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Nop17 is a key R2TP factor for the assembly and
maturation of box C/D snoRNP complex
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Abstract

Background: Box C/D snoRNPs are responsible for rRNA methylation and processing, and are formed by snoRNAs
and four conserved proteins, Nop1, Nop56, Nop58 and Snu13. The snoRNP assembly is a stepwise process,
involving other protein complexes, among which the R2TP and Hsp90 chaperone. Nop17, also known as Pih1, has
been shown to be a constituent of the R2TP (Rvb1, Rvb2, Tah1, Pih1) and to participate in box C/D snoRNP
assembly by its interaction with Nop58. The molecular function of Nop17, however, has not yet been described.

Results: To shed light on the role played by Nop17 in the maturation of snoRNP, here we analyzed the interactions
domains of Nop58 – Nop17 – Tah1 and the importance of ATP to the interaction between Nop17 and the ATPase
Rvb1/2.

Conclusions: Based on the results shown here, we propose a model for the assembly of box C/D snoRNP,
according to which R2TP complex is important for reducing the affinity of Nop58 for snoRNA, and for the binding
of the other snoRNP subunits.
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Background
Box C/D snoRNP complexes are involved in pre-rRNA
cleavage and in 2′-O-methylation of nucleotides at spe-
cific positions in rRNAs, snRNAs, and other RNAs dur-
ing maturation [1]. In yeast, these complexes are formed
by snoRNAs that contain conserved sequences (boxes C,
D, C’ and D’), and four core proteins, Nop1, Nop56,
Nop58 and Snu13. In addition to these proteins, some
other factors may associate with specific snoRNP, such
as the U3 snoRNP [2]. snoRNP complexes are conserved
from archaea to eukaryotes, although in the latter they
are more complex [3].
The assembly of snoRNP is initiated in the nucleo-

plasm and completed in the cajal bodies in mammalian
cells, whereas in yeast, the final steps of assembly and
maturation of snoRNPs are considered to occur in the nu-
cleolus, a compartment where the snoRNPs also catalyze
the rRNA modifications [4,5].
During snoRNP assembly, Snu13 binds RNA by recog-

nizing a conserved RNA secondary structure that is
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present in box C/D snoRNAs, as well as in the U4
snRNA [6]. Due to its affinity to RNA, the human ortholo-
gue of Snu13, 15.5kD, has been shown to be the first core
snoRNP subunit to bind box C/D snoRNAs [7]. Although
the later steps of assembly are less well defined, it has been
shown that Nop1 and Nop58 bind the snoRNAs inde-
pendently, whereas Nop56 depends on Nop1 for binding
the complexes [3]. Due to the many structural rearrange-
ments that occur during assembly, chaperones may be im-
portant for the maturation of snoRNPs.
Nop17, also known as Pih1, has been shown to strongly

interact with Nop58 [8] and with the chaperone Hsp90
[9]. Through its interaction with Hsp90, Nop17 was iden-
tified as part of a complex named R2TP (Rvb1, Rvb2,
Tah1, Pih1) [9,10]. Rvb1 and Rvb2 are ATP dependent
helicases, belonging to the class of AAA+ ATPases [11],
that form heterohexamers in vitro and participate in pro-
cesses ranging from DNA repair, transcription, chromatin
remodeling, ribosomal RNA processing, to small nucleolar
RNP formation [12]. The human orthologues of Rvb1/
Rvb2, TIP48/TIP49, have also been shown to be involved
in box C/D snoRNP assembly [7].
Tah1, a TPR (tetratricopeptide repeat)-containing pro-

tein associated with heat-shock protein Hsp90 has been
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shown to bind directly to Hsp90 [12,13]. Nop17 binds
to the Hsp90-Tah1 complex and has been proposed to
control Hsp90 ATPase activity [13]. The structures of the
interaction regions of Tah1-Hsp90 and Tah1-Nop17 have
been determined, and a model was proposed, according to
which the Tah1 TPR domain adopts a highly folded struc-
ture, whereas the C-terminal region of Tah1 only folds
upon its interaction with Nop17 [14].
Nop17 interacts with proteins involved in various cel-

lular processes [8,15,16], probably helping the assembly
of different complexes. The role played by Nop17 in
snoRNP assembly depends on its interaction with Hsp90
as part of the R2TP complex. Despite the studies on the
interactions between the R2TP complex and Hsp90, and
the determination of the structure of the complex, the
molecular function of Nop17 remains elusive.
Rsa1, although not a subunit of the R2TP complex, has

also been shown to be involved in box C/D snoRNP for-
mation through its interaction with Snu13 and with
Nop17 [17]. It has been proposed that Rsa1 binds imma-
ture snoRNP particles and is released upon assembly of
the mature protein subunits of the complexes for their
active conformation [18].
R2TP also interacts with the prefoldin complex, which

participates in protein folding, degradation and rear-
rangements [19], broadening the range of protein inter-
actions of the R2TP complex, and therefore, of Nop17.
In this work, we describe further studies on the interac-
tions between Nop17 and the R2TP complex, and between
Nop17 and the box C/D snoRNP core subunits. Through
the analysis of the interaction of a Nop17 point mutant
with Tah1, we were able to narrow down the interface re-
gions of these proteins, and also analyzed the effect of the
presence of ATP on the interaction of the Rvb1/2 ATPase
with Nop17. In addition, we mapped the region of Nop58
involved in the interaction with Nop17. Based on the data
presented here, we propose a model for the role of R2TP
in snoRNP assembly.

