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Abstract 

Large ribosomal subunit precursors ( pre-LSUs ) are primarily synthesized in the nucleolus. At an undetermined step in their assembly, they are 
released into the nucleoplasm. Str uct ural models of yeast pre-LSUs at various stages of assembly ha v e been collected using cryo-EM. However, 
which cryo-EM model is closest to the final nucleolar intermediate of the LSU has yet to be determined. To elucidate the mechanisms of the 
release of pre-LSUs from the nucleolus, w e assa y ed effects of depleting or knocking out two yeast ribosome biogenesis factors ( RiBi factors ) , 
Puf6 and Nog2, and two ribosomal proteins, uL2 and eL43. These proteins function during or stabilize onto pre-LSUs between the late nucleolar 
stages to early nucleoplasmic stages of ribosome biogenesis. By characterizing the phenotype of these four mutants, we determined that a 
particle that is intermediate between the cryo-EM model State NE1 and State NE2 likely represents the final nucleolar assembly intermediate 
of the LSU. We conclude that the release of the RiBi factors Nip7, Nop2 and Spb1 and the subsequent stabilization of rRNA domains IV and V 

may be key triggers for the release of pre-LSUs from the nucleolus. 
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ibosome biogenesis is a multistep process that spans three
ellular compartments: it is initiated in the nucleolus, con-
inues in the nucleoplasm, and concludes in the cytoplasm.
his process has been best studied in the yeast Saccharomyces
erevisiae . In the nucleolus, transcription of the 35S pre-
ursor rRNA ( pre-rRNA ) marks the beginning of the ribo-
ome assembly pathway. This transcript contains sequences
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exit from the nucleolus into the nucleoplasm and then export
to the cytoplasm. More than 200 ribosome biogenesis fac-
tors ( RiBi factors ) associate with and are released from pre-
ribosomes at different times to facilitate accurate and efficient
ribosome assembly ( 1–3 ) . Assays of RiBi factor mutants and
examination of cryo-EM structures of yeast ribosome assem-
bly intermediates suggest that these RiBi factors enable signif-
icant remodeling of RNA-RNA, RNA-protein, and protein-
protein interactions required to drive assembly forward ( 4 ) .
However, a detailed understanding of the dynamics of ribo-
some assembly remains to be elucidated. 

The nucleolus is a biomolecular condensate formed by
liquid-liquid phase separation, which is thought to be me-
diated by multiple transient, weak interactions between pre-
ribosomes and other nucleolar components ( 4–6 ) . Conse-
quently, the morphology of the nucleolus is dependent on, and
interconnected with, ribosome biogenesis ( 7–9 ) . For example,
defects in ribosome biogenesis in humans ( ribosomopathies )
are often associated with cancers and other diseases that ex-
hibit abnormal shape or size of the nucleolus ( 9 ,10 ) . 

While ribosome assembly contributes to the formation and
maintenance of the nucleolus, it remains unclear how this oc-
curs, and when and how nascent ribosomes are released from
the nucleolar condensate. It seems likely that a decrease in the
number of trans interactions between pre-ribosomes and other
components of the nucleolus enables their release from the
nucleolus ( 4 ,6 ) . What little is known about the release of pre-
ribosomes from the nucleolus in vivo has been learned through
studies of ribosome assembly in S. cerevisiae . Cryo-EM struc-
tures have captured snapshots of precursor LSUs ( pre-LSUs )
as they assemble in the nucleolus and the nucleoplasm. Exami-
nation of these structures, and how their composition changes
as they mature, provide hints for how pre-ribosomes are re-
leased from the nucleolus into the nucleoplasm ( 4 ) . However,
we do not yet know exactly which, if any, of the available
cryo-EM structures represents the last nucleolar intermedi-
ate. Four stable cryo-EM structures, or intermediates between
these structures that are yet to be discovered, are candidates
for being the final nucleolar intermediate: Nsa1 State E, State
NE1, State NE2 and Nog2 State 1 ( Figure 1 ) . The Nsa1 State
E cryo-EM model is believed to be a nucleolar intermediate
because it was isolated from the ytm1E80A mutant in which
the release of pre-LSUs from the nucleolus is blocked ( 11 ,12 ) .
In this mutant, ytm1E80A and several other RiBi factors are
not released from pre-LSUs, preventing extensive remodeling
of the nascent particles ( 11 ,12 ) . Nog2 State 1 is thought to be
the earliest nucleoplasmic ribosome assembly intermediate be-
cause the pre-LSUs analyzed to form this model were purified
using the RiBi factor Nog2, which primarily localizes to the
nucleoplasm ( 12–14 ) . However, because Nog2-eGFP also par-
tially localizes to the nucleolus, some pre-LSUs purified using
Nog2 as bait might be nucleolar. Thus, Nog2 State 1 is another
candidate for the last nucleolar intermediate. Finally, one of
the two intermediate structures present during the transition
from Nsa1 State E to Nog2 State 1, namely State NE1 and
State NE2, could also represent the final nucleolar assembly
intermediate of the nascent LSU. These two structures were
created based on pre-LSUs that were isolated using the RiBi
factor Nop53 as bait ( 15 ) . Nop53 associates with pre-LSUs
in the nucleolus and is released when the internal transcribed
spacer sequence ITS2 is processed in the nucleoplasm ( 16 ) . 

During the transition between Nsa1 State E and State NE1,
seven strictly nucleolar RiBi factors are released from pre-
LSUs. Additionally, the RPs uL2 and eL43 and a small por- 
tion of Nog2 are first visualized by cryo-EM ( Figure 1 A ) 
( 12 , 15 , 17 ) . Three RiBi factors that remain bound to the pre- 
LSU, Nip7, Nop2 and Spb1, likely prevent the compaction 

of the last two of the six rRNA domains of the large ri- 
bosomal subunit, rRNA domains IV and V, onto the pre- 
LSU in the State NE1 structure ( Figure 1 A ) . This is because 
the position of these proteins on the structure should ster- 
ically hinder movement of rRNA helices toward their ma- 
ture conformation. Thus, we refer to Nip7, Nop2 and Spb1 

as ‘rRNA steric hindrance factors’. Given that trans interac- 
tions between RNA and other components of the nucleolus 
are thought to play a significant role in the retention of pre- 
ribosomes in the nucleolus, the release of these factors be- 
tween State NE1 and State NE2, and subsequent compaction 

of rRNA may play a significant role in the release of pre-60S 
particles from the nucleolus ( Figure 1 B ) ( 4 ,6 ) . 

Last, during the transition between State NE2 and Nog2 

State 1, a majority of the remaining rRNA of domain IV sta- 
bilizes ( Figure 1 C ) . Here, the rRNA chaperone Puf6 is thought 
to support the accommodation of eL43 by directly binding to 

eL43 ( 18 ,19 ) . Alternatively, Puf6 has been shown to support 
the stabilization of H68 within rRNA domain IV by facilitat- 
ing its interaction with H22 and H88 ( 20 ,21 ) . In addition, the 
Rpf2 subcomplex, which includes two RiBi factors Rpf2 and 

Rrs1 plus the 5S ribonucleoprotein ( 5S RNP ) that contains 
5S rRNA as well as the RPs uL18 and uL5, becomes stably 
anchored onto the pre-LSU together with H80-88 of rRNA 

domain V ( Figure 1 C ) ( 14 ,15 ) . Simultaneously, the RiBi fac- 
tors Arx1, Rsa4 and Nog2, which are required for rotation of 
the 5S RNP during late steps of assembly in the nucleoplasm,
bind to pre-LSUs ( 22–24 ) . 

