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ABSTRACT

Small ribosomal subunits are co-transcriptionally as-
sembled on the nascent precursor rRNA in Saccha-
romyces cerevisiae. It is unknown how the highly in-
tertwined structure of 60S large ribosomal subunits
is initially formed. Here, we affinity purified and ana-
lyzed a series of pre-60S particles assembled in vivo
on plasmid-encoded pre-rRNA fragments of increas-
ing lengths, revealing a spatiotemporal assembly
map for 34 trans-acting assembly factors (AFs), 30 ri-
bosomal proteins and 5S rRNA. The gradual associa-
tion of AFs and ribosomal proteins with the pre-rRNA
fragments strongly supports that the pre-60S is co-
transcriptionally, rather than post-transcriptionally,
assembled. The internal and external transcribed
spacers ITS1, ITS2 and 3’ ETS in pre-rRNA must be
processed in pre-60S. We show that the processing
machineries for ITS1 and ITS2 are primarily recruited
by the 5’ and 3’ halves of pre-27S RNA, respectively.
Nevertheless, processing of both ITS1 and ITS2 re-
quires a complete 25S region. The 3’ ETS plays a mi-
nor role in ribosome assembly, but is important for
efficient rRNA processing and ribosome maturation.
We also identified a distinct pre-60S state occurring
before ITS2 processing. Our data reveal the elusive
co-transcriptional assembly pathway of large riboso-
mal subunit.

INTRODUCTION

The ribosome is a large two-subunit RNA—protein complex
responsible for protein translation in all organisms. In Sac-
charomyces cerevisiae, the 40S small subunit (SSU) is com-
posed of 18S rRNA and 33 SSU r-proteins (RPSs) and the
60S large subunit (LSU) contains 25S, 5.8S and 5S rRNAs
and 46 LSU r-proteins (RPLs). Ribosome assembly is a

complicated and dynamic process that requires transcrip-
tion, modification and processing of rRNAs and associa-
tion of ribosomal proteins (1,2). More than 200 protein as-
sembly factors (AFs) and numerous small nucleolar RNAs
(snoRNAs) function in ribosome assembly. Each subunit
matures by forming a series of pre-ribosomal particles that
transit from the nucleolus through the nucleoplasm to the
cytoplasm.

The 18S, 5.8S and 25S rRNAs are co-transcribed as
a long 35S precursor rRNA (pre-rRNA) that addition-
ally contains four external and internal transcribed spac-
ers (ETS and ITS). Electron microscopy images of rDNA
chromatin spreads have visualized the early assembly pro-
cess of ribosomes on the nascent pre-rRNA. The 5 grow-
ing end of the pre-rRNA transcript is progressively packed
into a large knot, which is the earliest precursor of SSU
known as the 90S pre-ribosome or SSU processome (3—
6). After cleavage of the pre-rRNA at sites A0, Al and
A2, 90S is transformed into a pre-40S ribosomal particle,
which is rapidly exported to the cytoplasm for final mat-
uration. Although the co-transcriptional assembly process
of the SSU is well established (5,7,8), whether the LSU is
assembled co-transcriptionally is less evident. The 90S par-
ticle can be cleaved off co-transcriptionally under favor-
able growth conditions. New terminal knot structures, in-
dicative of nascent pre-60S particles, were only occasion-
ally observed on the remnant transcript harboring 5.8S and
25S rRNAs (5). The SSU is composed of four structurally
distinct domains, whereas the LSU is a monolithic struc-
ture with six highly intertwined domains. This feature raises
a major question as to whether the LSU assembles post-
transcriptionally in a cooperative manner on the full length
pre-rRNA.

The pre-rRNA is released from chromatin by Rntl-
mediated cleavage of 3" ETS (9,10). After the ITS1 is pro-
cessed in the nucleolus, the pre-60S particle undergoes a
large compositional change and a C2 cleavage of ITS2 at
around the time of transition to the nucleoplasm. Further
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maturation in the nucleoplasm proceeds through several
distinct states, some of which have recently been analyzed
by cryo-EM. An early nucleoplasmic particle displays two
prominent structural features: a 180°-rotated 5S ribonucle-
oprotein (RNP) composed of 5S RNA, L5 and L11 bound
at the central protuberance (CP), as well as a foot structure
assembled on the partially processed ITS2 (11,12). A mid-
dle nucleoplasmic state is characterized by the association
of Sdal, the RixI-Ipil-Ipi2 complex and Real/Mdnl, an
almost mature CP structure and the disappearance of ITS2
and the foot structure (11,13). At the late stage, the pre-60S
particle becomes competent for export after release of Nog2
and other AFs (14). The release of Nog2 allows for recruit-
ment of the export factor Nmd3. In the cytoplasm, the 60S
subunit eventually matures after dissociation of all remain-
ing AFs and assembly of 10 late-binding RPLs (15-17).

The pre-60S maturation at the nucleoplasmic and cyto-
plasmic stage has been described in great detail, but how the
earliest pre-60S is formed remains unknown. Recently, anal-
ysis of the composition of RNPs assembled on a series of
pre-18S fragments has allowed the determination of a step-
wise and dynamic assembly map for the 90S pre-ribosome
(7,8). In this study, we applied a similar approach to deter-
mine the assembly order of the earliest pre-60S particles. We
find that the pre-60S is formed in a stepwise manner on the
pre-rRNA transcripts of increasing length, providing strong
evidence for its co-transcriptional assembly.