Results
Interactions of Nop17 within R2TP complex
Nop17/Pih1 was identified as part of the R2TP complex,
together with Rvb1, Rvb2, and Tah1 [20]. In this complex,
Nop17 has been shown to interact directly with Tah1 in
pull-down assays [9], and with Rvb1 and Rvb2 in the two-
hybrid system [17]. In order to analyze in more detail
Nop17 interactions with R2TP subunits, two-hybrid and
pull-down assays were performed. Nop17 showed inter-
action with Rvb1 and Rvb2 in the two-hybrid system when
fused to both domains: the lexA DNA binding domain,
and the Gal4 transcription activation domain (Figure 1A).
Interaction between Rvb1 and Rvb2 was also positive in
both fusions. As expected, Rvb1 and Rvb2 show higher
affinity for each other in the two-hybrid assay than for
Nop17 (Figure 1A). Since Rvb1 and Rvb2 are ATPases [12],
to determine whether ATP binding or hydrolysis may affect
the interaction between these proteins and Nop17, pull-
down assays were performed with recombinant proteins
in the absence or in the presence of either ATP or ADP.
The results show that the interaction Nop17-Rvb2 is inde-
pendent of ATP or its hydrolytic product, whereas Nop17
only interacts efficiently with Rvb1 in the absence of ATP
(Figure 1B). These results are interesting because they
suggest that Nop17 may interact directly with Rvb2, inde-
pendently of Rvb1 or ATP. Despite the direct binding of
Nop17 to Rvb1, this interaction is hindered by the pres-
ence of ATP or ADP.
Experiments with deletion mutants of Nop17 have

shown that its C-terminal portion is important for the
interaction with Tah1 [23]. To further analyze the region
of Nop17 responsible for its interaction with Tah1 and
other proteins, we performed random in vitro mutagen-
esis in NOP17 gene fused to lexA DNA binding domain
and tested the interaction of the mutants with Gal4AD-
Tah1 in the two-hybrid system. A nop17 mutant was ob-
tained that no longer interacts with Tah1, this mutant
has an asparagine to serine substitution in position 306
(N306S) (Figure 1C). Western blot results show that
BD-nop17(N306S) is expressed in L40 cells, although in
lower levels than BD-Nop17 (Additional file 1: Figure S1).
Interestingly, a very recent report on the structure of
Nop17-Tah1 interaction domains show that N306 is part
of a beta sheet in Nop17 CS domain, interacting with
Tah1 C-terminal region [24]. Further studies will reveal
how this mutation might affect Nop17 structure in
order to disrupt the interaction with Tah1. Molecular
modeling analysis suggests that the asparagine to serine
substitution in the position 306 might affect the intra-
molecular interactions in the Nop17 CS domain (data
not shown).

Rsa1 and Tah1 affect Nop17 stability
Previous studies have shown that Tah1 interaction is im-
portant for Nop17 stability [20]. We therefore tested
the expression levels of Nop17 in the Δtah1 strain. In
addition, due to Rsa1 involvement in snoRNP formation
[17,18], we also tested Nop17 in the Δrsa1 strain. Since
the strains Δnop17 and Δrsa1 are temperature sensitive,
we tested Nop17 levels at the permissive and restrictive
growth temperatures. The results show that Nop17 levels
decrease in Δrsa1 at 25°C, and are even lower at 37°C
(Figure 2A). Interestingly, in Δtah1 strain, Nop17 levels
are very low, regardless of the temperature of growth, sug-
gesting that the interaction with Tah1 is more important
for the stability of Nop17, and also suggesting that Nop17
may not be found in the cell in a free form, but only
bound to Tah1, either in the R2TP complex, or in a tern-
ary complex with Hsp90. Further confirming that the
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Figure 1 Interaction of Nop17 with the other subunits of the R2TP complex. (A) Analysis of the interactions between Nop17 and Rvb1, and
Rvb2 through the two-hybrid assay. BD-Nop17 interacts with both AD-Rvb1 and AD-Rvb2, as seen by the expression of the reporter genes
HIS3 and lacZ. BD-Rvb2 + AD-Nop17 is stronger than BD-Rvb1-AD-Nop17. BD-Nip7/AD-Rrp43 and BD-Nip7/AD-Nop8 were used as positive
controls for interaction [21,22] (B) Pull-down assay to confirm direct interaction between Nop17 and Rvb1/2. GST or GST-Nop17 were
bound to glutathione-sepharose beads, followed by the incubation with His-Rvb1, or His-Rvb2, in the absence, or presence of 1 mM ATP
or ADP at 4°C for 2 hours. Fractions from total extract (TE), flow through (FT), wash (W), or bound (B) were separated by SDS-PAGE and
subjected to western blot with anti-His or anti-GST sera. Interaction Nop17-Rvb2 is independent of ATP. (C) Two-hybrid assay for the analysis
of Nop17-Tah1 and Nop17-Hsp90 interaction. BD-Nop17 did not interact with AD-Hsp90, whereas BD-Nop17 interacted with AD-Tah1. Mutation of
Nop17 in the position 306 disrupts interaction with Tah1.
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interaction with Tah1 is important for Nop17 stability,
the steady-state level of the mutant Nop17(N306S) is
lower than that of the wild type protein (Additional
file 1: Figure S1). Interestingly, deletion of Rsa1 also leads
to the destabilization of Nop17 (Figure 2B). Nop17 shows
a half-life of 90 min in WT cells, but it decreases to
55 min in Δrsa1 strain at 37°C. These results show that
Rsa1 also plays a role in Nop17 stability.
Nop17 is important for Nop58 stability
Nop17 interacts directly with Nop58 and is important
for the assembly of the box C/D snoRNP particle, prob-
ably by directing Hsp90 chaperone to the particle [8,18].
Considering Δnop17 temperature sensitivity, and the in-
volvement of Nop17 in targeting Hsp90-Tah1 to client
proteins, those client proteins might be destabilized in
the absence of Nop17 at higher temperatures. To test
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Figure 2 Absence of Rsa1 or Tah1 destabilizes Nop17. (A) Total extract from cells growing either at the permissive (25°C), or restrictive (37°C)
temperature to OD600 0.5 were used for western blot with serum against Nop17. Steady state levels of Nop17 do not change in wild type cells,
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staining of the membranes was used as control for total protein loaded on gels.

