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Early co-transcriptional events during eukaryotic ribosome
assembly result in the formation of precursors of the small (40S) and
large (60S) ribosomal subunits'. A multitude of transient assembly
factors regulate and chaperone the systematic folding of pre-
ribosomal RNA subdomains. However, owing to a lack of structural
information, the role of these factors during early nucleolar 60S
assembly is not fully understood. Here we report cryo-electron
microscopy (cryo-EM) reconstructions of the nucleolar pre-60S
ribosomal subunit in different conformational states at resolutions
of up to 3.4 A. These reconstructions reveal how steric hindrance
and molecular mimicry are used to prevent both premature folding
states and binding of later factors. This is accomplished by the
concerted activity of 21 ribosome assembly factors that stabilize
and remodel pre-ribosomal RNA and ribosomal proteins. Among
these factors, three Brix-domain proteins and their binding partners
form a ring-like structure at ribosomal RNA (rRNA) domain
boundaries to support the architecture of the maturing particle.
The existence of mutually exclusive conformations of these pre-60S
particles suggests that the formation of the polypeptide exit tunnel
is achieved through different folding pathways during subsequent
stages of ribosome assembly. These structures rationalize previous
genetic and biochemical data and highlight the mechanisms that
drive eukaryotic ribosome assembly in a unidirectional manner.

The assembly of the large eukaryotic ribosomal subunit (60S) is
organized as a series of consecutive intermediates, which are regu-
lated by different sets of ribosome assembly factors in the nucleolus,
nucleus and cytoplasm'. Three major types of pre-60S particles have
been observed, each with a distinct composition of assembly factors,
representing late nucleolar?, nuclear® and late nucleo-cytoplasmic
intermediates®. The earliest pre-60S particles exist in the nucleolus,
where they undergo major RNA processing steps and conformational
changes. Subsequently, in the nucleoplasm, the internal transcribed
spacer 2 (ITS2) RNA is removed and the particles are assembled into a
nuclear-export-competent state. Exported particles then complete the
final steps of maturation in the cytoplasm.

While previous high-resolution structural studies have revealed the
architectures of the late nucleolar and export-competent pre-60S par-
ticles, the architecture of the early nucleolar particles, containing spe-
cific factors such as Nsal, remains unknown**. Although the identities
and approximate binding regions of many early nucleolar ribosome
assembly factors are known, their structures and functions have not
yet been determined>.

To elucidate the mechanisms that govern early nucleolar large-subunit
assembly, several laboratories, including ours (data not shown), have
observed that cellular starvation extends the lifetime of a 27SB pre-
rRNA-containing species®’. Here, we have isolated these intermediates
from starved yeast using tandem-affinity purification involving tagged
ribosome assembly factors Nsal and Nop2 (Extended Data Fig. 1).

Similar to the small subunit processome, the nucleolar pre-60S par-
ticle, which is compositionally related to Nsal-containing particles®,
accumulates upon starvation. We analysed purified nucleolar pre-60S
particles by cryo-EM, revealing a high-resolution core (3.4 A) that was
further sub-classified into three states, which we structurally resolved at
resolutions of 4.3 A (state 1), 3.7 A (state 2) and 4.6 A (state 3) (Table 1,
Extended Data Figs 2, 3). These three states, together with cross-linking
and mass spectrometry data, resulted in the identification of 21 ribo-
some assembly factors (Extended Data Table 1 and Supplementary
Dataset 1). Atomic models could be completed for 18 of these proteins,
and homology and poly-alanine models were used for proteins such as
Ebp2, Mak11 and Ytm1, which were located in more flexible regions
(Fig. 1, Extended Data Fig. 4).

The purified pre-60S particles contain 27SB rRNA that has not yet
been processed at ITS2 (Extended Data Fig. 1). We observed three
different conformational states of this RNA (Extended Data Figs 2, 5).
State 1 includes ordered density for ITS2, domains I and II, and the
5.8S rRNA. State 2 additionally revealed density for domain VI, which
is present in a near-mature conformation. In contrast to state 2, state 3
lacks an ordered domain VI but features domain III. Although present,
the majority of domains IV and V and the 5S ribonucleoprotein (RNP)
were poorly resolved in all of the reconstructions, owing to confor-
mational flexibility. Low-resolution features corresponding to parts of
domain V (helices 74-79) and its proximal assembly factor Mak11 can
be seen in states 2 and 2A (Fig. 1, Extended Data Fig. 2).