To determine which of these four structures, or interme- 
diates between these structures, represents the last nucleo- 
lar pre-LSU intermediate in yeast, we studied four proteins,
Puf6, uL2, eL43 and Nog2, that either stably anchor onto 

pre-LSUs in these states or that function during this interval 
( 12 , 13 , 15 , 19 , 20 , 25 ) ( Figure 1 ) . We hypothesized that the ab-
sence of Puf6, uL2, eL43 or Nog2 might stall ribosome bio- 
genesis during the final stages of nucleolar release. Assays of 
pre-rRNA processing and pre-LSU constituents in these mu- 
tants revealed that shifting the cold-sensitive puf6 Δ mutant 
to 13 

◦C inhibits ribosome biogenesis between State NE1 and 

State NE2. Depletions of uL2, eL43 and Nog2 cause ribo- 
some biogenesis to stall earlier, between Nsa1 State E and 

State NE1. Importantly, all four of these mutants accumulated 

pre-LSUs in the nucleolus. Taken together, our data suggest 
that the last nucleolar intermediate in the assembly of LSUs 
is likely a structure that is intermediate between State NE1 

and State NE2. Our biochemical data suggest that the release 
of the rRNA steric hinderance factors Nip7, Nop2 and Spb1 

is an important trigger for the release of pre-LSUs from the 
nucleolus. 

Materials and methods 

Growth of yeast strains 

Growth and handling of yeast strains and preparation of stan- 
dard media were performed by established procedures ( 26 ) .
Rich medium ( 1% yeast extract, 2% peptone; YEP ) or syn- 
thetic complete minimal medium ( 0.15% yeast nitrogen base,
0.5% ammonium sulfate; SC ) were supplemented with the ap- 
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Figure 1. Pre-LSUs undergo numerous protein and rRNA remodeling events as they are released from the nucleolus. Four str uct ures represent the 
transition of pre-LSUs out of the nucleolus, Nsa1 State E ( PDB code 6ELZ ) , State NE1 ( PDB code 7U0H ) , State NE2 ( PDB code 6YLY ) , and Nog2 State 1 
( PDB code 3JCT ) . Protein and rRNA str uct ures known to be in a str uct urally heterogeneous state in each of these str uct ures have been overlaid ( 50% 

transparency ) . ( A ) B etw een Nsa1 State E and State NE1, many nucleolar RiBi factors are released from the maturing large subunit ( Ebp2, Brx1, Noc3, 
Nop16, Erb1, Ytm1 and Has1 ) , the RiBi factors Nog2 and Nop53 bind, and RPs uL2 and eL43 stabilize onto pre-ribosomes. In addition, the rRNA helices 
H65-70 begin to stabilize and H62 stabilizes. ( B ) The RiBi factors Nip7, Nop2, and Spb1 are released between State NE1 and State NE2. These RiBi 
factors sterically hinder the stabilization of multiple portions of rRNA domains IV and V onto the pre-LSU. Thus, release of these three RiBi factors may 
allow rRNA helices H65-70 and H74-79 to stabilize further. At this time, the RiBi factor Bud20 associates with the nascent large subunit. ( C ) Between 
State NE2 and Nog2 State1, a majority of the remaining rRNA of domains IV and V, as well as 5S rRNA, stabilize onto the large subunit precursor. In 
addition, many RiBi factors stabilize onto the pre-LSU, including Arx1, Rrs1, Rpf2, Cgr1, Rsa4 and Nog2. 
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ropriate amino acids and bases as nutritional requirements,
nd with 2% galactose ( YEPGal and SC + Gal, respectively ) ,
r 2% glucose ( YEPGlu and SC + Glu, respectively ) . All solid
edia contained 2% agar. Unless otherwise indicated, yeast

ells were grown at 30 

◦C to an optical density at 600 nm
 OD 600 ) of 0.9. 

puf6 Δ strains were grown in YEPGlu medium ( 2% dex-
rose, 2% peptone, and 1% yeast extract ) at 30 

◦C for 15 h
and shifted to 13 

◦C for eight hours. puf6 Δ strains containing
plasmids from the Yeast Genomic Tiling Library were grown
in selective media ( SC-leu + Glu ) . 

GAL-RPL2 and GAL-RPL43 strains were grown in YEP-
Gal ( 2% galactose, 2% peptone and 1% yeast extract ) at 30 

◦C
for 17 h and shifted to YEPGlu ( 2% dextrose, 2% peptone and
1% yeast extract ) for three hours. RP depletion strains con-
taining plasmids used for microscopy were grown in YEPGal
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overnight and shifted to YEPGlu for 3 hours or were back-
diluted in YEPGal for three hours. 

Strains and microbiological methods 

All yeast strains used in this work are listed in Supplemen-
tary Table S1. The puf6 Δ strains were generated by PCR-
based gene deletion-disruption of the PUF6 gene in BY4741
or JWY12462 ( TAP-FLAG-NOP53 ) . To this end, we ampli-
fied either the PUF6::kanMX6 disruption cassette using the
plasmid pFA6a-kanMX6 or PUF6::HISMX6 using the plas-
mid pFA6a-HIS3MX6 as templates ( Supplementary Table S2 )
( 26 ) . The respective PCR products were transformed into the
respective strains by the lithium acetate method ( 27 ) . Trans-
formants were selected on YEPGlu medium containing 200
μg / ml G418 or SC-his medium. Candidates were chosen and
the integration was verified by colony PCR. 

To generate the Nop7-TAP tagged strains, the stop codon of
NOP7 was replaced by the TAP sequence in frame. The plas-
mids pFA6a-TAP-kanMX6 and pFA6a-TAP-TRP1 were used
as templates ( 28 ) . The PCR product was purified and trans-
formed into puf6 Δ, GAL-RPL2 and GAL-RPL43 strains. The
presence of the C-terminal tag was confirmed by western blot-
ting using a monoclonal anti-TAP antibody. The TAP-FLAG-
Nop53 strains were generated as described previously ( 29 ) . 

Strains expressing the uL2-Myc or eL43-Myc protein were
generated by replacing the stop codon of RPL2A or RPL43B
with the 13-Myc sequence in frame. The plasmid pFA6a-
13Myc-kanMX6 was used to amplify the 13-Myc tag and
sequences immediately upstream or downstream of the stop
codon of the RPL2 or RPL43 ORF ( Supplementary Table S2 )
( 26 ) . The PCR product was purified and transformed into the
strains. Candidates were selected on YEPGlu or YEPGal me-
dia containing 200 μg / ml G418. The expression of the tagged
protein was confirmed by western blotting using a monoclonal
anti-Myc antibody ( clone 9E10, Sigma-Aldrich ) . 

puf6 Δ and puf6 Δ Nop7-TAP strains over-expressing vari-
ous ORFs were generated by transforming plasmids from the
Yeast Genomic Tiling Library ( 30 ) . Candidates were selected
on SC-leu media. As a control, the empty vector pRS315 was
also transformed into the strains ( 31 ) . 