Prieto et al. BMC Molecular Biology  (2015) 16:7 Page 4 of 14
this hypothesis, ProtA-Nop58 levels were assessed in
Δnop17 strain and compared to wild type cells. Nop58
has been shown to be unstable in vitro [3,25], therefore, in
order to detect the protein, immunoprecipitation was per-
formed using IgG-sepharose beads. The results show that
full-length ProtA-Nop58 can be visualized in the bound
fraction from wild type cells, but the protein is destabi-
lized in Δnop17 strain, resulting in breakdown products
that are detected in the bound fractions (Figure 3A). To
test whether higher levels of the chaperone could stabilize
Nop58, Hsp90 was overexpressed together with Nop58 in
either wild type or Δnop17 strains. The results show that
in the absence of Nop17, Nop58 is unstable, regardless of
the overexpression of the chaperone (Figure 3B), suggest-
ing that indeed Nop17 is required for directing Hsp90 to
its client protein Nop58. These data are also in agreement
with the model of Nop17 being an Hsp90 co-chaperone,
responsible for inhibiting its ATPase activity, which is im-
portant for the loading of client proteins onto Hsp90 [13].
Accordingly, loss of Tah1 and Rsa1 has the same destabil-
izing effect on Nop58 seen in Δnop17 strain (Figure 3C).
The effects of these latter proteins on Nop58 could be in-
direct, and depend upon Nop17 interaction with Nop58.
These results corroborate the hypothesis of Nop17 being
important for directing Hsp90 to Nop58, and thereby, to
the box C/D snoRNP complex.

Nop17 and Rsa1 affect the interaction between Nop58
and U3 snoRNA
Interestingly, despite being less stable upon depletion
of the R2TP complex, Nop58 shows higher affinity for
box C/D snoRNA in the absence of Nop17 [8]. A simi-
lar, though weaker, effect is seen in the absence of Rsa1
(Figure 4A), suggesting that the recruitment of Hsp90 and
its co-chaperones is important for the correct binding
of Nop58 to the snoRNAs. A decrease in the stability of
Nop58-snoRNA interaction might be required for the
assembly of the other box C/D core subunits onto the
complex.
To determine whether Nop58 binds snoRNA at an

early or late stage of snoRNP assembly, ChIP assays were
performed with different pairs of primers for the analysis
of three regions of the U3 snoRNA gene. The results
show that Nop58 binds U3 snoRNA co-transcriptionally
in the exon 2 region, where the conserved C/D are lo-
cated (Figure 4B). Corroborating the previous results,
Nop58 bound snoRNA with higher affinity upon deple-
tion of either Nop17 or Rsa1 (Figure 4B).
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The structure of the archaeal complex Nop58/Nop1
orthologues has been determined [26]. From the struc-
ture of the archaeal complex and the analysis of protein
interactions with RNA, it has been suggested that the C-
terminal region of Nop5 is involved in the interaction
with RNA and the protein L7Ae, the central coiled-coil
region is important for the Nop5 dimerization, while the
N-terminal portion interacts with Fibrillarin [27]. Taking
into account the protein sequence conservation and the
complexes formed in archaea and eukaryotes, the infor-
mation from the archaeal complex can be used to infer
that the C-terminal portion of Nop58 is responsible for its
interaction with snoRNAs. As shown here and previously,
Nop58 co-immunoprecipitates box C/D snoRNAs more
efficiently in the absence of Nop17 or Rsa1 (Figure 4)
[8], suggesting that Nop17, which interacts directly with
Nop58, might compete with RNA for the interaction with
the C-terminal portion of Nop58. We therefore used the
two-hybrid assay to map the region of Nop58 involved in
the interaction with Nop17. The results show that Nop17
interacts with the C-terminal region of Nop58, but not
with the N-terminal, or the central domains of Nop58
(Figure 5A; Additional file 2: Figure S2). Although we can-
not exclude the possibility that N-terminal portions of
Nop58 may not interact with Nop17 due to lower protein
levels, we consider that unlikely because the region of
Nop58 responsible for its instability is a highly charged
KKD/E domain located at its C-terminal portion [25]. Our
results therefore suggest that either Nop17 can compete
with RNA for binding to Nop58, or that upon interacting
with Nop17, Nop58 has its affinity for RNA decreased.
To test the hypothesis of Nop17 competing with RNA for
binding Nop58, we performed RNA co-immunoprecipitation
assays with ProtA-Nop58 expressed in Δnop17 strain, and
added increasing amounts of recombinant GST-Nop17
during the assay. The results show that the snoRNA U3
co-purified with ProtA-Nop58 is not released in the pres-
ence of the purified Nop17 (Figure 5B,C). These results
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suggest that Nop17 does not compete with RNA for bind-
ing Nop58 in vitro. It is also possible that only the complete
R2TP complex may affect Nop58-RNA interaction.

Nop17 interacts with other box C/D snoRNP subunits in
addition to Nop58
We have previously shown that Snu13 interacts with all
the other three core subunits of box C/D snoRNPs, but
it does not interact with Nop17 in the two-hybrid system
[8]. To determine the snoRNP assembly step in which
Nop17 is involved, we performed protein pull-down ex-
periments with recombinant Snu13, Nop1 and Nop17.
In these experiments, His-Nop1 is efficiently pulled
down with GST-Snu13, but not with GST (Figure 6).
Interestingly, His-Nop17 can be co-precipitated with
His-Nop1 when the latter is bound to GST-Snu13
(Figure 6B). These results suggest that Nop17 can bind
the heterodimer Snu13-Nop1, but not the isolated
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proteins. This can be an indication that Nop17 interacts
with these two proteins after they bind the snoRNA,
already as part of the snoRNP assembly complex. Nop17
might be brought to the complex by its interaction with
Nop58, decreasing the affinity of Nop58 for the snoRNA
and allowing for the assembly of Nop1 and Snu13 onto
the complex. The hydrolysis of ATP by Rvb1/2 ATPases
may cause a structural rearrangement necessary for the
release of the R2TP complex and formation of the mature
box C/D snoRNP.
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Nop17 and Rsa1 affect U3 snoRNA localization
The role of R2TP, and particularly of Nop17, in the as-
sembly of box C/D snoRNP suggests that there might be
an order of binding of the proteins to the snoRNA and
molecular rearrangements for the formation of the ma-
ture complex. Therefore, the depletion of the R2TP sub-
units might not only cause a mislocalization of the box
C/D proteins, as has been demonstrated for Nop17 [8],
but also of the snoRNAs. To test this hypothesis, we per-
formed FISH experiments to determine the U3 snoRNA
localization in the deletion strains Δnop17, Δrsa1, and
Δtah1, compared to the wild type strain growing at the
permissive or non permissive temperature. The results
show that in the absence of Nop17 or Rsa1, U3 snoRNA
is still concentrated in the nucleolus at 25°C, but when the
cells are shifted to 37°C, the snoRNA signal becomes
more disperse throughout the cells (Figure 7; Additional
file 3: Figure S3). Surprisingly, however, depletion of Tah1
did not seem to affect the localization of U3 snoRNA.
These results indicate that in the absence of Nop17 or
Rsa1, the assembly of box C/D snoRNP is defective,
mainly at the non-permissive temperature, leading to the



