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Abstract 

Bud27 is a pref oldin-lik e protein that participates in transcriptional regulation mediated by the three RNA polymerases in Saccharom y ces cere- 
visiae . Lack of Bud27 significantly affects RNA pol III transcription, although the in v olv ed mechanisms ha v e not been characteriz ed. Here, w e 
show that Bud27 regulates the phosphorylation state of the RNA pol III transcriptional repressor, Maf1, influences its nuclear localization, and 
likely its activity. We demonstrate that Bud27 is associated with the Maf1 main phosphatase PP4 in vivo, and that this interaction is required for 
proper Maf1 dephosphorylation. Lack of Bud27 decreases the interaction among PP4 and Maf1, Maf1 dephosphorylation, and its nuclear entry. 
Our data unco v er a ne w nuclear function of Bud27, identify PP4 as a no v el Bud27 interactor and demonstrate the effect of this pref oldin-lik e 
protein on the posttranslational regulation of Maf1. Finally, our data re v eal a broader effect of Bud27 on PP4 activity by influencing, at least, the 
phosphorylation of Rad53. 
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Introduction 

The prefoldin-like Bud27 and its orthologue URI are members
of the prefoldin family of ATP-independent molecular chaper-
ones, which function as scaffold proteins during the assembly
of additional prefoldin family members ( 1 ,2 ). Bud27 and URI
show nuclear and cytoplasmic localization ( 1 , 3 , 4 ), and asso-
ciate with not only subunits Pfd2 and Pfd6 of the prefoldin
complex, but also with Rpb5, a common subunit of the three
RNA polymerases ( 1–3 , 5 , 6 ). Bud27 mediates the biogenesis
and assembly of the three RNA pols in an Rpb5-dependent
manner ( 3 ,7 ) and, similarly, URI participates in RNA pol II
biogenesis ( 3 ,8–10 ). Bud27 and URI play multiple roles in
transcription ( 2 , 5–7 , 11–14 ). However, only Bud27 has been
reported to influence transcription by the three RNA pols
( 13 ,15 ), a process that impacts ribosome biogenesis, likely
through a functional connection between Bud27 and the TOR
pathway ( 15 ). Lack of Bud27 partially mimics the transcrip-
tional response provoked by TOR pathway inactivation ( 15 )
and Bud27 is proposed to impact some T OR -dependent pro-
cesses, including cell wall integrity and autophagy induction
( 16 ). Both Bud27 and URI have been shown to participate in
the TOR signaling cascade by coordinating nutrient availabil-
ity with gene expression ( 13 ). More direct and specific roles
of Bud27 in transcription have also been described. For ex-
ample, Bud27 has been shown to be necessary in concert with
the RSC chromatin remodeler complex for the elongation step
of RNA pol II transcription ( 11 ). This functional relation be-
tween Bud27 and RSC also impacts chromatin organization
and the polyadenylation site selection ( 17 ). The association
between Bud27-RSC and RNA pol III has been proposed to
influence its transcriptional activity ( 7 ) and lack of Bud27 has
been shown to adversely affect the synthesis and probably the
maturation of RNA pol III transcripts ( 7 ,15 ). 

RNA pol III is a multiprotein complex that contains 17 sub-
units. It acts in concert with TFIIIB and TFIIIC, two basal tran-
scription factors, for the synthesis of transcripts ( 18 ). Maf1, a
protein conserved from yeast to humans, is the master neg-
ative regulator of RNA pol III-directed transcription in re-
sponse to multiple stresses, including the inactivation of the
TOR signaling pathway, and it interacts with distinct RNA
pol III subunits and TFIIIB ( 19–23 ). Maf1 activity and cellu-
lar localization are regulated by its phosphorylation state. Un-
der favourable growth conditions, Maf1 is mainly phospho-
rylated and located in the cytoplasm. Under repressive con-
ditions, Maf1 dephosphorylation promotes its entry into the
nucleus, where Maf1 binding to RNA pol III represses its tran-
scriptional activity ( 20 ,24–26 ) and interferes with TFIIIB re-
cruitment to promoters ( 27 ). Sch9 has been proposed as the
major kinase for Maf1 phosphorylation, although PKA, CK2
and TORC1 have also been shown to mediate this process
( 24 ,28–32 ). 

Protein Phosphatase 4 (PP4), a member of the phosphopro-
tein type 2A phosphatases family (PPPs), has been reported
as the major phosphatase for Maf1 dephosphorylation ( 19 ).
PP4 is an evolutionary conserved Ser / Thr phosphatase in-
volved in several essential processes in eukaryotic cells, such
as DNA repair ( 33 ,34 ). In S. cerevisiae , the PP4 complex com-
prises catalytic subunit Pph3, regulatory element Psy2 and
regulatory / scaffold subunit Psy4 ( 35 ). In line with the role
of PP4 in Maf1 dephosphorylation, the deletion of PPH3 or
PSY2 genes impairs both Maf1 dephosphorylation and RNA
pol III transcriptional repression after TOR pathway inhibi-
tion ( 36 ). Notably, PP4 associates with Maf1 via the interac-
tion between Maf1 and Pph3 in both log-phase and stressed 

cells ( 36 ). 
In this work, we investigated the functional relation be- 

tween Bud27 and Maf1. We demonstrate that lack of Bud27 

affects Maf1 dephosphorylation in response to stresses. We 
show that Bud27 interacts with PP4 phosphatase and that 
lack of Bud27 affects PP4-Maf1 interaction and Maf1 dephos- 
phorylation, which alter Maf1 nuclear shuttling, and likely 
RNA pol III transcriptional repression. Our data also suggest 
a broader role of Bud27 in PP4 activity by affecting other PP4- 
dependent processes, such as DNA repair. 

Materials and methods 

Yeast strains and growth conditions 

The S. cerevisiae strains used in this study are listed in 

Supplementary Table S1 . Plasmids are listed in Supplementary 
Table S2 . 

Bud27 was tagged (at its C-terminus) with a C-LYTAG tag 
(Biomedal) as described in ( 37 ) amplified from the pUC19- 
LytA-Kan plasmid (gift from S. Chávez) by PCR. 

Media preparation, growth conditions, yeast transforma- 
tion and genetic techniques were used as described elsewhere 
( 38 ). Yeast strains were cultured at 30ºC in liquid YPD or syn- 
thetic SD medium supplemented with the specific nutrients re- 
quired for auxotrophic deficiencies. Rapamycin treatment was 
performed by adding 400 nM of rapamycin to the cell cultures 
grown to exponential phase (OD 600 ∼ 0.6) for 1 h, unless oth- 
erwise specified. 

Whenever indicated, cycloheximide (10 μg / ml) was added 

to cultures 10 min before rapamycin treatment to avoid Maf1 

neo-synthesis due to stress ( 19 ). Other stresses were performed 

as follows: nutrient-deprived cells were grown in YPD until 
log phase and then washed 3 times with poor nutrient media 
(0.15 × synthetic complete (SC), no glucose) and transferred to 

the same media for the indicated times, as previously described 

( 36 ); dithiothreitol-treated cells were grown in YPD until log 
phase and then treated with 5 mM of DTT for the indicated 

times. 
For the spotting assays, 10-fold serial dilutions of cul- 

tures were spotted onto YPD plates containing rapamycin,
4-nitroquinoline 1-oxide (4-NQO), methyl methanesulfonate 
(MMS) or phleomycin at the indicated concentrations. 

Protein extraction, western blotting analyses and 

immunoreactive bands quantification 

Whole cell protein extracts were prepared from 5 ml of the 
exponentially-grown cells (OD 600 ∼ 0.7) using trichloroacetic 
acid and acid-washed glass beads as described ( 19 ). Protein 

extracts were analysed by SDS-PAGE and western blotting 
using different primary antibodies: anti-Maf1 (a gift from 

C. Conesa); anti-Pgk1 (459 250, Invitrogen); PAP antibody 
(P1291, Merk); anti-c-Myc (9E10, Santa Cruz Biotechnol- 
ogy or C3956, Merk); anti-HA (3F10, Roche); anti-Rad53 

(ab104232, Abcam); anti-LytA antibody (Biomedal; ( 39 )). To 

facilitate Psy4, Psy2 and Pph3 phospho-bands separation,
a final concentration of 10 μM of Phos-Tag (Wako, 300- 
93 523) was added to the gel. Immunoreactive bands were 
revealed using SuperSignal® West Femto (Thermo Scientific,
10 391 544), followed by exposure to ECL Hyperfilm (GE 

Healthcare, 28-9068-37) and then quantified by densitome- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data
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ry using the Image Studio LITE software from the images
cquired with an office scanner. 

rotein immunoprecipitation and TAP purification 

or immunoprecipitation purposes, the whole-cell extracts
ere prepared from 200 ml of exponentially-grown cells

OD 600 ∼ 0.6) as described ( 40 ). Purifications were carried
ut from 150 μl of the whole-cell extract (2 mg protein) per
xperiment using 37 μl of Dynabeads M-280 sheep anti-rabbit
gG (Invitrogen) and 2 μl of the anti-LytA antibody (Biomedal;
 39 )). For TAP purification, the same protocol was followed
ith 50 μl of Dynabeads Pan Mouse IgG (Invitrogen). The

ffinity-purified proteins were released from beads by boil-
ng for 10 min and were analysed by western blotting. The
ntensities of the immunoreactive bands were quantified by
ensitometry using the software T O TALLAB from the images
cquired with an office scanner. 

