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Abstract 

The early steps of large-ribosomal-subunit assembly feature among the least understood steps of ribosome synthesis in eukaryotes. In Sac- 
charom y ces cere visiae , the bo x C / D chaperone small nucleolar ribonucleoprotein (snoRNP) snR190 and the Npa1 complex, composed of the 
α-solenoid scaffold proteins Npa1 and Npa2, the DEAD-box helicase Dbp6, the RNA-binding protein Nop8, and Rsa3, are likely involved in early 
25S ribosomal RNA (rRNA) f olding e v ents. Here, w e report f or the first time the existence outside pre-ribosomal particles of an independent 
macromolecular assembly constituted by the Npa1 complex and the c haperone snoRNP snR1 90. Nop8 mediates the formation of this assembly 
and can associate on its own with free snR190 snoRNP. Moreo v er, Nop8 RNA R ecognition Motif (RRM) helps tether the snR190 snoRNP to 
pre-ribosomal particles. The snR190 snoRNA features a specific central stem-loop structure, which is required for high-affinity binding between 
free snR190 snoRNP and the Npa1 complex. Deleting this extension does not prevent snR190 snoRNA association with pre-ribosomal particles 
but impairs snR190 activity in early pre-rRNA processing e v ents. T his w ork est ablishes the import ance of association with auxiliary protein 
comple x es f or optimum snoRNP chaperone activity during rRNA f olding e v ents. 
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Introduction 

The ribosome is the only cellular machine able to catalyse pep-
tide bond formation during protein synthesis. It is a ribonu-
cleoprotein (RNP) particle composed of a large and a small
subunit. Each subunit contains ribosomal RNA (rRNA) as-
sociated with ribosomal proteins (RPs). The synthesis of ri-
bosomes involves the production of rRNA precursors (pre-
rRNAs), the processing and folding of these precursors, and
their assembly with RPs to yield mature functional riboso-
mal subunits. As the ribosome is a ribozyme, an RNA-based
enzyme, one key aspect of its synthesis is the acquisition by
the rRNAs of their correct 3D structure, a prerequisite for
catalytic activity. In eukaryotes, ribosome biogenesis starts
in the nucleolus with the transcription by RNA polymerase
I (RNA Pol I) of a polycistronic pre-rRNA. This pre-rRNA
is the precursor to the 18S rRNA (present in the small 40S
subunit) and the 5.8S and 25S / 28S (yeast / higher eukaryotes)
rRNAs (present in the large 60S subunit). The large sub-
unit also contains the 5S rRNA which is transcribed inde-
pendently by RNA Pol III. During transcription, this precur-
sor starts assembling with a subset of RPs as well as scores
of so-called assembly factors (AFs) and small nucleolar ri-
bonucleoprotein (snoRNPs) particles. These assembly events
on the 5 

′ part of the nascent RNA Pol I transcript, encompass-
ing the 5 

′ external transcribed spacer and the 18S rRNA se-
quence (for a cartoon of pre-rRNA sequence organization, see
Supplementary Fig. S1 A), lead to the formation of the first pre-
ribosomal particle. This particle, termed in the yeast Saccha-
romyces cerevisiae either 90S or ‘small subunit processome’
(SSU processome) [ 1 , 2 ], can be visualized as terminal knobs
in Miller spreads of rDNA chromatin [ 3 ]. The nascent pre-
rRNA may be cleaved co-transcriptionally at site A2 within
the internal transcribed spacer 1 (ITS1), which separates the
18S and 5.8S rRNA sequences (for a cartoon of pre-rRNA
processing steps in S. cerevisiae , see Supplementary Fig. S1 B).
In that scenario, the first independent precursor to the 40S
ribosomal subunit, termed the first or primordial pre-40S par-
ticle, is released [ 4 ]. Meanwhile, assembly events proceed on
the 3 

′ part of the nascent pre-rRNA. Once RNA Pol I tran-
scription is completed, this 3 

′ part encompasses the remaining
ITS1, the 5.8S rRNA sequence, the internal transcribed spacer
2 (ITS2), the 25S rRNA sequence, and the 3 

′ external tran-
scribed spacer. The association of AFs, RPs, and snoRNPs on
this downstream pre-rRNA segment produces the first or pri-
mordial pre-60S particle [ 5 ]. Cleavage of the pre-rRNA tran-
script may also occur post-transcriptionally. In that case, a
large bi-partite SSU processome / pre-60S particle is generated
[ 5 ], which will be split into the primordial pre-40S and pre-
60S particles by post-transcriptional cleavage within ITS1.
The pre-40S and pre-60S particles will then follow indepen-
dent maturation pathways in the nucleolus, the nucleoplasm,
and finally in the cytoplasm to yield the mature 40S and 60S
ribosomal subunits competent for translation (for a review of
these maturation steps, see [ 6 ]). 

High-resolution cryo-electron microscopy (cryo-EM) struc-
tures of many pre-ribosomal particles have been obtained, re-
vealing the folding of rRNAs at different stages of the matu-
ration pathway and the positioning of AFs, allowing predic-
tions to be made as to their modes of action (for a review,
see [ 7 ]). The entire primordial pre-60S particle has so far es-
caped high-resolution structural characterization, likely due
to its high intrinsic flexibility [ 5 ]. As a consequence, our under-
standing of the first steps of large-ribosomal-subunit forma- 
tion lags behind that of other maturation steps. This primor- 
dial pre-60S particle contains the 27SA2 pre-rRNA, several 
box C / D and H / ACA snoRNPs, and ∼40 AFs [ 5 , 8 ]. Some of
these form protein modules, such as the Rrp5 / Noc1 / Noc2 [ 9 ],
Npa1 / Npa2 / Nop8 / Dbp6 / Rsa3 [ 10 , 11 ], Erb1 / Ytm1 / Nop7
[ 12 , 13 ], and Upa1 / Upa2 [ 5 , 14 ] complexes. In addition,
no less than seven proteins belonging to related RNA heli- 
case families (Has1, Mak5, Prp43, Dbp3, Dbp6, Dbp7, and 

Dbp9) are present within the primordial pre-60S particle.
These could promote pre-rRNA folding (see e.g. [ 15 ]) and / or 
regulate snoRNA / pre-rRNA interactions. Indeed, we have re- 
cently shown that Dbp7 is involved in the removal of the 
snR190 box C / D snoRNA [ 16 ], a prominent component of 
the primordial pre-60S particle [ 5 ]. All snoRNPs and many of 
the AFs present in the primordial particle are absent from its 
maturation product, the nucleolar pre-60S particle containing 
the 27SB pre-rRNA. High-resolution cryo-EM data could be 
obtained for this later particle, which showed that only 5.8S 
rRNA, ITS2, 5 

′ domains I and II, and part of 3 

′ domain VI of 
25S rRNA were compacted and stabilized at this stage [ 17–
19 ]. Low-resolution cryo-EM data were also collected for the 
primordial pre-60S particle [ 5 ]. Comparison with the cryo- 
EM structure of the later 27SB-containing pre-60S particle 
[ 18 ] allowed the identification of ITS2, 5.8S rRNA, and 25S 
rRNA domains I and II, suggesting that these elements are al- 
ready stabilized and compacted to a significant extent in the 
primordial pre-60S particle. This proposal is strengthened by 
a high-throughput SHAPE probing study [ 20 ], which demon- 
strated that in the primordial pre-60S particle, the ITS2 is al- 
ready structured, that the root helix of 25S rRNA domain I is 
formed, and that the base-pairing interactions between 5.8S 
and 25S rRNAs within domain I are already established. Re- 
cently, these conclusions were confirmed by a high-resolution 

cryo-EM structure of a nascent primordial pre-60S particle en- 
compassing 5.8S rRNA, ITS2, as well as domains I and II of 
25S rRNA [ 21 ]. Hence, during early steps of large-ribosomal- 
subunit formation, 25S rRNA domain I is formed and stabi- 
lized first, followed by domain II, and then VI. These domains 
form the solvent-exposed face of the large subunit, onto which 

the other domains can later assemble. 
The molecular functions of most AFs present in the primor- 

dial pre-60S particle in these early folding steps remain largely 
elusive. Most are essential for viability and large-ribosomal- 
subunit synthesis, underscoring their functional importance.
At least 14 of them are necessary for normal steady-state 
accumulation of the 27SA2 pre-rRNA, indicating that they 
are necessary for the production and / or stability of the pri- 
mordial pre-60S particle. These include the Rrp5 / Noc1 / Noc2 

complex [ 22 , 23 ]; the DExD / H-box proteins Has1 [ 24 ],
Prp43 [ 25–27 ], Dbp3 [ 28 ], Dbp7 [ 29 , 30 ], and Dbp9 [ 31 ];
the putative RNA-binding protein Nop4 [ 32 , 33 ]; and the 
Npa1 / Npa2 / Nop8 / Rsa3 / Dbp6 [ 10 , 11 , 34 , 35 ] complex (in
the rest of the manuscript referred to as the ‘Npa1 complex’).
To gain insights into the mechanism of action of these AFs,
we and others have searched for their RNA targets using UV 

Crosslinking and Analysis of cDNA (CRAC) [ 36 ]. Binding 
sites of Npa1 [ 10 ], Prp43 [ 37 ], and Rrp5 [ 38 ] determined by
CRAC have been localized next to the binding site of RP Rpl3 

in the root helix of 25S rRNA domain I. Npa1 also binds 
to 25S rRNA domain VI, adjacent to a second Rpl3-binding 
site, while Dbp6- and Dbp7-binding sites have been identi- 
fied in 25S rRNA domains III and V, and V and VI, respec- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
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ively [ 15 , 30 ]. In addition, CRAC data indicate that Npa1,
rp43, and Rrp5 can be cross-linked to some snoRNAs in-
olved in 25S rRNA modification and it has been proposed
hat Prp43 controls the interaction of a subset of box C / D
noRNAs with 25S rRNA [ 37 ]. Strikingly, Npa1 interacts pre-
ominantly with the box C / D snoRNA snR190, which fea-
ures two rRNA-complementary sequences allowing it to po-
entially bind to domain I and to the root helix of domain V.
nlike most snoRNAs, snR190 does not guide rRNA modi-
cations and likely functions as an RNA chaperone. We have
hown that lack of snR190 snoRNA induces a growth defect
nd impairs the maturation of the first pre-60S particle [ 16 ].
ltogether, these data suggest that the Npa1 complex collabo-

ates with RNA helicases and the chaperone snoRNP snR190
n the folding and / or compaction of 25S rRNA domains I,
, and VI. The hypothesis of a role for Npa1 in the folding of
he 3 

′ end of 25S rRNA is reinforced by the finding that deple-
ion of URB1, the likely human orthologue of Npa1, altered
he pre-rRNA conformation around the 3 

′ end of 28S rRNA
 39 ]. 