A striking feature of the nucleolar pre-60S particle is its open
architecture, in which the solvent-exposed domains I, IT and VI are
encapsulated by a series of ribosome assembly factors as visualized in
state 2 (Fig. 1, Extended Data Fig. 5, Supplementary Video). Notably,
ribosomal proteins that have been associated with Diamond-Blackfan
anaemia’ are located at critical rRNA domain interfaces in the structure
(Extended Data Fig. 6), suggesting that their architectural roles are
especially important during early nucleolar assembly, in which defects
can trigger the nucleolar stress response.

Domains I, ITand VI adopt an open conformation that is chaperoned
by eight early ribosome assembly factors, which form a ring-like struc-
ture at the solvent-exposed side (Fig. 2a). In particular, Brix-domain-
containing factors (Brx1, Rpfl and Ssfl) act in conjunction with their
respective binding partners (Ebp2, Mak16 and Rrp15) to interconnect
these junctions and sterically prevent premature RNA-protein and
RNA-RNA contacts. Architectural support for the major interface
between domains I and II is provided by Rpfl and its zinc-binding
interaction partner Mak16, the helical repeat protein Rrpl and the
beta-propeller Nsal. Rpfl and Nsal occupy a region near the domain
I binding site of Rpl17, while Mak16 and Rrp1 interface predominantly
with ribosomal proteins Rpl4 and Rpl32 within domain II (Fig. 2b).

The ring-like structure encapsulating domains I, IT and VI is con-
tinued in one direction by the Ssf1-Rrp15 heterodimer and Rrp14.
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Table 1 | Cryo-EM data collection parameters and refinement and
validation statistics

State 2 State 3
EMD-7324 EMD-7445
Core PDB 6COF State 2A PDB 6CB1

Data collection and processing
Maghnification 22,500
Voltage (kV) 300
Pixel size (A) 1.3
Electron exposure (e~ lf\*z) 47
Defocus range (m) 1.0-35
Symmetry imposed C1
Initial particle images 1,653,290
Final particle images 514,746 201,114 75512 31,419
Resolution (A) 34 3.7 4.2 4.6
FSC threshold 0.143
Map sharpening B-factor (A2) —68.7 -71.7 -83.0 -94.2
Refinement
Model composition
Non hydrogen atoms 91,741 69,945
Protein residues 7,197 6,347
RNA bases 1,602 1,615
Ligands 3 2
rm.s.d.
Bond length (A) 0.007 0.006
Angles (°) 1.11 1.10
Validation
MolProbity score 191 1.68
Clashscore 10.67 5.96
Rotamer outliers (%) 0.30 0.13
Good sugar puckers (%) 98 97
Ramachandran
Favoured (%) 94.75 94.85
Allowed (%) 5.18 5.02
Outliers (%) 0.07 0.13

While the long C-terminal helix of Rrp14 bridges domains IT and
VI, the Ssf1-Rrp15 complex is positioned at the interface of domains
I and VI (Fig. 2a). Here, Ssfl occupies the same position as Rpl31,
which in the later Nog2-containing pre-60S particles binds at the
interface of domains III and VI near the polypeptide exit tunnel
(PET)?. The PET, which is created by domains I, I1I and VI at the
solvent-exposed side, is already formed in the Nog?2 particle, where

a Back view
Rrp1

Figure 1 | Structure of the early nucleolar pre-60S particle. a, Composite
cryo-EM density map of state 2, consisting of 255 rRNA domains I and II
(3.4A)and VI (3.7A4) (low-pass filtered to 5 A), and associated proteins.
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it is blocked by the C-terminal domain (CTD) of the GTPase Nogl
(Fig. 2¢, d).

The role of the Brx1-Ebp2 heterodimer near the interface of domains
Iand I is twofold. As well as being involved in the stabilization of these
domains, its strategic binding site prevents the premature assembly of
the large subunit by steric hindrance. In later stages of large subunit
assembly, an RNA segment of domain I (helix 22) base-pairs with a
region in domain V (helix 88) near a separate region of domain IV
(helix 68) (Fig. 2e, f). Brx1 remodels helix 22 of domain I to block the
premature formation of this tertiary structure with helix 88. Similarly,
Brx1 prevents the mature conformations of domain IV (helix 68),
domain II (expansion segment 9) and the C-terminal region of Rpl13
in this region (Fig. 2e, f).

