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ABSTRACT

RNA helicases play important roles in diverse as-
pects of RNA metabolism through their functions
in remodelling ribonucleoprotein complexes (RNPs),
such as pre-ribosomes. Here, we show that the DEAD
box helicase Dbp3 is required for efficient processing
of the U18 and U24 intron-encoded snoRNAs and 2′-
O-methylation of various sites within the 25S riboso-
mal RNA (rRNA) sequence. Furthermore, numerous
box C/D snoRNPs accumulate on pre-ribosomes in
the absence of Dbp3. Many snoRNAs guiding Dbp3-
dependent rRNA modifications have overlapping
pre-rRNA basepairing sites and therefore form mutu-
ally exclusive interactions with pre-ribosomes. Anal-
ysis of the distribution of these snoRNAs between
pre-ribosome-associated and ‘free’ pools demon-
strated that many are almost exclusively associated
with pre-ribosomal complexes. Our data suggest that
retention of such snoRNPs on pre-ribosomes when
Dbp3 is lacking may impede rRNA 2′-O-methylation
by reducing the recycling efficiency of snoRNPs and
by inhibiting snoRNP access to proximal target sites.
The observation of substoichiometric rRNA modifi-
cation at adjacent sites suggests that the snoRNPs
guiding such modifications likely interact stochas-
tically rather than hierarchically with their pre-rRNA
target sites. Together, our data provide new insights
into the dynamics of snoRNPs on pre-ribosomal

complexes and the remodelling events occurring
during the early stages of ribosome assembly.

INTRODUCTION

Production of eukaryotic ribosomes, which involves the as-
sembly of four ribosomal RNAs (rRNAs) and 79 (Saccha-
romyces cerevisiae; yeast)/80 (human) ribosomal proteins, is
one of the most energy-consuming cellular processes (1–3).
In yeast, the best characterised model system for analysing
ribosome assembly, this process requires the co-ordinated
action of over 200 assembly factors that transiently asso-
ciate with pre-ribosomal particles to facilitate correct as-
sembly of the ribosomal subunits (4,5).

A nascent pre-rRNA transcript (35S in yeast) containing
three of the four rRNAs (18S, 5.8S and 25S) separated by
internal transcribed spacers (ITS1 and ITS2) and flanked by
external transcribed spacers (5′ ETS and 3′ ETS) is synthe-
sised by RNA polymerase I (Pol I) in the nucleolus (6). The
pre-rRNA transcripts undergo various site-specific cleav-
ages to release the mature rRNAs, several of which occur al-
ready co-transcriptionally, and an array of rRNA modifica-
tions are introduced (7,8). The vast majority of rRNA mod-
ifications are 2′-O-methylations (Nm) and pseudouridyla-
tions (�), which are largely introduced by small nucleo-
lar RNPs (snoRNPs) composed of a small nucleolar RNA
(snoRNA) and associated proteins (9,10). SnoRNAs base-
pair with pre-rRNA sequences to direct the modification of
specific target rRNA nucleotides by their associated methyl-
transferase (Nop1 (fibrillarin in humans)) or pseudouridine
synthetase [Cbf5 (Dyskerin in humans)] (9,11). Their exten-
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sive pre-rRNA interactions mean that snoRNPs likely also
make important contributions to the early stages of ribo-
some assembly by regulating the order and dynamics of pre-
rRNA folding, although how this takes place is currently
poorly understood. Together with the various base methyla-
tions introduced by stand-alone modification enzymes, Nm
and � cluster in functionally important regions of the ribo-
some, such as the peptidyl transferase centre, decoding site
and intersubunit interface (12–14). Globally, rRNA modifi-
cations are suggested to contribute to the stability and con-
formational flexibility of ribosome structure and thereby
influence translation efficiency and fidelity. The recent dis-
covery of substoichiometric rRNA modifications in vari-
ous species (8,15–17) has revealed rRNA modifications as a
source of ribosome heterogeneity and highlighted their po-
tential roles in the translational control of gene expression
(10).

During pre-rRNA maturation, various ribosomal pro-
teins and biogenesis factors are recruited to the nascent pre-
rRNA transcript giving rise to the small subunit (SSU) pro-
cessome and early 90S pre-ribosomal particles (18). Struc-
tural rearrangements and pre-rRNA cleavages separate the
pre-40S (SSU) and pre-60S (large subunit, LSU) particles,
which follow independent assembly pathways in the nucle-
olus and nucleoplasm (4). Maturation of both the pre-40S
and pre-60S particles requires the dynamic association and
dissociation of numerous assembly factors. Pre-40S parti-
cles containing the 20S pre-rRNA are rapidly exported to
the cytoplasm where final maturation and quality control
steps take place. In contrast, nucleolar and nucleoplasmic
maturation of pre-60S complexes involves numerous inter-
mediate steps before the particles achieve export compe-
tence and can translocate to the cytoplasm (19,20).

During their maturation, pre-ribosomal complexes un-
dergo extensive remodelling, involving the establishment of
rRNA folds present in mature ribosomes, a process which
is often closely coupled with the recruitment and release of
ribosomal proteins, assembly factors and snoRNPs. These
structural rearrangements can serve as important check-
points during the assembly pathway and energy-driven en-
zymes, such as AAA-ATPases, GTPases, kinases and ATP-
dependent RNA helicases, have emerged as key regula-
tors of these transitions (21–23). RNA helicases are char-
acterised by the presence of two RecA-like domains con-
taining conserved sequence motifs involved in RNA bind-
ing, ATP binding and hydrolysis, and the coupling of these
to achieve unwinding (24). Of the >20 RNA helicases im-
plicated in ribosome biogenesis in yeast (23), the majority
function during the early stages of ribosome assembly, likely
due to the more open conformation of pre-ribosomal parti-
cles at this stage, which allows greater access to their target
sites for remodelling. While examples of helicases that are
necessary for the association or dissociation of specific ri-
bosomal proteins and assembly factors have been described
(25–27), several RNA helicases have been implicated in
modulating the dynamics of particular snoRNPs on pre-
ribosomes. For example, a specific subset of snoRNAs ac-
cumulate on early pre-LSU particles when Prp43 is lack-
ing and the helicase is suggested to remodel such particles
to facilitate the access of other snoRNPs (28,29). Similarly,
Dhr1, Has1, and Rok1 have all been linked to release of in-

dividual snoRNAs (U3, U14 and snR30 respectively) from
pre-SSU complexes (28,30–33). Nevertheless, the functions
of other RNA helicases that act on pre-ribosomal com-
plexes have remained largely unexplored.

Although Dbp3 has been implicated in pre-60S biogene-
sis, little is known about its role(s) in ribosomal subunit as-
sembly. Here we show that the catalytic activity of the RNA
helicase Dbp3 is required for efficient conversion of the
27SA pre-rRNA to 27SB. This pre-rRNA processing defect
is rescued by reduced expression of the box C/D snoRNP
component Nop56, implying that the function of Dbp3 in
pre-LSU maturation is linked to snoRNPs. Consistent with
this, using northern blotting, RiboMeth-seq (RMS) and re-
verse transcription, quantitative PCR (RT-qPCR) analysis
of snoRNA levels on pre-ribosomes, we observe defects in
snoRNA maturation, rRNA 2′-O-methylation and the pre-
ribosomal accumulation of a subset of box C/D snoRNPs
in cells lacking Dbp3. We propose that Dbp3 is indirectly in-
volved in promoting release of specific snoRNPs from pre-
ribosomes, which is necessary for efficient snoRNP recy-
cling and snoRNP access to proximal sites to enable stoi-
chiometric rRNA modification. Our data implicate another
RNA helicase, Prp43, in directly resolving the pre-rRNA
basepairing of several snoRNAs guiding Dbp3-dependent
rRNA 2′-O-methylations.

MATERIALS AND METHODS

Molecular cloning

The coding sequence of Dbp3, amplified from yeast ge-
nomic DNA (Supplementary Table S1), was cloned into a
pQE-80-based vector for the expression of proteins with an
N-terminal His10-ZZ tag in Escherichia coli. To express mu-
tant versions of Dbp3 from the same vector, site-directed
mutagenesis using oligonucleotides listed in Supplementary
Table S1 was performed to convert glutamate 263 to glu-
tamine in the expressed protein (Dbp3E263Q) or to delete
amino acids 22–48 (Dbp3�22–48). For exogenous expression
of Dbp3 in yeast, the coding sequence of Dbp3 and 500
basepairs upstream and downstream of it were cloned into
pRS415 (Supplementary Tables S1 and S2). The Dbp3E263Q
mutant was also created in this vector using site-directed
mutagenesis. Overexpression of snR67 was achieved by
cloning the sequence encoding the snoRNA and flanking
regions into a dedicated snoRNA expression construct for
expression of the snoRNA from within the intron of the
actin gene under the control of a pGAL1 promoter (Sup-
plementary Tables S1 and S2) (34).