Figure 7 Depletion of R2TP subunits affects the localization of the U3 snoRNA. FISH experiments were performed using cells that had been
cultivated at 25°C or 37°C before hybridization with a fluorescent-labeled DNA oligo complementary to U3 snoRNA. DNA was labeled with DAPI.
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mislocalization of the snoRNA. Interestingly, as pointed
out above, absence of Nop17 has the same effect on the
box C/D core proteins [8], confirming the importance of
this protein for the assembly of snoRNP. Because the
localization of U3 snoRNA is not strongly affected by the
depletion of Tah1, these results also suggest that its func-
tion might be redundant with that of another Hsp90 co-
chaperone.

Discussion
Nop17/Pih1 is a nucleolar protein [8] that has been shown
to be part of the R2TP complex, interacting with Rvb1,
Rvb2, and Tah1 [9]. Rvb1 and Rvb2 are ATP dependent
helicases thought not to be present in isolated form in the
cell, but instead they may form a heterohexameric com-
plex containing three molecules of each protein [12]. This
complex shows higher helicase activity in vitro than the iso-
lated proteins, and undergoes nucleotide-dependent con-
formational changes [11,12]. Based on the results shown
here, it can be hypothesized that Nop17 binds more tightly
to one of the conformations of Rvb1/Rvb2 complex,
thereby modulating the activity of the complex.
Nop17 has been shown to interact with Tah1 through

its C-terminal region [13,14,28], it was therefore important
to determine whether point mutations in the C-terminus
of Nop17 affect its interaction with Tah1. As shown here,
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substitution in the position 306 of Nop17 abolishes its
interaction with Tah1. Interestingly, these results are cor-
roborated by the recent determination of the structure of
the Nop17-Tah1 interaction domains [24]. Amino acid 306
is part of a beta sheet in the interaction pocket of Nop17
with Tah1. The amide to OH change in the N306S mutant
might disrupt the interaction with the C-terminal segment
of Tah1 [24]. Whereas the C-terminal region of Tah1 inter-
acts with Nop17, its N-terminal TPR domain interacts
with Hsp90 C-terminal peptide MEEVD [28]. Tah1-Hsp90
interaction might be stabilized by the interaction between
Nop17 and Hsp90 [20].
As shown here, Tah1 is important for the stability of

Nop17, this stabilization may be due to the interaction
with the C-terminal region of Nop17. Similar results have
been shown for the human orthologues of these proteins
[29]. The destabilizing effect on Nop17 was not seen,
however, when a Nop17-FLAG fusion was used, probably
due to the protein fusion [20].
Tah1 is specific for Hsp90 and affects its ATPase activity

as well as substrate binding [30]. It is interesting, there-
fore, that in the absence of either Nop17 or Tah1 the box
C/D core subunit Nop58 is destabilized. More import-
antly, as shown here, the depletion of Rsa1, a protein pro-
posed to function as a scaffold for snoRNP assembly [31],
also leads to the destabilization of Nop58, confirming
the importance of the R2TP interaction with Hsp90 and
Rsa1 for the proper assembly of the functional snoRNP
complex.
According to the model of Rsa1 being a scaffold for the

snoRNP assembly [31], Nop58 would bind the snoRNAs
Figure 8 Model of the role of the R2TP complex in the assembly of b
binds the snoRNA cotranscriptionally. The association of the R2TP complex
Nop58, necessary for the binding of the Nop1 and Snu13 to form the matu
absence of R2TP subunits, Nop58 is less stable, but shows higher affinity fo
subunits mislocalize in the cell.
only after it is directed to the box C/D particle by the
R2TP complex. As shown here, however, Nop58 binds U3
snoRNA co-transcriptionally, and binds snoRNA more
stably in the absence of Nop17 [8]. We, therefore, favor a
model according to which Nop58 binds snoRNA with very
high affinity, but in order for the snoRNP complex to be
matured, this interaction must be destabilized so that
Nop58 can interact with Nop56 and allow for Nop1 to
bind box D and D’ (Figure 8). The structure of the PIH
domain of hNop17/PIH1D1 interacting with a target pep-
tide DSDD has been determined, and it has been shown
that this interaction is dependent upon the phosphoryl-
ation state of the peptide DSDD [32]. Interestingly, Nop58
has this conserved peptide in the C-terminal portion in-
volved in the interaction with Nop17 (positions 443–446).
It remains to be determined whether the serine 444 is
phosphorylated, and whether its phosphorylated state
changes upon snoRNP assembly.
The model for box C/D snoRNP assembly proposed

here is also supported by the observation that core box
C/D snoRNP subunits have been shown to be important
for snoRNA localization [33]. Further corroborating this
hypothesis, the depletion of Nop17 or Rsa1 causes a
mislocalization of the snoRNA U3.
During the final preparation of this article a study was

