Bcd1p controls RNA loading of the core protein Nop58
during C/D box snoRNP biogenesis
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ABSTRACT

Biogenesis of eukaryotic box C/D small nucleolar ribonucleoproteins (C/D snoRNPs) is guided by conserved trans-acting
factors that act collectively to assemble the core proteins SNU13/Snu13, NOP58/Nop58, NOP56/Nop56, FBL/Nop1,
and box C/D small nucleolar RNAs (C/D snoRNAs), in human and in yeast, respectively. This finely elaborated process
involves the sequential interplay of snoRNP-related proteins and RNA through the formation of transient pre-RNP com-
plexes. BCD1/Bcd1 protein is essential for yeast cell growth and for the specific accumulation of box C/D snoRNAs. In
this work, chromatin, RNA, and protein immunoprecipitation assays revealed the ordered loading of several snoRNP-re-
lated proteins on immature and mature snoRNA species. Our results identify Bed1p as an assembly factor of C/D
snoRNP biogenesis that is likely recruited cotranscriptionally and that directs the loading of the core protein Nop58
on RNA.
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INTRODUCTION

In eukaryotes, numerous trans-acting factors orchestrate
the various steps of ribosome biogenesis. The process
starts in the nucleolus with precursor (pre)-ribosomal RNA
(rRNA) synthesis by RNA polymerase | that is further modi-
fied, folded and processed to generate mature rRNAs.
Hundreds of small nucleolar ribonucleoproteins (snoRNPs)
are involved in the process: C/D snoRNPs produce site-
specific ribose 2’-O-methylation while H/ACA snoRNPs
catalyze pseudouridylation of rRNAs. Moreover, some
snoRNPs (e.g., U3) are involved in pre-rRNA endonucleo-
lytic cleavage (for reviews, see Watkins and Bohnsack
2012; Lafontaine 2015). Each C/D snoRNP includes a spe-
cific box C/D noncoding RNA acting as a guide for the
specificity of the RNP enzyme and a common set of four
core proteins, SNU13(15.5 kD)/Snu13, NOP58/Nop58,
NOP56/Nop56 and the methyltransferase Fibrillarin or
FBL/Nop1, in human and in yeast, respectively. The bio-
genesis of C/D snoRNP is a fascinatingly intricate process
involving the temporal association of several factors in
large multiprotein pre-RNP complexes coupled with
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snoRNA maturation (for review, see Massenet et al.
2017). Concerning the U3 snoRNAin budding yeast, thisin-
cludes the removal of an intron (Myslinski et al. 1990). Nu-
merous studies have been conducted enabling several
aspects of this highly conserved process to be elucidated.
The RNA-binding protein SNU13/Snu13 directly binds the
kink-turn (K-turn) RNA structures formed by the conserved
C/D motifs (Watkins et al. 2000; Marmier-Gourrier et al.
2003) and is required for the subsequent binding of
NOP56, NOP58 and then NOP1, as proposed based on ar-
chaeal and vertebrate models (Omer et al. 2002; Watkins
et al. 2002; McKeegan et al. 2009; Gagnon et al. 2012).
Also, the heterodimerization of NOP56/Nop5ép and
NOP58/Nop58p via their coiled-coil domains may help
lock the snoRNP into a conformation compatible with
methyltransferase activity, as suggested by structural and
functional analyses of archaeal RNPs (Aittaleb et al. 2003;
Rashid et al. 2003; Lin et al. 2011). Importantly, these inter-
actions do not occur autonomously in eukaryotic cells but
are mediated by several factors that intervene transiently
during the biogenesis process. These so-called assembly
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Bced1p controls early assembly of C/D snoRNPs