MATERIALS AND METHODS
Plasmids

The pWL109 (URA3 marker) plasmid encoding the 35S
rDNA sequence between a GAL7 promoter and a ter-
minator was kindly provided by Dr Skip Fournier (18).
The rDNA sequence between nucleotide 1 of 5" ETS and
nucleotide 246 of ITS1 were removed by QuikChange
site-directed mutagenesis. Four copies of MS2 coat pro-
tein binding motif (MS2-tag) were assembled by overlap-
ping oligonucleotides, cloned into a pEASY-T vector and
confirmed by DNA sequencing. The MS2-tag was PCR-
amplified and cloned into the modified pWL109 plasmid
between nucleotides 214 and 215 of ITS2 by using the
transfer-PCR approach (19). In addition, a labeling se-
quence (5'- CTGGTAGGAAGCTGCAGCC-3) was in-
serted between nucleotides 142 and 143 of 25S rRNA by
the QuikChange approach (18). The resultant plasmid was
named pLM430. The 3’ truncations ending at nucleotides
635, 1448, 1878, 2358, 2994 or 3396 of 25S were constructed
by removal of the unneeded sequences from pLM430 with
QuikChange and appropriate primers.

Purification of pre-60S particles

The fusion of maltose-binding protein (MBP) and MS2
coat protein (MBP-MS2) was prepared, and the resultant
protein was loaded onto amylose beads (NEB), as previ-
ously described (7). Yeast cells were manipulated accord-
ing to standard protocols. Unless specifically mentioned,
yeast cells were grown in YPD (1% yeast extract, 2% pep-
tone, 0.003% adenine and 2% glucose) medium at 30°C.
Tandem affinity purification (TAP)-tagged Nop7/BY4741

strain (MATa, his3A1, leu2 A0, met15A0, ura3A0, Nop7-
TAP::HIS3MX6) was purchased from Open Biosystems.
The Nop7-TAP strain was transformed with an rDNA plas-
mid and selected on Ura-deficient Synthetic Complete (SC)
medium. A single clone was propagated in Ura-deficient SC
medium containing 2% galactose as the sole carbon source.
The cells were further cultured in 6 liter YPG medium
(1% yeast extract, 2% peptone, 0.003% adenine and 2%
galactose) until OD600 = 1. The yeast cells were collected,
washed with water and stored at —80°C before use.

All purification steps were conducted at 4°C or on ice.
Yeast cells were resuspended in 10 ml of lysis buffer (50 mM
HEPES, pH 7.4, 200 mM KCI, 1 mM ethylenediaminete-
traacetic acid (EDTA), 1 mM dithiothreitol (DTT)), frozen
in liquid nitrogen and disrupted with a tissue lyser. After
centrifugation at 20 000 g for 40 min, the supernatant was
collected and incubated with 500 pl of MBP-MS?2 protein-
loaded amylose beads for 1.5 h. The beads were washed with
100 ml of lysis buffer and eluted with 1 ml of elution buffer
(50 mM HEPES, pH 7.4, 200 mM KCI, 1 mM EDTA, 2
mM DTT, 10 mM maltose). The eluate was incubated with
15 mg IgG-coated Dynabeads (Invitrogen) in 2 ml of RNP
buffer (20 mM HEPES, pH 7.4, 110 mM KOAc, 40 mM
NaCl) for 0.5 h. The beads were washed with 5 ml of RNP
buffer and cleaved with 10 wg Tobacco Etch Virus (TEV)
protease in 1 ml RNP buffer to release the RNP.

The Ssfl-TAP, Nop7-TAP, RixI-TAP and Arx1-TAP
strains (BY4741 background) were purchased from Open
Biosystems. The chromosomal pre-60S particles were pu-
rified with IgG-coated Dynabeads and released by TEV
cleavage.

Mass spectrometric analysis

Samples of plasmid-derived particles were precipitated with
10% trichloroacetic acid, resolved briefly by SDS-PAGE
and visualized by silver staining. The gels were excised into
three to four pieces for each lane, washed twice with wa-
ter and destained with a freshly prepared solution of 15
mM K;Fe(CN)g and 50 mM Na,S,03. Gel pieces were
dehydrated with 100% acetonitrile and dried for 5 min in
a SpeedVac. Disulfide bonds were reduced with 10 mM
DTT for 45 min at 56°C, and free sulfthydryl groups were
alkylated with 55 mM iodoacetamide for 60 min at 25°C
in the dark. Gel pieces were sequentially washed with 50
mM NH4HCO; and 50% acetonitrile/50 mM NH4HCO;
and then dehydrated with 100% acetonitrile. After being
dried with a SpeedVac, the gel was rehydrated in 100 ng/ .l
trypsin and 50 mM NH4HCO; (pH 8.3) on ice for 30
min. The digestion was carried out at 37°C for 60 min and
then quenched with 1.0% formic acid. The tryptic peptides
were extracted twice with 60% acetonitrile containing 0.1%
formic acid, and the combined digest solution was concen-
trated to 25 wl under vacuum.

