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Abstract

During ribosome biogenesis a plethora of assembly factors and essential enzymes drive the unidirectional maturation of nascent pre-ribosomal
subunits. The DEAD-box RNA helicase Dbp10 is suggested to restructure pre-ribosomal rRNA of the evolving peptidyl-transferase center (PTC) on
nucleolar ribosomal 60S assembly intermediates. Here, we show that point mutations within conserved catalytic helicase-core motifs of Dbp10
yield a dominant-lethal growth phenotype. Such dbp10 mutants, which stably associate with pre-60S intermediates, impair pre-60S biogenesis
at a nucleolar stage prior to the release of assembly factor Rrp14 and stable integration of late nucleolar factors such as Noc3. Furthermore, the
binding of the GTPase Nug1 to particles isolated directly via mutant Dbp10 bait proteins is specifically inhibited. The N-terminal domain of Nug1
interacts with Dbp10 and the methyltransferase Spb1, whose pre-60S incorporation is also reduced in absence of functional Dbp10 resulting in
decreased methylation of 25S rRNA nucleotide G2922. Our data suggest that Dbp10's helicase activity generates the necessary framework for
assembly factor docking thereby permitting PTC rRNA methylation and the progression of pre-60S maturation.
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Introduction small nucleolar RNAs (snoRNAs) that promote the efficient

The synthesis of eukaryotic ribosomes is a highly dynamic,  and failsafe production of translating ribosomes. This in-
complex, and compartmentalized process taking place in the  volves the spatially and temporally coordinated assembly of
nucleolus, nucleoplasm, and finally in the cytoplasm. The bio- 79 ribosomal proteins (r-proteins) with four ribosomal RNAs
genesis pathway requires >200 assembly factors and ~80 (rRNAs) going along with rRNA processing steps and the
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stepwise integration and folding of the distinct rRNA domains
into the pre-ribosomal protein core. The current knowledge
on ribosome assembly is reviewed in (1-4).

Ribosome biogenesis starts in the nucleolus by the syn-
thesis of a common precursor RNA transcript (the 35S pre-
rRNA), which contains the sequences for the mature rRNAs
of the small 40S (18S rRNA) and large 60S ribosomal sub-
units (5.8S and 25S rRNA) (5,6). The third rRNA of the 60S
subunit, the 5S rRNA, is transcribed independently by RNA-
polymerase III and incorporated into nucleolar 60S precursor
particles in complex with r-proteins Rpl5 and Rpl11 (7-11).
Upon endonucleolytic pre-rRNA cleavage within the internal-
transcribed-spacer element 1 (ITS1) of the 35S pre-rRNA, the
40S and 60S subunits are separated and undergo independent
rearrangement and maturation steps facilitated by the func-
tions of successively associating and dissociating ribosomal
assembly factors.

In the nucleolus, the first independent precursors of the 60S
ribosomal subunit are shaped. These pre-60S particles con-
tain the 27SA,/A; pre-rRNA, which is initially highly flexi-
ble and presumably mainly unfolded (12-15) in contrast to
the already more compacted conformation of the subsequent
27SB pre-rRNA species (12,16-18). For further maturation
of the 27SB pre-rRNA, the pre-60S association of so-called
‘B-factors’ is required (19-21), which allows endonucleolytic
cleavage within internal transcribed spacer element 2 (ITS2)
generating the 7S and 26S pre-rRNAs (22-25). During these
processing steps, the 60S precursors enter the nucleoplasm,
where further remodelling goes along with the association of
export factors and nuclear export to the cytoplasm (26-35).In
the cytoplasm, final maturation steps and the release of assem-
bly factors are required to produce the mature 60S ribosome
(35-44).

The essential DEAD-box RNA helicase Dbp10 is one of
the ‘B-factors’ that must associate with 60S precursors to
permit 27SB pre-rRNA processing (19,21,45). Accordingly,
Dbp10 binds to pre-60S particles at a nucleolar maturation
stage and is associated with assembly intermediates isolated
via Nsa3, Nugl, or Nsal/Ytm1 as baits and leaves again be-
fore late nucleolar stages (16,46,47). The helicase is geneti-
cally linked to the circularly permuted GTPase Nugl and was
shown to directly interact with Nugl in vitro (46,48). Nugl
depletion results in a failure of Dbp10 assembly into pre-60S
particles and in vivo crosslinking revealed that Dbp10 and
Nug1 bind at proximal and partially overlapping binding sites
in the 27S pre-rRNA (48). Both proteins bind to rRNA re-
gions around the evolving peptidyl-transferase center (PTC)
(helices H89-H92 of 25S rRNA domain V), which is the as-
sumed restructuring target of Dbp10. In agreement with this,
biochemical and structural analyses of Dbp10’s bacterial ho-
mologue DbpA, revealed how the interaction of DbpA with
the H89-H92 rRNA stimulates helicase activity to restructure
the PTC (49-53). PTC folding by Dbp10 may also be impor-
tant to allow RNA modifications by the methyltransferases
Nop2 and Spb1, which methylate C2870 (in H89) and G2922
(in H92), respectively (54,55). While the G2922 methylation
by Spb1, which appears important to facilitate downstream
60S maturation steps (56,57), has occurred on late nucleo-
lar pre-60S particles (58,59), it remains open how the crucial
rRNA modifications are coordinated with PTC restructuring
by Dbp10 and potentially by the earlier-acting Dbp7 RNA he-
licase, whose rRNA binding sites overlap with those of Dbp10
(60-62).