In state 3, we identified the Erbl1-Ytm1 heterodimer bound to
domain III via Rpl27 (Fig. 3a). The N-terminal region of Erb1 (residues
239-397) wraps around the entire ITS2-domain I interface and is posi-
tioned underneath Nop16 and Hasl1 (Fig. 3b, c). This location is con-
sistent with previous cross-linking data and explains why deletions in
this region prevent the incorporation of Erb1 into pre-60S particles'®!!.
Nop16 interconnects RNA elements of the 5.85 rRNA and regions of
domain I. Additionally, Nop16 interacts with both Rpl8 and Rpl13
(Fig. 3c). The DEAD-box helicase Has] is positioned at the interface of
Rpl8, Cicl, Nop16 and Erb1 (Fig. 3¢). The assembly factors Cicl, Rlp7,
Nop7 and Nop15 appear in both the nucleolar pre-60S particle and the
Nog?2 particle in largely the same conformation (Fig. 3¢, d).

Notably, the N-terminal segment of Erbl employs molecular
mimicry by binding to Nop7 in a similar fashion as Nop53 in the Nog2
particle, which uses a structurally related motif to bind to Nop7. The
resulting steric hindrance is exacerbated by the alternate conforma-
tion of the N terminus of Rlp7, which further prevents Nop53 binding
(Fig. 3e, f). Therefore, the coordinated mechanical removal of Erbl
and its proximal factors Ytm1, Nop16 and Has1 by Mdnl1 is required
before Nop53 can bind to the Nog2 particle and recruit the exosome-
associated RNA helicase Mtr4 for ITS2 processing'>"*. The Has1 hel-
icase may have acted upon its substrate at an earlier stage during the
27SA3-to-27SB transition. Alternatively, it may remodel flexible RNA
elements in its vicinity for the ensuing 27SB processing'*.

The nucleolar pre-60S states 2 and 3 represent distinct assembly
intermediates of the polypeptide exit tunnel (Fig. 4). Ssf1, Rrp15 and
Rrpl4 are ordered in state 2, where they chaperone domains I and

Front view
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b, Corresponding near-atomic model of state 2 with ribosome assembly
factors and 25S rRNA domains labelled and colour-coded. Ribosomal
proteins are shown in grey.
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Figure 2 | A ring of nucleolar assembly factors prevents premature
folding of the 25S rRNA. a, b, Assembly factors chaperone areas

of domains I, IT and VI and interact with ribosomal proteins.

¢, d, Assembly factors prevent the formation of the polypeptide exit
tunnel (PET). ¢, In state 2, Ssf1-Rrp15 blocks the binding of Rpl31. Nogl
is largely unstructured. d, In the Nog2 particle (PDB 3JCT), the PET is
formed, probed by Nogl and supported by Rpl31. e, f, Brx1-Ebp2 and
an associated peptide (Brx1-AP) remodel domain I (helix 22) to prevent
binding of domain V (helix 88) and domain IV (helix 68) (e);

these interactions are present in the Nog2 particle (f).

VI, which line two sides of the forming PET (Fig. 2b, ¢). By contrast,
domain VI, Ssfl, Rrp15 and Rrp14 are disordered in state 3. Here, Ytm1
and Erb1 chaperone domain III, which adopts a mature conformation
with respect to domain I to form a different intermediate of the PET
(Fig. 3a, b). A subsequent maturation step of states 2 and 3 is likely to
involve the joining of domains I1I and VI and the formation of the PET
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Figure 4 | Model of early nucleolar stages of large subunit assembly.
Domains of 255 rRNA are represented as separate segments that are
flexible (in grey) or stably incorporated (in colour). State 1 represents
an intermediate in which domains I and II are ordered and subsequent
folding of either domain III or VI will occur (state 3 and state 2,
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Figure 3 | Molecular mimicry by Erb1 prevents premature ITS2
processing. a, Cryo-EM maps of states 2 and 3 of the nucleolar pre-60S
particle. State 2 contains domain VI but limited density for domain III,
while state 3 contains domain III with a flexible domain VI. NTD,
N-terminal domain. b, Two views of the state 3 cryo-EM map.