Expression of recombinant proteins in E. coli and purification

Expression of His10-ZZ-Dbp3 or His10-ZZ-Dbp3E263Q was
induced in BL21 codon plus cells by addition of 1 mM
isopropyl �-D-1-thiogalactopyranoside (IPTG) for 16 h at
18◦C. Cells were pelleted and resuspended in Lysis buffer
(50 mM Tris–HCl pH 7.0, 500 mM NaCl, 1 mM MgCl2,
10% glycerol, 10 mM imidazole and 1 mM phenylmethyl-
sulfonyl fluoride (PMSF)). After disruption by sonication,
the cell lysate was cleared by centrifugation at 20 000 × g for
30 min at 4◦C. Polyethylamine (PEI) was added to the solu-
ble fraction to a concentration of 0.05% and the lysate was
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incubated at 4◦C for 15 min before centrifuging at 33 000 ×
g for 30 min at 4◦C. The cleared lysate was incubated with
cOmplete His-tag purification resin (Roche) for 2 h at 4◦C.
After thorough washing steps with a buffer composed of 50
mM Tris–HCl pH 7.0, 500 mM NaCl, 1 mM MgCl2, 10%
glycerol and 30 mM imidazole, bound proteins were eluted
with a buffer containing 50 mM Tris–HCl pH 7.0, 500 mM
NaCl, 1 mM MgCl2, 10% glycerol and 300 mM imidazole.
The eluate was dialysed against a buffer containing 50 mM
Tris–HCl pH 7.0, 120 mM NaCl, 2 mM MgCl2 and 20%
glycerol.

In vitro ATPase assays

NADH-coupled assays were used to monitor the hydrolysis
of ATP (35,36). Reactions containing 45 mM Tris–HCl pH
7.4, 25 mM NaCl, 2 mM MgCl2, 1 mM phosphoenolpyru-
vate, 300 �M NADH, 20 U/ml pyruvate kinase/lactic de-
hydrogenase and 4 mM ATP were supplemented with 250
nM recombinant His10-ZZ-tagged Dbp3/Dbp3E263Q and
0–1 �M RNA (5′-GUAAUGAAAGUGAACGUAAAA
CAAAACAAAAC-3′). The absorbance at 340 nm was
monitored using a BioTEK Synergy plate reader and the
rate of ATP hydrolysis was calculated using the following
equation where Kpath is the molar absorption co-efficient
for a defined optical path length, which is defined as reac-
tion volume (150 �l/well) and background NADH decom-
position.

nM ATP hydrolysed × s−1 = −dA340

dt
× K−1

path × 106

Yeast strains and growth conditions

Yeast strains used in this study are listed in Supplemen-
tary Table S3 and were grown in YPD/G (1% yeast ex-
tract, 2% peptone, 2% glucose/galactose) or synthetic me-
dia lacking leucine where appropriate. To generate the Dbp3
complementation system, the pRS415-based constructs for
the expression of DBP3 from its endogenous promoter, or
the empty pRS415 plasmid, were used to transform either
wild type yeast or a Δdbp3 strain. Yeast strains lacking
individual snoRNA genes, or the SNR72–78 or SNR67–
53 clusters, were generated by substitution of the relevant
gene with a marker cassette. Homologous recombination
was similarly used to insert a truncated pGAL promoter
(pGALS) and the sequence encoding an HA tag immedi-
ately upstream of the coding sequence of PRP43 to generate
the pGALS-HA-Prp43 strain. To deplete Prp43, cells of the
pGALS-HA-Prp43 strain were grown in exponential phase
in media containing galactose as the carbon source before
switching to growth in media containing glucose for 8 h.

Protein extraction and western blotting

Yeast cells were lysed by vortexing with glass beads and
proteins were precipitated using 15% trichloroacetic acid
(TCA). Proteins were separated by SDS-PAGE and anal-
ysed by western blotting using the following primary anti-
bodies [anti-Prp43 (kindly provided by Yves Henry); anti-
HA (Sigma-Aldrich #H3663]; anti-Pgk1 [ThermoFisher
Scientific #459250)].

RNA extraction, northern blotting and 4sU metabolic la-
belling

Total RNA was extracted from exponentially growing yeast
cells using acidic phenol and chloroform extracts as pre-
viously described (27). For analysis of long RNAs (>400
nt) by northern blotting, 6 �g total RNA was separated by
denaturing (glyoxal) agarose gel electrophoresis and trans-
ferred to a nylon membrane by vacuum blotting. Alterna-
tively, to detect RNAs <400 nt, total RNA was separated
by denaturing (7 M urea) polyacrylamide gel electrophore-
sis (PAGE) and transferred to a nylon membrane by electro-
wet blotting. Membranes were then pre-hybridized in 0.25
M sodium phosphate pH 7.0, 7% SDS (w/v), 1 mM EDTA
before addition of 5′ [32P]-labelled DNA oligonucleotides
(Supplementary Table S1) and incubation overnight at
37◦C. After washing steps, membranes were exposed to
phosphorimager screens and signals detected using a Ty-
phoon FLA9500 phosphorimager. For detection of nascent
RNAs (37), exponentially growing yeast cells were grown
in the presence of 200 �M 4-thiouracil (4sU) for 20 min at
30◦C. Total RNA was extracted and 50 �g 4sU labelled to-
tal RNA was incubated with 5 �g MTSEA Biotin-XX (Bi-
otium) in 10 mM Tris–HCl pH 7.4, 1 mM EDTA pH 8 in
the dark at 4◦C for 30 min. RNAs were re-extracted and
12 �g RNA was separated by denaturing agarose gel elec-
trophoresis and transferred to a nylon membrane. Biotiny-
lated RNAs were detected using IRDye-conjugated strep-
tavidin (LICOR) using a LICOR Odyssey CLx.

Sucrose density gradient centrifugation

Sucrose density gradient centrifugation was essentially per-
formed as previously described (38,39). Whole cell extracts
prepared from exponentially growing yeast cells by grind-
ing in liquid nitrogen were clarified by centrifugation at 20
000 × g for 10 min. Cleared lysates were separated on 10–
45% sucrose gradients in an SW-40Ti rotor for 16 h at 23
500 rpm. Fractions of 530 �l were taken and RNA was ex-
tracted as described above for analysis by northern blotting
or RT-qPCR.

Analysis of snoRNA levels on pre-ribosomes by RT-qPCR

Analysis of the relative proportions of 75 yeast snoRNAs
between pre-ribosomal and non-ribosomal complexes
was performed as in (31). In brief, whole cell extracts
from wild type yeast and the Ddbp3 strain were sep-
arated by sucrose density gradient centrifugation and
RNA was extracted from gradient fractions using phe-
nol:chloroform:isoamylalcohol (25:24:1). RNAs from
fractions containing (pre-)ribosomal and non-ribosomal
complexes were combined. 5–10 �g RNA was polyadeny-
lated for 2 h at 37◦C using 8 U E. coli poly(A) polymerase
(NEB) in the presence of 5 mM ATP and 2.5 mM MnCl2.
Small polyadenylated RNAs were isolated using the Mir-
Vana miRNA isolation kit (Life Technologies) according
to the manufacturer’s instructions. Polyadenylated small
RNAs were quantified and quality controlled (260 nm/280
nm ratio) using a Nanodrop and 12.5 �g (free pool) or 7.5
�g (pre-ribosome-associated) RNA was used for reverse
transcription. Reactions were carried out in 1× Superscript
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III reaction buffer supplemented with RNasin and 5 mM
DTT using an anchored oligo d(T) primer (31), Superscript
III reverse transcriptase (1000 U; Thermo Fisher Scientific)
and 1 mM dNTPs (Roche). RNA was digested using 25 U
RNase H (NEB) and 10 U RNase A for 2 h at 37◦C. The
cDNA was purified using the QIAquick PCR purification
kit (Qiagen) according to the manufacturer’s instructions.
cDNA concentrations were determined using a Nanodrop
and equal amounts from each sample were used for qPCR
analyses. snoRNA-specific forward qPCR primers (Sigma)
(31) were designed to generate amplicons of 80–100 bp
and have equal melting temperatures, similar to that of
the common reverse primer. Primer pairs were tested for
amplification of a single amplicon using a product melting
curve. The amplification efficiency and linearity of cDNA
amplification was determined and only primer pairs with
an amplification efficiency of >90% were used. qPCR was
performed using SYBR® Green Jumpstart Taq Readymix
(Sigma), 0.3 �M primers and 1× ROX (Reference of qPCR;
Sigma) in a Mx3000P qPCR machine (Agilent Technolo-
gies). Cycling conditions were 95◦C for 5 min, 40 cycles of
95◦C for 10 sec, 55◦C for 10 s and 72◦C for 15 s, followed by
95◦C for 10 s, 55◦C for 10 s and 95◦C for 30 s. qPCR data
were analysed using MxPro software. Technical triplicate
reactions were performed and values differing by >0.5 Cq
were excluded. The values obtained in samples from the
Δdbp3 strain were normalised to those from the wild type
(WT) samples and ratios of pre-ribosomal versus unbound
levels for each snoRNA were calculated using the formula
2−(Ct(WT) – Ct(Δdbp3)unbound)/2−(Ct(WT) – Ct(Δdbp3) pre-ribosomal).
Three independent experiments were performed and statis-
tical analyses for significance thresholds were determined
as previously described (31).

RiboMeth-seq

RiboMeth-seq was essentially performed as previously re-
ported (40). In brief, 5 �g total RNA was fragmented un-
der denaturing conditions using an alkaline buffer (pH
9.9). Subsequently, the RNA was separated on a denaturing
(urea) polyacrylamide gel, fragments in the size of 20–40nt
were excised and ligated to adapters using a modified tRNA
ligase. cDNA was generated using Superscript III (Thermo
Fisher Scientific) and sequenced on a PI Chip v3 using
the Ion Proton platform. Reads were mapped to the yeast
rDNA and snoRNA sequences, and the RMS score (frac-
tion methylated) was calculated as ‘score C’ in Birkedal et al.
(8). In a few cases, a barcode correction was applied when
calculating the RMS score as described previously (41). The
numbers of sequencing reads mapping to specific RNAs was
used as a measure of their levels and is presented as reads per
kilobase of transcript, per million mapped reads (RPKM)
± SEM. Statistical significance was determined using Stu-
dent’s t-test (P < 0.05).