hromatin-enriched fractions and western blotting 

nalyses 

he yChEFs procedure was followed to prepare chromatin-
nriched fractions ( 41 ,42 ) using 50 ml of the exponentially-
rown cultures in YPD medium with or without rapamycin
ddition for 1 h (OD 600 ∼ 0.6–0.8). The final chromatin-
ound proteins were resuspended in 1 × SDS-PAGE sample
uffer, boiled and analysed by western blotting with different
ntibodies: anti-c-Myc (9E10, Santa Cruz Biotechnology or
3956, Merk); anti-Maf1 (a gift from C. Conesa); anti-Pgk1

459 250, Invitrogen); anti-H3 (ab1791; Abcam). 
The Image Studio LITE software was utilized to quantify

he intensities of the immunoreactive bands. 

mmunolocalization and fluorescence microscopy 

mmunolocalization and fluorescence microscopy were per-
ormed essentially as previously described ( 43 ) from cells
rown at 30 

◦C in YPD until log phase (OD 600 ∼ 0.6) us-
ng 1:100 dilutions of primary antibodies anti-c-Myc (9E10,
anta Cruz Biotechnology), anti-HA (3F10, Roche), poly-
lonal or anti-TAP (Thermo Fisher), followed by incubation
ith a 1:100 dilution of the secondary antibody Alexa Flu-
r™ 488 (Thermo Fisher). Slides were washed 3 times with
BS and incubated for 5 min with 50 μl of 1 mg / ml DAPI (in
BS), washed again and finally covered with Vectashield (Vec-
or Laboratories) mounting solution. Fluorescence intensity
as scored with a fluorescence microscope (Olympus BX51).

mageJ software ( https:// imagej.net/ ij/ ) was used to adjust all
he images, obtain equal contrast and quantify the GFP signal.

NA extraction, reverse transcription, qPCR 

nalysis and northern blotting 

otal RNA was extracted from 50 ml of cell cultures grown in
PD until log phase (OD 600 ∼ 0.6) following the hot phenol
cid extraction protocol as described ( 15 ). For pre-tRNA am-
lification first-strand cDNA was synthesized from 250 ng of
otal RNA with the PrimeScript™ RT reagent Kit with gDNA
raser (Takara) in accordance with the manufacturer’s in-
tructions, albeit with some modifications. The reaction mix-
ures containing 250 ng of total RNA, 2 μl of 5 × gDNA Eraser
uffer, and 1 μl of gDNA Eraser were incubated at 42ºC dur-

ng 2 min for genomic DNA elimination and then kept on ice
or 5 min. Subsequently, 10 pmol of the specific reverse primer
to amplify the tRNAs of interest (tRNALeu3-302, tRNAIle-
302 and tRNATrp-302; see Supplementary Table S3 ) were
added and heated at 65 

◦C for 10 min. Tubes were kept on
ice for 5 min before adding reverse transcriptase, 4 μl of
5 × PrimeScript Buffer 2 and 1 μl of RT Primer Mix. Reverse
transcription reaction was performed by incubating the sam-
ples at 50 ºC for 15 min, 85 ºC for 5 s, and then kept on ice.
Each sample was subjected to the same reaction without re-
verse transcriptase to be employed as a negative control for
genomic DNA contamination. 

Real-time qPCR was performed in a CFX-384 Real-Time
PCR instrument (BioRad) with the ‘SsoFast™ EvaGreen® Su-
permix’ EvaGreen detection system (Bio-Rad). Reactions were
performed in a 5 μl total volume at the 1:100 dilution of syn-
thesized cDNA. Each sample was analysed in triplicate with at
least three independent biological replicates per sample. Val-
ues were normalized in relation to the steady-state levels of
the 18S cDNA levels. The used oligonucleotides are listed in
Supplementary Table S3 . 

For northern blotting, equal amounts of total RNA (5 μg)
were loaded on 7% polyacrylamide–8 M urea gels. Specific
oligonucleotides were 5 

′ -end labeled with [ γ-32P] ATP and
used as probes. The sequences of the oligonucleotides used for
northern hybridization are listed in Supplementary Table S4 .
The Phosphorimager analysis was performed in a FLA-5100
imaging system (Fujifilm) at the Biology Service (CITIUS) of
the University of Seville (Spain). 

Results 

Maf1 dephosphorylation under stress conditions 

depends on Bud27 

Bud27 inactivation provokes a transcriptional response that
partially mimics TOR pathway inactivation ( 15 ), a situation
that leads to RNA pol III transcription repression via Maf1
( 20 ). As all these elements are functionally related to the TOR
pathway, we wondered whether Bud27 could influence Maf1
regulation. 

As Maf1 is dephosphorylated and represses RNA pol III
( 36 ) under unfavourable growth conditions and stress, we in-
vestigated the dephosphorylation kinetics of Maf1 in wild-
type or bud27 Δ cells upon rapamycin addition for up to 120
min to repress the TOR pathway. As expected ( 36 ,44 ), both
phosphorylated and dephosphorylated Maf1 were detected by
western blotting in the extracts prepared from exponentially-
grown cells. However, the ratios of the two Maf1 forms were
not similar in each strain, while total amount of Maf1 did not
significantly change (Figure 1 A and Supplementary Figure S1 ).
In the bud27 Δ cells, the steady-state levels of phosphorylated
Maf1 were higher than the dephosphorylated form unlike the
wild-type cells. As expected, whereas Maf1 dephosphoryla-
tion occurred rapidly in the wild-type strain, Maf1 dephos-
phorylation slowed down when Bud27 was absent, and even
seemed incomplete even after 2 h of rapamycin treatment. The
accumulation of phosphorylated Maf1 under normal growth
conditions, as well as the defect in dephosphorylation upon
stress in the bud27 Δ cells, suggest that Bud27 may interfere
with Maf1 dephosphorylation. 

To rule out that larger amounts of phosphorylated Maf1
did not result from the newly translated protein, cells were
pretreated briefly with cycloheximide which blocks transla-
tion and does not cause Maf1 dephosphorylation ( 19 ,36 ).

https://imagej.net/ij/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data
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Figure 1. Maf1 dephosphorylation upon TOR pathw a y inactiv ation depends on Bud27. ( A ) Western blot sho wing Maf1 phosphorylation in response to 
TOR pathw a y inactiv ation b y rapam y cin. Analy sis of Maf1 dephosphorylation in the bud27 Δ cells and their isogenic wild-type strain after TOR pathw a y 
inactiv ation b y rapam y cin. T he whole-cell e xtracts prepared from the wild-type (WT) or bud27 Δ cells gro wn to the log phase (time 0) or after rapam y cin 
treatment for the indicated times were analysed by western blotting with specific antibodies against Maf1 or Pgk1 used as an internal control. Right 
Panel, quantification of total Maf1 versus Pgk1 before rapamycin addition and after 60 min of rapamycin addition (+R). Data represents the median and 
standard deviation. Differences were not statistical significant ( t -test). ( B ) Western blot showing Maf1 phosphorylation in response to TOR pathway 
inactiv ation b y rapam y cin under cy clohe ximide addition to a v oid Maf1 neo-synthesis. Western blotting analysis of Maf1 as described in panel A, but with 
the addition of cy clohe ximide to a v oid Maf1 neo-synthesis 10 min before rapamycin treatment for 1 h. ( C ) Western blot showing Maf1 phosphorylation 
in response to TOR pathw a y inactiv ation b y rapam y cin upon RPB5 o v ere xpression. Western blotting analy sis of Maf1 after rapam y cin treatment f or 1 h in 
cells transformed with a multicopy plasmid (pFL44) carrying RPB5 or not, as indicated . Right Panel, quantification of phosphorylated vs. 
non-phosphorylated Maf1 with empty plasmid or harbouring a plasmid o v ere xpressing RPB5 , before rapamycin addition and after 60 min of rapamycin 
addition (+R). Data represents the median and standard deviation. Differences were not statistical significant ( t -test). ( D ) Western blot showing Maf1 
phosphorylation under different stress conditions. Western blotting analysis of Maf1 after rapam y cin treatment, a shift to SC medium without glucose 
(nutrient deprivation) or DTT addition for the indicated times . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once again, accumulation of phosphorylated Maf1 under nor-
mal growth conditions and a defect in dephosphorylation
upon stress were observed in the bud27 Δ cells (Figure 1 B).
These results demonstrated that the defect in Maf1 dephos-
phorylation detected in the bud27 Δ cells did not depend on
Maf1 neosynthesis. 

Lack of Bud27 affects the correct assembly and the nuclear
localization of the three RNA pols, and these defects are off-
set by the overexpression of RPB5 , the gene that codes for the
Rpb5 common subunit of RNA pols ( 3 ). As shown in Figure
1 C, the defect in Maf1 dephosphorylation was independent
of RNA pol III assembly because it was still observed in the
bud27 Δ cells when RPB5 was overexpressed, showing no ma-
jor variations. 

