation and TAP purification

For TAP purification, 400 mL of the appropriate cells growing ex-
ponentially (OD600 of about 0.6–0.8) in YPDmediumwerewashed
twice with ultrapure water and lysis buffer (50 mM HEPES pH 7.5,
120mMNaCl, 1 mMEDTA, 0.3% CHAPS). Then, cells were resus-
pended in 1 mL of lysis buffer supplemented with 1× protease in-
hibitor cocktail (Complete, Roche), 0.5 mM PMSF, 2 mM sodium
orthovanadate and 1 mM sodium fluoride. Whole-cell extracts
were prepared using a MixerMill MM400 RETSCH (3 min 30Hz).
Purifications were carried out as described elsewhere (Garrido-
Godino et al. 2013) with some modifications: 150 µL of whole-
cell extract (2 mg protein) per experiment and lysis buffer for all
washes were used and 35 µL of Dynabeads Pan Mouse IgG
(Invitrogen). The affinity-purified proteins were released from
beads by boiling for 10 min and were analyzed by western blot
with antibodies anti-Rpb1 (manufactured in our laboratory), anti-
Rpa34.5 (a gift from P. Thuriaux), PAP (Sigma), and anti-phospho-
glycerate kinase (459250, Invitrogen).

Chromatin-enriched fractions

The chromatin-enriched fractions were prepared by following the
yChEFs procedure (Cuevas-Bermúdez et al. 2019) from 150 mL of
yeast cells grown in YPD at 30°C until the mid-log phase. The
western blots for the chromatin-associated proteins were per-
formed with antibodies anti-Rpa34.5 (a gift from P. Thuriaux),
9E10 anti-c-Myc (Santa Cruz Biotechnology), anti-phosphoglycer-
ate kinase (459250, Invitrogen), and anti-H3 (ab1791; Abcam).

RNA extraction for the global expression analyses
and sequencing

For the global expression analyses, 50 mL cultures were grown in
YPD until an OD600 of about 0.8. Cells were collected and used to
extract total RNA. The rapamycin-treated cells corresponded to
cells grown in YPD at 30°C that contained 50 ng/mL of rapamycin
until an OD600 of about 0.8. RNA was prepared and quantified as
previously described (Nonet et al. 1987).

cDNA libraries were performed and sequenced with the
QuantSeq 3′ mRNA-seq Library Prep Kit from Illumina following
the manufacturer’s instructions; as above, samples were se-
quenced in an Illumina HiSeq 2000 instrument.

The data analysis run to reach the BAM alignment files was sim-
ilar to those used for the ChIP-seq experiments. Briefly after ob-
taining the Fastq sequencing data sets with FastQC, adapters
were removed with Fastx Clipper, and sequences were mapped
to the S. cerevisiae S288C genome (SGD R64) with Hisat2.
Subsequently, differential RNA abundance was obtained with
the R/Bioconductor software based on an advanced version of
the DESeq package, DESeq2 (Anders and Huber 2010). The
gene ontology categories were analyzed by the FunSpec soft-
ware (Robinson et al. 2002).

Reverse transcription and qRT-PCR

For the RNA analysis by real-time PCR, first-strand cDNAwas syn-
thesized by using 500 ng of RNA and the iScript cDNA synthesis
kit (Bio-Rad) following the manufacturer’s instructions. For the
DNA contamination control, the same RNA samples were ana-
lyzed, but without performing the retrotranscription reaction.
Real-time PCR was performed in a CFX-384 Real-Time PCR in-

strument (BioRad) with the EvaGreen detection system “SsoFast
EvaGreen Supermix” (Bio-Rad). Reactions were performed in a to-
tal 5 µL volumewith 1:100 dilution of the synthesized cDNA. Each
sample was analyzed in triplicate with at least three independent
biological replicates per sample. Values were normalized to the
steady-state 18S rRNA levels. The used oligonucleotides are list-
ed in Supplemental Table S1.