The digested peptides were analyzed on a nanoLC-LTQ-
Orbitrap XL mass spectrometer (Thermo, San Jose, CA,
USA) at a resolution of 60 000. nanoL.C was conducted
with an Eksigent naloLC 1D plus system equipped with
ReproSil-Pur C18-AQ (Dr Maisch GmbH, Ammerbuch)
trapping columns (packed in-house, i.d. 150 pm; length 30
mm; resin, 5 wm) and ReproSil-PurC18-AQ (Dr Maisch



GmbH, Ammerbuch) analytical columns (packed in-house,
i.d., 75 pm; length 150 mm; resin, 3 wm). Solvents used
were 0.5% formic acid water solution (buffer A) and 0.5%
formic acid acetonitrile solution (buffer B). Trapping was
performed with buffer A at 2 pl/min for 15 min. The pep-
tides were eluted with a gradient of 4% B at the first 4 min,
4-10% B in 3 min, 10-36% B in 75 min, 36-80% B in 5 min,
80% B for 7 min, 80-4% in 1 min and 4% B hold for 9 min
to equilibrate at a flow rate of 300 nl/min. Eluted peptide
cations were converted to gas-phase ions with a Nanospray
Flex ion source at 2.1 kV. The mass spectrometer was op-
erated in data-dependent mode to automatically switch be-
tween MS and MS/MS. Survey full scan MS spectra were
acquired from m/z = 300 to 1800. The 10 most intense ions
with >2 charge state and >500 intensity were fragmented
in a linear ion trap using with normalized collision energy
of 35%. For the Orbitrap, the AGC target value was set to
le6, and the maximum fill time for full MS was set to 500
ms. Fragment ion spectra were acquired in the LTQ with an
AGC target value of 3e4 and a maximum fill time of 150 ms.
Dynamic exclusion for selected precursor ions was set at 120
s. The lock mass option was enabled for the 445.120025 ion.

The raw data were processed using Proteome Discoverer
(version 1.4.0.288, Thermo Fischer Scientific). MS2 spec-
tra were searched with the SEQUEST engine against the
yeast UniProt database. A database search was performed
with the following parameters: precursor mass tolerance, 20
ppm; MS/MS mass tolerance, 0.6 Da; two missed cleav-
age sites allowed for tryptic peptides; methionine oxidation
and protein N-terminal acetylation as variable modifica-
tions; carbamidomethyl as fixed modification. Peptide spec-
tral matches were validated with a targeted decoy database
search at 1% false discovery rate with Percolator. Peptide
identifications were grouped into proteins according to the
law of parsimony.

The samples of chromosomal pre-60S were analyzed with
an LTQ mass spectrometer, as previously described (7). Pro-
tein quantification by spectral counts and treatment of du-
plicated r-proteins were conducted as previously described

(.

Northern blot

Total RNA extraction and northern blot analysis were
performed as previously described (7). Plasmid-derived par-
ticles were purified from 6 liters of yeast cells via MS2-tag
and Nop7-TAP. The RNA in purified pre-60S particles was
extracted from beads with TRIzol. For large RNA analysis,
RNA was separated on 1.2% agarose-formaldehyde gels.
The following DNA probes were used for hybridization:
25S-tag: 5-GGGCAGGCTGCAGCTTCCTACCAG-
3 A2-A3: 5-ATGAAAACTCCACAGTG-3;
C2-Cl: 5-AGATTAGCCGCAGTTGG-3; A3-
B: 5-CCAGTTACGAAAATTCTTG-3; E-C2:
5-TGAGAAGGAAATGACGCT-3; 5S: 5'-
CTACTCGGTCAGGCTC-3'.

Primer extension

Primer extension was conducted with Avian Myeloblasto-
sis Virus (AMYV) reverse transcriptase (Promega) mainly
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Figure 1. Purification of plasmid-derived pre-60S particles. (A) Construc-
tion of pre-27S RNA fragments. The structural diagram and processing
sites of 35S pre-rRNA are shown on the top. Seven pre-27S RNA frag-
ments terminate after one of six domains I-VI (D1-D6) of 25S rRNA or
the 3" ETS and contain an MS2-tag (square) in ITS2 and a plasmid-specific
sequence (circle, 25S-tag) in domain I. These RNAs are transcribed under a
GAL-promoter in multiple-copy 2 plasmids. Locations of hybridization
probes are indicated. (B) Plasmid-derived pre-60S particles were affinity
purified via an MS2-tag in pre-rRNA and then via TAP-tagged Nop7.

following the manufacturer’s protocol. Total RNA (7 pg)
was mixed with ~1.5 pmol 5'-3?P-labeled 25S-tag primer,
5 pl Primer Extension 2 x Buffer (100 mM Tris-HCI pH
8.3, 100 mM KClI, 20 mM MgCl,, 20 mM DTT, 2 mM
each dNTP, | mM spermidine) and water to 11 pl volume.
Primer annealing was conducted at 75°C for 5 min and then
at 65°C for 1 h. The mixture was added with 1 wl (10 U)
AMYV reverse transcriptase, 1.4 ul pre-warmed sodium py-
rophosphate (40 mM), 1.6 pl water and 5 pl Primer Ex-
tension 2 x Buffer and incubated at 42°C for 30 min. Se-
quencing ladders were prepared using the Sanger dideoxy
method on plasmid pL.LM430. DNA was resolved in an 8%
polyacrylamide/8M urea sequencing gel. The gel was dried
and visualized by autogradiography.