published on the R2TP complex [34]. That study reports
the increased interaction of R2TP with Nop58 in the ab-
sence of RNA, and the importance of R2TP on Nop58 sta-
bility. In that report the Nop58 regions involved in the
interaction with Nop17 were also mapped. In addition,
they showed that the dissociation of Rvb1/2 from Nop17/
ox C/D snoRNP. Snu13 binds early during the assembly, and Nop58
and Hsp90 chaperone are important for the conformational change of
re snoRNP particle that will participate in rRNA maturation. In the
r RNA. In addition, in the absence of R2TP, snoRNAs and core snoRNP
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Tah1 was induced by nucleotide binding rather than ATP
hydrolysis. Those results are consistent with the data
shown here. We show complementary data of the stronger
interaction between Nop58 and RNA in the absence of
R2TP. Additionally, we show that Nop17 does not com-
pete with RNA for binding to Nop58, confirming that
RNA is not necessary for the Nop17-Nop58 interaction.
The data shown here also complement those because we
narrow further down the region of Nop58 responsible for
the interaction with Nop17. As shown here, that region is
enclosed between amino acids 389 and 512. We can there-
fore conclude that the 389–447 portion of Nop58 is re-
sponsible for that interaction. Interestingly, this region
comprises the peptide DSDD, recently shown to interact
directly with the PIH domain of Nop17 [32].
We show that the levels of full-length Nop58 decreases

upon depletion not only of Nop17, but also of Rsa1 and
Tah1. Interestingly, and according to the model of Nop17
directing Hsp90 to the target proteins, as shown here,
the over-expression of Hsp90 in Δnop17 strain does not
stabilize Nop58. Here we show that the interaction be-
tween Nop17 and Rvb2 is not affected by nucleotide bind-
ing or hydrolysis, contrary to the interaction with Rvb1
which is affected by the presence of ATP. Our results,
therefore, corroborate and complement those recently
published.
Table 1 Plasmids used in this study

Plasmid Characteristics

pGEX4T1 GST Tag C-terminal,

pGEX4T1-SNU13 GST::SNU13, AmpR

pGEX4T1-NOP17 GST::NOP17, AmpR

pET28a His Tag N-terminal,

pET28a-SNU13 HIS::SNU13, KanR

pET28a-NOP1 HIS::NOP1, KanR

pET28a-NOP17 HIS::NOP17, KanR

pBTM116 lexA, DNA binding d

pBTM-NOP17 lexA::NOP17, TRP1

pBTM-NOP17(N307S) lexA::NOP17(N307S)

pGAD GAL4AD, transcripti

pGAD-TAH1 GAL4AD::TAH1, LEU

pGAD-HSC82 GAL4AD::HSC82, LEU

pGAD-RVB1 GAL4AD::RVB1, LEU2

pGAD-RVB2 GAL4AD::RVB2, LEU2

YCP111GAL-HA-HSC82 GAL4AD::HA::Nop58

YCP33Gal-A-NOP58 GAL::ProtA-NOP58, U

pBTM-RVB1 lexA::RVB1, TRP1

pBTM-RVB2 lexA::RVB2, TRP1

pET28a-RVB1 HIS::RVB1, KanR

pET28a-RVB2 HIS::RVB2, KanR
Conclusions
Nop17 interacts with the C-terminal portion of Nop58,
affecting its affinity for snoRNA, Nop58 stability, and
the localization of the box C/D snoRNP components,
both protein and RNA moieties. Tah1 and Rsa1 affect
Nop17 stability, and might therefore affect Nop58 indir-
ectly. These results indicate a key role played by Nop17
in snoRNP assembly, and suggest a stepwise process that
requires molecular rearrangements of the proteins for
the binding of all subunits and formation of the mature
snoRNP.

Methods
Plasmid constructions
The plasmids used in this study are listed on Table 1 and
the cloning strategies described below. The genes RVB1,
RVB2 and HSC82 were amplified from S. cerevisiae gen-
omic DNA. For recombinants proteins with expression in
bacteria (fused to glutathione-S-transferase (GST) and his-
tidine tag (His6)), the PCR products (RVB1 and RVB2)
were first cloned into pGEM-T vector before digestion
with EcoRI and SalI for cloning into the vectors pET28a
and pGEX-4 T-1. The construct pGEX-NOP17 was ob-
tained after excision of NOP17 from pET28a-NOP17 [8]
with BamHI and XhoI. The genes NOP1 and SNU13 were
excised from pGAD clones [8] for subcloning into the
Reference

AmpR Amersham

This study

This study

KanR Novagen

This study

This study

Gonzales et al. [8]

omain Chien et al. [36]

Gonzales et al. [8]

, TRP1 This study

on activation domain James et al. [37]

2 This study

2 This study

This study

This study

, TRP1 This study

RA3, CEN4 Gonzales et al. [8]

This study

This study

This study

This study
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PET28a and pGEX-4 T-1 vectors. For recombinant pro-
teins expressed in yeast (in fusion with GAL4 and LEXA),
pBTM116 and pGAD-C2, RSA1, TAH1, RVB1 and RVB2
were subcloned from pGEM-T. For Hsc82 overexpression,
HSC82 PCR product was digested with BamHI and XhoI
and cloned into the YCP-111-GAL-HA construct [35].

Analysis of protein stability
Cells were grown at 25°C or 37°C to OD600 of 0.8, before
addition of cyclohexamide to the final concentration of
150 μg/ml. Samples were collected at time zero, and 10,
20 40 and 60 min after addition of cyclohexamide. Total
cell extract was then prepared and protein samples were
separated by SDS-PAGE and subjected to western blot.

Co-immunoprecipitation of proteins and western blot
analysis
Extracts from strains WT, Δnop17, Δrsa1 and Δtah1 ex-
pressing ProtA-Nop58 that had been grown in galactose
medium were prepared in buffer (20 mM Tris-Cl pH 8.0;
0.5 mM magnesium acetate; 0.2% Triton X-100; 150 mM
potassium acetate; 1 mM DTT and 1 mM PMSF). Immu-
noprecipitation was performed by incubating total extract
with IgG-Sepharose (Amersham Biosciences) for 2 hours
at 4°C. Fractions corresponding to total extract (TE),
flow-trough (FT), wash (W) and immunoprecipitation (IP)
were collected and stored at −20°C. For protein analysis
by western blot, samples were separated by SDS-PAGE
and transferred to PVDF membranes (GE Healthcare).
For ProtA-Nop58 and HA-Hsc82 expression in WT and
Δnop17, the same experiment strategy was used.