factors include the assembly platform NUFIP1/Rsalp
(McKeegan et al. 2007; Boulon et al. 2008) and its stabiliz-
ing factor ZNHIT3/Hit1p (Bizarro et al. 2014; Rothé et al.
2014a; Quinternet et al. 2016) that interact with SNU13/
Snu13p to form a trimer that may represent the initial mod-
ule of C/D snoRNP assembly (Rothé et al. 2014b). NUFIP1/
Rsalp is assumed to bridge the core proteins SNU13/
Snu13 and NOP58/Nop58 by interacting directly with the
latter (Boulon etal. 2008; Rothé etal. 2014b). Anotheractor
in the assembly is the R2TP complex that cooperates with
HSP90/Hsp90p in a cochaperone-chaperone system and
contains the proteins RUVBL1/Rvb1, RUVBL2/Rvb2,
RPAP3/Tah1, and PIH1D1/Pih1 (Zhao et al. 2005, 2008;
Boulon et al. 2008). The R2TP complex recruits Nop58p in-
dependently from the snoRNA by direct interaction with
Pih1p, and this interaction helps stabilize Nop58p (Kaki-
haraetal. 2014). Animportant step of the assembly process
relies on NUFIP/Rsalp that competes with NOP58/
Nop58p for interaction with PIH1D1/Pih1p, likely leading
to the dissociation of NOP58/Nop58p-PIH1D1/Pih1p
complexes and to the loading of NOP58/Nop58p to
RNA-bound SNU13/Snu13p (Rothé et al. 2014b). Finally,
the protein BCD1/Bcd1 (also called ZNHITé) was revealed
to be a leading actor of the assembly process when it was
shown to be required for cell growth and for the specific ac-
cumulation of box C/D snoRNAs in Saccharomyces cerevi-
siae (Peng et al. 2003; Hiley et al. 2005) and for the
maintenance of box C/D snoRNA levels in human cells
(McKeegan et al. 2007). In budding yeast, Bcd1p interacts
nonspecifically with RNA and its amino terminus (amino ac-
ids 1to 168 out of a total of 366 amino acids) is sufficient to
maintain snoRNA expression and cell viability (Bragantini
et al. 2016). The amino terminus contains a zinc-finger
domain (ZNF, amino acids 1 to 45) that is highly homolo-
gous to the ZNF domain of Hit1p and that is indispensable,
but not sufficient, for protein stability and function (Bragan-
tini et al. 2016). Also, works mainly based on analyses of
protein—protein interactions suggest that human BCD1 is
integrated in a network of interactions involving PIH1D1,
NUFIP1, RUVBL1&2, NOP58 and, albeit poorly, SNU13
(McKeegan et al. 2007, 2009; Bizarro et al. 2014). By inte-
grating these data in the complex series of snoRNP-related
protein interactions, some authors have proposed that
these proteins form a protein-only pre-snoRNP complex
that scaffolds SNU13 and NOP58 core protein assembly
(McKeegan et al. 2007; Boulon et al. 2008; Bizarro et al.
2014).

In this work, we present data that fuel current models of
eukaryotic C/D snoRNP biogenesis. Using chromatin, RNA
and protein immunoprecipitation, we document the or-
dered loading of snoRNP-related proteins on RNA spe-
cies. We also provide evidence that Bedlp acts as a
master and early manager of this process by controlling
the association of the core protein Nop58 with a pre-
snoRNP complex and its loading on C/D snoRNAs.

RESULTS

Bcd1p controls mature C/D snoRNA steady-state
levels

In order to test the role of Bed1p in vivo, we generated a
GAL1::3HA-BCD1 strain by inserting the GAL1 promoter
followed by a 3xHA tag upstream of the BCD1 gene in
the genome of the S. cerevisiae BY4741 strain. The repres-
sion of Bcd1p expression was completed in <30 min when
the cells were shifted from a permissive galactose medium
(YPG) to a repressive glucose medium (YPD) (Fig. 1A).
Using RT-gPCR, we analyzed the steady-state levels of a
selected series of C/D snoRNAs (Fig. 1B) in cells main-
tained in permissive YPG medium or shifted to repressive
YPD medium for é h (Fig. 1C), or for 16 h (Fig. 1D), i.e.,
when the cells completely ceased to grow. We used ran-
dom hexamers as primers for the reverse transcription
reaction performed on total RNA extracts. We then per-
formed quantitative PCR using primers targeting snoRNA
gene bodies to measure the expression level of the total
population of snoRNAs (i.e., mature plus immature spe-
cies) (Fig. 1B). We also used primers targeting sequences
downstream from the U3 and U714 gene bodies to specifi-
cally measure the expression level of immature, 3'-extend-
ed snoRNA species. Concerning the U3 snoRNA, we also
analyzed the RNA species harboring the U3 intron using
primers targeting the intronic sequence.

In agreement with previous data (Peng et al. 2003;
Hiley et al. 2005), Bcd1p depletion progressively induced
a dramatic drop in the steady-state level of total snoRNA
species; the effect was likely specific to C/D snoRNAs as
it was not observed with other RNA species (Fig. 1C,D;
Supplemental Fig. S1). Concerning immature snoRNAs,
the 3’-extended pre-U3 species accumulated significantly
at 6 h, whereas the intron-bearing U3 and 3’-extended
pre-U14 species were not affected (Fig. 1C). Interestingly,
the accumulation of 3’-extended U3 species suggested
that the kinetics of U3 snoRNA 3’-end processing was af-
fected, as has already been reported in yeast cells de-
pleted in the core protein Nop58 (Kufel et al. 2000) or
in cells in which the RSAT and HIT1 genes were deleted
(Rothé et al. 2014a). At 16 h, the reduction in the expres-
sion level of total but not immature RNA species suggest-
ed that the presence of Bed1p was important for the
accumulation of mature C/D snoRNAs. To validate this
hypothesis, we analyzed snoRNA gene transcription lev-
els by evaluating the recruitment of the RNA polymerase
[l (Pol Il) machinery at snoRNA genes by ChIP. As depict-
ed in Figure 1E, we detected no influence of Bedlp
depletion on the interaction between Rpb1p, the largest
subunit of the core Pol Il machinery, and C/D snoRNA
gene loci. This result confirmed that Bed1p did not con-
trol the synthesis of C/D snoRNAs but rather influenced
their stability.
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FIGURE 1. Effects of Bcd1p depletion on RNA expression level and RNA polymerase Il recruit-
ment at selected gene loci. (A) Yeast GAL::3HA-BCD1 cells were shifted from galactose YPG
medium to glucose YPD medium for the times indicated before total protein extraction and
western blotting. The Bed1p signal was monitored using an anti-HA antibody. The aspartyl-
tRNA synthetase Dps1p was used to control protein loading. (B) Scheme of the RT-qPCR strat-
egy that allowed quantification of total (mature plus immature) or immature snoRNA expres-
sion levels. (C,D) Cultures of yeast GAL::3HA-BCD1 cells were maintained in YPG medium
or shifted to YPD medium for 6 h (C) or 16 h (D) before RT-qPCR assays. Relative RNA expres-
sion level in YPG condition was set to one. The ALG? gene coding mannosyltransferase was
used as an endogenous control. (E) Cultures of yeast RPB1-TAP x GAL::3HA-BCD1 cells
were maintained in YPG medium or shifted to YPD medium for 16 h before chromatin immu-
noprecipitation (ChIP) assays. IP was performed using IgG-Sepharose beads and the
GAL::3HA-BCD1 strain was used as a control.