Nucleic Acids Research, 2024, Vol. 52, No. 4

Here, we report deeper insights into the function of Dbp10
for nucleolar pre-60S assembly. Yeast strains with mutations
of the Dbp10 catalytic RecA-like domains display a dominant-
lethal growth-phenotype and effectively inhibit 60S matura-
tion upon their binding. Assembly of the late-joining nucle-
olar assembly factor Noc3 is reduced on particles isolated
from such mutants, whereas the release of upstream factor
Rrp14 is impaired. Most significantly, the pre-60S association
of the GTPase Nugl is abolished in catalytic dbp10 mutants
and upon Dbp10 depletion, suggesting that the activity of
the helicase specifically facilitates Nug1 assembly. Moreover,
Dbp10 promotes the final incorporation of the methyltrans-
ferase Spb1 permitting methylation of G2922 within PTC
helix 92.

Materials and methods

Yeast strains and plasmids

Saccharomyces cerevisiae strains used in this study are listed in
Supplementary Table S1 and are derived from the W303 back-
ground (63). Strains were constructed using established gene
disruption and genomic tagging methods (64,65). For yeast
two-hybrid analyses, the reporter strain PJ69-4A was used
(66). Plasmids used in this study are listed in Supplementary
Table S2 and were constructed using standard DNA cloning
techniques and verified by sequencing.

Growth analyses of mutant dbp 10 yeast strains

To investigate growth phenotypes of plasmid-derived dbp10
mutant alleles, LEU2 plasmids carrying the respective con-
structs were transformed into a DBPI10 shuffle (dbp10A
YCplac33-Ppgp19-DBP10) strain. Growth phenotypes of the
mutant alleles were analysed on plates containing 1 g/1 5-
fluoroorotic acid (5-FOA) (Apollo Scientific, Cat# PC4054) to
select for cells that have lost the wild-type DBP10-containing
URA3 plasmid. The growth phenotypes of viable dbp10 mu-
tants at different temperatures was further analysed on YPD
plates.

Yeast two-hybrid analyses

Plasmids expressing the Dbp10 or Spb1 bait protein, N-
terminally fused to the GAL4 DNA-binding domain (GAL4-
BD), and distinct Nugl prey protein constructs, C-terminally
fused to the GAL4 activation domain (GAL4-AD), were co-
transformed into the reporter strain PJ69-4A (66). Yeast two-
hybrid interactions were documented by spotting representa-
tive transformants in 10-fold serial dilution steps on SDC-Leu-
Trp and SDC-Leu-Trp-His (HIS3 reporter gene) plates and in-
cubation at 30°C for 2 and 4 days, respectively.

Fluorescence microscopy

Living W303 NOPS8-mCherry vyeast cells expressing
plasmid-borne N-terminally GFP-tagged wild-type DBP10
or catalytic dbp10 mutant proteins were grown in SDC-Leu
medium (supplemented with 5-fold excess of adenine) to
the logarithmic growth phase and imaged by fluorescence
microscopy using a Zeiss Axioskop microscope.

Affinity purification of pre-ribosomal 60S particles

For two-step affinity purifications from yeast, respective
C-terminally Flag-TEV-proteinA (FTpA) or N-terminally
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TAP-Flag tagged bait proteins were expressed under control
of their native promoter. Yeast strains were grown in synthetic
dextrose complete (SDC) medium lacking leucine to select for
plasmid-derived bait proteins (Figure 3C) or maintenance of
plasmid-derived mutants (Figures 2 and 3A, Supplementary
Figure S2) at 30°C. For depletion of auxin-inducible degron
(AID) tagged chromosomal DBP10, cultures were incubated
in the presence of 0.5 mM auxin (3-indoleacetic acid, Sigma-
Aldrich, Cat# 12886) for 120 min prior to harvesting the
cells. Cells were harvested in the logarithmic growth phase,
flash frozen in liquid nitrogen and stored at -20 °C. Cell pel-
lets were resuspended in lysis buffer containing 50 mM Tris—
HCI (pH 7.5), 100 mM NaCl, S mM MgCls, 0.05% NP-40,
1 mM DTT, supplemented with 1x SIGMAFAST protease in-
hibitor (Sigma-Aldrich), and cells were ruptured by shaking
in a bead beater (Fritsch) in the presence of glass beads.
Lysates were cleared by two subsequent centrifugation steps
at 4°C for 10 and 30 min at 5000 and 15 000 rpm, respec-
tively. Supernatants were incubated with immunoglobulin G
(IgG) Sepharose 6 Fast Flow beads (GE Healthcare) on a
rotating wheel at 4°C for 90 min. Beads were transferred
into Mobicol columns (MoBiTec) and, after washing with
15 ml of lysis buffer (per 21 culture volume), cleavage with
tobacco etch virus (TEV) protease was performed at 16°C for
120 min. In a second purification step, TEV eluates were in-
cubated with Flag agarose beads (ANTI-FlagM2 Affinity Gel,
Sigma-Aldrich, Cat# A2220) for 75 min at 4°C. After washing
with 5 ml of lysis buffer, bound proteins were eluted with ly-
sis buffer containing 300 ug/ml Flag peptide (Sigma-Aldrich,
Cat# F3290) at 4°C for 45 min. Flag eluates were analysed by
SDS-PAGE on 4-12% polyacrylamide gels (NuPAGE, Invit-
rogen, Cat# NP0322BOX) with colloidal Coomassie staining
(Roti-blue, Carl Roth, Cat# A152.1) or by western blotting
with antibodies, as indicated in the respective figures.