Finally, we wondered whether the Maf1 dephosphoryla-
tion defect observed in the bud27 Δ cells was either specific to
rapamycin treatment or could be extended to other stresses.
Maf1 phosphorylation status was analysed in the wild-type
or bud27 Δ cells grown under nutrient deprivation conditions
(lack of glucose) or with endoplasmic reticulum stress (treat-
ment with dithiothreitol, DTT), since these treatments have
been reported to cause Maf1 dephosphorylation and RNA
pol III repression ( 36 ,45 ). As shown in Figure 1 D, both stress 
conditions resulted in a similar Maf1 dephosphorylation de- 
fect to that observed upon the rapamycin treatment of the 
bud27 Δ cells. 

Taken together, these data indicate that optimal Maf1 de- 
phosphorylation depends on Bud27. 

Maf1 nuclear entry depends on Bud27 

Under rapamycin addition and TOR pathway repression,
Maf1 dephosphorylation is accompanied by its accumula- 
tion in the nuclear compartment ( 19 ,36 ). Since Maf1 dephos- 
phorylation is a prerequisite for its translocation to the nu- 
cleus ( 19 ,36 ), we wondered whether the dephosphorylation 

defect observed when Bud27 was absent could lead to Maf1 

mislocalization. 
Thus, we investigated Maf1 cellular localization after ra- 

pamycin addition in the wild-type and bud27 Δ cells contain- 
ing a Maf1-GFP tagged version of the protein. As shown in 

Figure 2 A, most Maf1 accumulated in the nucleus of the wild- 
type cells within 30 min after TOR pathway repression. When 

Bud27 was absent, a higher amount of Maf1-GFP remained 
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Figure 2. Maf1 nuclear entry and accumulation depends on Bud27. ( A ) Analysis of nucleo-cytoplasmic shuttling of Maf1-GFP in response to TOR 

pathw a y inactiv ation b y rapam y cin. L eft panel, Liv e-cell imaging of Maf1-GFP in the wild-type or bud27 Δ cells gro wn to the log phase (time 0) or treated 
with rapam y cin f or the indicated times. Right Panel, quantification of nuclear / total GFP signal. Data represents the median and standard deviation of 120 
cells analysed in each of three independent experiments. *** t -test P -value < 0.001. ( B ) Western blot showing Maf1 phosphorylation in response to TOR 

pathw a y inactiv ation b y rapam y cin from the e xperiments sho wn in panel A. L eft panel, analy sis of Maf1-GFP dephosphorylation b y using an anti-Maf1 
antibody. The protein samples from the experiment in panel A were analysed by western blotting with the anti-Maf1 and anti-Pgk1 antibodies. Right 
Panel, quantification of total Maf1-Gfp signal versus Pgk1 before rapamycin addition and after 90 min of rapamycin addition (+R). Data represents the 
median and standard deviation. Differences between WT and bud27 Δ without or with rapamycin addition were not statistical significant. 
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ytoplasmic, even after 90 min of rapamycin treatment, which
uggests that Maf1-GFP nuclear translocation slowed down.
he western blotting analysis of the same cell extracts (Fig-
re 2 B) indicated that Maf1-GFP dephosphorylation slowed
own in the absence of Bud27, as observed for endogenous
af1 (Figure 1 A). Importantly, no major differences in the

mount of Maf1-GFP were observed between wild-type and
ud27 Δ cells (Figure 2 B). These data suggest that Maf1 de-
hosphorylation could be a prerequisite for its nuclear lo-
alization, which falls in line with previous published results
 24 ,36 ) and indicate that Maf1 nuclear accumulation depends
n Bud27. 

unctional and genetic analyses suggest a 

unctional relation between Bud27 and 

hosphatase PP4 

e next investigated whether the known Maf1 kinases
r phosphatases ( 19 , 20 , 24 , 26 , 32 , 36 ) could be involved in
he dephosphorylation defect observed in the absence of

ud27. 
To this end, we analysed the Maf1 dephosphorylation pro-
file under TOR pathway repression by rapamycin addition
in the wild-type and bud27 Δ cells, as well as in the sin-
gle mutants of several phosphatases (PP4 and PP2A) or ki-
nases (PKA, Sch9, TORC1 and CK2), or in combination with
bud27 Δ. As shown in Figure 3 A, a pph3 Δ mutant (PP4 phos-
phatase) showed a similar alteration in Maf1 dephosphoryla-
tion as the bud27 Δ cells. No additional defect was observed
in the double mutant pph3 Δ bud27 Δ, which implies that both
proteins are involved in the same dephosphorylation pathway
of Maf1. Furthermore, no significant alterations were detected
for PP2A phosphatase. These data agree with those previously
reported for a pph3 Δ mutant ( 36 ) and point out that PP4
is the major phosphatase involved in Maf1 dephosphoryla-
tion. Yet, although with slower kinetics, Maf1 phosphoryla-
tion continues to decline in the absence of Pph3, suggesting
that other phosphatases may be operating in its dephospho-
rylation, as previously reported ( 19 ,36 ). In addition, no ma-
jor defects in Maf1 dephosphorylation were observed in the
PKA, TORC1 or CK2 mutant strains, unlike the strain deleted
for SCH9 , the proposed major kinase of Maf1 ( 29 , 30 , 32 ).
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Figure 3. Bud27 and Pph3 are functionally related. ( A ) Western blot showing Maf1 phosphorylation in response to TOR pathway inactivation by 
rapam y cin in PP4, PP2A, PKA, Sch9, CK2 and TORC1 mutants. Analysis of Maf1 dephosphorylation in the mutant strains of the Maf1-related 
phosphatases (PP4, PP2A) or kinases (PKA, Sch9, TORC1 or CK2) in combination, or not, with bud27 Δ. Western blot analysis of Maf1 after rapamycin 
treatment for 1 h in the indicated mutants . ( B ) Analysis of Maf1 dephosphorylation by western blotting in the wild-type (WT), pph3 Δ, bud27 Δ and 
pph3 Δ bud27 Δ cells after rapam y cin treatment for the indicated times. The anti-Maf1 and anti-Pgk1 antibodies were used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although no clear phosphorylated Maf1 was detected in the
single sch9 Δ mutant, phosphorylated Maf1 was observed in
the sch9 Δ bud27 Δ double mutant, which suggests the exis-
tence of other kinases involved in the phosphorylation of this
protein, which could be CK2 or PKA as previously proposed
( 24 ,26 ). 

To investigate whether Bud27 and Pph3 act in concert or
in different Maf1 dephosphorylation steps, we analysed the
dephosphorylation kinetics of Maf1 in the bud27 Δ, pph3 Δ

and pph3 Δ bud27 Δ mutant cells, and also in the isogenic
wild-type strain. The results in Figure 3 B and Supplementary 
Figure S2 revealed a similar Maf1 dephosphorylation pattern
in both the single and double mutants, which implies that
Bud27 and Pph3 may act in the same Maf1 dephosphoryla-
tion pathway. 

Moreover, and in line with Bud27 participating in the TOR
pathway and Maf1 dephosphorylation, positive genetic in-
teractions were noted with the mutants of PP4 or PP2A
phosphatases when cells were grown in the presence of ra-
pamycin (Figure 4 ). On the contrary, negative genetic inter- 
actions were observed between the bud27 Δ mutant and the 
mutants of the Sch9, CK2 and TORC1 kinases, whereas no 

differences were detected for PKA kinase (Figure 4 ). These 
results agree with the previously reported role of PP4 / PP2A 

and Sch9 / CK2 / TORC1 in Maf1 phosphorylation regulation 

( 19 , 26 , 32 , 36 , 46 ). 

Bud27 associates with PP4 phosphatase in vivo 

To explore the mechanisms that govern the action of Bud27 

and PP4 on Maf1 phosphorylation and nuclear entry, we in- 
vestigated the association between PP4 and Bud27. 

We analysed whether Bud27 and PP4 were associated in 

vivo . We performed co-immunoprecipitation (co-IP) analyses 
on extracts prepared from the cells expressing both an ec- 
topic TAP-tagged Pph3 (Pph3-TAP) from a pTet-off promoter 
and an endogenous tagged Bud27-LytA, grown either with or 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data
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Figure 4. Genetic interactions between BUD27 and the Maf1-related phosphatases or kinases. Drop assay to analyse genetic interactions between 
BUD27 and distinctive phosphatases and kinases mutants. Genetic interactions between BUD27 and TPD3 (PP2A), PPH3 (PP4), CKA1 (CK2), TPK1, 
TPK2 and TPK3 (PKA), SCH9 or TCO89 (TORC1) were monitored by spotting assays. Serial dilutions of the indicated cell cultures were spotted onto YPD 

plates cont aining , or not, rapam y cin at the indicated concentrations. Plates w ere incubated at 30 ◦C. 