RNase H-based cleavage assays for monitoring RNA 2′-O-
methylation

The methylation status of specific rRNA nucleotides was
monitored using RNase H-based cleavage assays (42).
Chimeric 2′-O-methylated RNA-DNA oligonucleotides

(Supplementary Table S4) were annealed to total RNA be-
fore treatment with RNase H (NEB) for 30 min at 37◦C.
Reactions were stopped by addition of 240 mM NaAc
pH 5.2 and 1 mM EDTA before RNA extraction using
phenol:chloroform:isoamylalcohol (25:24:1). Samples were
separated by denaturing agarose gel electrophoresis and
analysed by northern blotting.

CLASH analysis of CRAC data

Identification of snoRNA-rRNA hybrids in the CRAC data
was performed using a bioinformatics pipeline developed
for crosslinking, ligation and analysis of sequence hybrids
(43).

RESULTS

The catalytic activity of Dbp3 is required for efficient produc-
tion of the 27SB pre-rRNA

Dbp3 has been shown to associate with early pre-LSU par-
ticles in vivo and to possess RNA duplex unwinding activity
in vitro (44,45), however the requirement of this catalytic
activity for ribosome assembly has not been addressed.
To establish a catalytically inactive mutant of Dbp3, wild
type Dbp3 (Dbp3WT) and a mutant version in which glu-
tamate 263 within the conserved DEAD motif responsible
for ATP binding and hydrolysis was substituted for glu-
tamine (Dbp3E263Q) were recombinantly expressed with N-
terminal His10-ZZ tags in Escherichia coli (E. coli) and pu-
rified by nickel affinity chromatography (Figure 1A and
B). In vitro NADH-coupled ATPase assays were then used
to monitor the rates of ATP hydrolysis by these two pro-
teins in the presence of different amounts of RNA. Com-
pared to a control sample without protein, Dbp3WT, but
not Dbp3E263Q, showed minimal ATPase activity in the ab-
sence of RNA (Figure 1C). Addition of increasing concen-
trations of RNA stimulated the rate of ATP hydrolysis by
Dbp3WT, but Dbp3E263Q never hydrolysed ATP above the
background level (Figure 1C), confirming that this amino
acid substitution abolishes ATP hydrolysis by the protein.

Next, to explore the requirement of this catalytic activity
for ribosome biogenesis, a yeast complementation system
was generated. Wild type BY4741 yeast or a strain where
DBP3, which is not essential, had been deleted from the
genome (�dbp3; Supplementary Figure S1A and B) were
transformed with pRS415-based constructs for the expres-
sion of untagged Dbp3WT or Dbp3E263Q from the endoge-
nous DBP3 promoter, or as a control, the empty plasmid.
Growth analyses of these strains revealed that the �dbp3
strains containing either an empty plasmid or the plas-
mid for expression of Dbp3WT grew as wild type yeast and
cells expressing Dbp3E263Q had only a very mild growth im-
pairment (Figure 2A). Pre-rRNA processing intermediates
from these strains were analysed by northern blotting using
a mixture of probes hybridising within the ITS1 or ITS2 re-
gions of the pre-rRNA transcript (Figure 2B). Compared to
the wild type strain carrying an empty pRS415 vector, cells
lacking Dbp3 showed elevated levels of the 35S pre-rRNA
and 33S/32S and 27SA processing intermediates as well as a
markedly reduced level of 27SB (Figure 2C and D). The sig-
nificantly increased 27SA-27SB ratio in the �dbp3 strain in-
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Figure 1. The putative RNA helicase Dbp3 is an RNA-dependent AT-
Pase. (A) Schematic view of Dbp3 showing the amino acid boundaries of
the RecA1 and RecA2 domains as well as the amino acid substitution made
within the evolutionarily conserved DEAD motif. (B) N-terminally His10-
ZZ tagged wild type Dbp3 (Dbp3WT) and an equivalent protein carrying a
glutamate to glutamine substitution at position 263 (Dbp3E263Q) were re-
combinantly expressed in E. coli and purified by Ni2+-affinity chromatog-
raphy. Purified proteins were separated by SDS-PAGE and visualised by
Coomassie staining. (C) In vitro NADH-coupled ATPase assays were used
to monitor ATP hydrolysis by Dbp3WT and Dbp3E263Q in the presence
of increasing amounts of RNA. A sample containing no protein was in-
cluded as a control for background hydrolysis of ATP. The data repre-
sent the mean of three independent experiments ± standard deviation.
***P < 0.001, ****P < 0.0001, n.s. = non-significant.

dicates that Dbp3 is required for the efficient conversion of
27SA to 27SB, which occurs by processing at the A3, B1 and
B2 sites. This result is consistent with a previous analysis in-
dicating the requirement for Dbp3 for processing at the A3
site (44). Importantly, these pre-rRNA processing defects
were rescued by expression of plasmid-derived Dbp3WT,
confirming that they are caused by the lack of Dbp3. In
contrast, expression of exogenous Dbp3E263Q in the Δdbp3
background showed increased levels of the 35S and 27SA
pre-rRNAs and loss of the 27SB intermediate (Figure 2C
and D), demonstrating that the catalytic activity of Dbp3 is
necessary for its function in LSU biogenesis. To determine
whether these pre-rRNA processing defects affect produc-
tion of the mature 25S rRNA, the production of nascent
25S rRNA in the strains of the complementation system was
determined by metabolic labelling (37). Strains were grown
in the presence of 4-sU, newly synthesised 4-thiouridine-
containing RNAs were labelled with biotin and, after sep-
aration by denaturing agarose gel electrophoresis, biotiny-
lated RNAs were detected using fluorescently labelled strep-
tavidin. Lack of Dbp3 or expression of Dbp3E263Q did not
affect production of the 25S RNA (Figure 2E and F), sug-

gesting that the pre-rRNA processing defects observed re-
flect subtle kinetic differences in the processing pathway.

The role of Dbp3 in LSU biogenesis is linked to box C/D
snoRNPs

Interestingly, a high-throughput screen based on expression
of an artificial snoRNA guiding an rRNA 2′-O-methylation
that impairs cellular growth (46), identified Dbp3 as a
potential regulator of rRNA 2′-O-methylation (Nicholas
Watkins and Robert van Nues, unpublished). This sug-
gested that the pre-rRNA processing defects observed in
the absence of Dbp3 and its function in ribosome assem-
bly may be linked to rRNA 2′-O-methylation-guiding box
C/D snoRNPs. To test this hypothesis, yeast strains were
generated in the wild type and Δdbp3 backgrounds where
expression of the essential core box C/D snoRNP com-
ponent Nop56 is reduced by introduction of an antibiotic
resistance cassette into the 3′ untranslated region (UTR)
of the NOP56 gene, leading to destabilisation of the tran-
scribed mRNA (NOP56DAmP) (Supplementary Figure S1A
and B) (47). In the Nop56DAmP strain, the levels of a sub-
set of snoRNAs examined were observed to be increased
(Supplementary Figure S1C) (48). Analysis of pre-rRNA
processing confirmed the pre-rRNA processing defects pre-
viously observed in cells lacking Dbp3 (Figure 2B and C)
and revealed that a reduced level of Nop56 leads to defects
in early pre-rRNA processing, characterised by accumula-
tion of the 35S pre-rRNA and aberrant 23S intermediate as
well as reduced levels of the 20S and 27SA/B processing in-
termediates (Figure 2G). In the Δdbp3+NOP56DAmP strain,
the 35S pre-rRNA and aberrant 23S species were observed
to accumulate and the amount of the 20S processing inter-
mediate was reduced, consistent with the lack of Nop56 in
this strain. However, the amount of 27SA and 27SB, and the
ratio between these processing intermediates was compara-
ble to that in wild type cells (Figure 2G and H). The finding
that co-depletion of Nop56 rescues the pre-rRNA process-
ing phenotype caused by lack of Dbp3 supports the notion
that Dbp3 may be functionally linked to rRNA methyla-
tion.