Affinity purifications of assembling large subunits 

Magnetic Dynabeads ( Thermo Fisher Scientific ) were used
to affinity purify large subunit assembly intermediates using
TAP-FLAG-Nop53 or Nop7-TAP. TAP-FLAG-Nop53 ( 500
ml ) and Nop7-TAP ( 150 ml ) cultures were grown either in
galactose- or glucose-containing liquid media to an OD 600 of
0.7–0.9. Cells were collected and resuspended in 3.5 ml of Ly-
sis Buffer ( 50 mM Tris–HCl pH 7.5, 150 mM NaCl, 10 mM
MgCl 2 , 0.075% detergent octyl-phenoxypolyethoxyethanol ) ,
and subjected to vortexing with glass beads ( 0.5 mm di-
ameter, Biospec Products ) eight times for 30 s, with incu-
bation on ice in between vortexing. Extracts were clarified
by centrifugation and bound to IgG-coated Dynabeads at
4 

◦C for 1 h. Beads were washed three times with the Lysis
Buffer and pre-LSUs were eluted by cleaving the TEV pro-
tease site within the TAP-tag, using 1–2 μl of TEV Protease
( Thermo Fisher Scientific ) . Proteins were precipitated with
10% trichloroacetic acid ( TCA ) , resuspended in SDS sample
buffer and separated by SDS-PAGE on 4–20% Tris-Glycine
Novex gels ( Thermo Fisher Scientific ) followed by silver stain-
ing using standard methods. 
Western blot analysis 

Proteins from whole-cell extracts or from purified pre-LSUs 
were separated by SDS-PAGE, transferred to an Amersham 

Protran-supported 0.45 μm nitrocellulose membrane ( GE 

Healthcare Life Sciences ) , and assayed by western blot anal- 
ysis. To conserve antiserum by using a lower volume of blot- 
ting buffer, and to enable detection of multiple proteins on 

one blot, membranes were cut into smaller sections based on 

the known mobility of the different proteins. As Nog2 co- 
migrates with IgG on 4–20% Tris-Glycine Novex gels, Nu- 
Page 4–12% Bis-Tris gels ( Thermo Fisher Scientific ) were used 

to assay Nog2 protein by western blotting. TAP-tagged pro- 
teins were detected using alkaline phosphatase conjugated to 

IgG ( Pierce ) . HA-tagged proteins were identified with mouse 
monoclonal antibody 12CA5 ( Thermo Fisher Scientific ) , and 

Myc-tagged proteins with 9E10 antibody ( Sigma-Aldrich ) .
FLAG-tagged proteins were probed using an ANTI-FLAG 

M2 monoclonal antibody ( Sigma-Aldrich ) . Otherwise, anti- 
bodies specific for RPs or RiBi Factors were used. Alkaline- 
phosphatase-conjugated anti-mouse or anti-rabbit secondary 
antibodies ( Promega ) were used, and colorimetric detection 

was performed using NBT and BCIP ( Promega ) . 

Analysis of pre-60S r-subunits by semi-quantitative 

mass spectrometry ( iTRAQ ) 

For semi-quantitative mass spectrometry ( iTRAQ ) , pre-LSUs 
were purified as described above, with the following modifica- 
tions. 1L cultures were collected for Nop7-TAP purified sam- 
ples and 2 L cultures were collected for TAP-FLAG-Nop53 

purified cultures. Cell pellets were resuspended in TNM150 

buffer ( 50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1.5 mM 

MgCl 2 , 0.1% NP-40 and 5 mM 2-mercaptoethanol ( Sigma- 
Aldrich ) ) . After incubation of the lysates with IgG-coated 

Dynabeads for 1 h at 4 

◦C, NP-40 was omitted from the buffer 
for all later steps. Purified samples were sent to the Penn State 
Hershey Core Research Facilities for trypsin digestion and 8- 
plex labeling with iTRAQ reagents 113, 114, 115, 116, 117,
118, 119 and 121 ( Applied Biosystems ) . Peptides were sep- 
arated by two-dimensional ( 2D ) liquid chromatography and 

parent ions were identified on a Sciex 5600 liquid chromatog- 
raphy mass spectrometer system. Protein Pilot 5.0 was used to 

obtain iTRAQ ratios as an average of all peptides for each pro- 
tein. Proteins identified with > 99.9% confidence were used 

for further data analysis. Data were normalized to the change 
in ratio of the bait protein. 

Nor thern blot ting and primer extension of pre-rRNA 

Steady-state levels of pre-rRNAs were assayed using north- 
ern blot and primer extension analysis. Ten milliliter cultures 
of cells were harvested, frozen, and RNA was extracted using 
phenol. Five micrograms of RNA were used for primer exten- 
sion reactions or loaded onto a formaldehyde / MOPS agarose 
gel for Northern blotting. 32 P- γ-ATP radiolabeled oligonu- 
cleotide probes for specific pre-rRNAs were used in primer 
extension reactions and for hybridization in Northern blots.
For Northern hybridization of small molecular weight RNAs 
( 7, 6, 5.8 and 5S ) , RNA samples were mixed with an equal 
volume of sample buffer ( 0.1 × TBE buffer, 10M urea, 0.1% 

xylene cyanol, 0.1% bromophenol blue ) and subjected to elec- 
trophoresis on a 5% acrylamide / 7M urea gel for 4 h at 120 

mA. Following electrophoresis, gels were electroblotted to a 
Nytran N membrane ( GE Healthcare Life Sciences ) using a 
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rans-Blot Plus Cell ( Biorad ) , hybridized with an end-labeled
ligonucleotide, washed, and exposed to X-ray film. Oligonu-
leotide probes or primers are described in Horsey et al. ( 32 ) .

luorescence microscopy 

trains were transformed with either plasmid pRS316-uL23-
GFP-mRFP-NOP1, pRS316-NOP7-eGFP-mRFP-NOP1 or
RS316-eGFP-NOP53-mRFP-NOP1 ( Supplementary Table
2 ) and grown in YEPGlu or YEPGal media at indicated tem-
eratures as described previously ( see above ) ( 33 ,34 ) . Cells
ere fixed in 4% paraformaldehyde for 15 minutes and
ashed three times in PBS before anchoring to glass slides
sing 20–30 μl of 1 mg / ml concanavalin A ( ConA, Fisher
cientific ) , which was dried on plates for 30–45 min before
dding cells. Cell images were obtained by a Zeiss LSM 880
aser scanning confocal microscope at 1000x magnification.
mages were acquired using ZEN software ( blue edition, by
eiss ) and the images were processed using Fiji for Mac OSX

 National Institutes of Health ) . 

igh-copy suppression and enhancer screen 

igh-copy ( two micron ) plasmids from the Yeast Genomic
iling Collection ( Open Bio-systems ) were transformed into
uf6 Δ, puf6 Δ Nop7-T AP, Nop7-T AP and BY4741 ( PUF6 )
trains ( 30 ) . Plasmids used can be found in Supplementary Ta-
le S2. Serial dilutions of cells ( 1:10 to 1:10,000 ) were spotted
nto SC-leu + Glu solid medium and incubated at 30 

◦C and
3 

◦C. 

ucrose gradient centrifugation 

ell extracts for polysome profile analyses were prepared as
escribed previously ( 35 ) . Ten A 260 units of total cell extract
ere loaded onto 7–50% sucrose gradients. These gradients
ere centrifuged at 39,000 rpm in a Beckman Coulter SW41
i rotor at 4 