Figure 5. Bud27 interacts with Pph3. ( A ) Protein coimmunoprecipitation between Bud27 and Pph3. The wild-type cells containing a LytA-tagged version 
of Bud27 and a TAP-tagged version of Pph3 (expressed from the pCM185- PPH3 -TAP plasmid) were grown to the log phase and then treated (or not) 
with rapam y cin f or 1 h. Whole-cell e xtracts (Input) w ere subjected to pull-do wn with Dynabeads Pan-Mouse. T he obt ained immunoprecipit ates (TAP 
purification) were analysed by western blotting, performed with antibodies against TAP, LytA or Pgk1 as an internal control. ( B ) Protein 
coimmunoprecipit ation bet w een Bud27 and Pph3. T he whole-cell e xtracts (Input) from the wild-t ype cells cont aining a LytA-t agged version of Bud27 
and a Myc-tagged version of Pph3 treated (or not) with rapamycin for 1 hour were subjected to pull-down with anti-LytA antibodies. The obtained 
immunoprecipitates (IP-LytA) were analysed by western blotting, performed with antibodies against LytA, Myc or Pgk1. A LytA-untagged strain (C–) was 
used as a control. 
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ithout rapamycin addition for 1 h. As shown in Figure 5 A,
ud27 co-purified with Pph3-TAP after the immunoprecipita-
ion with Dynabeads Pan Mouse IgG. We also corroborated
hese results by LytA immunoprecipitation from the cells ex-
ressing both endogenous tagged Bud27-LytA and Pph3-Myc
roteins (Figure 5 B). In both experiments, interactions were
not altered when the TOR cascade was inhibited by rapamycin
addition. 

These data evidence that Bud27 and Pph3 are associated
in vivo . However, as Pph3 is a component of the PP4 phos-
phatase complex, we could not conclude whether the interac-
tion between Bud27 and Pph3 was direct. 
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The association between PP4 phosphatase and 

Maf1 depends on Bud27 and influences the level of 
chromatin-associated Maf1 and RNA pol III 
transcription repression 

We next wondered whether Bud27 could interfere with the in-
teraction between Pph3 and Maf1 that has been reported pre-
viously ( 36 ) using co-immunoprecipitation experiments with
cells overexpressing both the Pph3-TAP protein and Maf1. To
do so, we performed similar experiments with the wild-type
or bud27 Δ mutant cells. We confirmed a physical interaction
between Pph3 and Maf1 in vivo, but it showed a ≈70% de-
crease in their association in the absence of Bud27 (Figure 6 A).
Furthermore, inhibition of the TOR cascade by rapamycin ad-
dition had no effect on the Maf1 / Pph3 interaction in both
strains, although the amount of Pph3 in whole cell crude ex-
tracts decreased (Figure 6 A). It is important to note that the
decay in Pph3-TAP levels in the presence of rapamycin ob-
served in whole-cell crude extracts is only visible when over-
expressing the protein from a plasmid, as its expression from
its endogenous locus does not change its levels with or without
rapamycin treatment ( Supplementary Figure S3 ). 

Taken together, our results indicate that the Bud27-
PP4 phosphatase interaction is required for an optimal
Pph3 / Maf1 association, and suggest that the Maf1 dephos-
phorylation defect detected in the absence of Bud27 is proba-
bly due to the effect of Bud27 on PP4. 

According to these data, we hypothesized that the defect in
the Maf1-PP4 association provoked by lack of Bud27 could
alter the Maf1 level associated with chromatin ( via RNA pol
III) and the transcriptional repression that occurs by inhibit-
ing the TOR cascade. To test for this hypothesis, we first anal-
ysed by western blotting the amount of Maf1 associated with
chromatin in relation to the amount of the Rpc160 (Rpc160-
Myc) subunit of RNA Pol III in the wild-type and bud27 Δ mu-
tant cells (with or without rapamycin addition for 1 h). This
analysis was conducted with the chromatin-enriched fractions
obtained by following the yChEFs procedure ( 41 ,42 ). As de-
picted in Figure 6 B, and as expected, the Maf1 / Rpc160 ratio
increased upon TOR cascade inhibition in the wild-type cells.
Furthermore, although the Maf1 / Rpc160 ratio also increased
with TOR cascade inhibition in the bud27 Δ mutant cells, it
was lower than that in the wild-type cells. In addition, simi-
lar observations were made under non repressing conditions.
These data correlated with the decrease in the nuclear amount
of Maf1 found in the bud27 Δ mutant cell, as shown in
Figure 2 . 

Based on our above results, we speculated that RNA pol
III transcription repression must be affected. To investigate
the consequences of lack of Bud27 on RNA pol III repres-
sion, we isolated RNA from the wild-type and bud27 Δ mu-
tant cells treated or not with rapamycin for 1 h. Then we
performed an RT-qPCR analysis for three pre-tRNA species:
pre-tRNA-Leu3, pre-tRNA-Ile and pre-tRNA-Trp. Figure 6 C
shows that repression of the pre-tRNAs neosynthesis under
rapamycin addition occurred as expected in the wild-type
strain. Furthermore, these data revealed that bud27 Δ was de-
fective for RNA pol III transcriptional repression. Similar re-
sults were observed with the northern blotting experiments
( Supplementary Figure S4 ). 

Taken together, these results are consistent with a model in
which lack of Bud27 affects Maf1 dephosphorylation via PP4
phosphatase and alters proper RNA pol III transcriptional re-
pression. 
Lack of Bud27 does not affect the composition or 
stoichiometry of the PP4 complex 

Bud27 has been proposed to act as a co-chaperone in several 
processes ( 1 ,47 ). As we showed that Bud27 is associated with 

PP4 phosphatase (Figure 5 A and B), we next explored whether 
lack of Bud27 could alter the composition, stoichiometry or 
stability of the PP4 complex. PP4 phosphatase was immuno- 
precipitated from the wild-type or bud27 Δ cells expressing the 
Pph3-HA, Psy2-Myc and Psy4-TAP tagged subunits of PP4. As 
shown in Figure 7 A, no significant differences in the amounts 
of the PP4 subunits were observed in either the cell crude ex- 
tracts prepared from the wild-type or bud27 Δ strains grown 

at 30 

◦C (Figure 7 A, Input) or the different immunoprecipita- 
tions (Figure 7 A, 30 

◦C). These data indicate that the compo- 
sition or subunit stoichiometry of PP4 was not altered in the 
absence of Bud27. 

To analyse the stability of the PP4 complex, protein extracts 
were incubated at 37ºC for 30 min before PP4 immunopurifi- 
cation. As shown in Figure 7 A (37 

◦C), increasing the temper- 
ature did not alter PP4 subunit composition or stoichiometry,
which suggests no significant impact of lack of Bud27 on PP4 

complex stability. We also analysed the effect of adding salt 
during PP4 purification by means of three successive wash- 
ing steps by increasing NaCl concentrations up to 1 M. Once 
again, no difference in the amounts or stoichiometry of the 
PP4 subunits was observed in the absence of Bud27 (Figure 
7 B). Altogether, these results suggest that Bud27 may not play 
a role in PP4 stability and is probably not a co-chaperone of 
this phosphatase. This also implies that Bud27 may not act as 
a co-chaperone to activate Maf1-PP4 association and Maf1 

dephosphorylation. 

Lack of Bud27 does not alter the cellular localization 

or phosphorylation of the PP4 complex subunits 

The nucleo-cytoplasmic shuttling of the Psy4 subunit of the 
PP4 complex has been reported to depend on both CDK ki- 
nase activity and the cell cycle stage ( 48 ,49 ). Notably, this 
shuttling is associated with the phosphorylation state of Psy4 

( 49 ). 
Thus we wondered whether lack of Bud27 could alter the 

subcellular localization and phosphorylation pattern of PP4 

subunits Pph3, Psy2 and Psy4. To do so, we investigated 

the localization of the PP4 subunits by immunohistochem- 
istry in the wild-type and bud27 Δ cells expressing Pph3-HA,
Psy2-Myc and Psy4-TAP in both the presence and absence of 
rapamycin. 

Our results in Figure 8 A revealed that Pph3, Psy2 and Psy4 

were mainly nuclear and lack of Bud27 did not seem to alter 
this localization. Moreover, TOR cascade inhibition did not 
drastically affect the localization of the PP4 subunits, although 

rapamycin addition led to slight cytoplasmic Psy4 accumula- 
tion in both the wild-type and bud27 Δ cells (Figure 8 A and 

Supplementary Figure S5 ). 
Furthermore, the analysis of PP4 subunits phosphorylation 

by Phos-tag SDS- polyacrylamide gel electrophoresis revealed 

no clear differences between the wild-type and bud27 Δ cells 
(Figure 8 B). Notably upon rapamycin treatment, a similar de- 
crease in Psy4 phosphorylation was found in both strains. 