Extraction of rRNA and northern blots

The RNA extraction and northern hybridization analyses of the
pre- and mature rRNAs were carried out following standard pro-
cedures (García-Gómez et al. 2011). In all experiments, RNA
was extracted from the samples corresponding to 10 OD600 units
of the exponentially grown cells. Equal amounts of total RNA
(5 µg) were loaded on either 1.2% agarose-6% formaldehyde or
7% polyacrylamide-8M urea gels. Specific oligonucleotides
were 5′-end labeled with [γ-32P] ATP and used as probes.
The sequences of the oligonucleotides used for northern hy-

bridization purposes are listed in Supplemental Table S2. The
Phosphorimager analysis was performed in a FLA-5100 imaging
system (Fujifilm) at the Biology Service (CITIUS) of the University
of Seville (Spain).

Protein extraction and western blot analyses

Whole-cell protein extracts were prepared from 5mL of the expo-
nentially growing cells (OD600 of about 0.8) in appropriate media.
Cells were harvested, washed twice with ultrapure water, and re-
suspended in 200 µL of 20% trichloroacetic acid (TCA) and 200 µL
of glass beads (425–600 µm, SIGMA) before being subjected to
vortexing for 1 min. The supernatant of each extract was trans-
ferred to a new tube, 400 µL of 5% TCA were added, and the
mix was vortexed for 10 sec and centrifuged for 5 min at 14,000
rpm. The corresponding acid pellets were neutralized by adding
10 µL of 1.5 M Tris-HCl, pH 8.8, and 20 µL of loading buffer
(50 mM Tris-HCl, pH 8.8, 2% [w/v] sodium dodecyl sulfate [SDS],
4% [w/v] bromophenol blue, 2% [v/v] 2-mercaptoethanol, 10%
[v/v] glycerol). Finally, extracts were boiled for 10 min at 100°C
and 3.5 µL were used for SDS-PAGE and western blot analyses
with different primary antibodies: anti-phospho (pSer235/236)-S6
RP (#2211, Cell Signaling Technology); anti-S6 RP (ab40820,
Abcam); anti-phosphoglycerate kinase (459250, Invitrogen).

Sucrose gradient centrifugation

Polyribosome and ribosomal subunit (r-subunit) preparations
and analyses were done as previously described (Foiani et al.
1991; Kressler et al. 1997). Ten A260 units of cell extracts were
loaded onto sucrose gradients, which were ultracentrifuged.
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Profiles were obtained by continuously monitoring A254 with a
Teledyne-ISCO UA-6 system.

Ribosomal subunit analyses were also performed as previously
described (Kressler et al. 1997). Briefly, cell extracts were pre-
pared under polysome run-off conditions, by omitting cyclohexi-
mide, in a buffer lacking MgCl2 to dissociate ribosomes into the
40S and 60S r-subunits. Ten A260 units of each extract were re-
solved in 7%–50% sucrose gradients prepared in the same buffer.
Profiles were obtained as above; the area under the curve of each
peak was determined and the 60S/40S ratios were calculated. To
do so, profiles were printed, and peak areas were cut out and
weighed. Data are the average of three independent experi-
ments. The relative standard deviation was <5% in each case.

Pulse-chase analysis

The pulse-chase labeling of pre-rRNAs was performed exactly as
previously described (Kressler et al. 1998) using 100 µCi of
[5,6-3H]uracil (Perkin-Elmer; 45–50 Ci/mmol) per 40 OD600 of
yeast cells. Cells were grown in SD-Ura medium at 30°C to the
mid-log phase before being shifted to 37°C for 12 h. Then, cells
were pulse-labeled for 2 min and chased for different times with
the SD medium, which contained excess cold uracil. Total RNA
was extracted by the hot phenol procedure (Ausubel et al.
1994). Radioactive incorporation was measured by scintillation
counting (General Radioisotope Service-CITIUS of the University
of Seville) and about 20,000 c.p.m. per RNA sample were loaded
and resolved on 1.2% agarose-6% formaldehyde and 7% poly-
acrylamide-8M urea gels (Venema et al. 1995). RNA was trans-
ferred to nylon membranes and visualized by fluorography
(Kressler et al. 1998).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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