Here, we have investigated the way the Npa1 complex
nd the snR190 snoRNP interact and the functional implica-
ions of this interaction. We provide evidence that the snR190
noRNP and the Npa1 complex can interact outside pre-
ibosomal particles. Nop8 is essential for this interaction. Fur-
hermore, Nop8 or Npa1 depletion weakens snR190 snoRNA
ssociation with pre-ribosomal particles, suggesting that they
elp tether the snR190 snoRNP to these particles. We also
how that a specific stem-loop structure in snR190 snoRNA
s required for high-affinity binding between free snR190
noRNA and the Npa1 complex. While this stem-loop struc-
ure is not required for snR190 snoRNA association with
re-60S particles, our results suggest that it is important for
nR190 snoRNP chaperone function during early pre-rRNA
rocessing steps. 

aterials and methods 

lasmids 

entromeric plasmids based on pHA113 [ 40 ] expressing
op8 or Nop8 �RRM were obtained as follows. A plasmid

xpressing Nop8 tagged with two IgG-binding domains of
taphylococcus aureus protein A was obtained by amplifying
OP8 open reading frame using S. cerevisiae genomic DNA
ith appropriate primers ( Supplementary Table S1 ) followed
y cloning in the BamHI site of pHA113 using the In-Fusion
ystem (Clontech). The resulting plasmid, pHA113- NOP8 -
Z, was used as template to generate plasmids pHA113-
OP8 and pHA113- NOP8 ΔRRM -ZZ using the In-Fusion

ystem (Clontech) and appropriate primers ( Supplementary 
able S1 ). Finally, pHA113- NOP8 ΔRRM -ZZ was used as
emplate to generate plasmid pHA113- NOP8 ΔRRM using
he In-Fusion system (Clontech) and appropriate primers
 Supplementary Table S1 ). The NOP8 or NOP8 ΔRRM open
eading frames inserted in the resulting plasmids were entirely
equenced. 

Plasmids YCplac22- NOP8 -HTP (pDK10780; for ex-
ression of Nop8-HTP under the control of the NOP8
romoter) and YCplac22- NOP8.81C -HTP (pDK10781;
or expression of Nop8 �RRM-HTP under the control
f the NOP8 promoter; 81C denotes that the encoded
op8 �RRM starts with amino acid 81 of Nop8 and ends at
the native C-terminus) were constructed by subcloning
a 2.43 kb EcoRI / HindIII fragment from YCplac111-
NOP8 -HTP (pDK10712) or a 2.19 kb EcoRI / HindIII
fragment from YCplac111- NOP8.81C -HTP (pDK10713)
into YCplac22- RPL10 (pDK5026; [ 41 ]). YCplac111- NOP8 -
HTP (pDK10712) was constructed by cloning a 1.78
kb EcoRI / BamHI-digested P NOP8 - NOP8 polymerase
chain reaction (PCR) product, amplified from template
YCplac111- NOP8 (pDK510; [ 42 ]) with oligonucleotides
ODK3867 and ODK3285 ( Supplementary Table S1 ), into
Y Cplac111- NSA1 -HTP (pDK2261; [ 43 ]). Y Cplac111-
NOP8.81C -HTP (pDK10713) was constructed by cloning
a 1.54 kb EcoRI / BamHI-digested P NOP8 - NOP8.81C
fusion PCR product, amplified from template YCplac111-
NOP8 -T ADH1 (pDK10487) with oligonucleotides ODK838
and ODK3880 (5 

′ PCR) and ODK3879 and ODK389 (3 

′

PCR) ( Supplementary Table S1 ), into YCplac111- NSA1 -
HTP (pDK2261). YCplac111- NOP8 -T ADH1 (pDK10487)
was constructed by cloning a 1.78 kb EcoRI / BamHI-
digested P NOP8 - NOP8 PCR product, amplified from
template YCplac111- NOP8 (pDK510) with oligonucleotides
ODK3867 and ODK3285 ( Supplementary Table S1 ), into
pADH111- LTV1 (pDK3331). 

To obtain plasmids expressing Nop8-NeonGreen (Nop8-
NG) or Nop8 �RRM-NeonGreen (Nop8 �RRM-NG), we
proceeded as follows. A NeonGreen cassette amplified by PCR
with BamHI_FOR_NG and XhoI_REV_NG oligonucleotides
( Supplementary Table S1 ) was digested with BamHI and
XhoI and ligated with the BamHI / XhoI-digested 8-kb frag-
ments from plasmids YCplac22- NOP8 -HTP and YCplac22-
NOP8.81C -HTP, resulting in plasmids p NOP8 -NG and
p NOP8 ΔRRM -NG, respectively. 

Construction of plasmids expressing snR190 wild-type
(WT) and snR190-[mut.AB] mutant was described in
[ 16 ]. Plasmids expressing snR190 mutants snR190-[mut.B],
snR190-[short �stem], snR190-[intermediate �stem], and
snR190-[large �stem], were obtained by mutagenesis of the
plasmid expressing WT snR190 (pCH32 vector + WT U14-
SNR190 gene insert, [ 16 ]) using the PCR-based In-Fusion mu-
tagenesis system (Clontech) and appropriate primers for each
mutant ( Supplementary Table S1 ). The original template plas-
mid was then eliminated by the ‘Cloning Enhancer’ treatment
(Clontech) and the linear PCR products were circularized us-
ing the In-Fusion system before transformation into compe-
tent Esc heric hia coli cells (Stellar, Clontech). To generate a
plasmid expressing snR190-[mut.B-large �stem], a mutation
in box B was introduced using the above protocol in the plas-
mid expressing snR190-[large �stem]. All resulting plasmids
were verified by sequencing. 

Yeast strains 

A BY4742 ( MAT α, his3 Δ1 , leu2 Δ0 , lys2 Δ0 , and ura3 Δ0 )
strain expressing Noc1-FPZ (Flag-PreScission cleavage site-
tandem IgG-binding Z domains derived from S. aureus pro-
tein A) was produced by transforming BY4742 with a PCR
cassette obtained with plasmid pBS1479-NAT-2XFlag-PPX-
ZZ and primers listed in Supplementary Table S2 . Clones
having integrated the nourseothricin resistance gene were
selected on Yeast extract Peptone (YP) medium supple-
mented with 2% glucose and nourseothricin (Jena Bioscience,
80 μg / ml final concentration). GAL::HA-npa1 / NOC1::FPZ

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
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and GAL::HA-nop8 / NOC1::FPZ strains (BY4742 back-
ground) were produced by transforming the above described
Noc1-FPZ-expressing strain with PCR cassettes obtained
with plasmid pFA6a-kanMX6-PGAL1-3HA [ 44 ] and primers
listed in Supplementary Table S2 . Clones having integrated
the kanMX6 resistance gene were selected on YP medium
supplemented with 2% galactose and G418 (Gibco, 200
μg / ml final concentration). An snr190-[mut.C] strain [ 16 ]
expressing Nop8-FPZ was produced as described above us-
ing primers listed in Supplementary Table S2 . Strains ex-
pressing Nop8-HTP (HTP consists of a (His)6 tag, a TEV
protease cleavage site, and two Z domains from S. aureus
protein A) or Nop8 �RRM-HTP under the control of the
NOP8 promoter were obtained upon transformation of the
NOP8 shuffle strain YAM1357 ( MAT a , nop8 ::HIS3MX4,
ade3 ::kanMX4, pHT4467 �- NOP8 ; W303 background) with
plasmid YCplac22- NOP8 -HTP (pDK10780) or YCplac22-
NOP8.81C -HTP (pDK10781) and subsequent counter-
selection on plates containing 5-FOA. Strains expressing
Nop1-mCherry and Nop8-NG or Nop8 �RRM-NG were
obtained by transforming strain GAL::HA-nop8 with plas-
mids pUN100NOP1::mCherry [ 45 ] and p NOP8 -NG or
p NOP8 ΔRRM -NG, respectively. A GAL::HA-nop8 strain
was produced by transforming strain MW3628 ( MAT α, ura3-
52 , his3- Δ200 , trp1- Δ63 , and leu2- Δ1 ) [ 46 ] with a PCR
cassette obtained with plasmid pFA6a-kanMX6-PGAL1-3HA
[ 44 ] and primers listed in Supplementary Table S2 . Clones
having integrated the kanMX6 resistance gene were selected
on YP medium supplemented with 2% galactose and G418
(Gibco, 200 μg / ml final concentration). 