These results indicate that Maf1 dephosphorylation 

through PP4 does not involve post-translational modification 

of PP4 subunits by phosphorylation and takes place within 

the nucleus. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data
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Figure 6. Lack of Bud27 affects PP4-Maf1 association and RNA pol III repression. ( A ) Protein coimmunoprecipitation between Pph3 and Maf1 in 
bud27 Δ cells. Left panel. The whole cell extracts (Input) from the wild-type (WT) or bud27 Δ cells carrying a plasmid for Maf1 overexpression 
(pFL44L- MAF1 ) and a pCM185- PPH3 -TAP plasmid (or not as indicated) and treated (or not) with rapam y cin f or 1 hour w ere subjected to pull-do wn with 
Dynabeads Pan-Mouse. The obtained immunoprecipitates (TAP purification) were analysed by western blotting with antibodies against TAP, Maf1 or 
Pgk1. Right panel. Intensities of the immunoreactive bands from the western blotting shown in the left panel were quantified by densitometry. Graphs 
represent the median and standard deviation of three independent biological replicates. Statistical significance by t -Student, (***) P < 0.0001. +R: + 

Rapam y cin treatment. ( B ) Western blot showing Maf1 phosphorylation and Rpc160 in response to TOR pathway inactivation by rapamycin in whole-cell 
crude extracts and purified chromatin fractions. Left panel: chromatin-enriched fractions were obtained by the yChEFs procedure ( 41 , 42 ) from the 
wild-type or bud27 Δ cells expressing Rpc160-Myc grown to the log phase and then treated (or not) with rapamycin for 1 hour. The proteins from 

chromatin and the whole cell-extracts (Input) were analysed by western blotting with antibodies against Myc, Maf1 and Histone H3 or Pgk1 as a control 
of chromatin or cytoplasm, respectively. Right panel: intensities of the immunoreactive bands from the western blottings shown in left panel were 
quantified by densitometry. Graphs represent the median and standard deviation of three independent biological replicates. ( C ) RT-qPCR to analyse the 
neosynthesis of tRNAs in response to TOR pathw a y inactiv ation b y rapam y cin. tRNAL eu3 (pre-tRNA-L eu3), tRNAIle (pre-tRNA-Ile) and tRNATrp 
(pre-tRNA-Trp) from the wild-type or bud27 Δ cells grown to the log phase and then treated (or not) with rapamycin for 1 hour (+R). rRNA 18S was used 
as a normalizer in RT-qPCR. Experiments corresponded to three independent biological replicates. Graphs represent the median and standard deviation 
of three independent biological replicates. 
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P4 phosphatase activity depends on Bud27 

ur data suggest a functional relation between Bud27 and
P4 phosphatase to regulate Maf1 dephosphorylation. We
ondered whether the defect in PP4 phosphatase activity was

pecific to Maf1 or if it could affect other PP4 targets. For this
urpose, we investigated Rad53 phosphorylation levels after

nducing a single DSB (double strand break) in chromosome
II as Rad53 dephosphorylation has been shown to be con-
rolled by PP4 during the repair of these DNA lesions ( 33 ). 

We analysed Rad53 phosphorylation state by western blot-
ing (Figure 9 A upper panel) and the cell cycle by FACS
Figure 9 A lower panel) in either the bud27 Δ, pph3 Δ and
ud27 Δ pph3 Δ mutant cells or the isogenic wild-type strain
fter inducing a single DSB by adding galactose to the cul-
ure as previously described ( 33 ). As expected ( 33 ), Rad53
as first hyperphosphorylated with a maximum observed
 h after DSB generation, and was then progressively de-
hosphorylated to reach its basal phosphorylation state af-
er 11 h in the wild-type cells. Lack of Bud27 led to a pro-
onged phosphorylation Rad53 state with a maximum de-
ected 8 h after DSB induction, and dephosphorylation ki-
netics clearly slowed down. Accordingly, the bud27 Δ cells
blocked the G2 / M DNA damage checkpoint and re-entered
the cell cycle with delayed kinetics compared to the control
strain (Figure 9 A, lower panel). Similar defects in Rad53 de-
phosphorylation and cell cycle re-entry were observed for the
pph3 Δ mutant, a finding that corroborates what has been
previously reported ( 33 ). Although both bud27 Δ and pph3 Δ

present clear delays in Rad53 downregulation, both mutant
end up dephosphorylating the kinase, indicating that other
phosphatases collaborate with PP4 to promote Rad53 inac-
tivation and cell cycle re-entry ( 50 ,51 ). However, the defects
in Rad53 dephosphorylation were exacerbated in pph3 Δ cells
compared to bud27 Δ (Figure 9 A) as this mutant displays
higher levels of phosphorylation during the damage response
(6–8 h), although bud27 Δ cells still showing a marked delay
in Rad53 dephosphorylation during recovery (11-24h). In line
with these results, bud27 Δ cells aggravate cell cycle reentry
by FACS and develop hyper-sensitivity to drugs that gener-
ate double-stranded breaks (i.e. phleomycin) when compared
to the pph3 Δ mutant (Figure 9 A, lower panel and Figure 9 b).
This scenario suggests that although PP4 activity was compro-
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Figure 7. Lack of Bud27 does not appear to affect the stoichiometry or st abilit y of the PP4 complex. ( A ) Western blot showing PP4 subunits after 
Psy4-TAP purification to analyse the effect of temperature on the st abilit y of the complex. Upper panel: the whole-cell extracts prepared from the 
wild-type (WT) or bud27 Δ cells containing a TAP-tagged version of Psy4, a HA-tagged version of Pph3 and a Myc-tagged version of Psy2 were incubated 
at 30 ◦C or 37ºC for 30 min and then subjected to pull-down with Dynabeads Pan-Mouse. The obtained immunoprecipitates were analysed by western 
blotting with antibodies against TAP, HA, Myc or Pgk1. Two independent biological replicates (Rep.) of the experiment are shown. A TAP-untagged strain 
(C −) was used as a control. Bottom panel. Quantification of the western blottings shown in the upper panel quantified by densitometry. Graphs 
represent the median and standard deviation of two independent biological replicates. ( B ) Western blot showing PP4 subunits after Psy4-TAP 
purification to analyse the effect of salt addition on the st abilit y of the complex. The whole-cell extracts prepared from the wild-type (WT) or bud27 Δ
cells containing Psy4-TAP, Pph3-HA and Psy2-Myc were incubated (or not) with increasing NaCl concentrations (250 mM, 500 mM and 1 M) before 
immunoprecipitation using Dynabeads Pan-Mouse. The obtained immunoprecipitates were analysed by western blotting with antibodies against TAP, 
HA, Myc or Pgk1. A TAP-untagged strain (C −) was used as a control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mised in the absence of Bud27 (at least for the Rad53 phos-
phorylation profile), bud27 Δ cells might also be affected in
the stability of other DNA damage-dependent phosphatases.
Interestingly, the double pph3 Δ bud27 Δ mutant displayed a
similar Rad53 phosphorylation profile than that observed in
the single pph3 Δ mutant, which indicates that both proteins
are probably operating in the same PP4 pathway to overcome
Rad53 phosphorylation after repair. 

These results show that Bud27 is necessary to maintain
steady-state PP4 activity, and to not only promote Maf1 de-
phosphorylation, but to also contribute to the dephosphory-
lation of other proteins like Rad53. 

As pph3 Δ mutant cells are sensitive to different DNA-
damaging agents ( 33 ), we analysed the effect of some
genotoxic drugs on the growth of cells lacking Bud27
or / and Pph3 compared to the isogenic wild-type strain us-
ing rad51 Δ as a control. The bud27 Δ mutant showed slightly
more sensitivity than the pph3 Δ mutant to UV-mimetic
agent 4-nitroquinoline-1-oxide (4-NQO), alkylating agent
methyl methanesulphonate (MMS) and radiomimetic drug
phleomycin (Figure 9 B). Furthermore, the fact that the lack
of both Bud27 and Pph3 aggravated cell growth defects in the
presence of these genotoxic drugs, indicates that apart from its
role in influencing PP4 activity, Bud27 might play other roles
in responses to bulky DNA damage agents. 

Taken together, these results indicate that Bud27 regulates
PP4 activity in response to a single DSB lesion in DNA. In
addition, lack of Bud27 has a stronger effect than lack of PP4
when exposing cells to bulky DNA damage agents, which sug- 
gests that Bud27 may participate in the maintenance of other 
DNA damage-related proteins, possibly through its role as a 
prefoldin protein. 

Discussion 

Bud27 is a prefoldin-like that interacts with the three RNA 

pols through their shared subunit Rpb5 and plays roles in 

transcription ( 11 ,15 ). Bud27 modulates RNA pol III tran- 
scription through either its participation in the TOR signalling 
pathway or its association with the RSC remodelling com- 
plex, but the molecular mechanisms of its function in RNA 

pol III transcriptional repression remain largely unknown 

( 7 , 13 , 15 , 16 ). 
In this work, we demonstrate that Bud27 is required to reg- 

ulate the dephosphorylation and nuclear localization of Maf1.
We show that Bud27 associates with Maf1 phosphatase PP4,
which suggests a functional role of Bud27-PP4 interaction in 

the Maf1 phosphorylation state. Bud27 also seems necessary 
for the interaction between PP4 and Maf1, which implies its 
likely influence on the repression of RNA pol III transcription.