Sucrose gradient centrifugation of Nug1-FTpA
eluates

FTpA-tagged Nugl was affinity purified as described above
from cells expressing plasmid-borne wild-type DBP10 or the
catalytic dbp10 K187R mutant. The final eluates were loaded
onto 7-30% sucrose gradients (w/v) containing 50 mM Tris—
HCI (pH 7.5), 100mM NaCl, SmM MgCly, 0.05% NP-
40, 0.5mM DTT and centrifuged at 27 000 rpm for 16
h at 4°C. The gradients were fractionated into 13 fractions
and subsequently precipitated by 15% (final concentration)
trichloroacetic acid (TCA). TCA-precipitated proteins were
resuspended in SDS sample buffer and analysed by SDS-PAGE
on 4-12% polyacrylamide gels with colloidal Coomassie
staining.

Split-tag affinity purification of proteinA-Dbp10 and
Spb1i-flag

A SPB1 shuffle (spb1A pRS416-Pspp;-SPB1) proteinA-
DBP10 strain was transformed with a plasmid harbouring
SPB1 with an internal Flag tag. After plasmid shuffling and
selection for cells that have lost the pRS416-SPB1 URA3 plas-
mid, cells were grown in YPD medium at 30°C and harvested
in the logarithmic growth phase. Cell lysis and affinity purifi-
cation via IgG Sepharose 6 Fast Flow beads (proteinA-Dbp10
pull-down) followed by purification via Flag agarose beads
(Spb1-Flag pull-down) were performed as described above.
TEV eluates and Flag eluates were analysed by SDS-PAGE
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on 4-12% polyacrylamide gels with colloidal Coomassie
staining. As negative control, the SPB1 shuffle proteinA-
DBP10 strain (without Spb1-Flag) was used for the affinity
purification.

Mass spectrometry proteomics
Sample processing

Nop7- and Nsal-FTpA Flag-eluates were processed using S-
Trap™ micro columns (Protifi, Cat# C02-micro-80) following
the high recovery protocol recommended by the manufacturer
and using trypsin (Pierce, Cat# 90059) as the carrier protein.
After elution from the columns, the samples were lyophilized
and resuspended in 7 ul 0.1% formic acid. 1 ul digest was
used per injection.

Mass spectrometry

Samples were analysed on timsTOF ion mobility mass spec-
trometer (Bruker) in-line with UltiMate 3000 UHPLC sys-
tem (Thermo). Peptides were separated on a reversed-phase
Cyg Aurora column (25 cm x 75 um) with an integrated Cap-
tiveSpray Emitter (IonOpticks, Cat# AUR3-25075C18-CSI).
Mobile phases A and B were 0.1 vol% formic acid in wa-
ter and 0.1 vol% formic acid in ACN, respectively, and the
flow rate was 300 nl/min. The fraction of B was linearly in-
creased from 2% to 25% in 90 min, followed by an increase
to 40% in 10 min and a further increase to 80% in 10 min
and re-equilibration. The spectra were recorded in DIA mode
as previously described (67) as duplicates.

Data processing

The DIA data were processed with DIA-NN (DIA-NN 1.8.2
beta 22) (68), using a synthetic library created from UniProt
S. cerevisiae protein database (downloaded on 03.07.2023)
supplemented with the transgene protein sequences. Precur-
sor charge range was 2-6, while the precursor and fragment
m/z ranges were set to 200-2000 and 100-1800, respectively.
In addition, trypsin digestion with 1 missed cleavage allowed
was specified and cysteine carbamidomethylation (mass delta
of 57.021464 Da) was enabled as fixed modification. Methio-
nine oxidation (mass delta of 15.9949 Da) and N-terminal
acetylation (mass delta of delta 42.0106) were included as
variable modifications, with a maximum number of variable
modifications set to 1. Scan window radius was 10 and mass
accuracies were fixed to 20 ppm, both for MS1 and MS2. File-
tering was performed at 1% FDR.