Construction of the RSA3::FPZ , DBP6::FPZ , NPA2::FPZ ,
NOP8::FPZ , GAL::HA-npa1 / RSA3::FPZ , GAL::HA-
npa1 / DBP6::FPZ , GAL::HA-npa1 / NPA2::FPZ , GAL::HA-
npa1 / NOP8::FPZ , GAL::HA-nop8 / RSA3::FPZ , and
rrn3.8 / RSA3::FPZ strains was described in [ 10 ]. Strains
rrn3.8 / GAL::HA-npa1 / RSA3::FPZ and rrn3.8 / GAL::HA-
npa2 / RSA3::FPZ were produced by transforming
the rrn3.8 / RSA3::FPZ strain with PCR cassettes ob-
tained with plasmid pFA6a-kanMX6-PGAL1-3HA [ 44 ]
and primers listed in Supplementary Table S2 . Strain
rrn3.8 / RSA3::FPZ / snr190-[mut.C] was obtained by crossing
haploid strains rrn3.8 / RSA3::FPZ and snr190-[mut.C] [ 16 ],
sporulation of the resulting diploids and tetrad dissections.
The correct haploid strains were selected on the basis of
temperature sensitivity and resistance to nourseothricin;
moreover, mutation of the SNR190 gene was verified by
sequencing a locus-specific PCR product and confirmed
by northern analysis. An snr190-[mut.C] strain expressing
Nop7-T AP (T AP consists of a calmodulin-binding peptide
tag, a TEV protease cleavage site, and two Z domains from S.
aureus protein A) was constructed by transforming a snr190-
[mut.C] strain [ 16 ] with a PCR fragment obtained using
genomic DNA from a NOP7::TAP strain (Yeast TAP-Tagged
ORF collection, Horizon Discovery) and primers listed in
Supplementary Table S2 . 

All strains used in this work are listed in Supplementary 
Table S4 . 

Immunoprecipitation experiments 

Immunoprecipitation experiments with IgG Sepharose were
performed as described in [ 16 ]. 
RNA extractions and northern blot analyses 

Yeast total RNAs were extracted as described in [ 16 ]. North- 
ern blot analyses of high- and low-molecular weight RNAs 
were performed as described in [ 16 ]. Sequences of antisense 
oligonucleotides used to detect snR190, snR5, snR37, and 

snR42 snoRNAs are listed in [ 8 , 16 ] and those used to de- 
tect snR3 and snR39b snoRNAs in Supplementary Table S3 .
The sequences of oligonucleotides 23S1 used to detect 35S,
32S, and 27SA2 pre-rRNAs and rRNA2.1 used to detect 
35S, 32S, 27SA2, and 27SB pre-rRNAs have been reported 

in [ 16 ]. 

Tandem affinity purifications 

Yeast cell powder was produced using a PM 100 planetary 
ball mill (Retsch) from a cell pellet obtained from 6 l of yeast 
culture grown to an OD 600 of 0.6–0.8. A total of 6 g of cell 
powder was dissolved in 8 ml of buffer A [20 mM Tris–HCl 
(pH 8), 200 mM KCl, 5 mM MgAc, 0.2% Triton X-100, 1 

mM DTT] to which cOmplete EDTA-free protease inhibitor 
cocktail (Roche) and RiboLock RNase inhibitor (Thermo Sci- 
entific) were added. The sample was centrifuged in a Beckman 

Coulter Optima XE-100 ultracentrifuge at 4 

◦C for 2 h at 39 

000 rpm in a Beckman Ti50.2 rotor. The resulting supernatant 
was subjected to a second ultracentrifugation step during 45 

min at 39 000 rpm at 4 

◦C. When tandem affinity purifications 
were perfomed with rrn3.8 cells, the two ultracentrifugation 

steps were omitted and replaced by a centrifugation step in a 
Beckman Coulter Avanti J-26 XP centrifuge at 4 

◦C for 15 min 

in a Beckman JA-20 rotor. Then, 9 ml of clarified extract were 
loaded on a 20-ml column (Bio-Rad) containing 200 μl (bead 

volume) IgG Sepharose beads (6 Fast Flow, Cytiva). The beads 
were incubated with the extract during 1 h 30 min at 4 

◦C with 

gentle agitation. Beads were then washed with 60 ml of buffer 
B [50 mM Tris–HCl (pH 7.4), 200 mM KCl, 5 mM MgAc,
0.2% Triton X-100, 1 mM DTT], then incubated overnight in 

a 15-ml Falcon tube at 4 

◦C with 50 units of PreScission pro- 
tease (Cytiva) in 3 ml of buffer B supplemented with 80 units 
of RiboLock RNase inhibitor (Thermo Scientific). The sample 
was centrifuged 2 min at 1200 rpm in an Eppendorf 5810 R 

benchtop centrifuge and the supernatant was collected. The 
IgG Sepharose beads were mixed with 2 ml of buffer B and 

centrifuged 2 min at 1200 rpm in an Eppendorf 5810 R bench- 
top centrifuge. The supernatant was collected and mixed with 

the previously collected supernatant. The resulting sample was 
applied to a 10-ml Bio-Rad column containing 100 μl (bead 

volume) of anti-Flag M2 affinity gel (Sigma) and incubated 

with the gel for 1 h at 4 

◦C on a rotating wheel. The column 

was washed with 40 ml of buffer C [10 mM Tris–HCl (pH 

7.4), 150 mM NaCl, 5 mM MgCl 2 , 1 mM DTT]. Purified com- 
plexes were eluted by adding five times 200 μl of buffer C sup- 
plemented with 2x Flag peptide (400 μg / ml, IGBMC Stras- 
bourg). Alternatively, the gel was mixed with 1 ml of buffer C 

and two 550- μl aliquots were transferred to two 1.5-ml Ep- 
pendorf tubes. The tubes were centrifuged 1 min, 2000 rpm 

in an Eppendorf 5415 R benchtop centrifuge and the super- 
natant was discarded. RNAs were extracted from the bead 

pellet of one sample. The beads of the other sample were di- 
rectly mixed with 50 μl of sodium dodecyl sulfate (SDS) sam- 
ple buffer [100 mM Tris–HCl (pH 8.0), 4% SDS, 20% glyc- 
erol, 0.04% bromophenol blue, 200 mM DTT] for protein 

analysis. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
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Cp labelling 

NAs were labelled with 10 μCi [ 32 P]pCp (PerkinElmer)
nd 10 units of T4 RNA ligase (Thermo Scientific) in
he presence of 40 units of RNasin ribonuclease inhibitor
Promega) in a 20 μl reaction volume at 4 

◦C overnight.
abelled RNAs were phenol / chloroform extracted, ethanol
recipitated, washed, and resuspended in 50% formamide
v / v). The labelled RNAs were electrophoresed in Tris–
orate–ethylenediaminetetraacetic acid buffer on a 6%
crylamide / bis-acrylamide (19:1) / 50% urea (w / v) gel for 3
 at 1800 V. The gel was dried on 3MM paper and exposed
o a phosphorimager screen. 

estern blot analyses 

estern blot analyses were performed as described in [ 15 , 16 ].
PZ-tagged or TAP-tagged proteins were detected with rab-
it peroxidase anti-peroxidase (PAP) soluble complex (Sigma)
1:10 000 dilution). Primary antibodies used to detect Npa1
1:2000 dilution), Dbp6 (1:10 000 dilution), Nop8 (1:1000
ilution), and Nhp2 (1:5000 dilution) were generated in rab-
its by custom antibody production services and described
lsewhere [ 10 , 40 ]. Yeast Nop1 was detected with anti-
enopus laevis Fibrillarin antibodies (1:270 dilution) raised in

abbits. Anti-rabbit IgG-HRP conjugate (Promega) were used
hen needed as secondary antibodies (1:10 000 dilution). 

luorescence microscopy 

luorescence microscopy and image quantifications were per-
ormed as described in [ 47 ]. 

esults 

pa1 or Nop8 depletion perturbs the association of 
nR190 snoRNA with pre-ribosomal particles 

e previously showed that snR190 snoRNA inactivation af-
ects the association of Npa1 complex members with pre-
ibosomal particles [ 16 ]. We wanted to determine whether the
everse was also true, i.e. whether Npa1 complex inactiva-
ion impacts snR190 snoRNA association with pre-ribosomal
articles. To test this hypothesis, we immunoprecipitated 90S
nd early pre-60S pre-ribosomal particles using tagged Noc1
Noc1-FPZ) as bait and extracts from WT cells and cells de-
leted of Npa1, which is essential for Npa1 complex forma-
ion [ 10 ]. Npa1 depletion was achieved through the use of
ells conditionally expressing the NPA1 gene from a GAL1-10
romoter that can be turned off by shifting cells to a glucose-
ontaining medium. The co-precipitation efficiency of snR190
noRNA was then analysed by northern blot (Fig. 1 A). As con-
rols, we also assessed the co-precipitation efficiency of a sub-
et of snoRNAs, which are either efficiently cross-linked to
pa1 (snR5 and snR42), moderately so (snR39b), or hardly

t all (snR3) in CRAC experiments [ 10 ]. Npa1 depletion de-
reased the co-precipitation efficiency of all snoRNAs tested
Fig. 1 A). This was neither due to reduced precipitation of
agged Noc1 (Fig. 1 A), nor to lack of co-precipitation of pre-
RNAs ( Supplementary Fig. S2 A) in absence of Npa1. Strik-
ngly, the co-precipitation efficiency of snR190 snoRNA was
educed the most in absence of Npa1 (10-fold reduction),
hile that of the other snoRNAs was significantly less affected

two- to three-fold reduction) (Fig. 1 A). 
We then assessed whether lack of Nop8 also has a specific

mpact on snR190 snoRNA association with pre-ribosomal
particles. Strikingly, while Nop8 depletion did not affect pre-
cipitation of Noc1-FPZ (Fig. 1 B) nor the co-precipitation
of pre-rRNAs ( Supplementary Fig. S2 B), it reduced snR190
snoRNA co-precipitation to background levels (Fig. 1 B). The
co-precipitation of other snoRNAs tested was also affected,
but to a far lesser extent. 