Maf1 dephosphorylation is similarly altered by either 
lack of Bud27 or PP4 inactivation upon TOR pathway re- 
pression or nutrient deprivation ( 36 ). Furthermore, Maf1 

dephosphorylation defects are not additive in the double 
bud27 Δ pph3 Δ mutant, which means that both Bud27 and 

PP4 act in the same biological process. Our data point out the 
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Figure 8. Lack of Bud27 does not affect the localization or phosphorylation of the PP4 subunits. ( A ) Live-cell imaging of Pph3-HA, Psy2-Myc or Psy4-TAP 
in the wild-type (WT) or bud27 Δ cells treated with rapam y cin f or 1 h b y immunolocalization and fluorescence microscop y. An untagged strain w as used 
as a negative control. ( B ) The whole-cell extracts prepared from the cultures used in the experiments shown in panel A were subjected to Phos-Tag 
SDS-PAGE and analysed by western blotting to determine the phosphorylation state of Psy4, Psy2 and Pph3 upon rapamycin treatment. An untagged 
strain was used as a negative control. Coomassie blue staining is shown as a loading control. 
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oncerted action of Bud27 and PP4 in Maf1 dephosphoryla-
ion that could occur via the interaction between these pro-
eins, and could reinforce the role of PP4 as the main Maf1
hosphatase ( 36 ). In line with previously proposed findings
 36 ), this interaction likely occurs in the nucleus and with
ud27 ( 3 ,4 ) and its URI orthologues ( 1 ,2 ) as nuclear proteins.
ur data confirm that the Psy2 and Psy4 subunits of PP4 are
ainly nuclear proteins ( 36 ,48 ), and they reveal that it is also

he case of Pph3 in both the wild-type and bud27 Δ cells. In-
erestingly, we show that blocking the TOR pathway by ra-
amycin addition leads to the partial relocalization of Psy4
n the cytoplasm, which indicates that Psy4 could exist in the
cell independently of the core Pph3-Psy2-Psy4, which agrees
with previously reported data ( 36 ). Our results also demon-
strate a novel interaction of Bud27 with a component of the
TOR signalling pathway, and they shed light on the role of
this prefoldin-like, and likely its human orthologue URI, in
this cascade ( 13 ,16 ). 

The interaction between Bud27 and PP4 phosphatase to
regulate Maf1 dephosphorylation suggests that similar mech-
anisms may act for other phosphatase-dependent processes,
which is the case of human URI and PP2A phosphatase dur-
ing KAP1 phosphorylation regulation ( 14 ). Our data are also
indicative that Bud27 is necessary for the interaction between
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Figure 9. Bud27 influences PP4 activity under DNA-damaging conditions. ( A ) Western blot showing Rad53 phosphorylation state and a FACS analysis 
after inducing a single DSB. Top: the cultures of the YMV80 (WT) strain or its bud27 Δ, pph3 Δ and pph3 Δ bud27 Δ deriv ativ e w ere supplemented with 
galactose to induce the expression of the HO nuclease to generate a double strand break in chromosome III. Samples were collected at the indicated 
time points and Rad53 phosphorylation le v els w ere analy sed b y w estern blotting . Coomassie blue st aining is sho wn as a loading control. B ottom: the 
FACS profiles of the samples collected from the cultures used in panel A were processed to determine DNA content throughout the experiment. ( B ) 
Drop assay to analyse genetic interactions between BUD27 and PPH3 in response to genotoxic drugs. Serial dilutions of the indicated cultures were 
spotted onto YPD plates cont aining , or not, the indicated concentration of DNA-damaging agents 4-nitroquinoline- 1-oxide (4-NQO), methyl 
methanesulphonate (MMS) or phleom y cin. T he rad51 Δ strain w as used as an internal control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PP4 and Maf1 before its dephosphorylation (Figure 10 ). It is
worth noting that the PP4–Maf1 interaction has also been
previously reported ( 36 ). Lack of Bud27 decreases the PP4–
Maf1 association, which probably accounts for the decrease
in Maf1 dephosphorylation observed by us or others upon
PP4 inactivation ( 19 ,36 ). Given that URI is phosphorylated
( 1 ), and considering that Bud27 has putative phosphorylation
sites, we speculate that Bud27 might play a role in the post-
translational modification of PP4 (phosphorylation) that is
necessary for Maf1 dephosphorylation. However, if this were
indeed the case, the modification may be subtle because no
differences were detected in Phos-Tag gel analyses. Further-
more, in line with the role of Bud27 as a co-chaperone ( 1 ), it
is tempting to speculate that Bud27 could mediate the neces-
sary folding of PP4 once both are associated by ensuring its
interaction with Maf1 and subsequent Maf1 dephosphoryla-
tion. This mechanism would fall in line with that proposed for
URI / PP2A / KAP1 ( 14 ). However, the fact that our data show
no differences in PP4 stoichiometry and suggest no major de-
fect in PP4 stability casts doubt about this possible mecha-
nism. In addition, although we were unable to detect any in-
teraction between Bud27 and Maf1, we cannot rule out a tri-
partite interaction that would involve Bud27, PP4 and Maf1,
which may be necessary for Maf1 dephosphorylation. 

In line with the cytoplasmic-nuclear shuttling of Maf1 that
depends on its dephosphorylation ( 19 , 24 , 36 ), lack of Bud27
decreases Maf1 nuclear accumulation. Furthermore, and as
expected, in the bud27 Δ mutant the rapid RNA pol III re-
pression seemed to be affected in a similar way to that in other
situations which alter Maf1 dephosphorylation ( 19 , 24 , 36 , 52 ).
However, it is noteworthy that lack of Bud27 had additional 
effects on RNA pol III transcriptional machinery by affect- 
ing RNA synthesis and likely processing (Gutiérrez-Santiago 

et al., in preparation). This could potentially interfere with 

the rapid repression that occurred after Maf1 dephosphory- 
lation. Furthermore, this additional defect on RNA pol III in 

the bud27 Δ mutant cells made the tRNA repression analy- 
sis more complex. We speculate that the association between 

Bud27 and PP4 in the nucleus could account for the rapid 

repression of RNA pol III that occurred under stress. How- 
ever, the effect of lack of Bud27 on tRNA repression could 

vary depending on the analysed tRNA, and in agreement with 

the differences proposed for the synthesis and maturation of 
different types of tRNAs in yeast and human cells ( 53–57 ).
Notably, and in line with Bud27-PP4 acting on RNA pol III 
regulation through transcriptional repression, human URI in- 
fluences transcription repression in cancer prostate cells via 
PP2A phosphatase ( 14 ). 

Our data also suggest a more general effect of Bud27 on 

PP4 activity because not only Maf1, but also Rad53 dephos- 
phorylation, are altered upon the induction of a DSB lesion 

in the DNA ( 33 ). Accordingly, Bud27 may be necessary for 
PP4 activity to act on several targets, which implies simi- 
lar mechanisms to those proposed for Maf1 dephosphoryla- 
tion (posttranslational modification or folding). These results 
clearly link Bud27 with DNA repair throughout PP4, although 

a more profound investigation is needed to pinpoint the pre- 
cise mechanism behind this regulation. In addition, we cannot 
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Figure 10. Model for Bud27–PP4-dependent Maf1 dephosphorylation. Bud27 interacts with PP4 to activate the subsequent PP4-Maf1 interaction, 
proper Maf1 dephosphorylation and nuclear entry that, in turn, mediates correct RNA pol III transcriptional repression (left image). In the absence of 
Bud27, both Maf1 nuclear entry and the interaction between Maf1 and PP4 decrease affecting Maf1 dephosphorylation and RNA pol III repression (right 
image). 
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ule out additional roles for Bud27 in DNA damage repair
ndependently of PP4, in line with previous data showing a
elation between Bud27 and URI with DNA damage, DNA
tability or DNA integrity ( 52 ,58–60 ). 

ata availability 

he data underlying this article are available in the article and
n its online supplementary material. 

upplementary data 

upplementary Data are available at NAR online. 

 c kno wledg ements 

e thank Dr Jesús de la Cruz, Dr Olga Rodríguez-Galán and
he ‘Servicios Centrales de Apoyo a la Investigación (SCAI)’
f the University of Jaén for technical support. 

unding 

panish Ministry of Science and Innovation (MCIN);
RDF [PID2020-112853GB-C33]; Junta de Andalucía

P20-00792 and BIO258]; University of Jaén (to
.N.); Project PID2021-125290NB-I00, funded by the

CIN / AEI / 10.13039 / 501 100 011 033 / and by the
FEDER, Una manera de hacer Europa’ (to A.C.-B.). Funding
or open access charge: Spanish Ministry of Science and
nnovation (MCIN) and ERDF [PID2020-112853GB-C33]. 
Conflict of interest statement 

None declared. 

References 

1. Martínez-Fernández, V. , Garrido-Godino, A.I. , Cuevas-Bermúdez, A.
and Navarro,F. (2018) The yeast prefoldin Bud27. Adv. Exp. Med. 
Biol., 1106 , 109–118.

2. Mita, P. , Savas, J.N. , Djouder, N. , Yates, J.R. 3rd, Ha, S. , Ruoff, R. , 
Schafler, E.D. , Nwachukwu, J.C. , Tanese, N. , Cowan, N.J. , et al. 
(2011) Regulation of androgen receptor mediated transcription by 
Rpb5 binding protein URI / RMP. Mol. Cell. Biol., 31 , 3639–3652 

3. Mirón-García, M.C. , Garrido-Godino, A.I. , García-Molinero, V. , 
Hernández-Torres, F. , Rodríguez-Navarro, S. and Navarro, F. (2013) 
The prefoldin Bud27 mediates the assembly of the eukaryotic 
RNA polymerases in an Rpb5-dependent manner. PLoS Genet., 9 , 
e1003297.

4. Deplazes, A. , Mockli, N. , Luke, B. , Auerbach, D. and Peter, M. (2009)
Yeast Uri1p promotes translation initiation and may provide a link
to cotranslational quality control. EMBO J. , 28 , 1429–1441. 