Co-immunoprecipitation of RNAs and northern blot
RNA co-immunoprecipitation with ProtA-Nop58 expressed
at 37°C in strains WT, Δnop17 and Δrsa1 was performed
as described previously [8]. For the Nop58 and RNA bind-
ing assay, co-immunoprecipitation was performed as de-
scribed [8], and purified GST-Nop17 was added during
the incubation of total extract with IgG-sepharose beads
during the immunoprecipitation. Northern hybridizations
were analyzed in a Typhoon equipment (GE Healthcare
Table 2 Oligonucleotides used in this study

Oligonucleotide Sequence

5Srev GCGAGGCAAATCCTG

U3 promfor CGAAGGCAAATCCTG

U3 promrev TTGACAGCAGAATAC

U3 exon1for TCAACCATTGCAGCA

U3 exon1rev TCTGCTCCGAAATGAA

U3 exon2for TCTATAGGAATCGTCA

U3 exon2rev GACCAAGCTAATTTAG

U3RevFISH ATGGGGCTCATCAAC
Life Sciences) and bands quantitated using ImageQuant
program from Typhoon.

Chromatin immunoprecipitation and qPCR analyses
WT, Δnop17 and Δrsa1 cells expressing ProtA-Nop58,
were fixed with 1% formaldehyde and used for chroma-
tin immunoprecipitation, as previously described [38].
For the qPCR reactions, the Maxima SYBER Green/ROX
qPCR Master Mix (Molecular Probes Inc., Eugene) was
used in the Real Time Applied Biosystem 7500 equipment.
The primers used in the reactions are listed on Table 2.

snoRNA localization by FISH
The detailed protocol used for the in situ hybridization
in strains WT, Δnop17, Δrsa1 and Δtah1 is described in
http://www.einstein.yu.edu/labs/robert-singer/protocols/. The
fluorescence tagging system used was the Cy™3ULS Labeling
Kit (Amersham Biosciences) and images were obtained with
a Nikon TE300 microscope coupled to a Roper CoolSnap
HQ camera. Quantitation of the fluorescence signals was
performed using ImageJ 1.42q.

Recombinant proteins expression in bacteria and
pull-down of proteins in vitro
Recombinant proteins GST-Snu13, GST-Nop17, His-Nop1,
His-Nop17, His-Rvb1 and His-Rvb2 were expressed in
E. coli strain BL21. For the Snu13-Nop1-Nop17 pull-
down, the total extracts containing GST or GST-Snu13 were
incubated for 1 hour at 4°C with glutathione-sepharose
resin (GE Healthcare) in PBS buffer. After immobilization
of the first protein, the resin was washed with buffer and
incubated for 2 hours with total extract expressing
His-Nop1 or His-Nop17, with three washes between the
extracts. After the last wash, the proteins were eluted from
the resin with PBS buffer containing 10 mM reduced
glutathione. Samples of all fractions were collected (TE,
FT, W and Elu), and the proteins were analyzed by west-
ern blot with anti-GST, anti-His and anti-Nop17 sera. For
the pull-down between Nop17 and Rvb1 and Rvb2, the
same strategy was used, with the addition ATP or ADP
during the second incubation step.
Reference

AAAATTT Granato et al. [15]

AAAATTT This study

AAAGCCTTT This study

GCTTT Coltri et al. [39]

AACTCTAGTA Coltri et al. [39]

CTCTTTGACTC Coltri et al. [39]

ATTCAATTTCGG Coltri et al. [39]

CAAGTTGG This study

http://www.einstein.yu.edu/labs/robert-singer/protocols/
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Construction of Nop17 mutant
Nop17 mutant was obtained by random in vitro mutagen-
esis [35], using pBTM-NOP17 as a template. Interaction
with Tah1 was performed in the two-hybrid system using
the L40/pGAD-TAH1 strain. Two-hybrid assay was per-
formed as described previously [35].

Additional files

Additional file 1: Figure S1. Analysis of expression of mutant Nop17
(N306S) in the cells used for two-hybrid assays. Total extracts were
prepared from L40 cells, either not transformed with any plasmid (−),
or transformed with pBTM-NOP17, pBTM-NOP17(N306S), pGAD-TAH1,
and pGAD-RVB1, as indicated, and subjected to western blot with
serum against Nop17. Endogenous Nop17, BD-Nop17 and BD-Nop17
(N306S) bands are indicated on the right. Endogenous Nop17 levels,
used as loading control, do not vary between the samples, but
BD-Nop17(N306S) levels are much lower than those of BD-Nop17.

Additional file 2: Figure S2. Two-hybrid assay to map the Nop58
interaction domain with Nop17. HIS3 expression is shown on the left,
while lacZ expression is shown on the right. Upper panel, full-length
Nop58 interacts with Nop17 independently of the protein fusion (DNA
binding domain – BD, or transcription activation domain – AD), and
interacts also with Snu13. Middle panel, Nop58(216–512) interacts only
with Nop17. Lower panel, Nop58(324–512) interacts only with Nop17, but
with higher affinity than the full-length protein.

Additional file 3: Figure S3. Quantitation of snoRNA U3 signal from
FISH experiments shown in Figure 7. U3 signals in linear distribution
throughout the cells were quantitated by using ImageJ. Position of the
nucleolus in each cell is indicated. WT cells show concentration of U3
signal in the nucleolus, independently of the temperature of growth.
Δnop17 shows concentration of U3 in the nucleolus at the permissive
temperature, but not at the restrictive temperature. Δrsa1 and Δtah1
cells show very low signal of U3, but despite that, it is possible to see the
mislocalization of U3 at 37°C in Δrsa1. In Δtah1 cells, on the other hand,
U3 localization does not change much at 37°C.