◦C for 2 h 45 min and fractionated using an ISCO
A-6 system with continuous monitoring at A 254 . 

esults 

eletion of PUF6 blocks LSU biogenesis during late 

ucleolar stages 

o characterize the defects in ribosome biogenesis caused by
hifting the cold-sensitive puf6 Δ mutant to 13 

◦C, we affinity
urified pre-LSUs. We initially used the RiBi factor Nop7 as
 bait, because it is associated with most nuclear LSU assem-
ly intermediates and can be used to identify the approximate
nterval of ribosome biogenesis that was inhibited in this mu-
ant ( 29 , 36 , 37 ) ( Supplementary Figure S2D ) . In the absence
f Puf6 at 13 

◦C, we found increased amounts of Nop2, one
f the three rRNA steric hindrance factors ( Nip7, Nop2 and
pb1 ) , present in pre-LSUs ( Supplementary Figures S2 and
3 ) . In contrast, the levels of many strictly nucleolar RiBi fac-
ors ( Brx1, Has1, Noc2 and Noc3 ) decreased ( Supplementary
igure S2 ) . 
We next transitioned to using Nop53 as bait, because

t captures a narrower set of intermediates, between State
 and Nog2-TAP State 1 ( 15 ) . Thus, we could observe
tronger effects when surveying this smaller interval of as-
embly ( Supplementary Figure S2D ) ( 15 ) . We then assayed
hanges in levels of RPs and RiBi factors in pre-LSUs us-
ng iTRAQ mass spectrometry and western blot analysis. In
agreement with previous reports, eL43 incorporation into pre-
LSUs was inhibited in the absence of Puf6 ( Figure 2 D and
Supplementary Figure S4B ) ( 18 ,19 ) . However, we found that
amounts of uL2 in pre-LSUs did not decrease in the puf6 Δ mu-
tant at 13 

◦C ( Figure 2 D and Supplementary Figure S4B ) . We
found that the levels of Nip7, Nop2 and Spb1 all increased in
our second ITRAQ analysis and confirmed again that the lev-
els of Nop2 increased by western blot analysis. Furthermore,
we observed that the levels of Has1, Noc2, Noc3, Nop16,
Spb4, Ebp2, Brx1, Ytm1 and Erb1 decreased or were unaf-
fected by ITRAQ analysis and western blot analysis ( Figure 2
and Supplementary Figure S4B ) . This suggests that the block
in pre-LSU maturation in the puf6 Δ mutant is stalled up-
stream of the release of Nip7, Nop2 and Spb1, specifically
between State NE1 and State NE2. Because the rRNA steric
hindrance factors are not released in the absence of Puf6, a
majority of rRNA domains IV and V likely cannot compact
onto the body of these pre-LSUs ( Figure 1 B ) ( 12 ,15 ) . 

Consistent with a block between State NE1 and State NE2,
we observe that steps downstream of this transition appear
to be blocked. Amounts of Nog2 associated with pre-LSUs
decreased, suggesting that Nog2 binding is inhibited ( Figure
2 , Supplementary Figures S2A and 4B ) . The levels of Rpf2,
Rrs1 and Cgr1 increased when PUF6 was deleted, indicat-
ing that they can bind, but not release from pre-LSUs ( Figure
2 A ) . Because these three RiBi factors sterically hinder 5S
RNP rotation, this remodeling step most likely does not oc-
cur ( 22 , 35 , 38 ) . As the ITS2 spacer RNA is processed, the RiBi
factors that are directly bound to it, the ITS2 associated RiBi
factors Cic1, Nop15, Nop7 and Rlp7, are released ( 29 , 39 , 40 ) .
The levels of these ITS2 associated factors in pre-LSUs in-
creased when PUF6 was deleted, indicating that their release
is inhibited, likely because ITS2 processing does not occur
( Figure 2 A ) . Normally, ITS2 removal is thought to occur dur-
ing the lifetime of the Nog2 particle, consistent with our ob-
served block ( 14 ) . However, it should be noted that we and
others have shown that 5S RNP rotation and ITS2 processing
can occur independently of each other ( 16 , 29 , 35 , 38 , 40–42 ) .
Taken together, these results indicate that Puf6 is required for
the transition from state NE1 to state NE2. 

Depletion of uL2 or eL43 blocks LSU biogenesis 

upstream of the puf6 Δ mutant 

Next, we examined the effects on pre-LSU composition caused
by depletion of RPs uL2 or eL43. To do so, we purified pre-
LSUs using TAP-tagged Nop7 and assayed constituents of pre-
LSUs, as described above. The effects on protein constituents
of pre-LSUs were very similar when either uL2 or eL43 was
depleted ( Supplementary Figure S2 ) ( 25 ) . The levels of Nop2
and Nip7 increased, while amounts of Erb1, Has1, Noc2 and
Noc3 appeared to decrease. 

As with the previous assays of the effects of the puf6 mu-
tant, we next studied the effect of depleting uL2 by ITRAQ
analysis using Nop53 as bait to obtain a more detailed under-
standing of this mutant phenotype. As observed upon dele-
tion of PUF6 , the levels of the rRNA steric hindrance factors
Nip7, Nop2 and Spb1 consistently increased when uL2 was
depleted, as previously described ( Figure 3 and Supplementary
Figures S3 and S4D ) ( 25 ) . The levels of most other nucleolar
RiBi factors either did not change or decreased. However, in
contrast to results with Nop7-TAP as bait, we observed that
amounts of Nop7, Erb1, Ytm1, and Has1 generally increased
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Figure 2. The absence of Puf6 at low temperatures inhibits ribosome biogenesis between State NE1 and State NE2. ( A ) iTRAQ ( semi-quantitative mass 
spectrometry ) was used to quantify relative changes in levels of RiBi factors between mutant and wild-type pre-ribosomes. The cold-sensitive puf6 Δ
strain was grown for fifteen hours in YEPGlu medium at 30 ◦C, shifted to 13 ◦C for three hours, and compared with the wild-type PUF6 strain grown in 
the same conditions. Ratios of RiBi factors were normalized to levels of Nop53 ( bait ) . Protein groups are marked as follows: Strictly nucleolar RiBi 
f actors, e x cluding Nip7, Nop2, and Spb1 ( orange ) , rRNA steric hinderance factors ( green ) , ITS2 associated factors ( purple ) , 5S RNP rotation factors ( blue ) . 
( B ) Cryo-EM models depicting proteins that were detected by ITRAQ MS. Left: Nsa1 State E with associated RiBi factors. Right: Nog2 State 1 with 
associated RiBi factors. The colors of the different assembly factors shown are meant to distinguish the assembly factors from each other. These colors 
are not related to the different classes of factors described in ( A ) . ( C ) Summary of TAP-FLAG-NOP53 I TRA Q MS data f or the puf6 Δ mutant presented on 
the cryo-EM models in B. Proteins are colored according to log2 ratios found in ( A ) . ( D ) Quantification of western blot assays of puf6 Δ pre-ribosomes. 
Samples were collected as described in ( A ) using Nop53 as bait. Protein constituents were separated by SDS-PAGE and stained with silver, then 
subjected to western blotting using antibodies against specific proteins. All proteins were analyzed in duplicate. Protein levels were normalized to the 
le v els of Nop53 or uL23. Protein groups are marked with colored bars, as described in ( A ) . 