Data analysis

The Label-Free Quantification (LFQ) values were log;-
transformed, median-normalised and the values for each bi-
ological replicate was averaged across the two MS runs. Af-
ter averaging step, the missing values in the IP samples were
treated as zeros. The two-sided #-tests for volcano plots were
calculated in Perseus (version 2.0.10.0) (69) and visualised us-
ing ggVolcanoR (70).

Quantification of 26S rRNA G2922 2’-O-ribose
methylation levels

Pre-ribosomal particles were first purified using Nsal-FTpA
as bait from cells lacking snR52 snoRNA and expressing ei-
ther wild type DBP10 or the dbp10 K187R mutant. Briefly,
cell pellets corresponding to 2 1 cultures at ODgp9 ~0.6
were resuspended with approximately one volume of ice-cold
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A200-KCl buffer (20 mM Tris-HCI, pH 8.0, 5 mM mag-
nesium acetate, 200 mM KCI, 0.2% Triton X-100) supple-
mented with 1 mM DTT, 1x Complete EDTA-free protease
inhibitor cocktail (Roche), 0.1 U/ul RNasin (Promega). Cell
suspensions were transferred into 15 ml Precellys lysing tubes
prefilled with glass beads (Bertin Technologies, P000961-
LYSKO0-A) and cells were broken using a Cryolys Evolution
cell disruptor (Bertin Instruments), 18 cycles of 30-s shaking
at 6000 rpm separated by 30-s rest at 2°C. Extracts were clar-
ified at 20 400 x g for 30 min at 4°C using a Ti50.2 rotor
(Beckman) in an Optima XE-100 ultracentrifuge (Beckman
Coulter). Soluble extracts were incubated for 2 h at 4°C on
a rocking table with 150 ul of IgG Sepharose 6 Fast Flow
slurry (Cytiva) previously equilibrated in A200-KCl buffer
supplemented with 1 mM DTT. The sepharose beads were
washed seven times with 10 ml of ice-cold A200-KCI buffer
supplemented with 1 mM DTT. RNAs were extracted from
bead pellets as follows: 340 pl of 4 M guanidium isothio-
cyanate solution, 4 pl of 20 mg/ml glycogen (Roche), 170
ul of [10 mM Tris—HCI, pH 8.0, 1 mM EDTA, pH 8.0, 100
mM sodium acetate], 255 ul of phenol and 255 ul of chlo-
roform were added directly to the bead pellets. Tubes were
shaken vigorously for 1 min, incubated 5 min at 65°C, and
centrifuged 5 min at 16 000 x g and 4°C. Aqueous phases
(500 ul) were extracted one more time with 250 ul of phenol
and 250 pl of chloroform and the resulting samples were pre-
cipitated overnight at - 20°C with 1.5 ml 100% ethanol. Final
RNA pellets were resuspended with 10 pl ultrapure H,O. For
the two-step purification procedure, pre-ribosomal particles
bound to IgG-sepharose beads were eluted for 2 h at 16°C
using 200 units of AcTEV protease (Invitrogen, 12575-023).
The resulting eluates were loaded on anti-FLAG M2 affin-
ity gel (SIGMA, A2220-5ML) for 1 h at 4°C on a rocking
table. The beads were washed five times with 10 ml of ice-
cold A200-KCl buffer supplemented with 1 mM DTT. RNAs
were extracted from bead pellets as described above. RNAs
extracted from the Nsal-FTpA-containing pre-ribosomal par-
ticles were hybridized to primer OHA612 (see below) radiola-
belled at its 5’ end using T4 polynucleotide kinase (Promega,
M4103) and [y-32P] ATP (Perkin Elmer, NEG502Z). Primer
extensions were performed for 1 h at 42°C using AMV re-
verse transcriptase (Promega, M5101) in the presence of 1
mM (high) or 0.01 mM (low) dNTP concentrations and ri-
bonuclease inhibitor (Promega, N2511). The resulting cDNAs
were ethanol precipitated overnight in the presence of 0.1 vol-
ume of 3M NaAc and 100 ug of glycogen, and the pellets
were dissolved with 20 ul of formamide loading buffer. Sam-
ples were denatured for 2 min at 95°C, loaded on 6% acry-
lamide:bisacrylamide gels containing 8M urea in 1x TBE and
resolved by electrophoresis for 2 h in 1x TBE running buffer.

Primer OHA612 (§'-TTGCGGTAACATTCATCAGTAGGG-

3’) hybridizes about 60 nucleotides downstream of G2922.