Bcd1p associates with C/D snoRNA gene loci

served when we analyzed Rpblp-
chromatin interactions (Fig. 2A).
Thus, this experiment suggested that
Bed1p is associated with chromatin
via snoRNAs during their transcription
or soon after. To confirm this possibil-
ity, we took advantage of the tight
coupling between snoRNP biogene-
sis and snoRNA 3’-end maturation ma-
chinery (Fatica et al. 2000; Morlando
et al. 2002). A previous work showed
that snoRNAs that are efficiently poly-
adenylated cannot engage normally
in the biogenesis process to produce
mature and functional snoRNPs
(Fatica et al. 2000). We performed
ChIP experiments on BCD1-TAP cells
transformed with p416 expression
plasmids (Mumberg et al. 1995) har-
boring the U14 gene body flanked at
its 3" end either by its natural DNA
sequence (U14-wt) or by the polyade-
nylation site of the CYC1 gene (U14-
cycl). We detected a robust Bed1p-
plasmid interaction only when the
bona fide 3’ flanking region of the
U14 gene was present (Fig. 2B).
When we conducted a similar experi-
ment with the H/ACA snR36 gene
body, the resulting interaction signal
was weak despite enhancement due
to the presence of its natural 3’ se-
quence. This result suggested that
Bed1p is recruited to transcription
sites only when correct RNA matura-
tion and RNP assembly are engaged.
Finally, we tested whether Bed1p as-
sociates with snoRNA species by
RNA immunoprecipitation (RIP). We
indeed observed a significant interac-
tion between Bcd1p and C/D snoR-

in an RNA-dependent manner

The core proteins Nop1 and Nop58 have already been
detected in interaction with C/D snoRNA gene loci
(Morlando et al. 2004; Vincenti et al. 2007) suggesting
that RNP biogenesis may start early at the site of RNA tran-
scription. In order to test whether Bed1p is involved in early
cotranscriptional stages, we performed ChlIP analyses us-
ing a strain expressing TAP-tagged Bcd1p. We indeed
detected interactions with C/D snoRNA gene loci but
not with the H/ACA snR32 locus (Fig. 2A). Moreover,
RNase A/T1 treatments significantly decreased the level
of Bed1p-chromatin interaction, an effect that was not ob-
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NAs, but not between Bed1p and H/ACA snoRNAs (Fig.
2C). Also, Bed1p interacted with the intron-bearing U3
and the 3'-extended U14 species, thereby corroborating
the fact that the interaction occurred during the snoRNA
maturation process. Surprisingly, Bcd1p was not detected
in association with 3'-extended U3 species, probably due
to epitope masking or because the TAP sequence reduced
the stability of the complex. Indeed, it has been reported
that splicing of the premature U3 occurs before 3'-end trim-
ming and 5'-cap trimethylation (Myslinski et al. 1990; Kufel
etal. 2000, 2003; Rothé etal. 2017), and we checked thatin
our samples the U3 species with mature 3’ ends were
spliced (Supplemental Fig. S2). In conclusion, Bed1p was
recruited in vivo on C/D pre-snoRNAs in the close vicinity


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067967.118/-/DC1

Bced1p controls early assembly of C/D snoRNPs

N
?

o
g

B BY4741
[ BCD1-TAP
[ RPB1-TAP

=
o
1
(=N
o
1

o
1

ChIP signal (%IP/INPUT)
T

plasmid ChIP Bcd1p-TAP signal
(%IP/INP)

RNase :0~ -

*x tion levels with total C/D snoRNA
species were higher for core proteins
(Fig. 3A-D; RIP signals around 20%
to 60%) than for assembly factors
(Fig. 3E-G; RIP signals around 0.5%
to 10%), which is in agreement with
the transient interaction status of the
- latter. Interestingly, the Bed1p interac-
tion level was in the high range com-

box CID box HIACA

Cc box C/D box H/ACA

N BY4741
1 BCD1-TAP =
k%
Fk T **_*

[

2

[

£

®

c

2

[ o —
g 10
=

Q.