 

 

 

 

 

 

 

 

 

in Nop53-containing particles when uL2 or eL43 were de-
pleted ( Figure 3 D and Supplementary Figure S4D ) . We hy-
pothesize that because Nop7, Erb1, Has1 and Ytm1 all as-
sociate with the pre-60S from the earliest stages of assembly,
a delay or inhibition of their removal was difficult to detect
when Nop7 is utilized as a bait. This accumulation of Erb1,
Ytm1, and Has1, as well as the rRNA steric hindrance fac-
tors Nop2, Nip7 and Spb1, indicates that pre-LSUs cannot
complete the transition from Nsa1 State E to State NE1 when
either uL2 or eL43 are depleted ( Figure 1 A ) . 
Depletions of uL2 and eL43 also exhibited downstream de- 
fects in assembly that are consistent with a Nsa1 State E to 

State NE1 block. Similar to the defect observed in the puf6 Δ

mutant, the levels of Nog2 and Bud20 decreased, indicating 
that their assembly is partially inhibited ( Figure 3 and Supple- 
mentary Figure S4D ) ( 25 ) . The levels of Rpf2, Rrs1 and Cgr1 

increased, indicating that they are not efficiently released from 

pre-ribosomes, thus preventing rotation of the 5S RNP ( Figure 
3 A ) . We also observed that the levels of the ITS2 associated 

factors increased, indicating that the processing of the ITS2 
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Figure 3. The absence of uL2 or eL43 inhibits ribosome biogenesis between State E and State NE1. ( A ) iTRAQ ( semi-quantitative mass spectrometry ) 
was used to quantify relative changes in levels of RiBi factors in pre-ribosomes upon depletion of uL2. The GAL-RPL2 strain was grown for fifteen hours 
in YEPGal medium at 30 ◦C, shifted to YEPGlu for three hours to deplete the ribosomal protein uL2, and compared to a non-shifted culture. Ratios of RiBi 
f actors w ere normaliz ed to le v els of Nop53 ( bait ) . P rotein groups are mark ed as f ollo ws: Strictly nucleolar RiBi f actors, e x cluding Nip7, Nop2 and Spb1 
( orange ) , rRNA steric hinderance factors ( green ) , ITS2 associated factors ( purple ) , 5S RNP rotation factors ( blue ) . ( B ) Cryo-EM models depicting proteins 
that were detected by ITRAQ MS. Left: Nsa1 State E with associated RiBi factors. Right: Nog2 State 1 with associated RiBi factors. The colors of the 
different assembly factors shown are meant to distinguish the assembly factors from each other. These colors are not related to the different classes of 
factors described in ( A ) . ( C ) Summary of TAP-FLAG-NOP53 I TRA Q MS data for the GAL-RPL2 mutant presented on the cryo-EM models in B. Proteins 
are colored according to log2 ratios found in ( A ) . ( D ) Western blot quantification of changes in pre-ribosomal proteins upon depletion of the proteins uL2 
or eL43 ( GAL-RPL2 and GAL-RPL43 strains respectively ) . Samples for both strains were collected as described in ( A ) using Nop53 as bait. Protein 
constituents were separated by SDS-PAGE and stained with silver, then subjected to western blotting using antibodies against specific proteins. All 
proteins were analyzed in duplicate. Protein levels were normalized to the levels of Nop53 or uL23. Protein groups are marked as described in ( A ) . 
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pacer RNA is inhibited ( Figure 3 , Supplementary Figures S2A
nd S4D ) . 

Taken together, these experiments indicate that uL2 and
L43 are required for release of Erb1, Ytm1, Has1 and the
ater release of rRNA steric hindrance factors Nip7, Nop2,
nd Spb1. Thus, depletion of either of these RPs results in a
lock in pre-LSU biogenesis during the transition from Nsa1
tate E to State NE1 ( Figure 1 A ) . As a result of this block,
ownstream assembly events are also inhibited. 
Depletion of Nog2 causes a similar, but stronger 
defect than depletion of either uL2 or eL43 

To characterize how ribosome assembly is affected in the ab-
sence of Nog2, we performed iTRAQ mass spectrometry and
western blot analysis of pre-LSUs that were affinity-purified
with TAP-tagged Nop53 when Nog2 was depleted. Our data
suggest that the levels of the rRNA steric hindrance factors
Nip7, Nop2, and Spb1, as well as Erb1, Ytm1, Has1 and Nop7
increase ( Figure 4 , Supplementary Figures S3 and S4F ) . This
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Figure 4. Depletion of Nog2 results in a block in ribosome biogenesis bet ween St ate E and St ate NE1. ( A ) iTRAQ ( semi-quantit ative mass spectrometry ) 
was used to quantify relative changes in levels of RiBi factors in pre-ribosomes upon depletion of Nog2. The GAL-NOG2 strains were grown for 15 h in 
YEPGal medium at 30 ◦C, shifted to YEPGlu for three hours to deplete Nog2, and compared to a non-shifted culture. Ratios of RiBi factors were 
normalized to levels of Nop53 ( bait ) . Protein groups are marked as follows: Strictly nucleolar RiBi factors, excluding Nip7, Nop2 and Spb1 ( orange ) , rRNA 

steric hinderance factors ( green ) , ITS2 associated factors ( purple ) , 5S RNP rotation factors ( blue ) . ( B ) Cryo-EM models depicting proteins that were 
detected by ITRAQ MS. Left: Nsa1 State E with associated RiBi factors. Right: Nog2 State 1 with associated RiBi factors. The colors of the different 
assembly factors shown are meant to distinguish the assembly factors from each other. These colors are not related to the different classes of factors 
described in ( A ) . ( C ) Summary of TAP-FLAG-NOP53 I TRA Q MS data for the GAL-NOG2 mutant presented on the cryo-EM models in B. Proteins are 
colored according to log2 ratios found in ( A ) . ( D ) Western blot quantification of changes in pre-ribosomal proteins upon depletion of Nog2. Samples were 
collected as described in ( A ) using Nop53 as bait. Protein constituents were separated by SDS-PAGE and stained with silver, then subjected to western 
blotting using antibodies against specific proteins. All proteins were analyzed in duplicate. Protein levels were normalized to Nop53 or uL23. Protein 
groups are marked as described in ( A ) . 

 

 

 

 

 

 

 

 

 

latter effect on the transition from State E to NE1 suggests that
Nog2 is associated with pre-ribosomes earlier than previously
thought ( see Discussion ) . 