¢, d, Cartoon representation of the ITS2 region in state 3 of the nucleolar
pre-60S particle (c) and the Nog2 particle (PDB 3JCT) (d). e, f, The

N termini of Erb1 and Rlp7 in the nucleolar pre-60S particle prevent the
binding of Nop53 (e), which binds to Nop7 in the Nog2 particle (f).

on the solvent-exposed side. This may be accompanied by the insertion
of the Nogl N terminus into the nascent PET and the replacement of
Ssf1-Rrp15 by Rpl31 (Fig. 2, d, 4).

Conformational changes, first by the initially flexible domain V-5S
RNP together with the Nogl GTPase domain, and subsequently by
domain IV, would result in the overall conformation observed in the
late-nucleolar Nog2 particle? (Fig. 2c, d, 4). The base-pairing between

5S RNP
Nop53
R
Rpl31
Ssf1 Ssf1
Rrp15 Rrp15
Rrp14 Rrp14

Intermediate states Nog2 particle

respectively) to partially form the polypeptide exit tunnel (PET). To
mature into the Nog2 particle, the formation of the nascent PET must
occur by Mdn1- and Rix7-dependent exchange and removal of assembly
factors alongside stepwise folding of domain V and then domain IV.
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domains I and V would be possible upon the dissociation of the Brx1-
Ebp2 complex (Fig. 2e, f), while the release of Rrp1, Rpfl and Mak16
is likely to be caused by the ATPase Rix7 acting on the proximal Nsal
(ref. 15). In the ITS2 region, Mdn1-dependent removal of Erb1-Ytm1
would expose the binding site of Nop53 and may also trigger the exit
of Nop16 and Hasl from the particle!?.

While this manuscript was under review, complementary struc-
tural data on the nucleolar assembly of the large ribosomal subunit
was published!®. Differences in purification conditions resulted in
the isolation of distinct states, which may represent assembly stages
or breakdown products. Together with our data, these results enable
visualization of early nucleolar pre-60S intermediates, from the for-
mation of the solvent-exposed side of the particle to the incorporation
of the DEAD-box helicase Spb4 at the subunit interface (Extended
Data Fig. 7). Throughout the assembly, proteins such as Erb1, Brx1
and subsequently Spb1 prevent premature association of later matura-
tion factors by steric hindrance (Extended Data Fig. 8). Additionally,
flexible elements of Ebp2 and Erb1 reduce conformational freedom of
the maturing particles.

Eukaryotic nucleolar 60S ribosome assembly is conceptually remi-
niscent of early prokaryotic 50S assembly intermediates in which dif-
ferent rRNA domains are assembled in a modular fashion'” (Fig. 4,
Extended Data Fig. 7). However, our structures of nucleolar pre-60S
particles highlight the high degree of control that is exerted to prevent
the premature formation of inter-domain contacts of ribosomal RNA.
They further illustrate how the reduction of conformational freedom
and ordered sequence of assembly factors are enforced during assembly.
These are overarching themes of the nucleolar stages for both the small
and large ribosomal subunit assembly®.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Purification of nucleolar pre-60S particles. Nucleolar pre-60S particles were
purified from a Saccharomyces cerevisiae BY4741 strain containing a TEV
protease-cleavable C-terminal GFP tag on Nsal (Nsal-40aaLinker-TEV-GFP)
and a C-terminal 5x beta-catenin 3C protease-cleavable tag on Nop2 (Nop2-
40aaLinker-3C-Bc5) for endogenous expression. Cultures were grown in full
synthetic drop-out (SD) medium containing 2% raffinose (w/v) at 30°C to an
optical density of 0.8-1, before addition of 2% galactose (w/v) for 16 h, reaching
saturation (optical density 5-6). Cells were then harvested by centrifugation at
3,000¢ for 10 min at 4 °C. The cell pellet was washed with ice-cold ddH,O twice,
followed by a wash with ddH,O containing protease inhibitors (E64, pepstatin and
PMSF). Washed cells were immediately flash frozen in liquid nitrogen and lysed
by four cycles of cryogenic grinding using a Retsch Planetary Ball Mill PM100.