Western blotting

Western blot analysis was performed using the following an-
tibodies: anti-Nogl antibody (1:5000), anti-Nog2 antibody
(1:5000), anti-Nsa2 antibody (1:5000), anti-RIp24 antibody
(1:2000), provided by Micheline Fromont-Racine, anti-Nug1
antibody (1:10 000), anti-Bud20 antibody (1:5000), provided
by Vikram Panse, anti-Has1 antibody (1:10 000) provided
by Patrick Linder, anti-Ebp2 antibody (1:10 000), provided
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by Keiko Mizuta, anti-Rpl3 antibody (1:5000), provided by
Jonathan Warner, anti-Rsa4 antibody (1:10 000), provided
by Miguel Remacha, anti-Mrt4 antibody (1:1000) provided
by Juan Pedro Ballesta, horseradish-peroxidase-conjugated
anti-Flag antibody (1:10 000; Sigma-Aldrich, Cat# A8592,
RRID:AB_439702), horseradish-peroxidase-conjugated anti-
HA antibody (1:5000; Roche, Cat# 12013819001; RRID:
AB_390917), secondary horseradish-peroxidase-conjugated
goat anti-rabbit antibody (1:2000; Bio-Rad, Cat# 166-
2408EDU, RRID:AB_11125345), secondary horseradish-
peroxidase-conjugated goat anti-mouse antibody (1:2000;
Bio-Rad, Cat# STAR105P, RRID:AB_323002).

Results

Lethal and dominant dbp 70 mutations of the
RecA-like helicase core

Genetic depletion of the RNA helicase Dbp10 in previous
studies revealed that the protein is required for the efficient
processing of the 27SB to the 25.5S and 7S pre-rRNAs (21,435).
To assess the importance of Dbp10’s catalytic activity for
this process, we introduced several point mutations within
conserved helicase-core signature motifs suggested to play a
role in ATP-binding or hydrolysis, substrate RNA-binding,
and communication between the ATP- and RNA-binding sites
(71,72) (Figure 1A, Supplementary Figure S1A). Most of the
introduced mutations yielded a non-viable or slow-growth
phenotype asserting that an intact catalytic core is essential for
the protein function (Figure 1B, Supplementary Figure S1B).
Moreover, several mutants, including single-point-mutations
in the Walker A ATP-binding motif (K187R — motif I) and
the Walker B ATP-hydrolysis motif (E289A — motif II) were
dominant-negative when over-expressed from a galactose-
inducible promoter in a DBP10 wild-type strain (Figure 1C).
This is a noteworthy difference to motif I and Il mutants of the
related DEAD-box helicase Spb4 (59), which were not domi-
nant upon over-expression (Supplementary Figure S1C) (58).
As a dominant-negative phenotype indicates functional bind-
ing to pre-60S particles, these findings suggest that in contrast
to Spb4, ATP-binding and hydrolysis may not be required for
an efficient integration of Dbp10 into 60S subunit precursor
particles. All tested catalytic Dbp10 mutant variants, similar
to the wild-type protein, displayed a predominantly nucleo-
lar localization when N-terminally fused to GFP (Figure 1D),
agreeing with a functioning pre-60S incorporation at a nucle-
olar maturation stage.

The helicase activity of Dbp10 promotes nucleolar
pre-60S maturation

The dominant-negative growth phenotype of catalytic dbp10
mutants indicated that the mutant proteins could be capa-
ble of binding to pre-60S particles and that for a subse-
quent disassembly the catalytic activity of the helicase is re-
quired. To directly assess whether catalytic mutants are as-
sociated with pre-60S, we aimed to biochemically analyse
nucleolar 60S assembly intermediates derived from cells ex-
pressing the dominant-lethal dbp10 K187R allele. Therefore,
we constructed yeast strains harbouring Flag-TEV-proteinA
(FTpA) tagged nucleolar assembly factors NOP7 or NSA1
in combination with an auxin-inducible degron (AID) tag
fused to endogenous DBP10. Upon transformation with
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Figure 1. Genetic analyses of catalytic dbp70 mutants. (A) Domain organization of the DEAD-box helicase Dbp10. Conserved motifs involved in
ATP-binding/hydrolysis, RNA-binding, and communication between RNA-binding and ATP-binding motifs that were mutated in this study are indicated in
red, blue, and pink, respectively. (B) A DBP10 (dbp10A) shuffle strain was transformed with plasmids harbouring wild-type DBP10 or indicated dbp10
mutant alleles under transcriptional control of the DBP10 promoter. Transformants were spotted in 10-fold serial dilutions on SDC-Leu or 5-FOA
containing plates (SDC + FOA) and growth was monitored after incubation at 30 °C for the indicated days. (C) Overexpression of DBP10 and indicated
dbp 10 catalytic mutants under the control of the galactose-inducible GAL 7-70 promoter. Transformants were spotted in 10-fold serial dilution on plates
containing glucose (SDC-Leu; repressed condition) or galactose (SGC-Leu; induced condition) and growth was monitored after incubation at 30°C for the
indicated days. Red arrows indicate dominant-negative dbp70 mutants. (D) The subcellular distribution of GFP-tagged wild-type Dbp10 and indicated
catalytic Dpp10 mutant variants in yeast cells was monitored by fluorescence microscopy. Co-localization with the nucleolar marker Nop58-mCherrry
revealed a predominant nucleolar protein localization of all tested Dbp10 variants. DIC: differential interference contrast. Scale bar is 5 um.