RESULTS

Purification and analysis of progressively assembled pre-60S
particles

To determine the order by which AFs and RPLs assemble
into the earliest pre-60S particle, we expressed through plas-
mid in yeast a series of pre-27S rRNA fragments starting at
a position between sites A2 and A3 and terminating after
one of six domains [-VI (D1-D6) of 25S rRNA or the nat-
ural end of the 3’ ETS and purified the in vivo assembled
RNPs (Figure 1A). These complexes mimicked the assem-
bly intermediates formed on the nascent pre-rRNAs and
provided snapshots of the co-transcriptional assembly pro-
cess of pre-60S. The longest transcript resembles the 27SA2
product of A2 cleavage of 35S pre-rRNA and can be pro-
cessed and assembled into functional 60S subunits (18). For
convenience, these RNAs are referred to by their ending do-
mains.

To facilitate affinity purification, four copies of MS2-tag
were inserted in a middle position of ITS2. The MS2-tag did
not interfere with the rRNA processing, because the full-
length pre-27S could be processed into 25S rRNA with a
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normal 5'-end (Figure 2A, lane 1 and Supplementary Fig-
ure S2). These RNAs were expressed in a yeast strain in
which Nop7, an AF associated with nucleolar and nucle-
oplasmic pre-60S particles (20), was fused to a C-terminal
TAP-tag (21). The in vivo assembled RNPs were affinity pu-
rified first via the MS2-tag on the RNA and then via the
TAP-tag on the protein (Figure 1B).

The purified RNPs were analyzed by northern blotting to
identify associated RNAs (Figure 2) and by mass spectrom-
etry to identify associated proteins (Figures 3 and 4; Sup-
plementary Data Set 1). Mass spectrometry analyses were
duplicated for two independently purified samples. The to-
tal spectral counts per 100 residues (SCPHR) were calcu-
lated for each identified protein as a semi-quantitative in-
dicator of absolute molar amount (7). The SCPHR was
further normalized against a set of stably associated refer-
ence proteins to obtain the relative spectral abundance fac-
tor (RSAF). The RSAF value indicates stoichiometry rela-
tive to the reference proteins and allowed for comparison of
protein abundance within and across samples. The known
pre-60S AFs and RPLs constituted 65.4-83.9% of all identi-
fied proteins in terms of molar amount, demonstrating high
purity of our samples. Majority of identified AFs displayed
specific binding pattern as a function of RNA length. An
AF was deemed to be associated if its RSAF value was >0.1
in at least one sample. A few AFs with very weak association
or random binding patterns were not assigned (Supplemen-
tary Data Set 1).

For comparison with plasmid-derived particles, we also
purified chromosome-derived pre-60S particles via TAP-
tagged Ssfl, Nop7, Rix1 and Arx1 (Figure 3A and Supple-
mentary Data Set 1). These proteins associate with pre-60S
for different durations (Figure 3B). Ssfl is present only in
the nucleolar particles (22). Nop7 associates with both nu-
cleolar and nucleoplasmic particles (20). Rix1 is bound only
at the middle nucleoplasmic stage (13,20,23). Arx1 enters
the pre-60S particle at the early nucleoplasmic stage and dis-
sociates in the cytoplasm (12,20,24).

Processing of plasmid-derived pre-27S RNA

The 27SA pre-rRNA is processed into 5.8S and 25S rRNAs
by removal of ITS1 and 3’ ETS, yielding 27SB pre-rRNA
and subsequent cleavage and processing of I1TS2 (Supple-
mentary Figure S1). We performed northern blotting to as-
sess whether the plasmid-derived pre-27S RNA fragments
could be processed in yeast. The RNAs from plasmid were
detected by a plasmid-specific sequence inserted in domain [
(Figure 1A). The complete pre-27S transcript was processed
into 25S rRNA, which strongly accumulated in yeast (Fig-
ure 2A, lane 1), as previously reported (18). Removal of the
3" ETS in the D6 RNA had no effect on the abundance of
the precursor transcript, but strongly reduced the yield of
25S rRNA, indicating that 3" ETS is important for process-
ing efficiency (Figure 2A, lane 2). The D5 and shorter tran-
scripts each exhibited a single major species, indicating that
they cannot be processed at the ITS2 region (Figure 2A,
lanes 3-7). We concluded, within the current length reso-
lution, that a complete 258 region is required for ITS2 pro-
cessing.

We also analyzed RNA species in the purified particles
(Figure 2B-N). These RNAs showed substantial degrada-
tion after two steps of prolonged purification, but the intact
pre-27S species were still detectable. Although the D6 and
3" ETS RNA can be processed at ITS2 (Figure 2A), the D6
and 3’ ETS particles contained minimal amounts of 7S pre-
rRNA, a product of C2 cleavage (Figure 2M, lanes 3-4).
As a comparison, the Ssf1-TAP and Nop7-TAP particles
contained substantial amounts of 7S intermediate (Figure
2M, lanes 5-6). Our purification strategy used an MS2-tag
placed at the ITS2 region and apparently enriched for RNA
species with an intact ITS2.