The freshly ground yeast powder was resuspended by vortexing in buffer A
(50 mM Tris-HCI, pH 7.6 (20°C), 150 mM NaCl, 1 mM EDTA, 1mM DTT, 0.1%
Triton-X100, PMSE, pepstatin, E-64). The insoluble fraction was removed by cen-
trifugation at 4°C, 40,000g for 30 min. The supernatant was subsequently incu-
bated with anti-GFP nanobody beads (Chromotek) for 3h at 4 °C, with agitation.
The beads were washed four times in ice-cold buffer A before the bound proteins
were eluted using TEV-protease cleavage (1h, 4°C). The eluate was then incubated
with NHS-sepharose beads (Sigma) coupled with anti-beta-catenin nanobody"
in buffer B (50 mM Tris-HCl pH 7.6 (20°C), 150 mM NaCl, 1 mM EDTA, 1 mM
DTT) for 1h at 4°C with agitation. For electron microscopy sample preparation,
the anti-beta catenin beads were washed once with buffer B. Cleavage by 3C pro-
tease for 1h at 4°C released the Nsal-Nop2 containing nucleolar pre-60S parti-
cles. For protein-protein cross-linking analysis the eluate from GFP-nanobody
beads was incubated with beta catenin-nanobody beads in buffer C (50 mM
HEPES-NaOH pH 7.6 (4°C), 150 mM NaCl, 1 mM EDTA) and eluted in the same
buffer by 3C-protease cleavage. The eluate typically measured an absorbance at
260nm (A,9) of 2.4-4.5 milli absorbance units (mAU) (Nanodrop 2000, Thermo
Scientific) (Extended Data Fig. 1).

Cryo-EM sample and grid preparation. Cryo-EM grids were prepared on four
different occasions for the four datasets obtained (ds1-ds4). The nucleolar pre-60S
particle eluate in sample buffer B (above) was left as is (ds1 only), or supplemented
with 0.1% Triton X-100 and 5mM MgCl, (final concentration, ds2-ds4). Copper
grids of 400 mesh with lacey carbon and an ultra-thin carbon support film were
used (Ted Pella, product no. 01824) for data collection. A volume of 3-4 ul nucle-
olar pre-60S particle sample (absorbance at 260 nm of 2.5 mAU) was applied onto
glow-discharged grids and plunged into liquid ethane using a Vitrobot Mark IV
robot (FEI Company) (100% humidity, blot force of 0 and blot time 3.5-4s).
Cryo-EM data collection and image processing. A total of 14,201 micrographs
were obtained over four data collections (ds1-ds4) on a Titan Krios (FEI Company)
at 300kV with a K2 Summit detector (Gatan). SerialEM?® was employed for
data acquisition using a defocus range of 1.0-3.5 um with a pixel size of 1.3 A.
Super-resolution movies with 32 frames were collected using a total dose
of 10 electrons per pixel per second with an exposure time of 8s and a total
dose of 47 electrons per A? (Table 1).

Upon data collection, the movies were gain corrected, dose weighted and
aligned with Motioncor2 (ref. 21), and the contrast transfer function (CTF) was
estimated using CTFFIND 4.1.5 (ref. 22). Relion 2.1 (ref. 23) was used for all sub-
sequent particle picking, classifications and refinements. Corrected and aligned
micrographs were first subjected to autopicking in Relion, resulting in a total of
1,653,290 selected particles from all four datasets. After manual inspection of all
micrographs, particles were extracted with a box size of 480 pixels (2x-binned
to 240 pixels), and 2D-classified separately for each individual dataset. After 2D
classification, bad classes were removed, and the selected particles of each dataset
were 3D-classified into four classes using an initial 3D model obtained from cry-
0SPARC?, low-pass filtered to 60 A. The best one-to-two classes from each 3D
classification were selected and their particles were re-extracted with a box size
of 480 pixels (un-binned). A combined total of 514,746 particles was finally used
for 3D auto-refinement and post-processing with a solvent mask around a ‘core’
containing domains I and II of the 255 rRNA, resulting in an overall resolution of
3.4 A (Extended Data Figs 2, 3a). Since the more flexible domains I1I-VI were not
visible in this state owing to averaging of different populations, a subsequent round
of 3D classification without image alignment of these particles into six classes was
used to obtain the two classes that contained state 2 (39%) and states 1 and 3 (41%).
A refinement of the class containing state 2 (201,114 particles) was performed
using a mask to include the additional visible densities, comprising of domain VI
and its associated proteins, to obtain a final map at 3.7 A (Extended Data Figs 2,
3b). By performing an additional round of focused 3D classification without image
alignment on this class with a mask around Mak11 and the neighbouring segment
of domain V of the 255 rRNA, a subset of particles (36%) emerged with improved

density. This was refined to provide a more continuous map of Mak11 and domain
V (state 2A) (Extended Data Figs 2, 3c). The remaining 64% of particles did not
reveal additional features beyond those seen in state 2.