Dbp3 is required for efficient 2′-O-methylation of specific nu-
cleotides within the 25S rRNA sequence

To explore the link between Dbp3 and rRNA 2′-O-
methylation in more detail, RiboMeth-Seq (RMS) analy-
sis (8) was performed on RNAs from wild type cells and
those lacking Dbp3. RNAs were subjected to partial alka-
line hydrolysis, which does not cleave 2′-O-methylated nu-
cleotides, and the resultant RNA fragments were copied
into a cDNA library that was subjected to Ion Torrent
sequencing (40). After mapping of the obtained sequenc-
ing reads to the S. cerevisiae transcriptome, the normalised
numbers of reads mapping to the 25S and 18S rRNAs
was determined, confirming that lack of Dbp3 does not al-
ter mature rRNA levels (Supplementary Figure S2A). The
number of read ends mapping to each nucleotide of the 18S
and 25S rRNAs was then determined and used to calculate
an RMS score for each 2′-O-methylated nucleotide. Con-
sistent with previous analyses (8), in wild type yeast, the
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Figure 2. The role of Dbp3 in processing of the 27SA–27SB pre-rRNAs is linked to box C/D snoRNPs. (A) Wild type yeast (WT) or a strain lacking
Dbp3 (Δdbp3) were transformed with an empty pRS415 vector (EV) or plasmids for the expression of Dbp3WT or Dbp3E263Q from the endogenous DBP3
promoter. Growth of these strains in exponential phase was monitored by measuring the OD of cultures at 600 nm every 2 h. The data represent the
mean of three independent experiments ± standard deviation. (B) Schematic view of the major pre-rRNA processing intermediates present in yeast. Black
rectangles indicate mature rRNA sequences and black lines represent internal transcribed spacers (ITS1 and ITS2) and external transcribed spacers (5′
ETS and 3′ ETS). The positions of selected pre-rRNA cleavage sites are marked on the 35S pre-rRNA transcript. A magnified view of the ITS1 and ITS2
regions with major pre-rRNA cleavage sites and the hybridisation positions of probes used for northern blotting (indicated by grey lines) is shown below
the 35S transcript. (C) Pre-rRNA levels in the strains described in (A) were analysed by northern blotting using a mixture of probes hybridising within
ITS1 or ITS2. Mature rRNAs were visualised by methylene blue staining. (D) The ratio of 27SA/27SB in the samples shown in (C) was calculated in three
independent experiments and is shown as mean ± standard deviation. Significance was calculated using a Student’s t-test (**P < 0.01, ***P < 0.001, n.s. =
non-significant). (E) The strains described in (A) were grown in the presence of 4sU and nascent RNAs were labelled with biotin, separated by denaturing
agarose gel electrophoresis and detected with fluorescently labelled streptavidin. (F) The ratio of 25S/18S in the samples shown in (E) was calculated in
three independent experiments and is shown as mean ± standard deviation. Significance was calculated using a Student’s t-test (n.s. = non-significant).
(G) Pre-rRNA processing in wild type yeast (WT), cells lacking Dbp3 (Δdbp3), cells expressing reduced levels of Nop56 (NOP56DAmP) or both (Δdbp3-
NOP56DAmP) was analysed as in (C). (H) The ratio of 27SA/27SB in the samples shown in (G) was calculated in three independent experiments and is
shown as mean ± standard deviation. Significance was calculated using a Student’s t-test (**P < 0.01, n.s. = non-significant).
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majority of 2′-O-methylated sites were almost fully mod-
ified, with only few exceptions (Figure 3A and B). While
the extent of modification at only one site within the 18S
rRNA of the SSU, Um1269 guided by snR55, was affected
by lack of Dbp3 (Figure 3A), strikingly, lack of Dbp3
caused clear reductions in the extent of 2′-O-methylation
at various (18/37) sites within the 25S rRNA (Figure 3B).
Dbp3-dependent 2′-O-methylations are present along the
length of the 25S rRNA sequence and are interspersed
with non-Dbp3-dependent modifications. As no structural
information on pre-ribosomal complexes bound by Dbp3
is currently available, the affected 2′-O-methylations were
mapped on the tertiary structure of the 25S rRNA in the
earliest pre-LSU complex where the complete rRNA se-
quence is visible, which is a pre-60S particle purified via the
nucleolar/nucleoplasmic GTPase Nog2 (49). This showed
that while these modifications are all close to the peptidyl-
transferase centre and tRNA binding sites of the ribosome,
they do not strictly cluster in one specific region (Figure
3C).

We next addressed the question of whether the catalytic
activity of Dbp3, or merely its presence, is required for ef-
ficient rRNA 2′-O-methylation. While RNase H efficiently
cleaves RNA in RNA–DNA hybrids, its cleavage activity is
inhibited by the presence of RNA 2′-O-methylation. The ex-
tent of modification at specific sites can therefore be mon-
itored using RNase H together with chimeric RNA-DNA
oligonucleotides targeting different modified nucleotides in
the rRNA (42). Cleavage assays monitoring three Dbp3-
dependent 2′-O-methylation sites (25S-Am876, 25S-Um898
and 25S-Um2724) were first performed on RNAs derived
from wild type yeast and cells lacking the snR72 (snR72–78
cluster), snR40 or snR67 snoRNAs that guide these mod-
ifications to verify the effectiveness of the method. North-
ern blotting analysis of the reaction products using probes
hybridising upstream and/or downstream of the cleavage
sites revealed no specific cleavage of the 25S rRNA in the
absence of RNase H or in RNA derived from wild type
yeast, consistent with the RMS data showing that these sites
are normally almost fully modified. However, reduced lev-
els of the full length 25S rRNA and the generation of prod-
ucts of sizes corresponding to the expected cleavage frag-
ments was observed for RNAs lacking the snoRNA guid-
ing each modification under investigation (Supplementary
Figure S2B–E). Cleavage assays were then performed on
RNAs purified from wild type yeast or �dbp3 cells com-
plemented with an empty vector (EV) or plasmids for the
expression of wild type Dbp3 (Dbp3WT) or catalytically in-
active Dbp3 (Dbp3E263Q). Again, no specific cleavage ac-
tivity was observed in the absence of RNase H and in the
presence of RNase H, the 25S rRNA remained uncleaved in
the wild type strain carrying an empty vector (Figure 3D-
F). In contrast, the 25S rRNA derived from �dbp3 cells
complemented with either the empty vector or the plas-
mid for expression of Dbp3E263Q was partially cleaved by
RNase H leading to reduced levels of the full length 25S
rRNA and generation of the expected cleavage fragments
(Figure 3D–F). rRNA 2′-O-methylation of these sites was
largely restored by expression of plasmid-derived Dbp3WT
in the �dbp3 strain as only minimal cleavage was observed.
The reduced 2′-O-methylation of 25S-Am876, 25S-Um898

and 25S-Um2724 upon expression of Dbp3E263Q supports
a role for the catalytic activity of Dbp3 in rRNA 2′-O-
methylation.

The intron-derived U18 and U24 snoRNAs are incompletely
processed in the absence of Dbp3

The substoichiometric 2′-O-methylation of numerous nu-
cleotides within the 25S rRNA in the absence of Dbp3
raised the possibility that the cellular levels of the snoRNAs
that guide these modifications are reduced when Dbp3 is
lacking. The numbers of sequencing reads from the RMS
analysis of wild type and �dbp3 cells mapping to each
yeast snoRNA were used to compare snoRNA levels in
these two strains. Lack of Dbp3 was not observed to cause
any significant differences in snoRNA levels and northern
blotting analysis of the subset of snoRNAs guiding Dbp3-
dependent rRNA 2′-O-methylations confirmed this find-
ing (Supplementary Figure S3A and B). This demonstrates
that altered snoRNA levels are not the basis of the reduced
rRNA 2′-O-methylation detected in �dbp3. However, while
the overall levels of the U18 and U24 snoRNAs were not
affected by lack of Dbp3, northern blotting for the U18
snoRNA revealed the presence of two species and deletion
of DBP3 caused a shift towards the longer form (Supple-
mentary Figure S3B and Figure 4A). Similarly, it appeared
that a longer form of U24 accumulated upon deletion of
DBP3. In contrast to the majority (73/79) of yeast snoR-
NAs that are synthesised as mono- or poly-cistronic tran-
scripts, U18 and U24 are encoded within the introns of pro-
tein coding pre-mRNAs from which they are released by
debranching and/or endonucleolytic cleavage, followed by
exonucleolytic processing (50,51). Notably, maturation of
all other intron-encoded snoRNAs (snR38, snR39, snR44,
snR54, snR59 and snR191) was not affected by lack of
Dbp3 (Supplementary Figures S3B and S4A). To investi-
gate the nature of the longer U18 and U24 versions, north-
ern blotting was performed on total RNA extracted from
wild type yeast and cells lacking either Dbp3 or the 3′-5′
exonuclease Rrp6, which is implicated in 3′ end process-
ing of snoRNAs (52). Only the longer version of U18, en-
riched in �dbp3, was present in the �rrp6 strain, suggesting
that Dbp3 contributes to 3′ maturation of the U18 snoRNA
(Figure 4A). To verify this, the RMS sequencing reads from
wild type and �dbp3 datasets were mapped to the anno-
tated U18 sequence ±50 nt and the number of reads map-
ping to each nucleotide was determined. Interestingly, for
U18 from wild type cells, this revealed high sequence cov-
erage from the 5′ G, which forms the first basepair of the
terminal stem, to 7 nt beyond the annotated 3′ end of the
snoRNA. Sequence coverage was also observed for a fur-
ther 13 nt (Figure 4B and C). Strikingly, the numbers of
sequencing reads mapping to nucleotides beyond the anno-
tated 3′ end of the U18 snoRNA were notably higher in the
�dbp3 strain than in wild type yeast (Figure 4B and C), sup-
porting the involvement of Dbp3 in 3′ end processing of this
snoRNA.