plasmids expressing wild-type DBP10, the dbp10 K187R mu-
tant (both under control of the native DBP10 promoter), or
an empty plasmid, we affinity-purified Nop7-FTpA and Nsal-
FTpA particles from cells in presence of AID-Dbp10 (un-
treated) or after its auxin-induced depletion (+auxin) (Figure
2). While the AID-tagged Dbp10 protein was efficiently de-
graded in presence of auxin (Figure 2A and B), both plasmid-
borne wild-type and mutant Dbp10 variants assembled to
Nop7 and Nsal particles and became co-enriched with similar
efficiency, as obvious by a similar intensity of the Coomassie
stained Dbp10 bands (Figure 2A and B). In contrast, the pat-
tern of various other assembly factors significantly changed
in presence of the K187R mutant or in absence of any Dbp10
protein. To obtain more quantitative and comprehensive in-
sights into the protein composition of the isolated pre-60S par-

ticles, we subjected the entire eluates upon Nop7 and Nsal
affinity-purification to mass spectrometry analyses (in four
replicates for each bait protein) (Figure 2C-E). The accumula-
tion of early pre-60S factors such as Ebp2, Rrp14, Dbp9 and
Drs1 on Nop7-derived particles suggests that maturation was
inhibited before these factors dissociate, whereas the associ-
ation of late nucleolar Spb4 and Rrp17, as well as down-
stream nucleoplasmic factors (e.g. Rsa4, Bud20, Sdal) was
reduced. Interestingly, also the co-enrichment of the nucleo-
lar methyltransferase Spb1 and the GTPase Nug1 with Nop7
and Nsal particles derived from dbp10 K187R mutant cells
was reduced (Figure 2A-E). Furthermore, the association of
the poorly characterized WD40 repeat protein Jip5 was sig-
nificantly impaired (Figure 2C-E) indicating that this factor
could play a role on nucleolar pre-60S intermediates after
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Dbp10-dependent PTC structuring. Indeed, the human Jip5
homologue WDRS5S was recently visualized bound to a late
DDXS54 (Dbp10)-containing nucleolar human 60S intermedi-
ate chaperoning H57 of 25S rRNA domain III and prevent-
ing an inter-domain rRNA interaction with domain VI at this
stage (73). The mass spectrometry analyses further revealed
a strong decrease of the methyltransferase Rem1 on Dbp10
K187R containing pre-ribosomes (Figure 2C-E), indicating
that Rem1 is joining downstream of Dbp10’s activity to in-
troduce a m®*C modification at C2278 (55).

In agreement with a reduced binding of Nugl to pre-60S
particles associated with Dbp10 K187R, purification of Nug1-
FTpA from the dbp10 K187R mutant or from cells in absence
of any Dbp10 protein resulted in a clear reduction in the co-
enrichment of several pre-60S factors with the Nug1 bait pro-
tein (Figure 3A). In addition, the Dbp10 K187R protein band
was strongly reduced in the Nug1 eluates and Nug1 appeared
to be associated with the importin Kap123 (Figure 3A). Sim-
ilar to Nugl, the nucleoplasmic/cytoplasmic factor Arx1 did
not efficiently co-purify pre-ribosomes, when isolated from
dbp10 K187R cells (Supplementary Figure S2). Prompted by
the association of the Kap123 importin with Nugl, we anal-
ysed Nugl-derived particles by sucrose gradient centrifuga-
tion, which allows the separation of pre-ribosomal particles
from smaller protein complexes. This further corroborated
that in dbp10 K187R mutant cells, Nugl is less efficiently in-
corporated into 60S precursors and instead partly associates
with Kap123 (Figure 3B). Hence, Kap123, which is also the
major importin for ribosomal proteins (74), may promote the
nuclear import of Nugl, likely by recognition of a previously
described nuclear localization signal (NLS) within the Nugl
N-terminal domain (46).

Taken together, the very strong decrease of Nugl on pre-
60S particles in absence of functional Dbp10 suggests that
nucleolar 60S maturation could be stalled shortly before as-
sembly of the GTPase into the particles, a step which might
be facilitated by Dbp10.

Nug1 fails to associate with catalytic
Dbp10-mutant-derived assembly intermediates