Owing to particle heterogeneity in the initial class containing states 1 and 3
(41%, 211,534 particles), a focused classification without image alignment of that
class of particles was performed using a mask around the additional density con-
taining domain IIT of the 255 rRNA, Erb1-CTD (WD40) and Ytm1 (WD40). The
class from this round of classification containing density for domain IIT (31,419
particles) was refined with a mask around the entirety of state 3, to obtain a final
map at 4.6 A resolution (Extended Data Figs 2, 3d). The highest-resolution class
of particles from this classification, which contained no density for domain III
(126,824 particles), was refined to obtain the 4.3 A map of state 1. The map
of state 1 closely resembles the higher-resolution core map (correlation
coefficient = 0.96). The local resolutions of the maps were calculated using
Resmap®® (Extended Data Fig. 3).

Model building and refinement. By using the structure of the late nucleolar pre-
60S particle—the Nog2 particle (PDB 3JCT)>—as reference, common assembly
factors and ribosomal proteins were manually located and fitted into the density,
using Cicl and Rpl7 as hallmark anchors. Protein identification and tracing were
aided by cross-linking and mass spectrometry analyses (described below). New
assembly factors Mak16, Rrpl, Nop16, Erb1-NTD, Rrp14, Rrp15 and Ebp2 and
segments of IRNA were modelled de novo. Previously determined crystal structures
of assembly factors Nsal (PDB 5SUT)?, Ytm1 (PDB 5CXB) and Erb1-CTD (PDB
4U7A)? were docked and manually adjusted. Has1, Ssf1, Brx1, Rpfl and Mak11
were initially docked from Phyre2 models?®, and manually built to fit the density.
Model building was performed with Coot?. An annotated list of individual protein
IDs, reference models and corresponding maps used for building can be found in
Extended Data Table 1. The model was refined against a half-map1 from the overall
3.7 A map of state 2 in PHENIX with phenix.real_space_refine using secondary
structure restraints for proteins and RNAs™. Refinement and model statistics can
be found in Table 1.

Map and model visualization. All map and model analyses and illustrations
were made using Chimera®' and PyMOL Molecular Graphics System, v.1.8
(Schrodinger). Density map visualization for certain figures was also performed
on UCSF ChimeraX, developed by the Resource for Biocomputing, Visualization,
and Informatics and the University of California, San Francisco (supported by
NIGMS P41-GM103311).

RNA extraction and northern blotting. The S. cerevisiae nucleolar pre-60S par-
ticle (Nsal-Nop2 particle) was purified as described in ‘Purification of nucleolar
pre-60S particles’ and RNA was extracted from the final 3C-protease elution with
1 ml TRIzol (Life Technologies) according to the manufacturer’s instructions.
Isolated nucleolar pre-60S RNA (1.0 .g) was separated on a denaturing 1.2%
formaldehyde-agarose gel (SeaKem LE, Lonza) or on a denaturing 10% urea~PAGE
(Fisher, Amresco) for the 55 rRNA northern blot. After staining the gel in 1x SYBR
Green II (Lonza) ddH,O solution (pH 7.5) for 30 min, RNA species were visualized
with a Gel Doc EZ Imager (Bio-Rad) (Extended Data Fig. 1d, e) and then trans-
ferred onto a cationized nylon membrane (Zeta-Probe GT, Bio-Rad) using down-
ward capillary transfer for the agarose gel and a Trans-Blot SD semi-dry transfer
cell (Bio-Rad) for the urea~PAGE gel. RNA was cross-linked to the membrane
for northern blot analysis by UV irradiation at 254 nm with a total exposure
of 120 mJ/cm? in a UV Stratalinker 2400 (Stratagene). Cross-linked mem-
branes were incubated with hybridization buffer (750 mM NaCl, 75 mM
trisodium citrate, 1% (w/v) SDS, 10% (w/v) dextran sulphate, 25% (v/v)
formamide) at 65°C for 30 min before addition of ~-**P-end-labelled DNA
oligonucleotide probes. Oligonucleotide probe sequences were as follows:
258, TTTCACTCTCTTTTCAAAGTTCTTTTCATCT; ITS1 3’ end, TT
AATATTTTAAAATTTCCAG; ITS2 C2 site, TGGTAAAACCTAAAACGACCGT;
3’-ETS 5’ end, CCACTTAGAAAGAAATAAAAA; and 5S, CTACTCG
GTCAGGCTC.