We also analysed the effect of depleting Dbp6, the DEAD-
box ATPase component of the Npa1 complex [ 15 ], on
snR190 snoRNA association with pre-ribosomal particles.
Contrary to the lack of Nop8, Dbp6 depletion had little
effect on snR190 snoRNA co-precipitation with Noc1-FPZ
( Supplementary Fig. S3 ). 

We further assessed the effect of Npa1 or Nop8 deple-
tion on snR190 snoRNA association with pre-ribosomal
particles by sedimentation experiments on sucrose gradients
( Supplementary Fig. S4 ). Neither Npa1 nor Nop8 depletion
completely prevented a fraction of snR190 snoRNA from co-
sedimenting with pre-rRNA components of 60S subunit pre-
cursors (35S, 32S, and 27SB pre-rRNAs). However, Npa1 and
Nop8 depletions led to a specific two- and four-fold increase,
respectively, in the sedimentation of snR190 snoRNA in light
fractions (i.e. not pre-ribosome bound), consistent with weak-
ened association with pre-ribosomal particles. In agreement
with immunoprecipitation results, the effect is stronger in the
case of Nop8 depletion than Npa1 depletion. 

We conclude that Npa1 and Nop8 are specifically re-
quired for the stable association of snR190 snoRNA with
pre-ribosomal particles, while Dbp6 is not. Besides Npa1, for
which a direct interaction with snR190 snoRNA could be re-
vealed by CRAC [ 10 ], Nop8 therefore also seems to play a key
role in snR190 snoRNA integration and / or retention within
early pre-60S pre-ribosomal particles. 

The snR190 snoRNP interacts with the Npa1 

complex outside pre-ribosomal particles 

The mutual dependence of the Npa1 complex and snR190
snoRNA for their stable association with pre-ribosomal par-
ticles ([ 16 ] and this work) may be due to the fact that
they are integrated as a pre-formed module into the parti-
cles. We therefore tested whether snR190 snoRNA is asso-
ciated with the Npa1 complex outside pre-ribosomal parti-
cles. To purify the free Npa1 complex, we used a strain in
which RNA Pol I can be inactivated conditionally, abrogat-
ing de novo pre-ribosomal particle production. This strain
( rrn3.8 ) expresses a temperature-sensitive version of the Rrn3
RNA Pol I transcription factor. At 25 

◦C, RNA Pol I is ac-
tive and pre-ribosomal particles are produced and matured.
After transfer for 4 h to 37 

◦C, RNA Pol I transcription is
shut down and pre-ribosomal particles are hardly detectable
( Supplementary Fig. S5 A). We proceeded to tandem affinity
purification of the Npa1 complex using an FPZ-tagged ver-
sion of Rsa3 from rrn3.8 cells, or WT cells as controls, all
grown at 37 

◦C. Northern analysis confirmed the absence of
pre-rRNAs in the sample purified from rrn3.8 cells grown at
37 

◦C ( Supplementary Fig. S5 B), while western analysis indi-
cated that in the same conditions, all Npa1 complex mem-
bers were co-purified with Rsa3-Flag, even if Dbp6 was un-
derrepresented ( Supplementary Fig. S5 C). Strikingly, only the
snR190 snoRNA was efficiently co-purified with Rsa3-Flag
from rrn3.8 cells grown at 37 

◦C, as shown by northern blot
(Fig. 2 A) and pCp labelling (Fig. 2 B). These data indicate
that snR190 snoRNA can specifically interact with the Npa1

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
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A

B

Figure 1. Npa1 or Nop8 depletion strongly affects the association of snR190 snoRNA with pre-ribosomal particles. Immunoprecipitation experiments 
were carried out using IgG Sepharose and extracts from a BY4742 WT strain [labelled Npa1+, Noc1-FPZ − ( A ) or Nop8+, Noc1-FPZ − ( B )], a strain 
expressing Noc1-FPZ (i.e. Noc1 bearing a C-terminal Flag t ag , followed by a PreScission cleavage site and two IgG-binding Z domains of S. aureus 
protein A) [labelled Npa1+, Noc1-FPZ+ (panel A) or Nop8+, Noc1-FPZ+ (panel B)], a GAL::HA-npa1 / NOC1::FPZ strain [labelled Npa1 −, Noc1-FPZ+ (panel 
A)], or a GAL::HA-nop8 / NOC1::FPZ strain [labelled Nop8 −, Noc1-FPZ+ (panel B)] expressing Noc1-FPZ and depleted of either Npa1 or Nop8, 
respectiv ely, f ollo wing gro wth in glucose-containing medium f or 14 h. Total proteins or RNAs w ere e xtracted from input e xtracts [INPUT (total)] or from 

immunoprecipitated samples (IP) and analysed by western blot (top panels) or northern blot (bottom panels), respectively. Noc1-FPZ was detected using 
PAP, Dbp6 and Nop8 with specific antibodies. The indicated snoRNAs were detected by northern blot using antisense oligonucleotide probes. 
Quantifications of northern data are presented in the histograms on the right. Ratios of precipitated snoRNAs versus total snoRNAs present in the input 
extracts (IP / INPUT) were computed from phosphorimager scans of northern membranes. Ratios obtained for the non-depleted strains expressing 
Noc1-FPZ were arbitrarily set at 1. Error bars correspond to standard deviations computed from three independent biological replicates. Statistically 
significant differences determined using one-tailed paired Student’s t -test are indicated by asterisks (*** P < .001; ** P < .01; * P < .1). 
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A B C

E

F

D

Figure 2. (A–C) snR190 snoRNA specifically interacts with the isolated Npa1 complex. ( A, B ) Rsa3-FPZ was subjected to tandem affinity purification 
from extracts of RSA3::FPZ (WT) or rrn3.8 / RSA3::FPZ ( rrn3 ts) cells grown at 37 ◦C for 4 h. RNAs from the initial total clarified extracts [INPUT (total)] or 
from the eluates from the anti-Flag affinity columns (Rsa3-Flag eluate) were analysed by northern blot, using oligonucleotide probes complementary to 
the indicated snoRNAs (panel A) or, solely in the case of samples obtained from rrn3.8 / RSA3::FPZ ( rrn3 ts) cells, by pCp labelling (panel B). ( C ) Tandem 

affinity purification of Rsa3-FPZ was carried out with a WT Rsa3::FPZ strain extract not subjected (total) or subjected to two consecutive rounds of 
ultracentrifugation (ultra). RNAs extracted from the initial clarified extracts (INPUT) and from the eluates from the anti-Flag affinity columns (Rsa3-Flag 
eluate) were analysed by northern blot, using oligonucleotide probes complementary to the indicated snoRNAs. ( D ) Nap1, but not Npa2, is required for 
the interaction between tagged Rsa3 and snR190 snoRNA. Rsa3-FPZ was subjected to tandem affinity purification from extracts of rrn3.8 / RSA3::FPZ 
(control, lanes 1 and 2), rrn3.8 / G AL::HA-npa1 / R SA3::FPZ (Npa1 −, lanes 3 and 4), or rrn3.8 / G AL::HA-npa2 / R SA3::FPZ (Npa2 −, lanes 5 and 6) strains 
grown in glucose-containing medium at 37 ◦C for 8 h. RNAs from the initial total clarified extracts [INPUT ( rrn3 ts)] or from the eluates from the anti-Flag 
affinity columns (Rsa3-Flag eluate) were analysed by northern blot with probes complementary to the indicated snoRNAs. ( E ) Nop8 is required for the 
interaction between tagged Rsa3 and snR190 snoRNA. Tandem affinity purification of Rsa3-FPZ was carried out with soluble extracts, obtained after 
two ultracentrifugation steps, from RSA3::FPZ (Nop8+) or GAL::HA-nop8 / RSA3::FPZ (Nop8 −) cells grown in glucose-containing medium for 14 h. RNAs 
from these extracts (ultra) or from the anti-Flag affinity column eluate (Rsa3-Flag eluate) were analysed by northern blot with probes complementary to 
the indicated snoRNAs. ( F ) Nop8 interacts with snR190 snoRNA in absence of Npa1 complex formation. Tandem affinity purification of FPZ-tagged 
proteins was carried out with soluble extracts, obtained after two ultracentrifugation steps, from DBP6::FPZ , NPA2::FPZ , and NOP8::FPZ cells (all 
labelled ‘Npa1+’) or GAL::HA-npa1 / DBP6::FPZ , GAL::HA-npa1 / NPA2::FPZ , and GAL::HA-npa1 / NOP8::FPZ cells (all labelled ‘Npa1 −’) grown in 
glucose-containing medium for 14 h. RNAs from these extracts (ultra) or from the anti-Flag affinity column eluates (Flag eluate) were analysed by 
northern blot with probes complementary to the indicated snoRNAs. 
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complex when it is not associated with pre-ribosomal par-
ticles. To rule out the possibility that such interaction only
occurs in cells in which RNA Pol I transcription has been
abolished, we repeated the tandem affinity purification of the
Rsa3-FPZ bait protein from an extract of a WT strain that
was subjected to two consecutive ultracentrifugation steps
to pellet pre-ribosomal particles, as previously described [ 10 ]
(see also Supplementary Fig. S6 A). Northern analysis showed
that only snR190 snoRNA was specifically co-purified with
tagged Rsa3 (Fig. 2 C) and the other Npa1 complex members
( Supplementary Fig. S6 B) under these conditions. 