-

T

Q

m

o

[

/2
box H/ACA

FIGURE 2. Interaction of Bcd1p with selected snoRNA gene loci and transcripts. (A) ChIP as-
says were performed on yeast BCD1-TAP cells (gray drawbars) or RPB1-TAP cells (white draw-
bars) cultivated in YPD medium. The BY4741 strain was used as control and IP was performed
using an anti-TAP antibody. Before IP, cell extracts were treated or not with RNase A/T1 ().
(B) BCD1-TAP cells were transformed with empty p416 vector or recombinant p416 vector
containing U14 (snR128) or snR36 gene bodies flanked in 3’ by their natural genomic se-
quence or by the polyadenylation sequence of the CYC1 gene. ChIP assays were performed
using IgG-Sepharose beads and the gqPCR reaction targeted the p416 backbone. (C) RIP as-
says were performed on yeast BCD1-TAP cells cultivated in YPD medium. The BY4741 strain
was used as a control and IP was performed using IgG-Sepharose beads. For immature
snoRNA species, the levels of the RIP signals and their significance in tagged versus control

strain are given in Supplemental Table 1.

of their transcription site, likely during or soon after
transcription.

Bcd1p controls the interaction of several snoRNP-
related proteins with C/D snoRNAs

To gain further insights into the snoRNP biogenesis pro-
cess and Bed1p function, we tested the interaction be-
tween several snoRNP-related proteins and snoRNA
species in the presence or absence of Bcd1p expression.
To this end, we inserted the GALT promoter in a series
of TAP-tagged strains followed by a 3xHA tag upstream
of the BCD1 gene when it was tolerated by the cells (in
the case of NOP56-TAP, RSA1-TAP, RVB2-TAP, and
PIH1-TAP), or we introduced Flag-tagged expression vec-
tors of recombinant genes in the GAL1::3HA-BCD1 strain
(for the expression of Snu13p, Nop1p, and Nop58p).
When the cells were cultivated in permissive YPG medi-
um (Fig. 3, white drawbars), we observed that the interac-

pared to the other assembly factors
tested (Fig. 2C; RIP signals between
8% and 15%). Also, the H/ACA
snoRNA snR32 exhibited a significant
interaction (RIP signals between 1%
and 10%) for all proteins except for
Nop5ép (Fig. 3D) and Bed1p (Fig.
2C). Interactions with H/ACA snoR-
NAs have already been described for
the assembly factors NUFIP1 (Boulon
et al. 2008) and PIH1D1 (Machado-
Pinilla et al. 2012). Interactions be-
tween different classes of snoRNPs
have also been observed repeatedly
(van Nues et al. 2011; Kishore et al.
2013; Schwartz et al. 2014; Gumienny
et al. 2017; Dudnakova et al. 2018)
and have been suggested to reflect
the presence of different snoRNPs on
the same target rRNA, or the fact that
H/ACA and C/D box RNPs guide mod-
ifications to each other. Focusing on
immature U3 species, we analyzed
two features: the presence of the in-
tron and the presence of a 3’ exten-
sion. Interestingly, Snu13p interacted
efficiently with RNA harboring both
features (Fig. 3A; Supplemental Table 1; RIP signals of re-
spectively 9.8% and 5.3%), but this was clearly not the
case for the other core proteins that exhibited low RIP sig-
nal levels (Fig. 3B-D; Supplemental Table 1; RIP signals
ranging from 0.05% to 0.8%). This observation confirmed
that Snu13p is the first core protein to interact with RNA
during biogenesis. Concerning assembly factors, the inter-
action between the immature U3 speciesand Rsa'p, Pih1p,
or Rvb2p was not detected or did not significantly
differ from background levels (Fig. 3E-G; Supplemental
Table 1). Interestingly, Bcd1p generated an interaction
with intron-bearing U3 species that was stronger than the
one generated by the core proteins Nop1, Nop56, and
Nop58 (Fig. 2C; Supplemental Table 1; RIP signal level of
9.5% compared to 0.8% or less). Thus, intron-bearing U3
species interacted mostly with Snu13p and Bed1p, sug-
gesting thatthese proteins are among the first to be recruit-
ed to RNA during U3 biogenesis. The 3'-extended U14
species corroborated the observations made with pre-U3
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FIGURE 3. Interaction of C/D snoRNP-related proteins with selected snoRNAs. A GALT::3HA-
BCD1 strain transformed with p416 vectors expressing Flag-tagged versions of Snu13p (A),
Nop1p (B), and Nop58p (D), or NOP56-TAP x GAL1:3HA-BCD1 (C), RSA1-TAP x
GAL1::3HA-BCD1 (E), RVB2-TAP x GAL1::3HA-BCD1 (F), and PIH1-TAP x GAL1::3HA-BCD1
(G) cells were maintained in YPG medium (white drawbars) or shifted to YPD medium for 6 h
(black drawbars). RIP assays were performed using anti-Flag beads and IgG-Sepharose beads,
respectively, and GSH beads as control. For each RNA species, statistical analysis is presented
only for the comparison of YPG versus YPD related signals. For immature snoRNA species, the
significance of the RIP signal in tagged versus control strain is given in Supplemental Table 1.