Probes were hybridized for 1h at 65°C and then overnight at 37 °C. Membranes

were washed once with wash buffer 1 (300 mM NaCl, 30 mM trisodium citrate, 1%
(w/v) SDS) and once with wash buffer 2 (30 mM NaCl, 3 mM trisodium citrate, 1%
(w/v) SDS) for 20 min each at 45 °C. Radioactive signal was detected by exposure
of the washed membranes to a storage phosphor screen which was scanned with a
Typhoon 9400 variable-mode imager (GE Healthcare). For northern blot source
data, see Supplementary Fig. 1.
DSS cross-linking sample preparation and mass spectrometry analysis. The
tandem-affinity purified nucleolar pre-60S particles (Nsal-Nog2 particle), eluted
off anti-beta catenin nanobody beads (in 50 mM HEPES-NaOH pH 7.6 (4°C),
150 mM NaCl, 1 mM EDTA, 1 mM DTT) at an absorbance of 1.0 at 260 nm
(Nanodrop 2000, Thermo Scientific), were pooled (total volume, 300 1) and split
into three 100-pl cross-linking reaction aliquots.
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Disuccinimidylsuberate (DSS; 25 mM in DMSO, Creative Molecules) was added
to each aliquot to yield a final DSS concentration of 2.0 mM and samples were
cross-linked for 30 min at 25°C with 450 r.p.m. constant mixing. The reactions
were quenched with 50 mM ammonium bicarbonate (final concentration) and
precipitated by adding methanol (Alfa Aesar, LC-MS grade) to a final concentra-
tion of 90% followed by incubation at —80 °C overnight. Precipitated cross-linked
nucleolar pre-60S particles were combined into one tube by repeated centrifugation
at 21,000¢, 4 °C for 30 min. The resulting pellet was washed three times with 1 ml
ice-cold 90% methanol, air-dried and finally resuspended in 50 il 1x NuPAGE
LDS buffer (Thermo Fisher Scientific).

DSS cross-linked samples were processed as in ref. 18, and as described

below. DSS cross-linked nucleolar pre-60S particles in LDS buffer were reduced
with 25 mM DTT, alkylated with 100 mM 2-chloroacetamide, separated by
SDS-PAGE in three lanes of a 3-8% tris-acetate gel (NuPAGE, Thermo Fisher
Scientific), and stained with Coomassie blue. The gel region corresponding
to cross-linked complexes was sliced and digested overnight with trypsin to
generate cross-linked peptides. After digestion, the peptide mixture was
acidified and extracted from the gel as previously described*>**. Peptides were
fractionated offline by high-pH reverse-phase chromatography, loaded onto
an EASY-Spray column (Thermo Fisher Scientific ES800: 15cm x 75 pm ID,
PepMap C18, 3pum) via an EASY-nLC 1000, and gradient-eluted for online
electrospray ionization-mass spectrometry (ESI-MS) and tandem mass
spectrometry (MS/MS) analyses with a Q Exactive Plus mass spectrometer
(Thermo Fisher Scientific). MS/MS analyses of the top 8 precursors in each full
scan used the following parameters: resolution, 17,500 (at 200 Th); AGC target,
2 X 10% maximum injection time, 800 ms; isolation width, 1.4 m/z; normalized
collision energy, 24%; charge, 3-7; intensity threshold, 2.5 x 10 peptide match,
off; dynamic exclusion tolerance, 1,500 mmu. Cross-linked peptides were identified
from mass spectra by pLink®*. All spectra reported here were manually verified
as described previously*2.
Data availability. Cryo-EM density maps for the yeast nucleolar pre-60S particle
states 2 and 3 have been deposited in the EM Data Bank with accession codes
EMD-7324 and EMD-7445, respectively. Atomic coordinates for the yeast nucle-
olar pre-60S particle states 2 and 3 have been deposited in the Protein Data Bank
under accession codes 6COF and 6CB1, respectively. A PyMOL session for the anal-
ysis of the yeast nucleolar pre-60S particle in state 2 is available in Supplementary
Dataset 2.
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Extended Data Figure 1 | Purification of tagged Nsal-Nop2 large ribosomal subunit rRNAs in yeast. The locations of the previously
nucleolar pre-60S particles and analysis of RNA components. published pre-60S particles (the Nog2 particles?, the Arx1 particle®, the
a, Schematic of tandem-affinity purification of the nucleolar pre-60S Rix1-Real particle® and the Nmd3 particle®) are represented by blue bars.
particle with tagged proteins Nsal and Nop2. b, Coomassie-blue stained Binding sites of northern blot probes are indicated on the 35S and pre-5S
SDS-PAGE of pre-60S particles purified as in a. Protein labels are based transcript. d, e, Pre-rRNA was visualized on an agarose gel and stained
on in-solution mass spectrometry analysis of purified pre-60S particles using SYBR Green II. Northern blot analysis was performed for the 258,
and the approximate molecular weight. ¢, Schematic processing of the ITS2,ITS1 and 3’ ETS RNAs (d) and for the 55 rRNA (e).
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Dataset 1 Dataset 2 Dataset 3
2,835 micrographs 3,403 micrographs 3,492 micrographs
344,291 particles 360,233 particles 494,948 particles