Like the other mutants examined here, the ITS2 associated
factors as well as Rpf2 and Rrs1 accumulated in pre-LSUs
when Nog2 was depleted ( Figure 4 A ) . This indicates that ro-
tation of the 5S RNP and ITS2 processing are inhibited. In
contrast to depletions of uL2 or deletion of Puf6, depletion of
Nog2 caused the levels of the RiBi factors Rsa4, Ipi3, Rix1,
Sda1 and Rea1 to decrease dramatically in TAP-Nop53 pu- 
rified pre-LSUs ( Figure 4 A ) . This effect was more significant 
than what we observed for depletion of uL2 or for the puf6 Δ

mutant ( Figures 2 A, 3 A and 4 A ) . Prior to rotation of the 5S
RNP, these RiBi factors must bind to pre-LSUs ( 23 ,43 ) . The 
decreased levels of these proteins indicate that they cannot 
bind to pre-LSUs when Nog2 is depleted. 
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Figure 5. Depletion of uL2, eL43, or deletion of PUF6 causes nucleolar 
accumulation of pre-LSUs. The reporter for pre-LSU localization, 
uL23-eGFP ( green ) , the nucleolar marker mRFP-Nop1 ( magenta ) , the 
merged signal, and the phase contrast images ( DIC ) of cells are labeled. 
Scale bars ( marked in black ) are 5 μm. R epresentativ e images are 
included. ( A ) The PUF6 wild-type ( BY4741 ) and puf6 Δ mutant strains 
w ere gro wn in YEPGlu media f or 1 5 h at 30 ◦C and shif ted to 1 3 ◦C for 
eight hours. ( B ) G AL-RPL2 , G AL-RPL43 and G AL-NO G2 strains were 
grown in YEPGal media at 30 ◦C for 15 hours. Glu samples were shifted to 
YEPGlu media for three hours at 30 ◦C prior to imaging. Gal samples were 
back diluted to YEPGal media for three hours at 30 ◦C prior to imaging. 

 

 

 

 

 

 

re-rRNA processing defects indicate that uL2 and 

L43 mutants stall assembly earlier than puf6 Δ
utants, and that depletion of Nog2 stalls 

ssembly at two points 

e next systematically examined pre-rRNA processing de-
ects of these four mutants by Northern blotting and primer
xtension. When the cold-sensitive puf6 Δ mutant was shifted
rom 30 

◦C to 13 

◦C for three hours, 7S pre-rRNA accumu-
ated, indicating that cleavage of the ITS2 spacer at the C 2

ite can occur, but subsequent processing of ITS2 is inhibited
 Supplementary Figures S1 and S5A ) . We observed accumula-
ion of 27SB and 27SA 2 pre-rRNAs, and decreased levels of
S pre-rRNA when uL2 or eL43 were depleted for three hours
 Supplementary Figure S5B ) . Accumulation of small amounts
f 27SA 2 pre-rRNA often occurs when this interval of pre-
ibosome maturation is blocked, likely due to sequestration
n the aborted particles of small amounts of RiBi factors re-
uired for very early stages of assembly ( 44 ,45 ) . Consequently,
e suspect that this is an indirect effect. Thus, we confirmed

hat when uL2 or eL43 are absent, pre-rRNA processing is
locked before cleavage of ITS2 at the C 2 site ( Supplementary
igures S1 and S5B ) ( 25 ) . 
Yeast depleted of Nog2 accumulate both 27SB and 7S pre-

RNAs, as previously reported ( Supplementary Figure S5C )
 13 ) . This may indicate that ribosome biogenesis is stalled at
wo steps when Nog2 is depleted. The accumulation of 27SB
re-rRNAs likely reflects the population of pre-LSUs that are
talled between Nsa1 State E and State NE1, similar to deple-
ions of uL2 or eL43. On the other hand, the accumulation
f 7S pre-rRNAs may reflect the pool of pre-LSUs that are
talled at a later stage ( See Discussion ) . It remains to be de-
ermined why some of these Nog2-depleted cells are able to
ndergo cleavage at the C 2 site within ITS2, while others are
ot. The defects in pre-rRNA processing in each of these mu-
ants are unlikely to be a result of a shift in the carbon source,
s this has been shown to not affect the relative amounts of
re-rRNA processing intermediates ( 46 ) . 

uf6, uL2, eL43 and Nog2 are required for release 

f pre-LSUs from the nucleolus 

e next assayed whether blocking assembly between Nsa1
tate E and State NE1 upon uL2, eL43 or Nog2 depletion
r between State NE1 and State NE2 in the puf6 Δ mutant
hifted to 13 

◦C prevented release of pre-LSUs from the nu-
leolus. To do so, RP uL23-GFP was used as a reporter for
re-LSUs and the RiBi factor mRFP-Nop1 was used as a re-
orter for the nucleolus. We found that, in each mutant, pre-
SUs localized primarily to the nucleolus, although the effects
ere weaker in the puf6 Δ mutant, consistent with the weaker

ffect on growth ( Figure 5 ) . Nucleolar accumulation of pre-
SUs upon Nog2 depletion has been reported in Drosophila
ells previously ( 47 ) . 

We next assayed the localization of Nop53 in each mu-
ant, to assess effects more specifically on the pre-ribosomes
hat we affinity-purified using TAP-Nop53 as bait. In wild-
ype cells Nop53 is localized to both the nucleolus and the
ucleoplasm ( Supplementary Figure S6 ) . However, in each of
he four mutants, there was significant enrichment of GFP-
op53 in the nucleolus and much less signal in the nucleo-
lasm, indicating that the pre-ribosomes affinity purified using
op53 were largely unable to be released from the nucleolus

 Supplementary Figure S6 ) . 
Our results indicate that pre-LSUs that are stalled during
the transition from State NE1 to State NE2 and accumu-
late in the puf6 Δ mutant, localize to the nucleolus. Because
the mutant pre-LSU intermediates that accumulate when uL2,
eL43 or Nog2 are depleted precede the block caused by a
puf6 Δ, it is not surprising that these depleted strains also accu-
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mulate pre-LSUs in the nucleolus. It appears that uL2, eL43,
Nog2 and Puf6 are all required for the release of pre-LSUs
from the nucleolus, but the function of Puf6 appears to be
more proximal to nucleolar release than the function of uL2,
eL43 or Nog2. 

Since particles that represent intermediates between State
NE1 and State NE2 accumulate primarily in the nucleolus,
we conclude that these intermediate particles may be the last
known nucleolar assembly intermediate of the large subunit. 

Increased dosage of RPL2, RPL43 or RPL19 

suppresses the puf6 Δ growth defect 

The absence of Puf6 causes the last identified block of ribo-
some biogenesis in the nucleolus. To identify other proteins
that might functionally interact with Puf6 during this step, we
systematically examined the effect of increased dosage of forty
RiBi factor and RP genes that function in LSU biogenesis. To
do so, we transformed into a puf6 Δ strain high copy plasmids
expressing these genes from a yeast genomic tiling library, and
assessed the effect on growth at 13 

◦C ( 30 ) . 
We found that increased dosage of plasmids containing

RPL2, RPL43, and RPL19 suppressed the growth defect of
the puf6 Δ strain, which suggests that these proteins func-
tionally interact with Puf6 ( Figure 6 A ) . The growth of wild-
type PUF6 yeast transformed with these plasmids was not
affected ( Supplementary Figure S7 ) . Increased dosage of the
other 37 RiBi factor or RP genes did not visibly affect growth
of the puf6 Δ mutant ( Supplementary Figure S8, and data not
shown ) . Suppression of the cold-sensitive growth defect of the
puf6 Δ mutant by increased dosage of RPL43 has been re-
ported previously ( 18 ) . It is important to note that the plas-
mids used in these experiments contain multiple genes, not
just those encoding the RPs or RiBi factors on which we fo-
cused. However, the most parsimonious explanation for the
effects on ribosome biogenesis that we observed when these
plasmids were introduced is that the genes related to ribosome
biogenesis are being expressed and influence the pathway. 