Given the specific association between the snR190 snoRNA
and the isolated Npa1 complex, we assessed whether snR190
snoRNA contributes to the cohesion of the free Npa1 com-
plex. We performed a tandem affinity purification of tagged
Rsa3 from rrn3.8 cells expressing or lacking snR190 snoRNA
and grown at 37 

◦C. The co-purification of Npa1 and Dbp6
with tagged Rsa3 is not diminished by the absence of snR190
snoRNA ( Supplementary Fig. S7 A). Strikingly, as previously
observed [ 16 ], lack of snR190 snoRNA induces a clear drop
in the steady-state level of Nop8 ( Supplementary Fig. S7 A,
compare lanes 1 and 2). Nevertheless, Nop8 is co-purified
with tagged Rsa3 in absence of snR190 snoRNA. These data
suggest that snR190 snoRNA is not required for the associa-
tion between Rsa3 and at least Npa1 and Dbp6 outside pre-
ribosomal particles. 

The co-purification with Rsa3 of the methyltransferase
Nop1, a known component of the snR190 snoRNP [ 48 ], only
in the presence of snR190 snoRNA, but not of Nhp2, a core
component of box H / ACA snoRNPs [ 49 ], strengthens the
conclusion that the snR190 snoRNP associates with the free
Npa1 complex ( Supplementary Fig. S7 B). 

The snR190 snoRNP is tethered to the free Npa1 

complex via Npa1 and Nop8 

CRAC data indicated that Npa1 directly binds to snR190
snoRNA [ 10 ], strongly suggesting that the snR190 snoRNP
is tethered to the Npa1 complex via at least Npa1. We
next assessed the contribution of the other members of the
Npa1 complex to the interaction with snR190 snoRNA. We
first analysed the consequence of Npa2 or Npa1 depletion
on the ability of snR190 snoRNA to interact with Rsa3-
FPZ when de novo ribosome biogenesis is inhibited. For
this analysis, we used rrn3.8 / GAL::HA-npa1 / RSA3::FPZ or
rrn3.8 / GAL::HA-npa2 / RSA3::FPZ strains grown in glucose-
containing medium at 37 

◦C to inactivate RNA Pol I tran-
scription and deplete Npa1 or Npa2, respectively. When
Npa1 was depleted, Npa1 complex formation was inhibited
( Supplementary Fig. S8 A), as also shown previously [ 10 ] and
snR190 snoRNA failed to be co-purified with Rsa3 (Fig. 2 D,
lanes 3 and 4). In absence of Npa2, an Npa1 / Nop8 / Rsa3
sub-complex could form ( Supplementary Fig. S8 A), consistent
with our previous findings [ 10 ] and snR190 snoRNA was ef-
ficiently co-purified with this module (Fig. 2 D, lanes 5 and 6).
Thus, Npa2 is dispensable for snR190 snoRNA interaction
with the Npa1 complex. 

Given the importance of Nop8 for snR190 snoRNA as-
sociation with pre-ribosomal particles (Fig. 1 B), we next as-
sessed the effect of Nop8 depletion on the ability of snR190
snoRNA to interact with the isolated Npa1 complex. Tandem
affinity purification of Rsa3-FPZ from Nop8-depleted cells af-
ter two ultracentrifugation steps to pellet pre-ribosomal parti-
cles showed that snR190 snoRNA does not co-purify with the 
Npa1 / Npa2 / Dbp6 / Rsa3 sub-complex ( Supplementary Fig. 
S8 B and Fig. 2 E). These results indicate that Nop8 is essen- 
tial for the interaction of snR190 snoRNA with the free Npa1 

complex. 
The above data point out that Rsa3 on its own cannot in- 

teract with snR190 snoRNA. To determine whether the other 
Npa1 complex members, Dbp6, Npa2, or Nop8 can interact 
on their own with the free snR190 snoRNP, we depleted Npa1 

to prevent Npa1 complex formation and assessed whether 
snR190 snoRNA could be co-purified with FPZ-tagged Dbp6,
Npa2, or Nop8 from soluble extracts obtained after two ultra- 
centrifugation steps to pellet pre-ribosomes ( Supplementary 
Fig. S8 C). Northern data indicated that when Npa1 is ex- 
pressed, snR190 snoRNA was specifically co-purified with 

tagged Dbp6, Npa2, and Nop8 (Fig. 2 F, lanes 3, 7, and 11),
further strengthening the conclusion that snR190 snoRNA 

is specifically associated with the isolated Npa1 complex. In 

contrast, Npa1 depletion severely reduced the efficiency of 
snR190 snoRNA co-purification with tagged Dbp6 or Npa2 

(Fig. 2 F, lanes 4 and 8). Strikingly however, the interaction be- 
tween tagged Nop8 and snR190 snoRNA was enhanced in 

absence of Npa1 (Fig. 2 F, compare lanes 11 and 12), strongly 
suggesting that Nop8 directly binds to the snR190 snoRNP. 

We conclude from these analyses that the snR190 snoRNP 

is tethered to the free Npa1 complex via Npa1 and Nop8. 

Nop8 RNA recognition motif strengthens snR190 

snoRNA association with pre-ribosomal particles 

Nop8 contains an RNA recognition motif (RRM) at its N- 
terminus [ 50 , 51 ]. We reasoned that Nop8 might connect the 
Npa1 complex to snR190 snoRNA via this RRM. To test this 
hypothesis, we performed immunoprecipitation experiments 
with whole-cell extracts of strains expressing tagged versions 
of Nop8 lacking the RRM (Nop8 �RRM), or WT Nop8 

as control and assessed the extent of snR190 snoRNA co- 
precipitation. Nop8 �RRM accumulated and was precipitated 

to the same extent as full-length Nop8 (Fig. 3 A) and snR190 

snoRNA was co-precipitated with Nop8 �RRM nearly as 
well as with full-length Nop8 (Fig. 3 B). In contrast, the co- 
precipitation efficiency of snR37 with Nop8 �RRM dropped 

three-fold compared with the WT situation, which might re- 
flect a decreased co-precipitation of pre-ribosomal particles.
Indeed, high molecular weight northern data showed that 
deletion of the RRM reduced the co-precipitation efficiency of 
the 35S, 32S, and 27SA2 pre-rRNAs ∼2-fold (Fig. 3 C). These 
data demonstrate that the RRM motif is dispensable for Nop8 

interaction with snR190 snoRNA but likely strengthens its as- 
sociation with the pre-rRNAs. 

Given that Nop8 is crucial for snR190 snoRNA associa- 
tion with pre-ribosomal particles, we next tested whether the 
deletion of its RRM reduces snR190 snoRNA pre-ribosome 
association. We immunoprecipitated pre-ribosomal particles 
via Noc1-FPZ from extracts of GAL::HA-nop8 / NOC1::FPZ 

cells depleted of genome-encoded Nop8 and expressing 
Nop8 �RRM, or, as control, WT Nop8 from plasmids.
Nop8 �RRM displayed reduced co-precipitation with Noc1- 
FPZ (Fig. 4 A), suggesting weakened association with pre- 
ribosomal particles. Co-precipitation of snR190 snoRNA 

with Noc1-FPZ dropped three-fold under conditions of 
Nop8 �RRM expression, providing evidence of weakened 

snR190 snoRNA association with pre-ribosomal parti- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data


snR190 snoRNP / Npa1 complex interactions 9 

A B
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Figure 3. The RRM domain is dispensable for Nop8 interaction with snR190 snoRNA but strengthens Nop8 association with pre-rRNAs. 
Immunoprecipitation experiments were carried out using IgG Sepharose and extracts from the parental W303 WT strain (WT), a strain expressing 
Nop8-HTP [i.e. Nop8 bearing a C-terminal (His)6 t ag , f ollo w ed b y a TEV clea v age site and tw o IgG-binding Z domains of S. aureus protein A] or 
Nop8 �RRM-H TP ( �RRM-H TP). Total proteins or RNAs w ere e xtracted from input e xtracts [INPUT (tot al)] or from immunoprecipit ated samples (IP) and 
analy sed b y w estern blot (A) or northern blot (B, C). ( A ) Nop8-H TP and Nop8 �RRM-H TP were detected using PAP, Npa1 and Dbp6 with specific 
antibodies. ( B ) The indicated snoRNAs were detected with specific antisense oligonucleotide probes. Quantification of northern data is presented in the 
histogram below the northern blot. Ratios of precipitated snoRNAs versus snoRNAs present in the input extracts (IP / INPUT) were computed from 

phosphorimager scans of northern membranes. Ratios obtained for the strain expressing Nop8-HTP were arbitrarily set at 1. Error bars correspond to 
standard deviations computed from two technical replicates. ( C ) The indicated pre-rRNAs were detected using the 23S1 probe. Quantification of 
northern data is presented in the histogram below the northern blot. Ratios of precipitated pre-rRNAs versus input pre-rRNAs (IP / INPUT) were 
computed from phosphorimager scans of northern membranes. Ratios obtained for the strain expressing Nop8-HTP were arbitrarily set at 1. Error bars 
correspond to standard deviations computed from two technical replicates. 