Northern blotting analysis revealed that an extended
form of U24 accumulated when Dbp3 is lacking was of an
intermediate length between that detected in the wild type
and �rrp6 strains (Figure 4A). This suggests that a 3′ ex-
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Figure 3. Dbp3 is required for efficient 2′-O-methylation of specific rRNA nucleotides. (A, B) RiboMeth-seq analysis was performed on wild type yeast
(WT) or a strain lacking Dbp3 (Δdbp3). RiboMeth-seq scores, indicating the fraction of methylation, are plotted for each 2′-O-methylated nucleotide in the
18S rRNA (A) and the 25S rRNA (B). The data shown are the mean of two biological replicates and error bars represent standard deviation. The snoRNAs
that guide each modification are indicated in blue and modifications for which the RMS score is decreased by >10% in the absence of Dbp3 are highlighted
in red. (C) Dbp3-dependent (red) and Dbp3-independent (black) 2′-O-methylations are mapped onto the tertiary structure of a pre-60S complex purified
via Nog2 (PBD: 3JCT) (49). (D–F) Wild type yeast cells or a strain lacking Dbp3 were transformed with an empty pRS415 vector (EV) or plasmids for the
expression of Dbp3WT or Dbp3E263Q from the endogenous DBP3 promoter. RNA was isolated from these strains and RNase H (RH)-mediated cleavage
assays targeting Am876 (snR72), Um898 (snR40) or Um2724 (snR67) were performed, and full length 25S rRNA and specific cleavage products (indicated
by arrow heads) were detected by northern blotting using probes hybridising up- and down-stream of the cleavage sites (D and E) or only downstream of
the cleavage site (F). Asterisks indicate non-specific cleavage products – note that the extent of non-specific RNase H-mediated cleavage is reduced upon
cleavage at a specific cleavage site.
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Figure 4. Maturation of the intron-encoded U18 and U24 snoRNAs requires Dbp3. (A) Total RNA from wild type yeast (WT), and Δdbp3 and Δrrp6
strains was separated by denaturing PAGE and analysed by northern blotting using probes hybridising to the U18 and U24 snoRNAs. (B and C) RMS
sequencing reads derived from wild type yeast or the Δdbp3 strain were mapped to the annotated U18 sequence ±50 nt, and after normalization for
expression level, the numbers of reads mapping to each nucleotide were determined. Profiles for the 5′ end (B) and 3′ end (C) are shown. Nucleotides of
box C (B) and box D (C) are underlined and the annotated 5′ and 3′ ends (61) are indicated. (D) Schematic view of the secondary structure of the pre-U18
snoRNA with key features indicated. Basepairing is shown according to (62). (E) Total RNA from wild type yeast (WT) or a strain lacking Dbp3 (Δdbp3)
carrying an empty pRS415 vector (EV) or plasmids for the expression of Dbp3WT, Dbp3E263Q or Dbp3�22–48 from the endogenous DBP3 promoter was
analysed as in (A). (F) Extracts from yeast expressing Nop1-His-Tev protease cleavage site-ProtA (HTP) in the wild type or Δdbp3 backgrounds were used
for pulldown assays on IgG sepharose. Co-purified RNAs were analysed as in (A). (G) Whole cell extracts prepared from wild type yeast or the Δdbp3
strain were separated by sucrose density gradient centrifugation. RNA from individual fractions was separated by denaturing PAGE and analysed by
northern blotting using probes to the snoRNAs indicated to the right. The fractions containing ‘free’ snoRNAs and pre-ribosome-associated snoRNAs
are indicated.

tended U24 precursor is only partially processed in the ab-
sence of Dbp3, however, this could not be supported by
analysis of RMS sequencing reads (Supplementary Figure
S4B and C). In contrast to pre-U18, where the 5′ and 3′
ends form a relatively weak terminal stem structure, pre-
U24 forms a strong 7–8 bp terminal stem (Figure 4D and
Supplementary Figure S4D). As alkaline hydrolysis, which
is used to generate RNA fragments in the RMS procedure,
is impaired by nucleotide basepairing, it is possible that the
presence of the terminal stem structure of pre-U24 reduces
read coverage of the precursor sequences, preventing detec-

tion of the effect of Dbp3 on 3′ end processing. Interestingly,
expression of Dbp3E263Q also impaired processing of both
U18 and U24 (Figure 4E), indicating that the catalytic ac-
tivity of Dbp3 contributes to its function in U18 and U24
snoRNA biogenesis. The G-patch protein Gno1 has also
been implicated in facilitating U18 and U24 3′ processing
and a KK(E/D) motif, present in several nucleolar proteins
including Nop56 and Nop58, was found to be important
for this function. As Dbp3 also contains a KK(E/D) mo-
tif, we tested the requirement of this for efficient U18 and
U24 maturation. Expression of Dbp3 lacking its KK(E/D)
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motif (Dbp3�22–48) also led to accumulation of the longer
forms of these snoRNAs, but the 3′ processing defect ob-
served was not as strong as in cells lacking Dbp3 or its cat-
alytic activity (Figure 4E).

Given these findings, it is possible that the reduced 2′-
O-methylation of the rRNA nucleotides guided by these
snoRNAs (U18 – 25S-Am649, 25S-Am650, U24 – 25S-
Cm1437, 25S-Am1449, 25S-Gm1450) arises due to the de-
fects in snoRNA biogenesis. However, although lack of
Dbp3 strongly impairs production of the mature U18 and
U24 snoRNAs (Figure 4A), the RMS data implies that
partial 2′-O-methylation of the U18/U24-guided sites can
still occur, and that the extent of modification at the 2/3
sites guided by each snoRNA differ (Figure 3B). There-
fore, to investigate whether the 3′ extended forms of U18
and U24 may be functional, their interactions with the
2′-O-methyltransferase Nop1 and their associations with
pre-ribosomes were examined. Nop1-containing complexes
were isolated from cell extracts prepared from wild type
yeast expressing His-TEV protease cleavage site-Protein A
(HTP)-tagged Nop1 or the equivalent strain lacking Dbp3.
This revealed a similar enrichment of both processed and
unprocessed U18 and U24 with Nop1 from the two strains,
implying that both snoRNA versions are incorporated into
snoRNPs and that incorporation is likely not dependent
on Dbp3 (Figure 4F). The distribution of (pre-)U18 and
(pre-)U24 between pre-ribosome-associated and non-pre-
ribosome-associated pools was then examined. Whole cell
extracts prepared from wild type yeast or cells lacking
Dbp3 were subjected to sucrose density centrifugation and
RNAs present in each fraction were examined by north-
ern blotting (Figure 4G). This revealed that both the ma-
ture and precursor forms of U18 and U24 associate with
pre-ribosomes. It is not possible to exclude that although
the immature versions of the U18 and U24 snoRNPs as-
sociate with pre-ribosomes, they are not functional. How-
ever, it has previously been shown that the U24 snoRNA
within its intron lariat is capable of directing rRNA mod-
ification (53), suggesting that the short 3′ snoRNA exten-
sion observed when Dbp3 is lacking probably does not in-
fluence the ability of these snoRNPs to mediate rRNA 2′-
O-methylation. It is likely, therefore, that there is an al-
ternative mechanistic basis for the rRNA modification de-
fects observed at the U18 and U24-guided sites when Dbp3
is absent.

A subset of box C/D snoRNAs accumulate on pre-ribosomes
when Dbp3 is lacking

As snoRNA levels and the processing of most snoRNAs
are not affected by lack of Dbp3, an explanation for the re-
duced rRNA 2′-O-methylations observed in �dbp3 could
be that access of these snoRNAs to pre-ribosomes is im-
paired when DBP3 is deleted. Therefore, to quantitatively
monitor snoRNA levels on pre-ribosomes, whole cell ex-
tracts prepared from wild type yeast or cells lacking Dbp3
were subjected to sucrose density centrifugation. Fractions
containing (pre-)ribosomal complexes and those containing
non-ribosome associated proteins, RNAs and small com-
plexes were identified based on the absorbance at 260 nm
and those belonging to each group were combined. RNA

extracted from these two pools was reverse transcribed to
produce cDNA, which served as a template for qPCR to
determine the levels of each of the 75 snoRNAs present
in yeast (27,31). The ratio of pre-ribosome-associated to
non-ribosome-associated RNA was determined for each
snoRNA and compared between the wild type and �dbp3
strains. A value of 1 reflects no variation between the
relative proportions of non-ribosome-associated and pre-
ribosomal snoRNA in the two strains while higher val-
ues reflect snoRNA accumulation on pre-ribosomes when
Dbp3 is lacking and lower values indicate reduced amounts
of pre-ribosomal snoRNA in �dbp3. The values 2 and
0.5 were calculated as upper and lower statistical signifi-
cance thresholds for accumulation on and exclusion from
pre-ribosomes respectively and the values obtained for
most snoRNAs varied within these limits. However, sev-
eral box C/D snoRNAs (U18, U24, snR39, snR39b, snR50,
snR55, snR59, snR60, snR61, snR67, snR69, snR74 and
snR79) significantly accumulated on pre-ribosomes in the
absence of Dbp3, whereas no specific changes in the lev-
els of the H/ACA box snoRNAs were detected (Figure
5 and Supplementary Figure S5). Intriguingly, 10 of the
13 snoRNAs (U18, U24, snR39, snR39b, snR50, snR55,
snR59, snR60, snR67 and snR69) that accumulate on pre-
ribosomes when Dbp3 is lacking guide Dbp3-dependent 2′-
O-methylations, implying that alterations in snoRNA lev-
els on pre-ribosomes may indeed underlie the defects in
rRNA 2′-O-methylation observed in �dbp3. These results
do not, however, support the initial hypothesis that lack of
Dbp3 affects rRNA 2′-O-methylation by directly impair-
ing access of the snoRNAs guiding these modifications to
pre-ribosomes as the amount of these snoRNPs on pre-
ribosomes was increased rather than reduced.