To determine whether increasing the dosage of RPL2 ,
RPL43 and RPL19 also suppresses the ribosome biogene-
sis defect of the puf6 Δ mutant, we analyzed levels of free
SSUs and LSUs by sucrose gradient fractionation of lysates
from the various puf6 Δ strains containing high copy plas-
mids. As expected, the absence of Puf6 caused a deficit of
mature LSUs, evident by decreased levels of free LSUs ver-
sus free SSUs relative to the positive control ( Supplementary
Figure S9 ) . We found that the ratio of LSUs to SSUs was par-
tially restored only in puf6 Δ strains containing a plasmid en-
coding RPL2 or RPL19, whereas increased dosage of RPL43
had no visible effect on the relative amount of 60S ribosomes
( Supplementary Figure S9 ) . These results suggest that suppres-
sion of the growth defect by increased dosage of these genes
might not markedly improve the efficiency of LSU assembly,
but instead might overcome defects in the accuracy of assem-
bly. Similar results have been obtained previously, where mul-
ticopy suppressors of RiBi factor mutant growth defects did
not increase the amounts of the corresponding ribosomal sub-
units ( 48 and references therein ) . 

Increased dosage of NOG2 supports Nog2 binding 

onto the puf6 Δ mutant pre-LSUs 

Surprisingly, we found that increased dosage of a plasmid con-
taining NOG2 exacerbated the cold-sensitive growth defect of
the puf6 Δ mutant ( Figure 6 A ) . Importantly, increased dosage 
of NOG2 did not cause a growth defect in a wild-type PUF6 

strain, indicating that this exaggerated growth defect is depen- 
dent on the absence of Puf6 ( Supplementary Figure S7 ) . 

The amount of Nog2 associated with pre-LSUs decreases 
in the puf6 Δ mutant ( Figure 2 , Supplementary Figures S2A 

and S4B ) ( 20 ) . Therefore, we affinity purified pre-LSUs 
from puf6 Δ strains that contained plasmids encoding RPL2,
RPL43, RPL19 or NOG2 to determine whether and how the 
increased dosage of these genes affects the binding of Nog2 

onto nascent LSUs. Intriguingly, in the puf6 Δ mutant that 
contained additional copies of the NOG2 gene, the amount 
of Nog2 protein associated with purified pre-LSUs exceeded 

wild-type levels ( Figure 6 C ) . When this same experiment was 
replicated in a wild-type PUF6 background, we found that 
increased dosage of NOG2 alone was not sufficient to drive 
its incorporation into pre-LSUs ( Supplementary Figure S10 ) .
This indicates that increased dosage of NOG2 may enable in- 
corporation of Nog2 into pre-LSUs in the absence of Puf6. 

Discussion 

Here, we identified a candidate for the last nucleolar assembly 
intermediate of the pre-LSU by studying the effect of deplet- 
ing uL2, eL43, Nog2 or deleting PUF6 . We hypothesized that 
ribosome biogenesis in these four mutants would be inhibited 

at or near the threshold of nucleolar release, because these 
proteins might be necessary for compaction and stabilization 

of rRNA and protein structures in nascent LSUs during this 
interval ( 12 , 15 , 20 ) . Of these four mutants, we found that the 
cold-sensitive puf6 Δ mutant, which is stalled between State 
NE1 and State NE2 ( Figure 7 ) , accumulates the most mature 
nucleolar ribosome assembly intermediate that has been iden- 
tified so far. 

By focusing on State NE1 / State NE2 intermediate particles 
as the most mature nucleolar pre-LSU thus far identified, we 
can now assess how some pre-ribosomes are released from the 
nucleolus. What characteristics of State NE1 / State NE2 inter- 
mediate pre-LSUs cause them to be nucleolar, and how can 

remodeling these features enable them to be released from the 
nucleolus? To answer these questions, we can examine the re- 
lease of pre-ribosomes from the nucleolus from the perspec- 
tive of the nucleolus as a biomolecular condensate that forms 
via interactions between pre-ribosomes ( 5 ) . Both the rRNA 

and proteins in nascent ribosomes are, in theory, capable of 
interacting in trans . Uncompacted rRNA ( rRNA that has not 
attained mature structure ) may readily interact in trans with 

other RNAs, as well as proteins, to support phase separation 

leading to condensate formation ( 49–51 ) . Many RiBi factors 
contain intrinsically disordered regions ( IDRs ) , which are pro- 
tein sequences predicted to have little or no structure ( 4 ,52 ) .
IDRs have been shown to support phase separation by inter- 
acting in trans with both proteins and RNA ( 10 ,53–55 ) . 

We have observed that nucleolar pre-LSUs and pre-SSUs 
contain significantly more uncompacted rRNA and IDRs that 
may facilitate trans interactions, compared to nucleoplasmic 
or cytoplasmic pre-ribosomes ( 4 ) . Our bioinformatics work 

( 4 ) and in vitro experiments published in Riback et al. ( 6 ) 
suggest that, when the number of trans interactions drops be- 
low a critically low threshold, maturing subunits are released 

from the nucleolus because they cannot interact sufficiently 
with other components of the nucleolus. Therefore, we con- 
clude that State NE1 / State NE2 intermediate pre-LSUs likely 
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Figure 6. Increased dosage of the RPL2A, RPL43B, and RPL19B genes suppresses the cold sensitive growth defect of the puf6 Δ mutant, while 
o v er-e xpression of RiBi factor NOG2 exacerbates the growth defect. ( A ) Growth of puf6 Δ strains containing plasmids that carry the RPL2A, RPL43B, 
RPL19B, or NOG2 genes. Serial dilutions ( 1:10 to 1:10,0 0 0 ) of these strains were spotted onto C-leu + Glu solid medium and incubated at 30 ◦C and 
13 ◦C. ( B ) Model of uL2, eL43, eL19 and Nog2 alongside interconnecting rRNA helices in Nog2 State 1 pre-LSU particles ( PDB 3JCT ) . ( C ) Pre-LSUs were 
affinity-purified using the RiBi factor Nop7 as a bait. Samples from each strain shown in A were separated by SDS-PAGE and stained with silver 
( Supplementary Figure S10A ) . Samples were subjected to western blotting using antibodies against specific proteins. All samples were derived from the 
same experiment, and western blots were processed in parallel. 

Figure 7. uL2, eL43, Puf6 and Nog2 facilitate the nucleolar release of pre-LSUs. The initial association of ribosomal proteins uL2 and eL43 and RiBi factor 
Nog2 with noncompacted rRNA in pre-60S ribosomes supports the release of RiBi factors Erb1, Ytm1, and Has1 from the nascent large subunit. Puf6 
facilitates the stabilization of eL43 and supports the release of Nip7, Nop2 and Spb1. Thereafter, Puf6 is released and Nog2 stabilizes to form Nog2 State 
1 particles. Because pre-ribosomes accumulate in the nucleolus in each of these mutants, it is likely that an intermediate between State NE1 and State 
NE2 is likely the last known pre-60S subunit in the nucleolus. 
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are retained in the nucleolus because trans interactions above
this threshold are maintained. This may be because the pres-
ence of the rRNA steric hindrance factors, Nip7, Nop2 and
Spb1, inhibits the compaction and stabilization of rRNA do-
mains IV and V. Importantly, these rRNA domains repre-
sent about 30% of the rRNA of the pre-LSU, and can there-
fore contribute significantly to the number of trans interac-
tions that pre-LSUs can attain. Furthermore, two out of these
three rRNA steric hindrance factors, Nop2 and Spb1, contain
IDRs that may also be able to undergo trans interactions ( 4 ) .
Ultimately, if the rRNA steric hindrance factors are not re-
leased, more trans interactions are present and the critically
low threshold for trans interactions is not reached. Thus, the
removal of the rRNA steric hindrance factors from State NE1
particles may be the last, or one of the last, remodeling events
that enable pre-LSUs to reach the low threshold of trans inter-
actions necessary for their release from the nucleolus. 