c  

N  

w  

r  

t  

w  

N  

d  

p  

(  

W  

4  

o

 

 

 

 

 

 

 

 

 

 

 

les (Fig. 4 B). Interestingly, the weakened association of
op8 �RRM, and as a consequence of snR190 snoRNA,
ith pre-ribosomal particles was correlated with a pre-

RNA processing phenotype, characterized by a 30% drop of
he 27SB pre-rRNA / 27SA2 pre-rRNA ratio when compared
ith the WT control (Fig. 4 C). A weakened association of
op8 �RRM with pre-ribosomal particles could result in re-
uced accumulation within the nucleolus. To test this, we ex-
ressed from a plasmid Nop8 �RRM tagged with NeonGreen
Nop8 �RRM-NG) in cells depleted of endogenous Nop8, or

T Nop8 bearing the same tag (Nop8-NG) as control (Fig.
 D). Indeed, Nop8 �RRM was less concentrated in the nucle-
lus, labelled with Nop1-mCherry, than WT Nop8. 
The internal stem-loop structure of snR190 snoRNA
plays a key role in its interaction with the isolated 

Npa1 complex 

We next investigated which sequences of snR190 snoRNA are
necessary for its specific interaction with the isolated Npa1
complex. According to our previous Npa1 CRAC dataset
[ 10 ], Npa1 cross-linking sites are positioned within an inter-
nal stem-loop extension and within box B, which is comple-
mentary to 25S rRNA domain I (Fig. 5 A). We therefore anal-
ysed the contribution of these regions of snR190 snoRNA
to its interaction with the isolated Npa1 complex. We gen-
erated plasmids expressing snR190 mutants featuring nu-
cleotide substitutions at the Npa1 cross-linking sites within
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Figure 4. Effects of Nop8 RRM deletion on snR190 snoRNA association with pre-ribosomal particles and on pre-rRNA processing. (A, B) 
Immunoprecipitation experiments were carried out using IgG Sepharose and extracts from GAL::HA-nop8 / NOC1::FPZ cells grown in glucose-containing 
medium for 14 h to deplete genome-encoded Nop8 and transformed with plasmids expressing WT Nop8 or Nop8 �RRM, or an empty parental vector 
(E.V.). Total proteins or RNAs were extracted from input extracts [INPUT (total)] or from immunoprecipitated samples (Noc1-FPZ IP) and analysed by 
western blot (panel A) or northern blot (panel B). ( A ) Noc1-FPZ was detected using PAP, Npa1 and Nop8 with specific antibodies. The star highlights an 
unknown polypeptide detected by the anti-Nop8 serum. ( B ) snR37 and snR190 snoRNAs were detected with specific antisense oligonucleotide probes. 
Quantification of northern data is presented in the histogram on the right. Ratios of precipitated snoRNAs versus snoRNAs present in the input extracts 
(IP / INPUT) were computed from phosphorimager scans of northern membranes. Ratios obtained for the NOP8-expressing strain were arbitrarily set at 
1. Error bars correspond to standard deviations computed from two technical replicates. ( C ) Total RNAs were extracted from the parental W303 WT 
strain, a strain expressing Nop8-HTP or Nop8 �RRM-HTP and analysed by northern blot. The indicated pre-rRNAs were detected using the rRNA2.1 
probe. Quantification of northern data is presented in the histogram on the right. L e v els of 27SA2 and 27SB pre-rRNAs were obtained from 

phosphorimager scans of northern membranes. Shown are the ratios of 27SB / 27SA2 pre-rRNA levels. Error bars correspond to standard deviations 
computed from three independent biological replicates. ( D ) Nop8 lacking the RRM domain exhibits decreased nucleolar localization. Strains expressing 
Nop1-mCherry and Nop8 or Nop8 �RRM fused to NeonGreen (Nop8-NG or Nop8 �RRM-NG, respectively) were grown exponentially and cells were 
analy sed b y fluorescence microscop y. Merge: o v erla y of signals. Scale bar: 5 μm. Right panel: bo x plot quantification (L og 2 ) of the NeonGreen signal 
present in the nucleolus or the mCherry signal of cells expressing Nop8-NG and Nop1-mCherry ( n = 56) or Nop8 �RRM and Nop1-mCherry ( n = 62); 
n : number of cells pooled from three biologically independent replicates. B o x limits: 25–75th percentiles; line: median; whiskers extend to 1.5 times the 
interquartile range on both ends. P -values were calculated with unpaired t wo-t ailed Welch’s t -test (**** P < .0 0 01; ns: not significant). 



snR190 snoRNP / Npa1 complex interactions 11 

A

B

C

Figure 5. The internal stem-loop of snR190 is crucial for the interaction of snR190 snoRNA with the isolated Npa1 complex. ( A ) Secondary str uct ure 
prediction of snR190 snoRNA with the positions of Npa1 cross-linking sites identified by CRAC. The sequence of the mutated box B of the 
snR190-[mut.B] mutant is indicated. The segments of the internal stem-loop removed in the various truncation mutants are indicated by brackets. ( B ) 
T he rrn3.8 / R SA3::FPZ / snr190-[mut.C] strains transf ormed with plasmids e xpressing WT snR1 90 snoRNA (WT), the indicated snR1 90 mutants or the 
empty vector ( �snR190) were grown for 4 h at 37 ◦C to inactivate RNA Pol I transcription. Immunoprecipitation experiments were carried out with IgG 

Sepharose to precipitate Rsa3-FPZ. RNAs extracted from the total cellular extracts [INPUT ( rrn3 ts)] or immunoprecipitated samples (Rsa3-FPZ IP) were 
analy sed b y northern blot using probes detecting snR37, snR42, or snR190 snoRNAs. Quantification of the northern data is presented in the histogram 

on the right. Ratios of immunoprecipitated snR190 versus immunoprecipitated snR37 (IP snR190 / IP snR37) were obtained from phosphorimager scans 
of northern membranes. The resulting ratios were normalized to the ratio obtained with WT snR190 snoRNA, arbitrarily set at 1. Error bars correspond to 
standard deviations, computed from three independent biological replicates. Statistically significant differences determined using one-tailed paired 
Student’s t -test are indicated by asterisks (** P < .01; * P < .1; ns: not significant). ( C ) Extracts from the NOP8::FPZ / snr190-[mut.C] strains transformed 
with plasmids expressing WT snR190 snoRNA (WT), the indicated snR190 mutants or the empty vector ( �snR190) were subjected to two consecutive 
ultracentrifugation steps. Nop8-FPZ was precipitated from these extracts with IgG Sepharose. Total proteins or RNAs were extracted from input extracts 
[INPUT (ultra)] or from immunoprecipitated samples (Nop8-FPZ IP) and analysed by western blot (top panel) or northern blot (bottom panel), respectively. 
Nop8-FPZ was detected using PAP, Npa1 and Dbp6 with specific antibodies. The snR37 and snR190 snoRNAs were detected by northern blot using 
antisense oligonucleotide probes. Quantification of the northern data is presented in the histogram on the right. Ratios of immunoprecipitated snR190 
versus immunoprecipitated snR37 (IP snR190 / IP snR37) were obtained from phosphorimager scans of northern membranes. The resulting ratios were 
normalized to the ratio obtained with WT snR190, arbitrarily set at 1. 
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box B (snR190-[mut.B]), progressive truncations of the inter-
nal stem-loop (snR190-[short �stem], snR190-[intermediate
�stem], and snR190-[large �stem]), or featuring the box
B mutations and lacking the internal stem-loop (snR190-
[mut.B-large �stem]). The snR190-[short �stem] mutant re-
tains all Npa1 cross-linking sites, while one cross-linking re-
gion is absent in snR190-[intermediate �stem] and two in
snR190-[large �stem]. We also included in our analysis a mu-
tant of snR190 snoRNA featuring mutations within boxes A
and B (snR190-[mut.AB]) that abolish their complementarity
to 25S rRNA domains I and V [ 16 ]. These snR190 mutations
do not reduce snR190 steady-state levels ( Supplementary Fig.
S9 ). We then assessed the ability of snR190 snoRNA mutants
to interact with the isolated Npa1 complex. To do so, plasmids
expressing WT snR190 snoRNA or the above-described mu-
tants were transformed into the rrn3.8 / RSA3::FPZ / snr190-
[mut.C] strain (which does not express snR190 snoRNA
due to mutation of conserved box C, [ 16 ]). Rsa3-FPZ
was precipitated from extracts of the transformed strains
grown at 37 

◦C to inactivate de novo ribosome biogen-
esis. Strikingly, the co-precipitation efficiency of snR190
snoRNA mutants lacking the internal stem-loop (snR190-
[large �stem] and snR190-[mut.B-large �stem]) was reduced
10-fold relative to the WT situation (Fig. 5 B, lanes 4 and
8). The co-precipitation efficiency of snR190-[intermediate
�stem] was also reduced, but to a far lesser extent. We
conclude that the isolated Npa1 complex interacts with
snR190 snoRNA to a large extent via its internal stem-loop
structure. 