Alterations in snoRNA dynamics on pre-ribosomes when
Dbp3 is lacking affect rRNA 2′-O-methylation at specific
sites

The extensive interactions snoRNAs form with their rRNA
substrates involve both the snoRNA guide sequence as well
as extra basepairing regions that stabilise snoRNA–pre-
rRNA interactions to promote rRNA modification (11,54).
Mapping of the snoRNA–rRNA basepairing of the Dbp3-
dependent snoRNAs onto the secondary structure of the
25S rRNA sequence (55) revealed that many of these snoR-
NAs have partially overlapping basepairing sites (Figure
6A-C and Supplementary Figure S6). Pre-rRNA basepair-
ing by these snoRNAs will therefore be mutually exclu-
sive and failure to release one snoRNP after modification
would be expected to impede access of the snoRNP with
an overlapping basepairing site, leading to reduced 2′-O-
methylation of the adjacent site. Assuming stochastic re-
cruitment of such snoRNAs to pre-ribosomes, this would
result in both snoRNA accumulation on pre-ribosomes
and substoichoimetric rRNA 2′-O-methlyation. Notably,
the U18 snoRNP is proposed to exist in two alternative
conformations to target the adjacent sites (34) (Figure 6C)
and if so, failure to release the snoRNP from one target site
would impede modification of the other site by preventing
access of the snoRNP in its alternative conformation. It is
possible, therefore, that the model of snoRNA retention im-
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Figure 5. A subset of box C/D snoRNAs accumulate on pre-ribosomes when Dbp3 is lacking. Extracts were separated by sucrose density gradient cen-
trifugation as in (Figure 4G). Fractions containing either (pre-)ribosomal complexes or non-ribosome-associated snoRNPs were pooled and RNA was
extracted. Polyadenylation and reverse transcription were performed and the levels of each of the 75 yeast snoRNAs in each sample was determined by
RT-qPCR. The relative distribution of each box C/D snoRNA between (pre-)ribosome-bound and non-ribosome-associated fractions was calculated and
differences in this ratio between the wild type and Δdbp3 strains are shown graphically. Three independent experiments were performed and the data are
presented as mean ± standard deviation. Dashed red lines indicate the upper and low thresholds for significant accumulation and exclusion of snoRNAs
on/from pre-ribosomes respectively.

pairing modification at proximal sites is not only applicable
for modifications installed by different snoRNPs, but that
competition could also occur between differently assembled
forms of a single snoRNP.

Retention of a snoRNP impairing modification at a prox-
imal site can explain many of the effects on pre-ribosomal
snoRNA levels and rRNA 2′-O-methylation observed by
RT-qPCR and RMS, but several of the Dbp3-dependent
modifications are introduced by snoRNPs that do not have
overlapping basepairing sites on the pre-rRNA and/or do
not accumulate on pre-ribosomes in the absence of Dbp3.
Therefore, other mechanisms likely also contribute to reg-
ulation of rRNA modification by Dbp3. For example, the
pre-rRNA basepairing sites of snR76 and snR67 do not
overlap with those of any other snoRNA affected by �dbp3
(Figure 6D and E), and the snR40, snR72, snR73, snR76
and snR78 snoRNPs guide Dbp3-dependent rRNA 2′-
O-methylations but do not accumulate on pre-ribosomes
in the absence of Dbp3 (Figures 3B and 5). Pre-rRNA
modification by snoRNPs is a dynamic process in which
snoRNPs are transiently recruited to pre-ribosomes but af-
ter modification, they are released and recycled to other
pre-ribosomal particles to install further modifications. It
is therefore possible that retention of snoRNPs on partic-
ular pre-ribosomal particles when Dbp3 is lacking reduces
the amount of ‘free’ snoRNP available for (re-)recruitment
to other pre-ribosomes thus leading to impaired rRNA 2′-
O-methylation. To explore this possibility further, we exam-

ined the proportions of snoRNAs guiding Dbp3-dependent
rRNA modifications that are pre-ribosome-associated in
wild type cells using sucrose density gradient separation fol-
lowed by northern blotting. This revealed that some of these
snoRNAs (e.g. U18, snR39, snR39b, snR50, snR59, snR69
and snR78) are present in both pre-ribosome-associated
and non-ribosome-associated pools, while others (e.g. U24,
snR40, snR60, snR67, snR72, snR73 and snR76) are al-
most exclusively present on pre-ribosomes (Figure 6F). On
the one hand, this result may explain why not all snoR-
NAs guiding Dbp3-dependent modifications are observed
to accumulate on pre-ribosomes in �dbp3, as the absence
of a free pool of snoRNA even in wild type cells may pre-
vent significant increases in the amount of pre-ribosomal
snoRNA when Dbp3 is lacking. On the other hand, these
data support the model that inefficient recycling of snoR-
NAs that are largely pre-ribosome-associated could re-
duce the amount of available snoRNP below the critical
threshold required for stoichiometric rRNA modification
of nascent particles. In the case of snoRNPs such as U24,
snR50, snR72, snR40 and snR60 that have both overlap-
ping basepairing sites on the pre-rRNA and are almost ex-
clusively pre-ribosome-associated, it is likely that both im-
paired snoRNP access caused by retention of a snoRNP
targeting a proximal site as well as limiting amounts
of available snoRNP due to compromised recycling con-
tribute to the reduced rRNA 2′-O-methylation observed
in Δdbp3.
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Figure 6. Many snoRNAs that accumulate on pre-ribosomes in the absence of Dbp3 and guide Dbp3-dependent rRNA 2′-O-methylations have overlapping
pre-rRNA basepairing sites. (A–E) 2′-O-methylations reduced in Δdbp3 and the snoRNAs that guide them are highlighted on the secondary structure of
the 25S rRNA (55) in red and the pre-rRNA nucleotides involved in basepairing interactions with the guiding snoRNAs are indicated in green. The
basepairing of relevant snoRNAs guiding non-Dbp3-dependent rRNA 2′-O-methylations is indicated by thick black lines. Extra basepairing of snoRNAs
guiding Dbp3-dependent 2′-O-methylations is shown in blue and that of non-Dbp3 dependent snoRNAs is in grey. Magnified views of selected areas
of interest from domain I (A), domain V (B), domain 0 (C), domain IV (D) and domain V (E) are shown. (F) Whole cell extracts prepared from wild
type yeast were separated by sucrose density gradient centrifugation. RNA from individual fractions was separated by denaturing PAGE and analysed by
northern blotting using probes to the snoRNAs indicated to the right. The fractions containing ‘free’ snoRNAs and pre-ribosome-associated snoRNAs
are indicated.
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Overexpression of a snoRNA rescues the methylation defect
caused by lack of Dbp3

To explore how changes in the available amount of a
snoRNA that accumulates on pre-ribosomes in the absence
of Dbp3 influence rRNA 2′-O-methylation, we focused on
snR67. This snoRNP installs two modifications within the
25S rRNA sequence that are distant on the linear rRNA
sequence (snR67 – 25S-Gm2619 and 25S-Um2724). The
basepairing snR67 forms to guide 25S-Gm2619 is spatially
distinct from the basepairing regions of any other snoRNA
and the basepairing snR67 forms to introduce the 25S-
Um2724 modification only weakly overlaps with that of
snR51, a snoRNA unaffected by Dbp3. Notably, snR67 is
largely pre-ribosome-associated in wild type cells and is al-
most exclusively associated with these complexes in the ab-
sence of Dbp3 (Figure 6F and Supplementary Figure S7A).
This suggests that alterations in the dynamics of the avail-
able snR67 between its two modification sites would likely
affect the extent of 2′-O-methylation of these positions. A
plasmid for the overexpression of snR67 from within the in-
tron of the actin pre-mRNA, under the control of a pGAL1
promoter was generated and used to produce wild type
and Δdbp3 yeast strains capable of overexpressing snR67
(Supplementary Figure S7B) (34). RNase H-based cleav-
age assays were then performed to monitor the extent of
2′-O-methylation of 25S-Gm2619 and 25S-Um2724. The
25S rRNA remained intact in the absence of RNase H or
when assays were performed on total RNA derived from
wild type cells carrying an empty plasmid or overexpressing
snR67 (Figure 7A and B). As previously, the 25S rRNA de-
rived from cells lacking Dbp3 with normal snR67 levels was
cleaved by RNase H indicating reduced 2′-O-methylation of
25S-Gm2619 and 25S-Um2724 (Figure 7A and B). Upon
overexpression of snR67, however, the rRNA modification
defects caused by lack of Dbp3 were rescued (Figure 7A and
B), suggesting that failure to release snR67 from one of its
pre-rRNA basepairing sites in the absence of Dbp3 limits
the amount of snoRNP available to basepair with and mod-
ify its other target site.