The 5S rRNA is transcribed from separate genes and
probably assembles into pre-60S at an early stage (25).
Northern blot analysis showed that the 5S rRNA is assem-
bled until the entire 25S region is present (Figure 2E and
N). Notably, the D6 and 3’ ETS particles contain substoi-
chiometic amounts of 5S rRNA relative to 27S pre-rRNA,
as compared to the chromosomal Ssf1-TAP or Nop7-TAP
particles (Figure 2K and N). This suggests that 5S rRNA is
weakly associated to the D6 and 3" ETS particles.

The products of ITS1 processing cannot be resolved by
size and hence were differentiated by I'TS1-targeting probes.
Each of the D1 to D5 RNAs with an incomplete 25S re-
gion showed comparable intensity when it was hybridized
to probes targeting I'TS1, 25S or ITS2 (Figure 2B-H, lanes
4-8), indicating that ITS1 was not processed in these RNAs.
In contrast, the top species of D6 and 3’ ETS RNAs showed
significantly weaker intensities when they were hybridized
to probes targeting ITS1 compared with probes targeting
25S and ITS2 (Figure 2B-H, lanes 2-3; Figure 2J-L, lanes
3-4), indicating that ITS1 was partially processed in these
RNAs. The quantification results showed that the 3’ ETS
particle contained a higher percentage of ITS1-processed
RNA (~70%) compared with the D6 particle (~50%) (Fig-
ure 2I). We concluded that ITSI processing also requires the
presence of complete 25S rRNA.

Assembly of ribosomal proteins

The mass spectrometry signals were noisier for RPLs than
AFs, making the assignment of assembly point less certain
for some RPLs. Among 46 RPLs, 10 are known to assem-
ble at the cytoplasm (2) and are generally of low abundance
in the purified particles. The remaining RPLs are associated
with the early nucleoplasmic particle (11,12) and most likely
also present in the fully assembled D6 and 3" ETS particles.
We tentatively assigned assembly point for 30 RPLs, consid-
ering their background level, change as a function of RNA
length and reproducibility in two analyzed samples (Figure
4A and B). It is noteworthy that the assembly order of ri-
bosomal proteins cannot be determined previously for the
90S particles due to noisy signals (7,8).

The assembly points of RPLs are generally consistent
their primary binding sites on 25S rRNA. Some RPLs,
many of which bound at the D6 step, show delayed binding,
suggesting that their association is dependent on the global
structure of 60S. L27 and L14 primarily bind at domain 11
and VI, respectively and their strong binding signals to the
D2 fragment may be non-specific.
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The longest pre-27S RNAs in each lane are labeled with white circles. (B-H) Northern blot analysis of RNAs in purified pre-60S particles. Total RNA (15
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E-C1(D), 5S (E), A2-A3(G) and C1-C2 (H). The binding sites of probes are indicated in Figure 1A. The top bands labeled with white circles represent
species containing an intact ITS2. Asterisk indicates a degradation product that had a similar size as 25S rRNA and hybridized to the ITS2-targeting
probes. (I) Quantification of the top RNA species detected by different probes in B-D and F-H. The volume of the top band in each lane detected by a
probe was divided by the volume detected by 25S-tag. The resultant ratios were further normalized to that of DS RNA. (J-N) Northern blot analysis of
RNA in the D5, D6 and 3’ ETS particles and the chromosomal Ssf1-TAP and Nop7-TAP particles. Triangles indicate cross-hybridization signals of 25S

rRNA.

Stepwise assembly of pre-60S

The D1 transcript encompassing part of ITS1, 5.8S rRNA,
ITS2 and domain I of 25S rRNA was found to associate
with 15 AFs (Figure 3A). L8 and L15 were also consistently
enriched in the two analyzed samples. Among the associ-
ated proteins, some have been shown to form subcomplexes:
Rrp5S, Noc2 and Mak21/Nocl (26); Pwpl, Nopl2, Brxl,
Ebp2, L8 and L15 (27,28); Brx1 and Ebp2 (29); and Erbl,

Ytml and Nop7 (27,30-32). Our data show that these fac-
tors co-assemble to the D1 RNA at the earliest stage of pre-
60S formation. The binding of these proteins is also sup-
ported by available structural information. Nop12, Erbl,
Cicl, Nopl5and Rlp7 crosslink at the 5.8S, ITS2 and D1 re-
gions (33,34) and Rrp5 crosslinks at the ITS1 region (35). In
the structure of fully assembled pre-60S, L8 and L15 exten-
sively interact with the 5.8S/D1 domain, and Nop7, Cicl,
Rlp7 and Nopl5 bind at the ITS2 region (11,12). Our data
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Figure 3. Assembly order of AFs to pre-60S. (A) Heatmap of AFs asso-
ciated with progressively elongated pre-27S RNAs and chromosomal pre-
60S particles. The proteins are color-coded according to their RSAF val-
ues normalized against the reference proteins Brx1l, Ebp2, Erbl, Ytml,
Nop7, Cicl and Hasl by default. The Arx1-TAP particle is normalized
against Nop7 and Cicl because the other reference proteins were of very
low abundance or absent. The plasmid-derived particles were purified and
analyzed in duplicate. Noc4-TAP, Ssf1-TAP, Rix1-TAP and Arx1-TAP are
chromosomal particles. A3-factors and B-factors are colored red and blue,
respectively. Solid circles mark 19 AFs found in the structure of an early
nucleoplasmic pre-60S (11,12). (B) Association duration of the indicated
AFs with evolving pre-60S particles. Pre-rRNA species in different pre-60S
particles are shown.