To obtain more insight into the interaction network of Dbp10,
we directly affinity-purified N-terminally TAP-Flag-tagged
wild-type Dbp10 or catalytic Dbp10 mutant variants upon de-
pletion of the endogenously encoded AID-Dbp10 protein. All
plasmid-derived wild-type and mutant Dbp10 bait proteins
efficiently co-purified a set of ribosomal assembly factors typ-
ical for nucleolar pre-60S assembly intermediates (e.g. Erb1,
Ytm1,Nsal, Has1) (Figure 3C). While the pattern of assembly
factors associated with wild-type and mutant particles was in
general similar, the amount of late nucleolar Noc3, Puf6 and
Spb1 was reduced, whereas Rrp14 was enriched on particles
isolated via the mutant Dbp10 variants. Thus, Rrp14, which
exhibits an important stabilizing role on nucleolar 60S precur-
sors bridging 255 rRNA domains II and VI (17), may be dis-
assembled dependent on Dbp10’s restructuring activity. This
assumption is further supported by recent cryo-EM structures
of human pre-60S particles (73) (see Discussion). The most
striking difference in comparison of the wild-type and mu-
tant Dbp10 affinity-purifications was the almost complete ab-
sence of Nug1 from mutant-derived particles (Figure 3C). This
strongly suggests that Dbp10’s catalytic activity is required for
the incorporation of Nugl into 60S precursors.
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Dbp10 interacts with the N-terminal domain of
Nug1

Given the observed importance of Dbp10 for Nugl assem-
bly, we wanted to find out more about the interplay between
these two assembly factors. Since it was previously shown
that the two proteins can interact iz vitro (48), we performed
yeast two-hybrid (Y2H) assays to reveal the Nugl protein do-
main responsible for binding to Dbp10. The Y2H analyses
confirmed a direct Nug1-Dbp10 interaction and furthermore
suggested that the Nugl N-terminal domain (NTD) (amino
acids 1-153) is necessary and sufficient to establish the in-
teraction with the helicase (Figure 4A). It was possible to C-
terminally truncate the Nugl NTD until amino acid 67 (con-
struct N67) before the interaction was reduced, and almost
abolished by truncating further (construct N36). Moreover,
removal of only the N-terminal eleven Nug1 amino acids com-
pletely abolished the interaction, further underscoring the im-
portance of the very N-terminal Nug1 amino acids for Dbp10-
binding. The very N-terminal Nugl region is also the only
visible part of the protein on available yeast pre-60S cryo-EM
structures bound in proximity to the H89-H92 PTC rRNA
(Figure 4B) (16,31,34). According to our Y2H data, both the
o-helix (amino acids 12-36) and the following unstructured
region (amino acids 37-66) contribute to establish the Nug1-
Dbp10 interaction.

Dbp10-Nug1-Spb1 interaction on pre-60S
intermediates

The methyltransferase Spb1 was shown to methylate the A-
site loop nucleotide G2922 of 25S rRNA H92 within the as-
sumed restructuring target region of Dbp10 at the evolving
PTC (54); however, the precise timing and pre-requisites to
introduce this RNA modification remained unclear. Recent
cryo-EM structures showed how Spb1’s methyltransferase do-
main (MTD) embraces H92 and revealed that G2922 is al-
ready methylated on late nucleolar assembly intermediates
purified via RNA helicase Spb4 (58,59). Due to the physical
proximity of the sites of action of Spb1, Dbp10 and Nugl,
we hypothesized that Dbp10 and/or Nugl might engage in a
direct interaction with Spb1. Indeed, Y2H analyses revealed
that both Nugl and Dbp10 interact with Spb1 (Figure 4C)
and that the Nugl N-terminus promotes both, the observed
interaction with Dbp10 (Figure 4A), as well as the interac-
tion with Spb1 (Figure 4C, lower panel). Spb1 and Nug1 were
also co-enriched with pre-ribosomal intermediates purified di-
rectly via Dbp10 as bait protein (Figures 3C and 4D, lane 4)
and both proteins were less efficiently assembled in catalytic
dbp10 mutants (Figures 2 and 3). The observation of the mu-
tual interactions of Dbp10, Nugl and Spb1 suggested that all
three proteins are bound together to the same pre-60S par-
ticles (rather than Dbp10 and Spb1 competing for the same
binding region of Nug1) (13). To collect further evidence for
this model, we performed a split-tag affinity purification in
which in the first step pre-ribosomal particles were purified
via Dbp10 and, subsequently, via Spb1 in a second purifica-
tion step (Figure 4D). Analyses of the final Spb1-Flag eluate
clearly revealed a stoichiometric association of Dbp10 with
Spb1-containing pre-60S particles (Figure 4D, lane 5). Thus,
while the MTD of Spb1 only becomes structurally visible on
late nucleolar assembly intermediates where it embraces H92
(58,59), the protein assembles already earlier and at a similar
stage as Dbp10 and Nugl. Moreover, Nugl was co-enriched
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in the Dbp10/Spb1 split-tag purification, confirming that it
is jointly bound to pre-60S particles with Dbp10 and Spb1
(Figure 4D, lane 5).