The DEAH box RNA helicase Prp43 likely directly unwinds
the pre-rRNA basepairing of a subset of snoRNAs guiding
Dbp3-dependent rRNA 2′-O-methylations

Intriguingly, several of the snoRNAs that are retained on
pre-ribosomes when Dbp3 is absent have previously been
shown to accumulate on pre-ribosomes when the RNA he-
licase Prp43 is lacking (snR59, snr50, snR39, snR39b and
U18) (28), suggesting that these helicases both contribute
to facilitating release of a subset of snoRNAs from pre-
ribosomes. We therefore investigated whether, similar to
Dbp3, lack of Prp43 causes reduced 2′-O-methylation of
sites proximal to those guided by the retained snoRNAs. A
yeast strain was constructed in which expression of Prp43
is under the control of the galactose-inducible/glucose-
repressible pGALS promoter. Importantly, in the presence
of galactose, Prp43 is expressed close to its endogenous
level and growth in glucose-containing media leads to ef-
ficient depletion of the protein after 6–8 h (Figure 8A and
B). RMS analysis of the wild type and pGALS-HA-Prp43

Figure 7. Overexpression of snR67 rescues 2′-O-methylation of Gm2619
and Um2724 when Dbp3 is lacking. (A, B) RNA from wild type yeast
or strains lacking Dbp3 transformed with an empty pRS416 vector (EV)
or a plasmid for the overexpression of snR67 from a pGAL1 promoter
(snR67OE), or a strain in which SNR67 was deleted (�67) was subjected
to RNase H (RH)-mediated cleavage targeting 25S-Gm2619 (A) or 25S-
Um2724 (B). Full length 25S rRNA and cleavage products (indicated by
arrow head) were detected by northern blotting using probes hybridising
downstream of the cleavage sites. Asterisks indicate non-specific cleavage
products – note that the extent of non-specific RNase H-mediated cleavage
is reduced upon cleavage at a specific cleavage site.

strains grown in glucose-containing media revealed exten-
sive effects on rRNA 2′-O-methylation with the RMS scores
for 8 of the 18 sites in the 18S rRNA and 25 of the 37 sites in
the 25S rRNA reduced >10% upon depletion of Prp43 (Fig-
ure 8C and D). Analysis of snoRNA levels in these datasets
showed that with the exception of snR128 and snR64, which
were up-regulated and guide non-Dbp3-dependent rRNA
2′-O-methylations, snoRNA levels are not significantly af-
fected by lack of Prp43 (Supplementary Figure 8A). Fur-
thermore, depletion of Prp43 was observed to significantly
reduce mature 18S rRNA but not 25S rRNA levels (Sup-
plementary Figure S8B). Notably, eleven 2′-O-methylations
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Figure 8. Prp43 is required for efficient rRNA 2′-O-methylation and crosslinks to snoRNA–pre-rRNA duplexes. (A) Proteins from wild type yeast (WT)
and the pGALS-HA-Prp43 strain grown in galactose-containing media were separated by SDS-PAGE. Western blotting was performed using antibodies
against Prp43 and, as a loading control, Pgk1. (B) The pGALS-HA-Prp43 strain was grown in exponential phase in media containing galactose (Gal) or
glucose (Glu) for 12 h. Cells were harvested at the indicated time points, and proteins were extracted, separated by SDS-PAGE and analysed by western
blotting using antibodies against the HA tag and Pgk1. (C, D) RiboMeth-seq analysis was performed on RNA derived from wild type yeast and the pGALS-
HA-Prp43 strain grown exponentially in media containing glucose for 8 h. RiboMeth-seq scores, indicating the fraction of methylation, are plotted for
each 2′-O-methylated nucleotide in the 18S rRNA (C) and the 25S rRNA (D). The data shown are the mean of two biological replicates and error bars
represent standard deviation. The snoRNAs that guide each modification are indicated in blue and modifications for which the RMS score is decreased by
>10% when Prp43 is depleted are highlighted in red. (E) The positions of predicted snoRNA basepairing sites (light blue) and chimeric reads identified
in the Prp43 (upper) and WT (lower) CRAC datasets (26) by Hyb (dark blue) are mapped according to their positions on the 25S rRNA sequence. Sites
of overlap between snoRNA basepairing sites and CLASH hybrids are shown in red. The profile of Prp43 crosslinking on the 25S rRNA sequence (28) is
shown in grey with the peak heights given on the right.
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within the 25S rRNA affected by depletion of Prp43, were
also reduced in the absence of Dbp3, further supporting the
model linking snoRNA retention to impaired rRNA methy-
lation.

The finding that lack of either Dbp3 or Prp43 individu-
ally leads to snoRNA retention on pre-ribosomes and im-
paired rRNA methylation implies that these proteins do
not act redundantly, but rather suggests that they regu-
late snoRNA dynamics on pre-ribosomes in different ways.
Transcriptome-wide identification of the RNA binding sites
of Prp43 showed that this helicase crosslinks to many of
the snoRNAs that accumulate on pre-ribosomes when the
Prp43 or Dbp3 are lacking, as well as to their pre-rRNA
target sites (28), suggesting that Prp43 may play a direct
role in releasing these snoRNAs by resolving their base-
pairing with the pre-rRNA. This model necessitates that
Prp43 simultaneously contacts both the snoRNA and pre-
rRNA sequences involved in the basepairing interaction.
To determine if this is the case, further bioinformatic anal-
ysis of the Prp43 CRAC dataset using the Hyb bioinfor-
matic pipeline (43) was performed to identify chimeric se-
quencing reads generated by the ligation of physically prox-
imal sequences during the CRAC procedure. This revealed
numerous such chimeric reads containing the sequences of
Dbp3/Prp43-dependent snoRNAs and their pre-rRNA tar-
get sites within the Prp43 CRAC dataset (Figure 8E). These
findings strongly suggest that Prp43 binds to these RNA se-
quences when they are basepaired, thereby supporting a di-
rect role for the helicase in unwinding of these snoRNA–
pre-rRNA duplexes.

DISCUSSION

Here, we demonstrate the requirement of Dbp3 catalytic
activity for efficient processing of the 27SA pre-rRNA and
uncover a role for the helicase in regulating rRNA modi-
fication. Our data show that approximately half of the 2′-
O-methylations in the 25S rRNA are introduced substoi-
chiometrically in the absence of Dbp3. The extensive reduc-
tion in rRNA 2′-O-methylation observed in the absence of
Dbp3 coupled with the fact that lack of Dbp3 does not af-
fect cell growth or production of the mature 25S and 18S
rRNA makes the Δdbp3 strain a potential tool with which
to study the effect of rRNA hypomethylation on translation
efficiency and fidelity.

A subset of box C/D snoRNAs, many of which guide
Dbp3-dependent rRNA 2′-O-methylations, accumulate on
pre-ribosomes when the helicase is lacking. Close inspec-
tion of the interactions snoRNAs guiding Dbp3-dependent
modifications make with the pre-rRNA and analysis of
the distribution of these snoRNAs between pre-ribosome-
associated and non-ribosomal pools revealed that most of
these snoRNAs either have overlapping basepairing sites
on the pre-rRNA and/or are predominantly pre-ribosome-
associated (Table 1). We therefore propose that Dbp3 fa-
cilitates the release of a subset of snoRNAs from pre-
ribosomes and that retention of these snoRNAs in the ab-
sence of Dbp3 can impede the access of other snoRNPs to
proximal sites and/or impair snoRNP recycling such that
snoRNAs become limiting for rRNA modification. Inter-
estingly, snR69 and snR78, which guide Dbp3-dependent

25S rRNA 2′-O-methylations have overlapping basepairing
sites with other box C/D snoRNAs (snR71 and snR66 re-
spectively). However, the 2′-O-methylations guided by the
overlapping snoRNAs are not affected by lack of Dbp3.
While it is possible that the effects on 2′-O-methylation
of 25S-Um2421 and 25S-Cm2948 arise due to alterna-
tive mechanisms, it is also possible that the differential ef-
fects on rRNA 2′-O-methylation reflect differences in the
affinities of the snoRNAs for their pre-rRNA basepairing
sites. snR69 and snR71 both form canonical and extra-
basepairing interactions with the 25S rRNA, which over-
lap (Figure 6B and Supplementary Figure S6). snR71 forms
more extensive rRNA basepairing interactions than snR69
and has a unique interaction site, raising the possibility that
snR71 outcompetes snR69 from pre-ribosome interaction
leading to stoichiometric 2′-O-methylation of 25S-Am2946
(snR71) and substoichiometric methylation of 25S-Cm2948
(snR69). Alternatively, the rRNA remodelling event in-
duced by Dbp3 may favour snR71 basepairing or methyla-
tion by other means or render release of this snoRNA, but
not snR69, dependent on Dbp3. A similar phenomenon is
observed in the case of snR55, which guides the only Dbp3-
dependent 2′-O-methylation in the 18S rRNA. Notably, the
18S rRNA basepairing site of snR55 overlaps with that of
snR40, a snoRNA that guides methylations in both the 18S
and 25S rRNAs. The 25S rRNA 2′-O-methylation guided
by snR40 is affected by lack of Dbp3 and it is possible there-
fore that the effect of lack of Dbp3 on 18S-Um1269 re-
flects complex inter-subunit interactions of snR40. As these
modifications take place co-transcriptionally in the context
of 90S pre-ribosomal particles such effects are conceivable,
and it is important to note that the analysis of snoRNA lev-
els on pre-ribosomes does not differentiate the amount of
snoRNA present on pre-40S and pre-60S complexes. Given
the highly dynamic and interconnected nature of early ribo-
some assembly events as well as the potential for long-range
consequences of individual remodelling steps, dissecting the
molecular mechanisms underlying all observations remains
challenging.