The consequence of Bed1p deple-
tion was tested after a 6-h shift of yeast
cultures to repressive YPD medium
(Fig. 3, black drawbars). At that time,
the steady-state level of the C/D
snoRNP-related proteins was not af-
fected (Supplemental Fig. S3) while
the level of the C/D snoRNA species
was moderately affected (Fig. 1C). In-
teractions with total snoRNA species
followed two different regimens:
those that were mostly unchanged,
i.e., involving Snu13p and Nop5ép
(Fig. 3A,C), and the other ones that
dropped significantly, with the excep-
tion of a few signals associated with
higher noise (i.e., snR52 in Fig. 3B,D
and U14in Fig. 3G). The same tenden-
cy was observed for interactions in-
volving the immature RNA species
that dropped or remained almost
undetectable. Conversely, the 3'-ex-
tended U3 species, whose expression
level increased in the absence of
Bed1p (Fig. 1C), interacted better
with Snu13p (Fig. 3A). Finally, the as-
sociation of the proteins with the H/
ACA snoRNA snR32 was insensitive
to Bcdlp depletion, in agreement
with the fact that these two molecules
did not significantly interact (Fig. 2C).
Therefore, Bed1p was necessary for
the efficient interaction of a large sub-
set of snoRNP-related proteins with
immature and total RNA species,
which includes the essential Nop!1
and Nop58 core proteins. In the ab-
sence of Bed1p expression, biogene-
sis was critically altered since only the
two core proteins Snu13 and Nop56
maintained their association with C/D
snoRNAs.

Bcd1p controls the interaction of
Nop58p with an early pre-snoRNP
complex

To clarify the function of Bed1p, we
first analyzed its snoRNP-related pro-
tein partners. As already identified in
human orthologs (McKeegan et al.

species: Snu13p generated the highest RIP signal levels 2007, 2009; Bizarro et al. 2014), yeast Bcd1p associated
(around 50%), the other core proteins generated robust sig- with the assembly factors Rsalp, Pih1p, and Rvb2p, and
nals (15%-30%) while assembly factors generated very low  with the core proteins Snu13 and Nop58 (Supplemental
interaction levels (0.14%—2.6%). Fig. S4). Interestingly, the association of Bed1p with the
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RNA-binding Snu13p and its direct partner Rsalp was in-
dependent of RNA (Supplemental Fig. S4A,B). We then
tested the consequence of Bed1p depletion on selected
interactions between these snoRNP-related proteins.
The assembly factor Rsalp contributes to the connection
between Snu13p and the assembly machinery (Rothé
et al. 2014b) and our RIP analyses indicated that the
Rsa1p-RNA interaction, but not the Snu13p-RNA interac-
tion, decreased in the absence of Bed1p expression (Fig.
3A.E). However, co-IP experiments conducted in cells
maintained in permissive YPG medium, or after a 6-h shift
to repressive YPD medium, revealed that the Snu13p-
Rsalp interaction was not dependent on the presence of
Bed1p (Fig. 4A). Previous works showed that the core pro-
tein Nop58 is recruited to the pre-snoRNP complex via
Pih1p and the R2TP complex (Gonzales et al. 2005;
Bizarro et al. 2014; Kakihara et al. 2014; Quinternet et al.
2015). While the interactions between Nop58p-Pih1p
and Pih1p-Rsa1p were not significantly affected by the ab-
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sence of Bedlp (Fig. 4B,C), the interaction between
Nop58p and Rsalp dropped significantly (Fig. 4D). Taken
together, these data suggest that Bcd1p affects the associ-
ation of Nop58p with a protein-only pre-snoRNP complex
involving Rsa1p. To confirm this hypothesis, we first tested
whether Nop58p was still recruited at snoRNA gene loci in
the absence of Bcd1p expression. ChlIP assays showed that
the interaction was indeed detected in cells in which Bed1p
expression is repressed as well as in cells in which RSA1 or
PIH1 genes used as controls were deleted (Fig. 4E). Thus,
Bed1p does not control the recruitment of Nop58p at the
sites of snoRNP biogenesis but rather during a subsequent
step thatisimportant for loading Nop58p on RNA. Second,
the data argue that human BCD1 may incorporate a pro-
tein-only pre-snoRNP complex to perform its function
(Bizarro et al. 2014). To test whether yeast Bcd1p can func-
tion independently of RNA, we generated Bed1p protein
truncations in order to dissociate the biogenesis function
of Bed1p from its capacity to interact with RNA. A recent
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FIGURE 4. Effect of Bcd1p on the molecular associations of several snoRNP-related proteins. (A-D) Co-IP analyses were performed in RSA1-
TAP X GAL1::3HA-BCD1 (A,C,D) and PIH1-TAP X GAL1::3HA-BCD1 (B) cells transformed with a p416 vector expressing a Flag-tagged version
of Snu13p (A), Nop58p (B,D), and Pih1p (C), or an empty p416 vector as control. Yeast cells were maintained in YPG medium or shifted to YPD
medium for 6 h and all IPs were performed with an anti-Flag antibody. When useful, a second IP was performed by adjusting the cell extract vol-
ume to the change in protein expression level induced by the shift in the medium (in B,D) in order to minimize this effect. The Dps1 protein was
used to control protein loading. The relative interactions in presence (white drawbars) or absence (black drawbars) of Bcd1p were quantified in
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cells transformed with a p416 vector expressing a Flag-tagged version of Nop58p. The cells were maintained in YPG medium or shifted to YPD
medium for 6 h, and IP was performed with anti-Flag beads or GSH beads as control.
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analysis showed that the amino-terminal part of the Bed!1
protein (amino acids 1-168) is sufficient to maintain the lev-
el of snoRNA expression and cell viability (Bragantini et al.
2016). Based on sequence conservation and secondary
structure prediction using PsiPred (Jones, 1999), we de-
fined two short amino-terminal fragments (1-115 and 1-
96) for further analyses. We transformed GAL1::3HA-
BCD1 cells with a p416 vector expressing a Flag-tagged
version of the fragments or the full length protein. When
the cells were shifted for 16 h to repressive YPD medium,
the expression of Bed1p fragments was sufficient to main-
tain cell growth (Fig. 5A) as well as the steady-state level
of snoRNAs (Fig. 5B). Conversely, RIP analysis showed
that these fragments were unable to interact efficiently
with RNA in vivo (Fig. 5C). In conclusion, Bed1p was re-
quired to efficiently incorporate the core protein Nop58
into an early pre-snoRNP complex that included Rsalp
and this function did not require a strong association with
RNA in order to be fulfilled.