demonstrate that these factors can form a stable subcom-
plex with the D1 pre-rRNA fragment independently of the
rest of pre-60S structure.

The addition of domain II resulted in the recruitment of
~6 AFs (Mrt4, Rpfl, Mak16, Nsal, Nop4 and Rrpl). Mrt4
is a homolog of the r-protein PO and binds at helices 42—
44 of domain II (11,12). The amount of Mrt4 fluctuated in
the D2-D5 particles, suggesting that it was weakly bound
to these partially assembled particles. The binding of Nop4
was consistent with its crosslinking to multiple sites in do-
mains I and 111 (34).

The presence of domain III induced the appearance of
Drsl and additionally strengthened the association of most
D2-dependent AFs. The addition of domain 1V led to the
association of Puf6. Puf6 is an atypical Pumilio-repeat pro-
tein that appears to bind to double-stranded RNA struc-
tures (36).

The inclusion of domain V resulted in the detection of
Nop2, Nip7, Rpf2, Rrsl, Locl, Fpr3 and Fpr4 and sig-
nificant enrichment of L1. Some of these associated pro-
teins appear to directly interact with domain V. Nop2 is the
methyltransferase for C2870 in domain V (37) and is ap-
parently recruited by its substrate sequence. Nip7 may co-
assemble with Nop2 since they form a stable subcomplex
(38). L1 binds helices 77 and 78 in domain V, forming the
L1 stalk. The Rpf2-Rrs1 complex binds at the base of the
CP, which is composed of helices 81-87 in domain V and
the 5S RNP (12,39-41).

Fully assembled pre-60S particles

The completion of 25S rRNA in the D6 transcript led to
the association of Tif6, R1p24, Nogl, Nop53 and 5S rRNA
(Figures 2E, N and 3). Tif6, RIp24 and Nogl are positioned
at an arc region extended from the CP to the exit tunnel
and contact domain VIand L3 and L.23 (11,12), accounting
for their D6-dependent association. Nop53 binds at the foot
structure around the ITS2 (11) and serves as an anchoring
site for Mtr4, which recruits the exosome for processing of
7S pre-rRNA (42-45). The presence of Nop53 in the D6
particle, which contains an intact I'TS2, suggests that Nop53
is already recruited before C2 cleavage.

The 3" ETS particle had a very similar protein profile to
that of the D6 particle, but was more enriched in a few
late-associating AFs. These AFs include Nsa2, Nog2 and
Rsad4 (RSAF = 0.2-0.4), which associate at the early nu-
cleoplasmic stage (11,12), as well as Sdal, Rix1, Ipil and
Ipi3 (RSAF = ~0.1), which are specifically present at the
middle nucleoplasmic state (11,13). The D6 particle con-
tained only minimal amounts of these late-associating AFs
(RSAF < 0.1), indicating that it is less evolved. The appear-
ance of these late-binding AFs demonstrated that a frac-
tion of the purified particles had evolved into late stages.
This is possible because the D6 and 3’ ETS transcripts are
competent for pre-rRNA processing (Figure 2). In addi-
tion, the bait protein Nop7 used in the second step of pu-
rification binds pre-60S for an extended time (Figure 3A
and B). The 3’ ETS particle was largely depleted of the
Rrp5/Noc2/Mak21 complex (Figure 3A), which is specifi-
cally associated with early pre-60S particles (26,46).
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Figure 4. Assembly order of PRLs. (A) Heatmap of RPLs in pre-60S particles. The proteins are color-coded according to their RSAF values normalized
against Brx1, Ebp2, Erbl, Ytml, Nop7, Cicl and Hasl for plasmid-derived particles. The total RSAF value of RPLs of chromosomal particles is further
normalized against that of the 3" ETS #1 particle. The last row shows average RSAFs for RPSs. The early, middle, late and other unclassified RPLs are
colored red, blue, orange and black, respectively. The deduced assembly points or ranges are displayed on the right. Cy indicates cytoplasmic assembly,
and question mark denotes ‘not assigned’. (B) The average RSAF values of two samples are plotted as a function of pre-27S RNAs for each RPL. Error
bars are standard deviations. RPLs that are assembled at the cytoplasm or unassigned are colored magenta.

The Ssf1-TAP particle is regarded to represent the earli-
est state of pre-60S in the nucleolus (22). Notably, a large
group of AFs (Makl1, Dbpl0, Ssf1, Rrpl5, Rrpl4, Dbp9,
Dbp7, Rrbl, Nugl and Ybl028¢) identified in the Ssf1-TAP
particle were absent or extremely weak (RASF < 0.1) in the
D6 and 3’ ETS particles (Figure 3A). The plasmid-derived
particles appear to be in an eariler state than the Ssf1-TAP
particle.