A role for Dbp3 in the biogenesis of the intron-encoded
snoRNAs U18 and U24 was also uncovered. However, the
findings that pre-U18 and pre-U24 associated with Nop1
and pre-ribosomes, together with partial modification of
the U18 and U24 target sites in the absence of Dbp3, im-
plies that this additional function of Dbp3 is not the sole
basis of the methylation defects observed at these positions.
The 3′-5′ exonuclease Rrp6 is suggested to process the final
1–3 nucleotides of snoRNAs and our northern blot analy-
ses suggest a similar length extension of U18 and U24 when
Dbp3 is lacking. Analysis of RMS sequencing reads gener-
ated by alkaline hydrolysis of total RNA suggests also the
presence of longer 3′ extended forms of the U18 snoRNA. It
is intriguing that extended forms of the U18 and U24 snoR-
NAs accumulate in the absence of Dbp3, while processing of
the other intron-encoded snoRNAs seems unaffected. This
suggests that the biogenesis pathway of the intron-encoded
snoRNAs may differ. Mechanistically, it remains unclear
what role Dbp3 plays in facilitating 3′ processing of the U18
and U24 snoRNAs. 3′ extended forms of U18 and U24 are
also observed when the G-patch domain of Gno1, which
mediates interactions with Prp43 that regulate the activity
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Table 1. Overview of rRNA 2′-O-methylations and box C/D snoRNAs affected by lack of Dbp3

rRNA 2′-O-
methylation

Guiding
snoRNA

Overlapping
box C/D
snoRNA

snoRNA
accumulation on

pre-ribosomes
in �dbp3 vs WT

Non-ribosome-
associated
snoRNA Comment

18S-Um1269 snR55 snR40 + + Overlapping snoRNA basepairing but
proximal modification not affected

25S-Am649 U18 U18 + +++ Overlapping snoRNA basepairing
25S-Cm650 U18 U18 + +++ Overlapping snoRNA basepairing
25S-Gm805 snR39b snR39/snR59 + ++ Overlapping snoRNA basepairing
25S-Am807 snR39/snR59 snR39b/snR60 +/+ ++/+ Overlapping snoRNA basepairing
25S-Am817 snR60 snR39/snR59 + - Overlapping snoRNA basepairing &

limiting amount of snoRNA available
25S-Gm867 snR50 snR72 + + Overlapping snoRNA basepairing
25S-Am876 snR72 snR50 - + Overlapping snoRNA basepairing
25S-Um898 snR40 snR60 - - Overlapping snoRNA basepairing
25S-Gm908 snR60 snR40 + - Overlapping snoRNA basepairing &

limiting amount of snoRNA available
25S-Cm1437 U24 U24 + - Overlapping snoRNA basepairing
25S-Am1449 U24 U24 + - Overlapping snoRNA basepairing
25S-Gm1450 U24 U24 + - Overlapping snoRNA basepairing
25S-Cm2197 snR76 - - - Limiting amount of snoRNA available
25S-Um2421 snR78 snR66 - + Overlapping snoRNA basepairing but

proximal modification not affected
25S-Gm2619 snR67 - + - Limiting amount of snoRNA available
25S-Um2724 snR67 snR51 + - Limiting amount of snoRNA available
25S-Cm2948 snR69 snR71 + +++ Overlapping snoRNA basepairing but

proximal modification not affected
25S-Cm2959 snR73 - - - Limiting amount of snoRNA available

Sites of reduced rRNA 2′-O-methylation in Ddbp3 compared to wild type are listed alongside the snoRNAs guiding each modification. snoRNAs that have
overlapping basepairing sites with those guiding the target modification are listed. Accumulation (+) or lack of accumulation (–) of the guiding snoRNA
on pre-ribosomes in Ddbp3 compared to wild type is indicated in the fourth column. The amount of non-ribosome-associated guiding snoRNA is given
(– = none/very little, +,++,+++ = low, medium, high amounts). Comment reflects the proposed mechanism for the reduction in rRNA 2′-O-methylation
observed in Ddbp3 compared to wild type alongside any additional relevant information.

of the helicase, is deleted (56,57). Together with the obser-
vation that the catalytic activity of Dbp3 contributes to U18
and U24 maturation, this suggests that helicase action, per-
haps to resolve pre-snoRNA secondary structures, may be
involved in efficient 3′ end processing. Notably, both Dbp3
and Gno1 contain KK(E/D) motifs, which are also present
in the core box C/D snoRNP proteins Nop56 and Nop58.
The finding that like Gno1, lack of the KK(E/D) motif
of Dbp3 impairs processing of U18 and U24 further sug-
gests that an interplay between factors containing this mo-
tif, possibly together with an unknown protein binding the
KK(E/D) motif, may underlie the observed processing de-
fects.

Interestingly, many of the effects of DBP3 deletion on
snoRNA levels on pre-ribosomes, especially those that
guide 2′-O-methylations within domain I, are also observed
when the RNA helicase Prp43 is depleted. Similarly, al-
though depletion of Prp43 has a broader effect on rRNA 2′-
O-methylation than lack of Dbp3, perhaps due to its func-
tions in pre-mRNA splicing as well as ribosomes biogenesis,
reduced levels of either of these helicases impacts a largely
overlapping set of modifications. It is possible that these
common phenotypes occur due to the action of Prp43 and
Dbp3 on pre-LSU complexes at the same stage of matura-
tion and reflect general effects caused by impairing the as-
sembly pathway at this point. However, these effects on pre-
ribosomal snoRNA levels are not observed upon depletion
of other LSU biogenesis factors whose depletion causes pre-
rRNA processing defects similar to lack of Dbp3 or Prp43,

e.g. Mak5 (27). The data therefore rather suggest that Dbp3
and Prp43 both contribute to regulating the dynamics of
a subset of snoRNAs on pre-ribosomes, thereby influenc-
ing rRNA 2′-O-methylation. Dbp3 and Prp43 belong to
the DEAD and DEAH box families of RNA helicases re-
spectively. Mechanistically, DEAH box helicases, including
Prp43, act in a processive manner and are able to translocate
along RNA strands (58) making them highly suitable en-
zymes for directly unwinding multiple snoRNA-pre-RNA
duplexes. Indeed, mining available Prp43 CRAC datasets
(28) indicated the crosslinking of Prp43 to snoRNAs when
they are basepaired to their pre-rRNA target sites, support-
ing a direct role for Prp43 in resolving these duplexes. In
contrast to DEAH box helicases, DEAD box proteins gen-
erally remodel their substrates by inducing local strand un-
winding (59). While several DEAD box helicases are im-
plicated in snoRNA release from pre-ribosomes, in these
cases, each helicase is only linked to an individual snoRNA,
e.g. Has1 and U14, and Rok1 and snR30 (26,29,32). Con-
sistent with action by local strand unwinding, Dbp3 has
been shown to be capable of unwinding an RNA duplex
of 10 nucleotides (nt) in vitro (45). Although this duplex is
similar in length to the basepairing interactions box C/D
snoRNAs form with their pre-rRNA targets (10–19 nt, in
the case of Dbp3-dependent snoRNAs), a direct role of
Dbp3 in releasing the 13 snoRNAs that accumulate on
pre-ribosomes in its absence would necessitate numerous
and extensive conformational changes of Dbp3 on the pre-
ribosomes to enable its catalytic site to directly contact
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each of the snoRNA–pre-rRNA duplexes. Even within the
highly dynamic process of ribosome assembly, this extent
of re-positioning or dissociation/re-association of a single
protein is improbable, implying that, in contrast to Prp43,
Dbp3 likely affects snoRNA dynamics on pre-ribosomes in-
directly. We anticipate that rearrangement of a particular
pre-rRNA region by Dbp3 induces long-range effects on
pre-ribosome structure that impede the release of specific
snoRNPs that basepair with spatially distinct pre-rRNA
sequences. It is important to note that the early pre-LSU
particles bound by Dbp3 are highly dynamic structures
and therefore lack of this helicase could influence the dy-
namics of any of the numerous pre-ribosome maturation
events that are occurring simultaneously on such parti-
cles. Accordingly, it is likely that the impaired processing
of the 27SA pre-rRNA observed upon deletion of DBP3 is
a downstream consequence of failure of release of specific
snoRNPs during preceding pre-LSU maturation steps. De-
spite extensive efforts to identify the pre-rRNA binding site
of Dbp3 using the UV crosslinking and analysis of cDNA
(CRAC (60)) approach and its derivatives, this has so far
not been possible. On the one hand, this may be due to the
insensitivity of the interacting Dbp3 amino acids and pre-
RNA sequences to crosslinking but, on the other hand, it
may reflect a very transient interaction between Dbp3 and
the pre-ribosome. Structural analysis of pre-ribosomal par-
ticles containing Dbp3 that allow visualisation of the heli-
case active site on its target RNA sequence(s) will therefore
likely be required to gain further mechanistic insight into
the precise pre-ribosome remodelling event(s) regulated by
Dbp3.

Analyses of the timing of rRNA 2′-O-methylation
demonstrate that the majority of these modifications are
introduced co-transcriptionally (7,8). As these modifica-
tions cluster within the rRNA sequences that form func-
tionally important regions of the pre-ribosome and box
C/D snoRNAs form extensive basepairing with their pre-
rRNA substrates, it is intuitive that snoRNPs mediating
proximal modifications must form mutually exclusive in-
teractions with pre-ribosomal particles. However, it has re-
mained unclear whether such ‘overlapping’ snoRNPs act
hierarchically or stochastically or whether examples of both
exist. Our detection of correlated mild accumulation on
pre-ribosomes and fractional rRNA 2′-O-methylation by
such snoRNA/Ps suggest that most do not normally act in
a strictly defined order. A growing body of evidence sup-
ports the step-wise assembly and compaction of different
pre-ribosomal regions in eukaryotes (4), analogous to the
hierarchical model of bacterial ribosome assembly. While
the stochastic pre-ribosome-association of snoRNAs with
overlapping basepairing sites in the same domain is accom-
modated within this framework, it is likely that snoRNPs
are broadly recruited to pre-ribosomes in the order in which
their target sites are transcribed and that snoRNAs guid-
ing modifications in different domains of the ribosome that
compact at different stages instead act sequentially.
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