DISCUSSION

In recent years, a wealth of studies has revealed that eu-
karyotic C/D snoRNP biogenesis is a finely elaborated pro-
cess. But the role of some players, such as the protein
BCD1/Bcd1, is still poorly understood. After its discovery
as an essential factor for cell growth and C/D snoRNAs
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stability in yeast (Peng et al. 2003; Hiley et al. 2005) and
in human cells (McKeegan et al. 2007), the identification
of the protein partners of BCD1 in human cells (McKeegan
et al. 2007; Boulon et al. 2008; Bizarro et al. 2014), sug-
gested its integration in an early, protein-only pre-snoRNP
complex (Bizarro et al. 2014). Here, we made significant
progress in the understanding of yeast Bcd1p function.

Bcd1p is an assembly factor that likely acts
cotranscriptionally

We collected evidence concerning the association of
Bed1p with immature snoRNA species that starts in the
close vicinity of their transcription sites (Fig. 1). Detection
of Bed1p at chromatin was RNA-dependent (Fig. 2A) and
likely reflected a function during the early steps of
snoRNP assembly, since we failed to detect an influence
on C/D snoRNA gene transcription (Fig. 1E). This strongly
suggests that the initiation of C/D snoRNP biogenesis is
cotranscriptional, thereby corroborating previous clues
(Morlando et al. 2004; Vincenti et al. 2007; Rothé et al.
2014b; Grzechnik et al. 2018), and resembling what has
been shown for H/ACA snoRNP biogenesis (Fatica et al.
2002; Ballarino et al. 2005; Yang et al. 2005; Darzacq
etal. 2006; Richard et al. 2006). Therefore, the data support
the current paradigm of RNP biogenesis in which the as-
sembly machinery actively engages with its substrates



Bced1p controls early assembly of C/D snoRNPs

during—or right after—their synthesis, rather than RNA
and core proteins being released from their site of synthesis
and then encountering assembly factors by diffusion
(Fischer and Chari 2015).