As Nop8 can interact directly with the snR190 snoRNP
in the absence of Npa1 complex formation, we asked
whether the internal stem-loop of snR190 snoRNA is
also important for the interaction with Nop8. We trans-
formed a NOP8::FPZ / snr190-[mut.C] strain with the plas-
mids expressing WT snR190, snR190-[mut.AB], snR190-
[large �stem], or the empty parental vector. Nop8-FPZ was
then precipitated from extracts subjected to two consecu-
tive ultracentrifugation steps to pellet pre-ribosomal parti-
cles. Northern analysis indicated that the co-precipitation ef-
ficiency of snR190-[large �stem] was reduced three-fold rel-
ative to WT snR190 snoRNA (Fig. 5 C). Mutations of the
A and B boxes led to an increase in snR190 snoRNA co-
precipitation, which is likely due to reduced association with
pre-ribosomal particles (Fig. 6 ). We conclude that the Nop8–
snR190 snoRNA interaction involves major contacts with the
internal stem-loop but other features of the snoRNP might
also contribute to the interaction. 

The internal stem-loop of snR190 snoRNA is not 
essential for snR190 association with pre-ribosomal
particles 

We next investigated the contribution of snR190 snoRNA se-
quence elements to the stable integration of snR190 within
pre-ribosomal particles. We transformed the plasmids express-
ing WT snR190 snoRNA and the above-described snR190
mutants into an snr190-[mut.C] strain expressing TAP-tagged
Nop7, to allow precipitation of 90S and pre-60S particles.
These particles were precipitated with Nop7-TAP with the
same efficiency in all cases, as assessed by the western analysis
of precipitated Nop7-TAP (Fig. 6 A) and the northern analy-
sis of precipitated pre-rRNAs ( Supplementary Fig. S10 ). Mu-

tations of both A and B boxes of snR190 snoRNA led to a 
20% decrease in snR190 co-precipitation efficiency (Fig. 6 B).
In contrast, the large internal stem-loop deletion or the combi- 
nation of the large stem-loop deletion and the box B mutations 
did not affect snR190 snoRNA co-precipitation efficiency 
(Fig. 6 B). These results suggest that the ability of snR190 

snoRNA to base pair with the pre-rRNA via either box A 

or B contributes to its stable integration within 90S / pre-60S 
pre-ribosomal particles but that its internal stem-loop struc- 
ture has no influence. We also evaluated by western analy- 
sis the co-precipitation of Npa1, Dbp6, and Nop8 in cells ex- 
pressing snR190-[mut.AB] or snR190-[large �stem], as well 
as cells expressing WT snR190 snoRNA or lacking snR190 

as controls (Fig. 6 A). Lack of snR190 snoRNA internal stem- 
loop structure did not reduce the co-precipitation efficiency 
of Npa1, Dbp6, and Nop8. Altogether, these results suggest 
that the internal stem-loop structure of snR190 snoRNA is 
required neither for the integration nor for the retention of 
snR190 snoRNP and the Npa1 complex within pre-ribosomal 
particles. 

A strong interaction between the Npa1 complex 

and snR190 snoRNA is important for efficient 
pre-60S particle maturation 

Removal of the internal stem-loop structure of snR190 

snoRNA does not affect the association of snR190 snoRNA 

or Npa1 complex members with pre-ribosomal particles. Yet 
it strongly weakens the association between Npa1 complex 

members and snR190 snoRNA. This decreased association 

may impact pre-60S particle maturation. To test this hypoth- 
esis, we analysed by northern the effects of snR190 snoRNA 

mutations on pre-rRNA processing (Fig. 7 ). We observed, as 
previously reported [ 16 ], that the absence of snR190 snoRNA 

or the simultaneous mutation of both A and B boxes com- 
plementary to the pre-rRNA led to an increase in the levels 
of 27SA2 pre-rRNA and a decrease in 27SB pre-rRNA levels 
(Fig. 7 , lanes 1, 2, and 3; see also Supplementary Fig. S1 for a 
scheme of pre-rRNA processing in S. cerevisiae ). As a result,
the 27SB / 27SA2 ratio was halved when compared with the 
WT situation (Fig. 7 ). The deletion of snR190 snoRNA inter- 
nal stem-loop also led to a similar, albeit less pronounced, pre- 
rRNA processing phenotype (Fig. 7 , lanes 4 and 8), resulting in 

a 27SB / 27SA2 ratio diminished by about 30% compared with 

the WT control. In contrast, the box B mutations or the short 
and intermediate deletions within the internal stem-loop had 

no significant impact on pre-rRNA processing (Fig. 7 , lanes 
5, 6, and 7). We also analysed the effects of these snR190 

snoRNA mutations in cells lacking both snR190 and snR37,
the two major snoRNA components of early pre-60S particles 
[ 5 ], to determine whether the lack of snR37 would exacer- 
bate the effects of snR190 mutations. In fact, the pre-rRNA 

processing defects elicited by the snR190 snoRNA muta- 
tions were essentially identical in the snr190-[mut.C] and the 
Δsnr37 / snr190-[mut.C] backgrounds ( Supplementary Fig. 
S11 ). We note that the deletion of snR190 snoRNA internal 
stem-loop strongly weakens the direct interaction between the 
snR190 snoRNP and the Npa1 complex, while the box B mu- 
tations, or the short and intermediate internal stem deletions 
have no, or only a moderate effect on this interaction (Fig.
5 ). Our data therefore suggest that a direct, high-affinity in- 
teraction between snR190 snoRNP and the Npa1 complex 

within early pre-60S particles is required for their efficient 

maturation. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf134#supplementary-data
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A

B

Figure 6. The internal stem-loop is not essential for snR190 snoRNA incorporation or retention within pre-60S particles. Immunoprecipitation 
e xperiments w ere carried out with IgG Sepharose and e xtracts from NOP7::TAP / snr190-[mut.C] strains transf ormed with plasmids e xpressing WT 
snR190 snoRNA (WT), the indicated snR190 mutants or the empty parental vector ( �snR190) . Total proteins or RNAs were extracted from input extracts 
[INPUT (total)] or from immunoprecipitated samples (Nop7-TAP IP) and analysed by western blot (panel A) or northern blot (panel B), respectively. ( A ) 
Nop7-TAP was detected using PAP. For a subset of samples, Npa1, Dbp6, and Nop8 were also detected with specific antibodies. The star indicates an 
unknown polypeptide detected by the anti-Nop8 antibodies. ( B ) The snR37 and snR190 snoRNAs were detected by northern blot using antisense 
oligonucleotide probes. Quantification of the northern data is presented in the histogram on the right. Ratios of immunoprecipitated snR190 versus 
immunoprecipitated snR37 (IP snR190 / IP snR37) were obtained from phosphorimager scans of northern membranes. The resulting ratios were 
normalized to the ratio obtained with WT snR190 snoRNA, arbitrarily set at 1. Error bars correspond to standard deviations, computed from three 
independent biological replicates. Statistically significant differences determined using one-tailed paired Student’s t -test are indicated by asterisks (** P 
< .01; * P < .1; ns: not significant). 
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iscussion 

e report in this study the existence of an independent macro-
olecular assembly constituted by the Npa1 complex and

he chaperone snoRNP snR190, two components of the first
re-60S particles that may help promote the folding and / or
lustering of the 5 

′ and 3 

′ domains of 25S rRNA, and we
nvestigated the nature of their interactions. We previously
 

showed that lack of snR190 snoRNA weakens the associa-
tion of Npa1 complex members with pre-ribosomal particles
[ 16 ]. Here, we show that conversely, depletion of Npa1 or
Nop8 severely weakens the association of snR190 snoRNA
with pre-ribosomal particles. The effect seems more drastic
and specific to snR190 in the case of Nop8 depletion. This
finding may reflect a direct interaction between Nop8 and
the snR190 snoRNP that may help recruit this snoRNP into
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Figure 7. snR190 snoRNA internal stem-loop is important for normal 
pre-rRNA processing. Total RNAs were extracted from snr190-[mut.C] 
strains transformed with plasmids expressing WT snR190 snoRNA (WT), 
the indicated snR190 mutants, or the empty parental vector ( �snR190) 
and analysed by northern blot. The indicated pre-rRNAs were detected 
with the rRNA2.1 probe. Quantification of the northern data is presented 
in the histogram below the northern. Levels of 27SA2 and 27SB 

pre-rRNAs were obtained from phosphorimager scans of northern 
membranes. Shown are the ratios of 27SB / 27SA2 pre-rRNA levels. Error 
bars correspond to standard deviations computed from three 
independent biological replicates. Statistically significant differences 
determined using one-tailed paired Student’s t -test are indicated by 
asterisks (** P < .01; * P < .1; ns: not significant). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and / or tether it within pre-ribosomal particles. In contrast,
Dbp6 depletion has little effect on snR190 snoRNA associ-
ation with pre-ribosomal particles, although we cannot rule
out the establishment of improper snR190 / pre-rRNA interac-
tions when the catalytic activity of the Npa1 complex is miss-
ing. CRAC data previously indicated that Npa1 directly binds
snR190 snoRNA and that this snoRNA constitutes a major
partner of Npa1 [ 10 ]. We now demonstrate that all members
of the Npa1 complex interact with the snR190 snoRNA out-
side pre-ribosomal particles, that at least Nop1, a core protein
of C / D box snoRNPs is present, therefore that a module con-
stituted by the snR190 snoRNP bound to the Npa1 complex
can be detected. Northern data and above all pCp labelling
experiments strongly suggest that it is the only snoRNP that 
the Npa1 complex can interact with outside pre-ribosomal 
particles. To our knowledge, this is the first description of 
an independent macromolecular assembly involved in large- 
ribosomal-subunit synthesis constituted by a snoRNP chap- 
erone bound to a defined protein complex. A similar macro- 
molecular assembly involved in small subunit synthesis was 
already described for the snR30 snoRNP, which associates 
with AFs Kri1, Krr1, and Utp23 and RPs uS11 and uS15 

[ 52 , 53 ]. Utp23 and snR30 snoRNP together chaperone 18S 
rRNA folding and delivery of RPs uS11 and uS15 [ 53 ]. An- 
other somewhat similar macromolecular assembly, containing 
the U3 snoRNP chaperone, nucleolin, Rrp5, and Dbp4, in- 
volved in small-ribosomal subunit synthesis in humans had 

also been previously described [ 54 ]. This assembly, whose full 
composition was not established, could only be detected when 

pre-rRNA transcription was blocked or when tUTP proteins 
were depleted. 