Abbreviations
snoRNP: Small nucleolar ribonucleoprotein; R2TP: Rvb1, Rvb2, Tah1, Pih1;
rRNA: ribosomal RNA.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MBP, RCG and FAG carried out two-hybrid assays. MBP and RCG performed
protein pull-down experiments. MBP carried out ChIP, FISH and RNA
co-immunoprecipitation assays. JSL performed RNA-protein competition
experiments. CCO carried out protein co-immunoprecipitation and
western blot assays. All authors participated in design of the study and
drafted the manuscript. CCO conceived of the study, and participated in
its design and coordination. All authors read and approved the final
manuscript.

Acknowledgements
We thank Frederico Gueiros Filho for the use of the microscope for FISH
experiments, and Roberto Kopke Salinas for help with molecular modeling
analyses. This study was supported by grants from Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP- 10/51842-3, 12/51200-7). During
this work, M.B.P. was supported by a PhD fellowship from CAPES, and R.C.G.,
J.S.L. and F.A.G. were supported by FAPESP postdoctoral fellowships.

Author details
1Department of Biochemistry, Institute of Chemistry, University of São Paulo,
Av. Prof. Lineu Prestes 748, 05508-000 São Paulo, SP, Brazil. 2Present address:
Department of Biochemistry and Molecular Biology, Institute of Biological
Sciences, Federal University of Goiás, Goiânia, Brazil. 3Present address:
Department of Biological Sciences, School of Pharmacy, São Paulo State
University, Araraquara, Brazil.

Received: 9 October 2014 Accepted: 24 February 2015

References
1. Kiss T. Small nucleolar RNAs: an abundant group of noncoding RNAs with

diverse cellular functions. Cell. 2002;109(2):145–8.
2. Granneman S, Kudla G, Petfalski E, Tollervey D. Identification of protein

binding sites on U3 snoRNA and pre-rRNA by UV cross-linking and
high-throughput analysis of cDNAs. Proc Natl Acad Sci U S A.
2009;106(24):9613–8.

3. Lafontaine DL, Tollervey D. Synthesis and assembly of the box C+D small
nucleolar RNPs. Mol Cell Biol. 2000;20(8):2650–9.

4. Filipowicz W, Pogacic V. Biogenesis of small nucleolar ribonucleoproteins.
Curr Opin Cell Biol. 2002;14(3):319–27.

5. Gerbi SA, Borovjagin AV, Lange TS. The nucleolus: a site of
ribonucleoprotein maturation. Curr Opin Cell Biol. 2003;15(3):318–25.

6. Marmier-Gourrier N, Clery A, Senty-Segault V, Charpentier B, Schlotter F,
Leclerc F, et al. A structural, phylogenetic, and functional study of 15.5-kD/
Snu13 protein binding on U3 small nucleolar RNA. RNA. 2003;9(7):821–38.

7. Watkins NJ, Dickmanns A, Luhrmann R. Conserved stem II of the box C/D
motif is essential for nucleolar localization and is required, along with the
15.5K protein, for the hierarchical assembly of the box C/D snoRNP. Mol Cell
Biol. 2002;22(23):8342–52.

8. Gonzales FA, Zanchin NI, Luz JS, Oliveira CC. Characterization of
Saccharomyces cerevisiae Nop17p, a novel Nop58p-interacting protein that
is involved in Pre-rRNA processing. J Mol Biol. 2005;346(2):437–55.

9. Zhao R, Davey M, Hsu YC, Kaplanek P, Tong A, Parsons AB, et al. Navigating
the chaperone network: an integrative map of physical and genetic
interactions mediated by the hsp90 chaperone. Cell. 2005;120(5):715–27.

10. Zhao R, Houry WA. Hsp90: a chaperone for protein folding and gene
regulation. Biochem Cell Biol. 2005;83(6):703–10.

11. Huen J, Kakihara Y, Ugwu F, Cheung KL, Ortega J, Houry WA. Rvb1-Rvb2:
essential ATP-dependent helicases for critical complexes. Biochem Cell Biol.
2010;88(1):29–40.

12. Gribun A, Cheung KL, Huen J, Ortega J, Houry WA. Yeast Rvb1 and Rvb2 are
ATP-dependent DNA helicases that form a heterohexameric complex. J Mol
Biol. 2008;376(5):1320–33.

13. Eckert K, Saliou JM, Monlezun L, Vigouroux A, Atmane N, Caillat C, et al. The
Pih1-Tah1 cochaperone complex inhibits Hsp90 molecular chaperone
ATPase activity. J Biol Chem. 2010;285(41):31304–12.

14. Back R, Dominguez C, Rothe B, Bobo C, Beaufils C, Morera S, et al.
High-resolution structural analysis shows how Tah1 tethers Hsp90 to
the R2TP complex. Structure. 2013;21(10):1834–47.

15. Granato DC, Gonzales FA, Luz JS, Cassiola F, Machado-Santelli GM, Oliveira CC.
Nop53p, an essential nucleolar protein that interacts with Nop17p and Nip7p,
is required for pre-rRNA processing in Saccharomyces cerevisiae. FEBS J.
2005;272(17):4450–63.

16. Goldfeder MB, Oliveira CC. Cwc24p, a novel Saccharomyces cerevisiae
nuclear ring finger protein, affects pre-snoRNA U3 splicing. J Biol Chem.
2008;283(5):2644–53.

17. Boulon S, Marmier-Gourrier N, Pradet-Balade B, Wurth L, Verheggen C, Jady BE,
et al. The Hsp90 chaperone controls the biogenesis of L7Ae RNPs through
conserved machinery. J Cell Biol. 2008;180(3):579–95.

18. Rothe B, Back R, Quinternet M, Bizarro J, Robert MC, Blaud M, et al.
Characterization of the interaction between protein Snu13p/15.5K and the
Rsa1p/NUFIP factor and demonstration of its functional importance for
snoRNP assembly. Nucleic Acids Res. 2014;42(3):2015–36.

19. Millan-Zambrano, G, Chavez S. Nuclear functions of prefoldin. Open Biol.
2014;4(7).

20. Zhao R, Kakihara Y, Gribun A, Huen J, Yang G, Khanna M, et al. Molecular
chaperone Hsp90 stabilizes Pih1/Nop17 to maintain R2TP complex activity
that regulates snoRNA accumulation. J Cell Biol. 2008;180(3):563–78.