Small amounts of pre-60S AFs have been detected in the
Noc4-TAP 90S particle (7) (Figure 3A). These pre-60S AFs
may be co-purified with the 90S pre-ribosome through as-
sociation with the unprocessed 35S pre-rRNA. The pre-60S
associated with the Noc4-TAP particle had a protein profile
similar to those of the Ssf1-TAP particle and the plasmid-
derived pre-60S particles and should be in early assembly
stages.

DISCUSSION

Spatiotemporal assembly map of the earliest pre-60S parti-
cles

Ribosome assembly study has been traditionally focused on
the assembly intermediates after the initial complete pre-
ribosome is formed, since these particles are stable and ac-
cessible for biochemical purification. On contrast, the in-
termediates formed during the co-transcriptional assembly
process are highly transient and difficult to analyze. Little is
known about how the complex structure of large ribosomal
subunit is established at the very first stage. To fill the gap,
we have derived the first spatiotemporal assembly map for
the earliest pre-60S particle by analyzing the composition of
RNPs assembled on a series of pre-27S RNAs of increasing
length. The map reveals the assembly point of 34 AFs, 30
RPLs and 5S rRNA (Figure 5). The gradual association of
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pre-60S state before ITS2 processing, which develops into the Ssfl particle with association of additional AFs.

AFs and RPs with the pre-rRNA fragments strongly sup-
ports that the pre-60S is co-transcriptionally assembled on
the elongating pre-rRNA and argues against the notion that
it is assembled until the entire length of pre-rRNA is tran-
scribed. Combined with the previous studies on 90S (7,8),
our study completes the early assembly map for both LSU
and SSU in yeast.

For the AFs and RPLs that are present in the determined
structures of pre-60S and 60S ribosomes (11-13,47,48),
their assembly points are usually consistent with their bind-
ing sites. The assembly map also suggests the binding site
for 23 out of 34 assigned AFs that have no available struc-
tural information at present (Figure 3A), providing insight
into the organization of earliest pre-60S particles. Neverthe-
less, the assembly map does not necessary reflect the actual
binding site for AFs and RPLs given that an added RNA
segment might directly recruit a protein or induce new bind-
ing sites in existing structures. Frequently, the association of
a protein is initially weak and then stabilized by extended
RNA sequences that may provide additional binding sites.
In addition, the Pol II-plasmid system may not fully mimic
the Pol I-mediated transcription of pre-rRNA at the nucle-
olus (49). For example, the processing of Pol II-transcribed
pre-rRNA was found to be insensitive to the mutation or
depletion of an otherwise essential AF Dim1 (50).

The assembly hierarchy of a few AFs and RPLs was pre-
viously deduced by their assembly independence on com-
plete pre-60S particles (38,46,51-54). Our data directly re-
veal the assembly order of AFs and RPLs on the pre-rRNA
in a comprehensive manner and provides the physical ba-
sis for their assembly hierarchy. A protein that is required
for the association of another protein is normally assem-
bled before or together with the latter protein in the as-
sembly map. For example, Erbl, Ytml, Nop7, Cicl, Rlp7
and Nopl5 are mutually interdependent A3 factors (51) and
are co-assembled to the D1 transcript in our map. Pwpl
that is required for assembling the six A3-factors is also co-
assembled (54), but Rrpl that is not required for binding of
the six A3-factors is assembled later when the D2 domain
is present (51). The assembly order of B-factors is also con-
sistent with their association hierarchy (38).

Sequential assembly of ITS1 and I'TS2 processing machiner-
ies

One striking observation from our study is that the assem-
bly point of AFs and RPLs was strongly correlated with
their function in pre-rRNA processing. The role of many
AFs and RPLs has been genetically assigned to specific
pre-tTRNA processing step (1,2,55). Specifically, 13 AFs and
12 RPLs, known as A3-factors, are required for process-



ing the 27SA3 to 27SB pre-rRNAs (Supplementary Figure
S1). The majority of A3-factors are already assembled in
the D3 transcript, indicating that the machinery for ITSI
processing is first formed and concentrated on the 5 half of
pre-60S structure. However, at least one essential A3-factor,
L3, is not assembled until the 258 region is completely tran-
scribed (Figure 4), thus explaining why ITS1 processing still
requires the formation of an entire pre-60S particle. This re-
quirement could serve as a quality control mechanism to
ensure that only the pre-rRNA containing full-length 25S
rRNA is processed.

Twelve AFs (known as B-factors) are required for C2
cleavage, which splits 27SB into 25.5S and 7S pre-rRNAs
(Supplementary Figure S1) (38). In contrast to the early as-
sociation of A3-factors, all seven B-factors present in the
D6 particle are assembled after domains V or VI are tran-
scribed (Figure 3A). The ITS2 processing machinery is in-
complete in the D6 particle and additional B-factors are
assembled at further downstream stages (Figure 3A). Our
data demonstrate that the processing machineries for ITS1
and ITS2 are sequentially recruited by the 5" and 3’ halves
of pre-27S RNA. The assembly order of the ITS1 and I'TS2
processing machineries also matches the temporal process-
ing order of ITS1 and ITS2.