5. Dorjsuren, D. , Lin, Y. , Wei, W. , Yamashita, T. , Nomura, T. , Hayashi, N.
and Murakami,S. (1998) RMP, a novel RNA polymerase II subunit
5-interacting protein, counteracts transactivation by hepatitis B 

virus X protein. Mol. Cell. Biol., 18 , 7546–7555.
6. Wei, W. , Gu, J.X. , Zhu, C.Q. , Sun, F .Y . , Dorjsuren, D. , Lin, Y. and 

Murakami,S. (2003) Interaction with general transcription factor 
IIF (TFIIF) is required for the suppression of activated 
transcription by RPB5-mediating protein (RMP). Cell Res., 13 , 
111–120.

7. Vernekar, D.V. and Bhargava, P. (2015) Yeast Bud27 modulates the 
biogenesis of Rpc128 and Rpc160 subunits and the assembly of 
RNA polymerase III. Biochim. Biophys. Acta , 1849 , 1340–1353.

8. Boulon, S. , Pradet-Balade, B. , Verheggen, C. , Molle, D. , Boireau, S. , 
Georgieva, M. , Azzag, K. , Robert, M.C. , Ahmad, Y. , Neel, H. , et al. 
(2010) HSP90 and its R2TP / Prefoldin-like cochaperone are 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae414#supplementary-data


7094 Nucleic Acids Research , 2024, Vol. 52, No. 12 

 

 

 

involved in the cytoplasmic assembly of RNA polymerase II. Mol. 
Cell , 39 , 912–924.

9. Cloutier, P. and Coulombe, B. (2010) New insights into the 
biogenesis of nuclear RNA polymerases? Biochem. Cell. Biol., 88 , 
211–221.

10. Forget, D. , Lacombe, A.A. , Cloutier, P. , Al-Khoury, R. , Bouchard, A. , 
Lavallee-Adam, M. , Faubert, D. , Jeronimo, C. , Blanchette, M. and 
Coulombe,B. (2010) The protein interaction network of the 
human transcription machinery reveals a role for the conserved 
GTPase RPAP4 / GPN1 and microtubule assembly in nuclear 
import and biogenesis of RNA polymerase II. Mol. Cell. 
Proteomics , 9 , 2827–2839.

11. Mirón-García, M.C. , Garrido-Godino, A.I. , Martínez-Fernández, V. , 
Fernández-Pevida, A. , Cuevas-Bermúdez, A. , Martín-Expósito, M. , 
Chávez, S. , de la Cruz,J. and Navarro,F. (2014) The yeast 
prefoldin-like URI-orthologue Bud27 associates with the RSC 

nucleosome remodeler and modulates transcription. Nucleic Acids 
Res., 42 , 9666–9676.

12. Gu, J. , Li, X. , Liang, Y. , Qiao, L. , Ran, D. , Lu, Y. , Wei, W. and Zheng, Q.
(2013) Upregulation of URI / RMP gene expression in cervical 
cancer by high-throughput tissue microarray analysis. Int. J. Clin. 
Exp. Pathol., 6 , 669–677.

13. Gstaiger, M. , Luke, B. , Hess, D. , Oakeley, E.J. , Wirbelauer, C. , 
Blondel, M. , V igneron, M. , Peter, M. and Krek, W. (2003) Control of 
nutrient-sensitive transcription programs by the unconventional 
prefoldin URI. Science , 302 , 1208–1212.

14. Mita, P. , Savas, J.N. , Briggs, E.M. , Ha, S. , Gnanakkan, V. , Yates, J.R. 
3rd, Robins, D.M. , David, G. , Boeke, J.D. , Garabedian, M.J. , et al. 
(2016) URI regulates KAP1 phosphorylation and transcriptional 
repression via PP2A phosphatase in rostate cancer cells. J. Biol. 
Chem., 291 , 25516–25528.

15. Martínez-Fernández, V. , Cuevas-Bermúdez, A. , 
Gutiérrez-Santiago, F. , Garrido-Godino, A.I. , Rodriguez-Galán, O. , 
Jordán-Pla, A. , Lois, S. , Trivino, J.C. , de la Cruz,J. and Navarro,F. 
(2020) Prefoldin-like Bud27 influences the transcription of 
ribosomal components and ribosome biogenesis in Saccharomyces 
cerevisiae . RNA , 26 , 1360–1379.

16. Gutiérrez-Santiago, F. , Cintas-Galán, M. , Martín-Expósito, M. , 
del, C. , Mota-Trujillo, M. , Cobo-Huesa, C. , Perez-Fernandez, J. and 
Navarro Gómez,F. (2022) A high-copy suppressor screen reveals a 
broad role of prefoldin-like Bud27 in the TOR signaling pathway 
in saccharomyces cerevisiae . Genes , 13 , 748.

17. Cuevas-Bermudez, A. , Martinez-Fernandez, V. , 
Garrido-Godino, A.I. , Jordan-Pla, A. , Penate, X. , 
Martin-Exposito, M. , Gutierrez, G. , Govind, C.K. , Chavez, S. , 
Pelechano, V. , et al. (2023) The association of the RSC remodeler 
complex with chromatin is influenced by the prefoldin-like Bud27 
and determines nucleosome positioning and polyadenylation sites 
usage in Saccharomyces cerevisiae. Biochim. Biophys. Acta Gene 
Regul. Mech., 1867 , 194995.

18. Acker, J. , Conesa, C. and Lefebvre, O. (2013) Yeast RNA 

polymerase III transcription factors and effectors. Biochim. 
Biophys. Acta , 1829 , 283–295.

19. Oficjalska-Pham, D. , Harismendy, O. , Smagowicz, W.J. , Gonzalez de 
Peredo, A. , Boguta, M. , Sentenac, A. and Lefebvre, O. (2006) General
repression of RNA polymerase III transcription is triggered by 
protein phosphatase type 2A-mediated dephosphorylation of 
Maf1. Mol. Cell , 22 , 623–632.

20. Boguta,M. (2013) Maf1, a general negative regulator of RNA 

polymerase III in yeast. Biochim. Biophys. Acta , 1829 , 376–384.
21. Pluta, K. , Lefebvre, O. , Martin, N.C. , Smagowicz, W.J. , 

Stanford, D.R. , Ellis, S.R. , Hopper, A.K. , Sentenac, A. and Boguta, M. 
(2001) Maf1p, a negative effector of RNA polymerase III in 
Saccharomyces cerevisiae. Mol. Cell. Biol., 21 , 5031–5040.

22. Upadhya, R. , Lee, J. and Willis, I.M. (2002) Maf1 is an essential 
mediator of diverse signals that repress RNA polymerase III 
transcription. Mol. Cell , 10 , 1489–1494.
23. Gutiérrez-Santiago, F. and Navarro, F. (2023) Transcription by the 
three RNA polymerases under the control of the TOR signaling 
pathway in saccharomyces cerevisiae. Biomolecules , 13 , 642.

24. Moir, R.D. , Lee, J. , Haeusler, R.A. , Desai, N. , Engelke, D.R. and 
Willis,I.M. (2006) Protein kinase A regulates RNA polymerase III 
transcription through the nuclear localization of Maf1. Proc. Natl. 
Acad. Sci. U.S.A., 103 , 15044–15049.

25. Towpik, J. , Graczyk, D. , Gajda, A. , Lefebvre, O. and Boguta, M. 
(2008) Derepression of RNA polymerase III transcription by 
phosphorylation and nuclear export of its negative regulator, 
Maf1. J. Biol. Chem., 283 , 17168–17174.

26. Graczyk, D. , Debski, J. , Muszynska, G. , Bretner, M. , Lefebvre, O. and 
Boguta,M. (2011) Casein kinase II-mediated phosphorylation of 
general repressor Maf1 triggers RNA polymerase III activation. 
Proc. Natl. Acad. Sci. U.S.A., 108 , 4926–4931.

27. Vannini, A. , Ringel, R. , Kusser, A.G. , Berninghausen, O. , 
Kassavetis, G.A. and Cramer, P. (2010) Molecular basis of RNA 

polymerase III transcription repression by Maf1. Cell , 143 , 59–70.
28. Budovskaya,Y .V ., Stephan,J.S., Deminoff,S.J. and Herman,P.K. 

(2005) An evolutionary proteomics approach identifies substrates 
of the cAMP-dependent protein kinase. Proc. Natl. Acad. Sci. 
U.S.A., 102 , 13933–13938.

29. Wei, Y. and Zheng, X.F. (2009) Sch9 partially mediates TORC1 
signaling to control ribosomal RNA synthesis. Cell Cycle , 8 , 
4085–4090.

30. Lee, J. , Moir, R.D. and Willis, I.M. (2009) Regulation of RNA 

polymerase III transcription involves SCH9-dependent and 
SCH9-independent branches of the target of rapamycin (TOR) 
pathway. J. Biol. Chem., 284 , 12604–12608.

31. Soulard, A. , Cremonesi, A. , Moes, S. , Schutz, F. , Jeno, P. and 
Hall,M.N. (2010) The rapamycin-sensitive phosphoproteome 
reveals that TOR controls protein kinase A toward some but not 
all substrates. Mol. Biol. Cell , 21 , 3475–3486.

32. Huber, A. , Bodenmiller, B. , Uotila, A. , Stahl, M. , Wanka, S. , Gerrits, B. ,
Aebersold, R. and Loewith, R. (2009) Characterization of the 
rapamycin-sensitive phosphoproteome reveals that Sch9 is a 
central coordinator of protein synthesis. Genes Dev., 23 , 
1929–1943.