Bcd1p favors the interaction of RNA-loaded Snu13p
with Rsa1p and not Nop56p

Currently, it is well established that the RNA-binding pro-
tein Snu13 is required for the loading of the other core pro-
teins on C/D snoRNAs (Omer et al. 2002; Watkins et al.
2002; McKeegan et al. 2009; Gagnon et al. 2012) and
that Rsalp and its stabilizing factor Hit1p associate with
Snu13pto form atrimer thatis assumed to represent the ini-
tial module of C/D snoRNP assembly (Rothé et al. 2014b).
One function of Rsalp is to bridge the core proteins
Snu13 and Nop58 (Boulon et al. 2008; Rothé et al.
2014b), the latter initially being recruited and stabilized
by Pih1p and the R2TP complex (Kakihara et al. 2014).
Here, we provide additional information on the early steps
of biogenesis. We observed that proteins Snu13 and Bed1
associated robustly with intron-bearing U3 snoRNAs (Figs.
2, 3A). Additionally, when BCD1 gene expression was
turned down, Snu13p was the only protein to continue to
be strongly recruited to intron-bearing U3 species and to
accumulate on 3’-extended U3 species. We observed a
similar, higher association of pre-U14 species with
Snu13p than with the other snoRNP-related proteins (Fig.
3A). Conversely, we observed a very poor association of
Rsalp with immature U3 and U14 species (Fig. 3E), sug-
gesting that the integration of Rsa1p in pre-RNP occurs lat-
er than expected. Collectively, these observations suggest
that a pool of “free Snu13p” interacts early with immature
C/D snoRNAs. This challenges current biogenesis models
mainly resulting from protein interaction studies and sug-
gests a different system dynamics in which Snu13p is re-
cruited to RNA before the assembly machinery. The
association then has to be supplemented and/or replaced
by the recruitment of the assembly machinery to proceed
to RNP biogenesis. Whether Snu13p-RNA complexes are
abortive or could recruit other factors is of interest as it
questions whether protein—protein assemblies can occur
directly on RNA or have to be initially formed in an RNA-
free form. One drawback here is that the immunoprecipita-
tion of Snu13p necessitated the use of a vectorexpressinga
Flag-tagged recombinant protein, as tagging the endoge-
nous gene was not tolerated by yeast cells. Therefore, it
could be argued that the observation of a “free pool” of
Snu13p boundto RNAis due to the ectopic overexpression
of recombinant Snu13p. However, the same phenomenon
is likely observed, albeit indirectly, with endogenous
Snu13p. Indeed, upon Bed1p depletion, Nop56p was still
recruited to snoRNAs (Fig. 3C), an observation made with
cells expressing the endogenous Snul13p. Interestingly,
Nop56p recruitment on RNA likely occurred via Snu13p:

Previous yeast two-hybrid analyses indeed showed that
Snu13p interacts robustly with Nop56p, more strongly
than in its interaction with Nop58p and comparable to its
interaction with Rsa1p (Boulon etal. 2008). Taken together,
these observations suggest that Snu13p alone recognizes
the K-turns of immature snoRNAs and is then joined by
Nop56p through direct interaction in the absence of
Bcd1p expression. This calls for analyses to test whether
Snu13p—Rsalp and Snu13p-Nop56p interactions are mu-
tually exclusive. Interestingly, a genome-wide genetic
screen using genetic interaction mapping (GIM) revealed
a positive fitness effect when the invalidation of the RSA1
gene was combined with the down-regulation of NOP56
gene expression, and which was not observed with the
NOP58 gene (C Saveanu, pers. comm.). This observation
corroborates the idea that Rsalp and Nop56p act antago-
nistically. Therefore, it is tempting to suggest that a critical
function of Bed1pis to channel Snu13p-RNA complexes to-
ward a competent biogenesis path. Indeed, in the absence
of Bed1p, the interaction of RNA with several snoRNP-
related proteins including Rsalp dropped drastically and
generated aberrant particles with snoRNAs associated
mostly, if not exclusively, with Snu13 and Nop56 core
proteins.

Bcd1p regulates the interaction of Nop58p
with a pre-snoRNP complex and snoRNAs

Our data strongly suggest that the key function of Bed1p is
intrinsically independent of its capacity to associate with
RNA (Fig. 5) even if a very transient level of association
with RNA may be sufficient for function. It is possible that
the latter actually relates mostly to the coordination of
RNA synthesis and assembly that would facilitate RNP bio-
genesis but could be unnecessary when cells are cultivated
in laboratory conditions. Whether Bed1p naturally plays its
role on RNA or not, this observation invited us to explore
the impact of Bed1p depletion at the level of protein—pro-
tein interactions. First, the existence of a protein-only, pre-
snoRNP complex involving BCD1 has been proposed in
works using human cells (Bizarro et al. 2014) and we con-
firmed in yeast that Bcdlp associated with several
snoRNP-related proteins, including Snu13p and Rsalp in
an RNA-independent manner (Supplemental Fig. S4).
Second, it is believed that early in the assembly, Nop58p
is dissociated from its R2TP partner Pih1p through the com-
petitive interaction of Rsalp, in order to reach Snu13p
(Rothé et al. 2014b; Quinternet et al. 2015). Here we pre-
sent new observations concerning this Pih1p-Nop58p-
Rsalp functional triad in the absence of Bed1p expression:
First, the proteins were no longer able to reach RNA thus
ending in the absence of Nop58p in the residual RNP
(Fig. 3D); second, we observed a significant drop in the lev-
el of Rsa1p-Nop58p interaction (Fig. 4D). Atempting inter-
pretation to reconcile these observations is that Bed1p is
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required to mediate the transfer of Nop58p from Pih1p to-
ward a complex including Rsalp and maybe Snu13p. In its
absence, such a complex would be either unstable or no
longer competent for RNA binding, e.g., due to Snu13p
burying. In any case, the data presented here are evidence
that Bcd1p is required to deliver Nop58p on RNA, which in
turn, is a precondition for complete biogenesis and for the
formation of mature and functional C/D snoRNPs.