Comparison with the hierarchical assembly model of 60S ri-
bosome

An assembly model has been proposed for 60S based on
binding hierarchy of RPLs (52). RPLs are grouped into
early, middle and late classes for their distinct roles in ITS1
processing, C2 cleavage and 7S processing (2,52). The three
classes of RPLs display distinct localization in 60S structure
and binding hierarchy. The early RPLs are located at the
convex solvent side of 60S structure and required for sta-
ble association of most RPLs and AFs. The middle RPLs
are distributed around the polypeptide exit tunnel and re-
quired for binding of middle and late RPLs. The late RPLs
are located at the subunit interface and the CP and required
only for assembly of late RPLs. Based on the binding hi-
erarchy and location of RPLs, the solvent interface struc-
ture is proposed to form first, followed by the polypeptide
exit tunnel, the subunit interface and the CP. Importantly,
the hierarchical assembly model and our assembly map de-
scribe two different assembly events. Most RPLs are present
in the earliest pre-60S particles, but they are not all stably
associated (46). The hierarchical assembly model describes
the sequential tightening of association of RPLs after for-
mation of the earliest pre-60S particles (52). On contrast,
our assembly map depicts earlier assembly events, namely
the co-transcriptional binding order of RPLs to pre-rRNA
during formation of the earliest pre-60S particles. The as-
sembly maps of bacterial large ribosomal subunits derived
from in vitro reconstitution and in vivo assembly also apply
to the full length rRNA (56,57).

Our study shows that the structural core of earliest pre-
60S particles, constituted mainly of early RPLs and A3-
factors, already begins to assemble in the partially tran-
scribed pre-rRNAs. However, the structural core appears to
be incomplete and unstable in the pre-rRNA fragments and
is greatly stabilized upon completion of domain VI and as-
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sembly of L3, since depletion of L3 would reduce globally
the levels of RPLs and AFs in pre-60S (52).

A minor role of the 3’ ETS in early pre-60S assembly

The 3" ETS contains a stem-loop structure that is cleaved
by RNase IIT Rntl during pre-rRNA processing (9). Our
data confirm that deletion of the entire 3" ETS affects the
processing of ITS1 and decreases the yield of 25S rRNA
(58). Our analysis of the D6 and 3’ ETS particles shows that
they share a similar protein composition, suggesting that
the 3’ ETS plays a minor role in early pre-60S assembly. The
D6 particle contains lower amounts of ITS1-processed pre-
rRNAs and late-associating AFs compared to the 3’ ETS
particle. The 3" ETS may regulate the optimal conformation
of pre-608, thereby affecting the rate of ITS1 processing and
ribosome maturation.

A novel pre-60S state before ITS2 processing

How pre-60S evolves at the nucleolus is much less under-
stood than its maturation steps at the nucleoplasm and the
cytoplasm. The Ssf1-TAP particle is currently the only well-
defined nucleolar state of pre-60S (22). By placing the affin-
ity MS2-tag in the ITS2 region, we have selectively purified
pre-60S particles arrested before C2 cleavage. The plasmid-
derived particles lack ~10 AFs present in the Ssf1-TAP par-
ticle. These AFs appear to be recruited for ITS2 process-
ing, since the Ssf1-TAP particle differs from the plasmid-
derived particles by containing ITS2-processed pre-rRNAs.
In support of this possibility, among these AFs, Mak11 and
Dbp10 are B-factors required for C2 cleavage (59,60). Ssfl
and its closely related paralog Ssf2 regulate the proper tim-
ing of C2 cleavage (22). We propose that the fully assembled
plasmid-derived particles, excluding those late-associating
AFs, represent an earlier state than the Ssfl-TAP parti-
cle before C2 cleavage (Figure 5). Association of the Ssfl-
specific factors constitutes a discrete step during the nucle-
olar evolvement of pre-60S.

Comparison of the early assembly pathway of small and large
subunits

The SSU is composed of four structurally distinct domains,
whereas the LSU contains six domains that are extensively
interwoven into a monolithic structure (47,48). Despite
their dramatic difference in structural organization, the ear-
liest precursors of both subunits are assembled in a stepwise
manner. Such an assembly mode would greatly reduce the
complexity of building large RNPs.

Two subunits also exhibit some differences in early as-
sembly in terms of snoRNA involvement and assembly dy-
namics. The 90S pre-ribosome is associated with U3, U14
and snR30 snoRNAs (7), whereas no snoRNA is involved
in LSU assembly in yeast. Consistently, the protein compo-
nents of box C/D and H/ACA snoRNPs were largely ab-
sent in the plasmid-derived pre-60S particles (Supplemen-
tary Dataset 1). At the last stage of 90S maturation, a dozen
of proteins and U14 and snR30 snoRNAs that bind earlier
are released (7). The assembly of pre-60S is less dynamic in
terms of AF release. Except for Nop12, which appears to be
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released after completion of pre-60S, no other protein ex-
hibits a dramatic reduction in abundance during the course
of pre-rRNA elongation.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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