33. V illoria, M.T. , Gutierrez-Escribano, P. , Alonso-Rodriguez, E. , 
Ramos, F. , Merino, E. , Campos, A. , Montoya, A. , Kramer, H. , 
Aragon, L. and Clemente-Blanco, A. (2019) PP4 phosphatase 
cooperates in recombinational DNA repair by enhancing 
double-strand break end resection. Nucleic Acids Res., 47 , 
10706–10727.

34. Park, J. and Lee, D.H. (2020) Functional roles of protein 
phosphatase 4 in multiple aspects of cellular physiology: a friend 
and a foe. BMB Rep , 53 , 181–190.

35. Gingras, A.C. , Caballero, M. , Zarske, M. , Sanchez, A. , Hazbun, T.R. , 
Fields, S. , Sonenberg, N. , Hafen, E. , Raught, B. and Aebersold, R. 
(2005) A novel, evolutionarily conserved protein phosphatase 
complex involved in cisplatin sensitivity. Mol. Cell. Proteomics , 4 , 
1725–1740.

36. Oler, A.J. and Cairns, B.R. (2012) PP4 dephosphorylates Maf1 to 
couple multiple stress conditions to RNA polymerase III 
repression. EMBO J., 31 , 1440–1452.

37. Longtine, M.S. , McKenzie, A. 3rd, Demarini, D.J. , Shah, N.G. , 
Wach, A. , Brachat, A. , Philippsen, P. and Pringle, J.R. (1998) 
Additional modules for versatile and economical PCR-based gene 
deletion and modification in Saccharomyces cerevisiae. Yeast , 14 , 
953–961.

38. García-López, M.C. , Mirón-García, M.C. , Garrido-Godino, A.I. , 
Mingorance, C. and Navarro, F. (2010) Overexpression of SNG1 
causes 6-azauracil resistance in Saccharomyces cerevisiae . Curr. 
Genet., 56 , 251–263.

39. Hernandez-Torres, F. , Pedrajas, J.R. , Aranega, A.E. and Navarro, F. 
(2008) Expression in bacteria of small and specific protein 
domains of two transcription factor isoforms, purification and 
monospecific polyclonal antibodies generation, by a two-step 



Nucleic Acids Research , 2024, Vol. 52, No. 12 7095 

4

4

4

4

4

4

4

4

4

4

 

 

 

R
©
T
(
c

affinity chromatography procedure. Protein Expr. Purif., 60 , 
151–156.

0. Martínez-Fernández, V. , Garrido-Godino, A.I. , Mirón-García, M.C. , 
Begley, V. , Fernandez-Pévida, A. , de la Cruz, J. , Chávez, S. and 
Navarro,F. (2017) Rpb5 modulates the RNA polymerase II 
transition from initiation to elongation by influencing Spt5 
association and backtracking. Biochim. Biophys. Acta , 1861 , 1–13.

1. Cuevas-Bermúdez, A. , Garrido-Godino, A. and Navarro, F. (2019) A 

novel yeast chromatin-enriched fractions purification approach, 
yChEFs, for the chromatin-associated protein analysis used for 
chromatin-associated and RNA-dependent chromatin-associated 
proteome studies from Saccharomyces cerevisiae . Gene Reports , 
16 , 100450.

2. Cuevas-Bermúdez, A. , Garrido-Godino, A.I. , Gutiérrez-Santiago, F. 
and Navarro,F. (2020) A yeast chromatin-enriched fractions 
purification approach, yChEFs, from saccharomyces cerevisiae . 
Bio-protocol , 10 , e3471.

3. Garrido-Godino, A.I. , García-López, M.C. and Navarro, F. (2013) 
Correct assembly of RNA polymerase II depends on the foot 
domain and is required for multiple steps of transcription in 
Saccharomyces cerevisiae . Mol. Cell. Biol., 33 , 3611–3626.

4. Roberts, D.N. , Wilson, B. , Huff, J.T. , Stewart, A.J. and Cairns, B.R. 
(2006) Dephosphorylation and genome-wide association of Maf1 
with Pol III-transcribed genes during repression. Mol. Cell , 22 , 
633–644.

5. Willis, I.M. , Desai, N. and Upadhya, R. (2004) Signaling repression 
of transcription by RNA polymerase III in yeast. Prog. Nucleic 
Acid Res. Mol. Biol., 77 , 323–353.

6. Wei, Y. , Tsang, C.K. and Zheng, X.F. (2009) Mechanisms of 
regulation of RNA polymerase III-dependent transcription by 
T ORC1. EMBO J. , 28 , 2220–2230. 

7. Martínez-Fernández, V. , Garrido-Godino, A.I. , Cuevas-Bermúdez, A. 
and Navarro,F. (2015) In: Wyatt,J. (ed). New Research on 
Molecular Chaperones . Nova Science Publishers, Inc. , pp. 57–73. 

8. Kosugi, S. , Hasebe, M. , Tomita, M. and Yanagawa, H. (2009) 
Systematic identification of cell cycle-dependent yeast 
nucleocytoplasmic shuttling proteins by prediction of composite 
motifs. Proc. Natl. Acad. Sci. U.S.A., 106 , 10171–10176.

9. Faustova, I. , Ord, M. , Kiselev, V. , Fedorenko, D. , Borovko, I. , 
Macs, D. , Paabo, K. , Looke, M. and Loog, M. (2022) A synthetic 
biology approach reveals diverse and dynamic CDK response 
profiles via multisite phosphorylation of NLS-NES modules. Sci. 
Adv., 8 , eabp8992.
eceived: December 20, 2023. Revised: April 12, 2024. Editorial Decision: April 13, 2024. Accepted:
The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research. 

his is an Open Access article distributed under the terms of the Creative Commons Attribution-Non
https: // creativecommons.org / licenses / by-nc / 4.0 / ), which permits non-commercial re-use, distributio
ommercial re-use, please contact journals.permissions@oup.com 
50. Kim, J.A. , Hicks, W.M. , Li, J. , Tay, S.Y. and Haber, J.E. (2011) Protein
phosphatases pph3, ptc2, and ptc3 play redundant roles in DNA 

double-strand break repair by homologous recombination. Mol. 
Cell. Biol., 31 , 507–516.

51. Bazzi, M. , Mantiero, D. , Trovesi, C. , Lucchini, G. and Longhese, M.P. 
(2010) Dephosphorylation of gamma H2A by Glc7 / protein 
phosphatase 1 promotes recovery from inhibition of DNA 

replication. Mol. Cell. Biol., 30 , 131–145.
52. Shetty, M. , Noguchi, C. , Wilson, S. , Martinez, E. , Shiozaki, K. , Sell, C. , 

Mell, J.C. and Noguchi, E. (2020) Maf1-dependent transcriptional 
regulation of tRNAs prevents genomic instability and is associated
with extended lifespan. Aging Cell , 19 , e13068.

53. Orioli, A. , Praz, V. , Lhote, P. and Hernandez, N. (2016) Human 
MAF1 targets and represses active RNA polymerase III genes by 
preventing recruitment rather than inducing long-term 

transcriptional arrest. Genome Res. , 26 , 624–635. 
54. Foretek, D. , Nuc, P. , Zywicki, M. , Karlowski, W.M. , Kudla, G. and 

Boguta,M. (2017) Maf1-mediated regulation of yeast RNA 

polymerase III is correlated with CCA addition at the 3 ′ end of 
tRNA precursors. Gene , 612 , 12–18.

55. Ciesla, M. , Towpik, J. , Graczyk, D. , Oficjalska-Pham, D. , 
Harismendy, O. , Suleau, A. , Balicki, K. , Conesa, C. , Lefebvre, O. and 
Boguta,M. (2007) Maf1 is involved in coupling carbon 
metabolism to RNA polymerase III transcription. Mol. Cell. Biol., 
27 , 7693–7702.

56. Turowski, T.W. , Lesniewska, E. , Delan-Forino, C. , Sayou, C. , 
Boguta, M. and Tollervey, D. (2016) Global analysis of 
transcriptionally engaged yeast RNA polymerase III reveals 
extended tRNA transcripts. Genome Res. , 26 , 933–944. 

57. Foretek, D. , Wu, J. , Hopper, A.K. and Boguta, M. (2016) Control of 
saccharomyces cerevisiae pre-tRNA processing by environmental 
conditions. RNA , 22 , 339–349.

58. Kirchner, J. , V issi, E. , Gross, S. , Szoor, B. , Rudenko, A. , Alphey, L. and 
White-Cooper,H. (2008) Drosophila Uri, a PP1alpha binding 
protein, is essential for viability, maintenance of DNA integrity 
and normal transcriptional activity. BMC Mol. Biol. , 9 , 36. 

59. Muñoz-Galván, S. , Jimeno, S. , Rothstein, R. and Aguilera, A. (2013) 
Histone H3K56 acetylation, Rad52, and non-DNA repair factors 
control double-strand break repair choice with the sister 
chromatid. PLoS Genet., 9 , e1003237.

60. Parusel, C.T. , Kritikou, E.A. , Hengartner, M.O. , Krek, W. and 
Gotta,M. (2006) URI-1 is required for DNA stability in C. elegans .
Development , 133 , 621–629.
 May 21, 2024 

Commercial License 
n, and reproduction in any medium, provided the original work is properly cited. For 


	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