Dbp10 facilitates the rRNA methylation of G2922 by
Spb1

The methyltransferase  Spb1l  catalyzes 2’-O-ribose-
methylation of nucleotide G2922 within H92 of the PTC
(54). Since our data suggest that Dbbp10’s activity is required

for the efficient assembly of Spb1, we wanted to determine the
methylation status of G2922 on pre-ribosomes isolated from
the dbp10 K187R helicase mutant. In addition to G2922,
Spb1 can methylate the adjacent U2921, which is however
in wild-type conditions methylated by the snR52 C/D box
snoRNP during an earlier maturation step (54,75). Therefore,
we affinity-purified on IgG-sepharose Nsal-FTpA particles
associated with wild-type Dbp10 or the K187R mutant from
a snr52A strain to unambiguously discriminate for Spb1 ac-
tivity at the H92 rRNA region by primer extension analyses.
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After extraction of the co-purified 27S pre-rRNA, primer ex-
tension experiments were performed using an oligonucleotide
hybridizing about 60 nucleotides downstream of G2922, at
high and low dNTP concentrations to reveal the position
and modification levels of 2/-O-ribose methylations. These
experiments revealed a substantial decrease of G2922 methy-
lation on Nsal particles isolated from the dbp10 K187R
mutant compared to the wild-type condition (Figure 4E).
Signal quantifications (Supplementary Figure S3A and S3B)
revealed a close to 50% decrease in the signal corresponding
to the 2’-O-methylation of G2922, whereas other non-specific
reverse transcription signals in the neighbourhood, used as
loading controls, remained little affected. Interestingly, the
methylation of two neighbouring nucleotides, A2946 and
A2948, also seemed slightly affected in the mutant particles,
suggesting that the dbp10 K187R mutant might perturb
the methylation of additional sites. We further confirmed
these results using pre-ribosomes isolated from wild-type
or K187R mutant cells following a two-step purification
procedure (IgG-sepharose followed by anti-FLAG affinity
gel) instead of the one-step purification shown in Figure
4E. Despite a higher background of non-specific reverse
transcription stops, this approach confirmed the decrease
in Gm2922 2’-O-methylation levels in cells expressing the
dbp10 K187R mutant (Supplementary Figure S3C and S3D).

Taken together, our data reveal that the catalytic activity
of Dbp10 is required to allow G2922 methylation by Spb1,
which likely occurs upon the release of the helicase and liber-
ation of the accurately folded H92.

Discussion

Based on the data from this study and available pre-60S cryo-
EM structures we propose the following timeline for cru-
cial Dbp10-dependent maturation events around the evolving
PTC: The H89-H92 rRNA restructuring target of Dbp10 be-
comes folded and visible at structural state C of nucleolar pre-
60S particles (16), hence, the helicase may associate during the
transition from state B to state C (Figure 4F). Its helicase ac-
tivity is essential to allow pre-60S incorporation of Nugl and
the efficient association of the methyltransferase Spb1 around
this stage, which in turn methylates nucleotide G2922 within
the PTC. Dbp10 and Nug1 have partially overlapping binding
sites around the H89-H92 area (48) and, as suggested by the
strong pre-60S association of catalytic Dbp10 mutant protein
variants, the catalytic RecA domains of Dbp10 may tightly in-
teract with its rRNA substrate until its pre-60S release. Thus,
the release of Dbp10 after PTC restructuring would subse-
quently allow the Spb1 MTD to snap in at the now liber-
ated and folded H92 to methylate G2922 as observed on
Spb4/state E structural intermediates (58,59).

In the affinity-purifications utilizing catalytic Dbp10 mu-
tant proteins directly as bait, Nugl was almost absent,
whereas Spb1 and late nucleolar Noc3 were decreased com-
pared to wild-type Dbp10 purifications. In contrast, Rrp14 ac-
cumulated on particles isolated via catalytic Dbp10 mutants,
implying that the helicase promotes the release of this assem-
bly factor. Our biochemical data are in line with a most re-
cent publication showing cryo-EM structures of a series of nu-
clear human pre-60S intermediates (73). The structures reveal
how the human homologue of Dbp10, DDX54, interacts with
PTC H92 on pre-60S particles and acts as a recruitment plat-
form for the FTSJ3 methyltransferase (Spb1) and the Noc2-

Nucleic Acids Research, 2024, Vol. 52, No. 4

Noc3 complex. Furthermore, the structures unveil that, be-
sides PTC restructuring, DDX54 in a second function remod-
els root helices of 25S rRNA domains III and IV. The rear-
rangement of domain IV Hé61 thereby disrupts the binding
site of the SURF6 (Rrp14)-RRP15-SSF1 module illuminating
the observed Rrp14 accumulation on pre-60S particles lacking
functional Dbp10. Moreover, on human pre-60S structures,
the long C-terminal Rrp14 «-helix occupies the binding site
of a C-terminal Spb1 segment, further explaining the ineffi-
cient pre-60S association of the methyltransferase in dbp10
mutants and block of G2922 methylation.

While our study reveals that the activity of Dbp10 on pre-
60S intermediates is a pre-requisite for GTPase Nugl assem-
bly, it was previously shown that the presence of Nugl ap-
pears vice versa required for Dbp10 and also Spb1 assembly
(48). Thus, while further investigations are needed to illumi-
nate these reciprocal interdependencies, this demonstrates the
complex interplay of assembly factors during highly dynamic
ribosomal maturation events in order to shape crucial rRNA
regions such as the PTC.
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