Npa1 complex members are not required for normal ac- 
cumulation of snR190 snoRNA, which is most probably sta- 
bilized by the canonical box C / D snoRNP proteins, consis- 
tent with the finding that box C mutations abolish snR190 

snoRNA accumulation [ 16 ]. Moreover, it has been established 

that Nop58 and the methyltransferase Nop1, two core pro- 
teins of canonical box C / D snoRNPs, are components of the 
snR190 snoRNP [ 48 , 55 ]. In accordance with these findings,
we observed that Nop1 is co-purified with Rsa3 in the pres- 
ence, but not in the absence of snR190 snoRNA. Conversely,
lack of snR190 snoRNA does not weaken the association be- 
tween Rsa3 and Npa1 complex members Npa1 and Dbp6.
The absence of snR190 snoRNA does not prevent the associa- 
tion between Nop8 and Rsa3 either, but strikingly, while Nop8 

depletion has no effect on snR190 snoRNA levels (see e.g. Fig.
1 B), lack of snR190 snoRNA reduces Nop8 steady-state ac- 
cumulation ([ 16 ], Figs 5 C and 6 A). This finding strengthens 
the hypothesis of a direct interaction between Nop8 and the 
snR190 snoRNP. One possible explanation is that binding of 
the snR190 snoRNP promotes / stabilizes Nop8 folding. 

It remains unclear at present whether the snR190 

snoRNP / Npa1 complex interaction is established prior to 

a common integration within pre-ribosomal particles or 
whether snR190 snoRNP and the Npa1 complex are released 

together from pre-ribosomal particles. Moreover, it is also 

possible that the snR190 snoRNP and the Npa1 complex may 
not associate prior to their integration into pre-ribosomal par- 
ticles but are extracted together from these particles during the 
ultracentrifugation steps. However, the fact that the snR190 

snoRNP / Npa1 complex module is also detected without ul- 
tracentrifugation of the extracts under conditions of RNA Pol 
I inhibition suggests that it exists in a free form in the cell.
The interaction between the snR190 snoRNP and the Npa1 

complex requires Npa1 and Nop8, but not Npa2. The re- 
quirement for Npa1 can be explained by the fact that this 
protein is essential for Npa1 complex formation and that it 
directly binds to snR190 snoRNA according to CRAC data 
[ 10 ]. Nop8 interacts directly with the free snR190 snoRNP in 

absence of Npa1 complex formation. It remains to be deter- 
mined whether Nop8 solely binds to the snR190 snoRNA or 
whether it also interacts with snoRNP proteins. Interestingly 
in that respect, an interaction between Nop8 and Nop1, the 
methyltransferase component of box C / D snoRNPs, has been 

detected by a high-throughput cross-linking analysis [ 56 ]. We 
initially hypothesized that Nop8 RRM could help tether the 
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None declared. 
pa1 complex to snR190 by a direct interaction with this
noRNA. However, our data demonstrate that the RRM is dis-
ensable for Nop8 interaction with the free snR190 snoRNP.
t contributes instead to the anchoring of Nop8 within pre-
ibosomal particles, most probably via direct interaction(s)
ith the pre-rRNA. 
The free snR190 snoRNP interacts with the Npa1 com-

lex via, at least, Npa1 and Nop8. According to CRAC data,
pa1 establishes direct contacts with snR190 box B and with

n internal stem-loop structure specific to snR190. Consistent
ith these binding sites, we found that removal of the en-

ire stem-loop structure, and hence of two of the three Npa1
ross-linking regions, severely weakens the interaction out-
ide pre-ribosomal particles between snR190 snoRNA and
he Npa1 complex purified via Rsa3. When we used Nop8
s bait, we also detected a reduced interaction with snR190
noRNA, which was, however, far less diminished than when
he purification was performed with Rsa3. We suppose that
op8 can still interact to a significant extent with the snR190

noRNP lacking the internal stem-loop structure, maybe via
op1 [ 56 ]. Nevertheless, our data clearly show that snR190

noRNA internal stem-loop is a very important contributor
o the interaction between the Npa1 complex and the snR190
noRNP, at least outside pre-ribosomal particles. This stem-
oop structure has been conserved in snR190 snoRNA homo-
ogues throughout Ascomycota, presumably due to its contri-
ution to Npa1 complex binding [ 48 ]. The fact that removal
f this structure does not affect the accumulation of snR190
noRNA is consistent with the notion that Npa1 binding is
ot necessary for snR190 stability. We were somewhat sur-
rised, however, that removal of the internal stem-loop struc-
ure of snR190 snoRNA has no effect on snR190 association
ith pre-ribosomal particles, as assessed by immunoprecipi-

ation experiments with tagged Nop7 as bait. This undimin-
shed co-precipitation with Nop7 of snR190 snoRNA lacking
he internal stem-loop indicates that this structure is required
either for the integration, nor for the retention of snR190
noRNA within pre-ribosomal particles. The association of
runcated snR190 snoRNA with the pre-ribosomal particles
ay rely in part on the residual interaction with Nop8 and
n base-pairing interactions with the pre-rRNA via box A.
ndeed, the 20% reduction in co-precipitation efficiency with
agged Nop7 of snR190 snoRNA featuring mutations within
oxes A and B suggests that snoRNA / pre-rRNA base-pairing
nteractions contribute to the stability of snR190 snoRNA
ssociation with pre-ribosomal particles. Our data also lead
s to conclude that the removal of the internal stem-loop of
nR190 snoRNA does not affect the integration or retention
ithin pre-ribosomal particles of Npa1, Nop8, and Dbp6. 
Hence, both snR190 snoRNA lacking the internal stem-

oop structure and the Npa1 complex are present within pre-
0S particles. Nevertheless, removal of this internal structure
eads to a slightly aberrant pre-rRNA processing phenotype,
haracterized by reduced 27SB pre-rRNA levels relative to
7SA2 pre-rRNA levels. It is reminiscent of the defect induced
y lack of snR190 snoRNA [ 16 ], although it is milder. This
rocessing phenotype may indicate impaired maturation of
7SA2-containing pre-60S particles and / or reduced stability
f 27SB-containing pre-60S particles. As the internal stem-
oop structure of snR190 snoRNA is required for high-affinity
inding between the Npa1 complex and the snR190 snoRNP
utside pre-ribosomal particles, it is tempting to propose that
its deletion will also reduce the strength of the interactions
between the Npa1 complex and the snR190 snoRNP within
pre-60S particles and cause the pre-rRNA processing defect
described above. A direct and strong interaction between the
Npa1 complex and the snR190 snoRNP, mediated by its inter-
nal stem-loop structure, within the 27SA2-containing pre-60S
particles may be required for the snR190 snoRNP and / or the
Npa1 complex to correctly exert their role in pre-rRNA fold-
ing. This snR190 snoRNP / Npa1 complex interaction may
correctly position the entire module relative to the pre-rRNA
and / or the proteins present in their vicinity within the parti-
cles. For example, in 25S rRNA domain I, the Npa1-binding
site and the sequence complementary to snR190 snoRNA box
B lie adjacent to the binding sites of Prp43, Rpl3, and Rrp5
[ 37 , 38 ]. Available data suggest direct interactions between
Prp43 and Npa1 and between Prp43 and Rrp5 [ 38 , 57 ] and
indicate that Rpl3 is placed in the vicinity of Npa1 complex
members Npa1, Nop8, Dbp6, and Rsa3 [ 14 ]. In 25S rRNA
domain V, Dbp6-, Npa1-, and Dbp7-binding sites and the se-
quence complementary to snR190 snoRNA box A lie adjacent
to each other in or close to the peptidyl transferase centre [ 10 ,
15 , 30 ]. Importantly, the structural proximities are also cor-
roborated by genetic interactions. Synthetic enhanced or syn-
thetic lethal interactions have been obtained when combin-
ing inactivation / mutation of genes encoding Npa1 complex
members and genes encoding Rpl3, Dbp7, Dbp9, and Rbp95
[ 11 , 14 , 42 ]. Thus, incorrect interactions between the Npa1
complex and the snR190 snoRNP may have negative struc-
tural and functional impacts on the pre-60S particle neigh-
bourhoods just described. 
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