How might Puf6 enable remodeling of pre-ribosomes to
release the steric hindrance factors? Puf6 is present on
nascent LSUs from the earliest stages of ribosome biogene-
sis ( Supplementary Figure S11 ) ( 19 ,37 ) . Crosslinking and in
vitro FRET experiments as well as cryo-EM analysis indicate
that Puf6 binds to rRNA helix H68 and functions to stabilize
the interaction between H68 and the ‘kissing loops’, H22 and
H88, between State NE2 and Nog2 State 1 ( Supplementary
Figure S12 ) ( 20 ,21 ) . We confirmed that Puf6 supports the
stable incorporation of eL43 after its initial encounter with
pre-60S particles ( 18 ,19 ) . Puf6 may function through direct
contact with eL43, or indirectly through its interaction with
rRNA H68 ( 18–21 ) . This raises a question; why does deletion
of PUF6 cause a different defect than depletion of eL43? We
hypothesize that only the stabilization, not the initial bind-
ing of eL43 is affected by deletions of Puf6. Therefore, the
role of eL43 in the initial recruitment of Nog2, and the subse-
quent release of Erb1, Ytm1, and Has1, would not be affected
by the absence of Puf6. Assembly of uL2 and eL43 onto pre-
LSUs may play an active role in the release of Nip7, Nop2 and
Spb1. As uL2 and eL43 begin stabilizing onto H74-75, they
may support the release of Nip7, Nop2 and Spb1 and, after-
ward, the stable association of Nog2 onto the pre-LSU. How-
ever, when Puf6 is absent at low temperatures, the structure of
H68 may be affected. As previously shown, rRNA helices H68
and H74-75 are in close proximity to one another, and defects
in one may affect the structure of the other ( Supplementary
Figure S12 ) ( 35 ) . Thus, the absence of Puf6 may cause the
formation of aberrant rRNA structures that inhibit the stabi-
lization of eL43 with H74-75, and, as a result, the release of
Nip7, Nop2, and Spb1 would be blocked. 

Increased dosage of either RPL2 and RPL43 suppresses the
Cs- phenotype of the puf6 Δ mutant, consistent with Puf6 en-
abling the association of uL2 and eL43 with pre-ribosomes.
Extra copies of the RPL19 gene also suppress the growth de-
fect of a puf6 Δ mutant. Prior to the stabilization of eL43 and
uL2, eL19 contacts and co-stabilizes with rRNA helix H62, a
component of the binding site for eL43 ( Figure 6 B ) ( 14 ,15 ) .
Therefore, it is not surprising that increasing the dosage of
RPL19 might support formation of the eL43 binding site and,
therefore, indirectly enable eL43 stabilization to suppress the
defect of a puf6 Δ mutant. 

In contrast, we observed that increasing the dosage of
NOG2 exacerbates the cold-sensitive growth defect of the
puf6 Δ mutant ( Figure 6 A ) . One possible explanation for this
phenotype is that rRNA helices H67-70, the rRNAs that form 

the binding site of both Puf6 and Nog2, may become ki- 
netically trapped in the absence of Puf6 at cold tempera- 
tures ( 14 , 20 , 24 , 56 , 57 ) . Such a kinetic trap may limit the ini-
tial binding of Nog2 onto the assembling LSU. However, in- 
creased dosage of NOG2 might increase the probability that 
Nog2 binds onto this kinetically trapped, misfolded rRNA 

and, as a result, the rRNA cannot escape the kinetic trap 

( Figure 6 C ) . 
Interestingly, we found that depletion of Nog2 causes LSU 

maturation to stall at two points, as evidenced by the ac- 
cumulation of 27SB and 7S pre-rRNAs ( Supplementary Fig- 
ure S5C ) . Our microscopy data indicate that Nog2 deple- 
tions primarily exhibit nucleolar accumulation ( Figure 5 B ) .
We postulate that the accumulation of 27SB pre-rRNA upon 

Nog2 depletion represents a large population of pre-LSUs that 
are stalled in the nucleolus, between Nsa1 State E and State 
NE1. This idea is supported by our observation that deple- 
tions of uL2 and eL43, which block ribosome biogenesis be- 
tween Nsa1 State E and State NE1, accumulate only 27SB pre- 
rRNA and cause pre-ribosomes to localize to the nucleolus 
( Figure 5 B ) . Association of Nog2 with pre-ribosomes during 
this early period is supported by recent cryo-EM studies by 
Cruz et. al. who identified a small portion of Nog2 associated 

with NE1 particles ( 17, PDB 7UOH ) . Furthermore, Nog2 be- 
gins to assemble into pre-ribosomes at this stage in human 

pre-60S particles visualized by cryo-EM ( 58 ) . The presence of 
Nog2 in yeast pre-ribosomes at this earlier stage is further sup- 
ported by the copurification of early RiBi factors such as Puf6,
Loc1, Erb1, Has1 with pre-LSUs isolated using Nog2 as bait 
( 18 , 25 , 41 ) ( Supplementary Figure S11 ) . 

However, previous work by Saveanu et al. also indicates 
that pre-ribosomes depleted of Nog2 accumulate in both the 
nucleolus and the nucleoplasm when assayed by in situ hy- 
bridization and electron microscopy, a more sensitive assay 
than fluorescence microscopy that we used ( 13 ) . We hypothe- 
size that the accumulation of 7S pre-rRNA upon Nog2 deple- 
tion suggests the presence of a second population of pre-LSUs 
that are stalled at a later step downstream during the nucleo- 
plasmic stages of ribosome biogenesis. It likely that this stall 
occurs at the point in assembly where Nog2 normally stabi- 
lizes completely onto pre-LSUs, between State NE2 and Nog2 

State 1 ( Figure 7 ) ( 14 ) . This may explain why the levels of RiBi 
factors that associate at later stages of ribosome assembly are 
so strongly affected when Nog2 is depleted but not when uL2 

is depleted ( Figures 3 A and 4 A ) . 
In summary, we found that the combined functions of uL2,

eL43, Nog2 and Puf6 support the release of pre-LSUs from 

the nucleolus. We hypothesize that a critically low threshold 

of trans interactions must be reached for pre-ribosomes to 

undergo nucleolar release. We determined that the decrease 
in trans interactions required for the release of pre-LSU as- 
sembly intermediates from the nucleolus is likely reached at 
an intermediate between State NE1 and State NE2. Our data 
strongly indicate that the release of Nip7, Nop2 and Spb1 

from pre-LSU assembly intermediates, coupled with the com- 
paction and stabilization of trans -interacting rRNA domains,
is ultimately responsible for the nucleolar release of pre-LSUs.
These findings have clarified the mechanisms by which pre- 
LSUs are released from the nucleolus, which elucidates the re- 
lationship between ribosome biogenesis and the nucleolus as 
a biological condensate. 
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