Getting closer to the detailed mechanism of action of
Bed1p will require further work. To fulfill its function,
Bcd1p may perform an unknown step in the assembly pro-
cess, possibly involving an as yet unidentified factor, a
post-translational modification of a protein alone or in a
complex, or a conformational modification of a pre-RNP
complex. In this line of thought, the search for other as-
sembly factors and the biochemical isolation of transient
complexes is a challenging but ongoing task that repre-
sents an invaluable and potent source of progress. In con-
clusion, the data we present here underline the fact that
Bed1p behaves as a global on-off switch for loading the
C/D box assembly machinery on snoRNAs. In this regard,
it would be of interest to dedicate future analyses to search
for metabolic or stress pathways that target and modulate
Bcd1p function in order to coordinate C/D snoRNP bio-
genesis with other cellular systems.

MATERIALS AND METHODS

Yeast strains and plasmids

The yeast strains used are listed in Supplemental Table 2. Yeast
cells were precultured in selective medium then grown in glu-
cose-containing medium (YPD). The GALT:3HA-BCD1 strain
was maintained in galactose-containing medium and shifted to
glucose-containing medium for 6 or 16 h to repress the GAL1
promoter when required. Cells were collected at log phase
(ODgoonm = 0.8 to 1). Genetic modifications were generated by
homologous recombination. Derivatives of plasmid p416GPD-
3XFlag were built by inserting PCR-amplified fragments between
the BamHI and Xhol restriction sites. The plasmids used are listed
in Supplemental Table 3.

Yeast cell extract preparation and
immunoprecipitation assays

Cell pellets were washed and resuspended in lysis buffer (150 mM
KCl, 5 mM MgCly, 0.05% TRITON-X100, 20 mM Tris-HCI, pH 7.5)
and lysed by bead beating. The lysates were clarified twice by
centrifugation at 10,000g for 5 min, and were then added to
IgG-Sepharose  beads (Sigma-Aldrich), anti-Flag Agarose
beads (Sigma-Aldrich), or Glutathione Sepharose beads (GE
Healthcare) used as control, and incubated for 2 h at 4°C. Beads
were washed four times in lysis buffer. For RIP experiments,
RNAs were extracted with phenol-chloroform. For protein co-IP
assays, proteins were fractionated on 12.5% SDS-PAGE and ana-
lyzed by western blot according to standard procedures using
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anti-TAP (Peroxidase Anti-Peroxidase soluble complex antibody,
Sigma) anti-Flag (Abcam), anti-HA (Roche), and anti-Dps1p (kindly
provided by C Allmang-Cura and G Eriani, IBMC, Strasbourg,
France) antibodies, and revealed by anti-rabbit IgG, Horseradish
Peroxidase (HRP) conjugated (Thermo Fisher Scientific) and ECL
Prime Western blotting system (GE healthcare). Quantification of
western blot signals was performed using Fusion Solo (Vilber
Lourmat) and FusionCapt Advanced software.

Chromatin immunoprecipitation (ChIP) assays

Cells were fixed with 1% formaldehyde for 10 min at room tem-
perature, quenched with 0.125 M glycine, and lysed in lysis buffer
(Hepes-KOH 50 mM [pH 7.5], 500 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS). Chromatin was
sonicated to an average length of 200-500 bp. |gG-Sepharose
beads or anti-Flag Agarose beads were precleared in the pres-
ence of 20 pg/mL BSA for 2 h. Protein-DNA complexes were cap-
tured on beads for 2 h, washed twice with low salt buffer (Hepes-
KOH 50 mM [pH 7.5], 50 mM NaCl, 1 mM EDTA, 0.1% Triton X-
100, 0.01% Na-deoxycholate, 0.05% SDS), followed by washes
with LiCl buffer (250 mM LiCl, 10 mM Tris-HCI [pH 8], 1T mM
EDTA, 0.01% Igepal, 0.05% Na-deoxycholate) and IPP150 buffer
(10 mM Tris-HCl [pH 8], 15 mM NaCl, 0.01% Igepal). After diges-
tion with proteinase K, reversal of the cross-links at 70°C overnight
and elution, DNA was extracted by Phenol-Chloroform.

Reverse transcription and quantitative PCR

Complementary DNA was generated using M-MLV Reverse
Transcriptase (Invitrogen) and random hexamers unless stated
otherwise. Quantitative PCR using iTag Universal SYBRGreen
supermix (BioRad) was performed on a StepOnePlus real-time
PCR system (BioRad) using a relative quantification and a standard
curve method. Oligonucleotides are listed in Supplemental
Table 4.

Statistics and quantitative analyses

Data are reported as mean values and standard errors of the mean
from at least three biological replicates. The significance level us-
ing a paired two-tailed Student’s t-test was set to P-values *P<
0.05, **P<0.01, and ***P<0.001.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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