21. Zanchin NI, Goldfarb DS. Nip7p interacts with Nop8p, an essential nucleolar
protein required for 60S ribosome biogenesis, and the exosome subunit
Rrp43p. Mol Cell Biol. 1999;19(2):1518–25.

22. Zanchin NI, Goldfarb DS. The exosome subunit Rrp43p is required for the
efficient maturation of 5.8S, 18S and 25S rRNA. Nucleic Acids Res.
1999;27(5):1283–8.

http://www.biomedcentral.com/content/supplementary/s12867-015-0037-5-s1.pptx
http://www.biomedcentral.com/content/supplementary/s12867-015-0037-5-s2.pptx
http://www.biomedcentral.com/content/supplementary/s12867-015-0037-5-s3.pptx


Prieto et al. BMC Molecular Biology  (2015) 16:7 Page 14 of 14
23. Paci A, Liu XH, Huang H, Lim A, Houry WA, Zhao R. The Stability of the
Small Nucleolar Ribonucleoprotein (snoRNP) Assembly Protein Pih1 in
Saccharomyces cerevisiae Is Modulated by Its C Terminus. J Biol Chem.
2012;287(52):43205–14.

24. Pal M, Morgan M, Phelps SE, Roe SM, Parry-Morris S, Downs JA, et al.
Structural basis for phosphorylation-dependent recruitment of Tel2 to
Hsp90 by Pih1. Structure. 2014;22(6):805–18.

25. Gautier T, Berges T, Tollervey D, Hurt E. Nucleolar KKE/D repeat proteins
Nop56p and Nop58p interact with Nop1p and are required for ribosome
biogenesis. Mol Cell Biol. 1997;17(12):7088–98.

26. Aittaleb M, Rashid R, Chen Q, Palmer JR, Daniels CJ, Li H. Structure and
function of archaeal box C/D sRNP core proteins. Nat Struct Biol.
2003;10(4):256–63.

27. Ye K, Jia R, Lin J, Ju M, Peng J, Xu A, et al. Structural organization of box
C/D RNA-guided RNA methyltransferase. Proc Natl Acad Sci U S A.
2009;106(33):13808–13.

28. Jimenez B, Jimenez B, Ugwu F, Zhao R, Orti L, Makhnevych T, et al.
Structure of minimal tetratricopeptide repeat domain protein Tah1
reveals mechanism of its interaction with Pih1 and Hsp90. J Biol Chem.
2012;287(8):5698–709.

29. Yoshida M, Yoshida M, Saeki M, Egusa H, Irie Y, Kamano Y, et al. RPAP3
splicing variant isoform 1 interacts with PIH1D1 to compose R2TP complex
for cell survival. Biochem Biophys Res Commun. 2013;430(1):320–4.

30. Millson SH, Vaughan CK, Zhai C, Ali MM, Panaretou B, Piper PW, et al.
Chaperone ligand-discrimination by the TPR-domain protein Tah1. Biochem
J. 2008;413(2):261–8.

31. Rothe B, Saliou JM, Quinternet M, Back R, Tiotiu D, Jacquemin C, et al.
Protein Hit1, a novel box C/D snoRNP assembly factor, controls cellular
concentration of the scaffolding protein Rsa1 by direct interaction. Nucleic
Acids Res. 2014;42(16):10731–47.

32. Horejsi Z, Stach L, Flower TG, Joshi D, Flynn H, Skehel JM, et al.
Phosphorylation-dependent PIH1D1 interactions define substrate specificity
of the R2TP cochaperone complex. Cell Rep. 2014;7(1):19–26.

33. Verheggen C, Mouaikel J, Thiry M, Blanchard JM, Tollervey D, Bordonne R,
et al. Box C/D small nucleolar RNA trafficking involves small nucleolar
RNP proteins, nucleolar factors and a novel nuclear domain. EMBO J.
2001;20(19):5480–90.

34. Kakihara Y, Makhnevych T, Zhao L, Tang W, Houry WA. Nutritional status
modulates box C/D snoRNP biogenesis by regulated subcellular
relocalization of the R2TP complex. Genome Biol. 2014;15(7):404.

35. Oliveira CC, Gonzales FA, Zanchin NI. Temperature-sensitive mutants of the
exosome subunit Rrp43p show a deficiency in mRNA degradation and no
longer interact with the exosome. Nucleic Acids Res. 2002;30(19):4186–98.

36. Chien CT, Bartel PL, Sternglanz R, Fields S. The two-hybrid system: a method
to identify and clone genes for proteins that interact with a protein of
interest. Proc Natl Acad Sci U S A. 1991;88(21):9578–82.

37. James P, Halladay J, Craig EA. Genomic libraries and a host strain designed
for highly efficient two-hybrid selection in yeast. Genetics. 1996;144(4):1425–36.

38. Granato DC, Machado-Santelli GM, Oliveira CC. Nop53p interacts with 5.8S
rRNA co-transcriptionally, and regulates processing of pre-rRNA by the
exosome. FEBS J. 2008;275(16):4164–78.

39. Coltri PP, Oliveira CC. Cwc24p is a general Saccharomyces cerevisiae
splicing factor required for the stable U2 snRNP binding to primary
transcripts. PLoS One. 2012;7(9):e45678.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Interactions of Nop17 within R2TP complex
	Rsa1 and Tah1 affect Nop17 stability
	Nop17 is important for Nop58 stability
	Nop17 and Rsa1 affect the interaction between Nop58 and U3 snoRNA
	Nop17 interacts with other box C/D snoRNP subunits in addition to Nop58
	Nop17 and Rsa1 affect U3 snoRNA localization

	Discussion
	Conclusions
	Methods
	Plasmid constructions
	Analysis of protein stability
	Co-immunoprecipitation of proteins and western blot analysis
	Co-immunoprecipitation of RNAs and northern blot
	Chromatin immunoprecipitation and qPCR analyses
	snoRNA localization by FISH
	Recombinant proteins expression in bacteria and pull-down of proteins in�vitro
	Construction of Nop17 mutant

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