Initial 2D/3D classification

92,948 particles 173,915 particles 152,267 particles

Dataset 4
4,471 micrographs
453,818 particles

95,616 particles

3D refinement

core
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34A
3D classification
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Extended Data Figure 2 | Cryo-EM data-processing workflow. Four
data collections were performed, resulting in 14,201 micrographs. These

57% 1%

3D refinement

state 1

126,824 particles
43A

of 514,746 ‘good’ particles. These particles were refined to produce the
core map. Further 3D classification without and with alignment was used

micrographs were aligned using MotionCor2 (ref. 21) with dose weighting,  to obtain the state 1, state 2, state 2A and state 3 maps. Density regions

and imported into Relion2.1 (ref. 23) for further processing. Autopicking

followed by manual cleaning, 2D and 3D classification produced a total are highlighted.
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Extended Data Figure 3 | Overall and local resolution estimates for
core, state 2 and state 3 cryo-EM maps. a-d, Overall and local resolution
of core map at 3.4 A (a), state 2 map at 3.7 A (b), state 2A map with
additional density for Mak11 at 4.2 A (¢) and state 3 map at 4.6 A(d).
Fourier Shell Correlation (FSC) curves for the unmasked (dashed black

line), phase-randomized (solid grey line), masked (dashed grey line)
and the corrected map (solid black line) are also shown. A thin black
line indicates an FSC value of 0.143. A clipped view is shown next to two
views of the obtained cryo-EM maps. The density volumes are coloured
according to local resolution using Resmap®.
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Extended Data Figure 4 | Cryo-EM density fit of selected nucleolar of the 255 rRNA and 5.8S rRNA models and their cryo-EM density. Images
pre-60S ribosomal subunit proteins and RNA models. a, Near-atomic generated in PYMOL or Chimera.

models of assembly factors and their cryo-EM density. b, Selected regions
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Extended Data Figure 5 | rRNA domains of state 2, state 3 and the domains of the 255 rRNA are colour-coded and displayed in the crown
mature 60S ribosomal subunit. The 5.8S rRNA, the 55 rRNA and the and back view for each structure.
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Extended Data Figure 6 | Ribosomal proteins associated with between the 5.85-domain I duplex and a domain I-domain II interface.
Diamond-Blackfan anaemia are positioned at rRNA domain junctions ¢, Rpl33 (Rpl35 in Homo sapiens) binds at the junction of domains I, IT

in the nucleolar pre-60S particle. a, Two views of the nucleolar pre- and VIin the 255 rRNA. d, Rpl26 associates with the domain I-5.8S rRNA
60S particle state 2 model, with Diamond-Blackfan anaemia-associated interface and additionally inserts its N terminus (N) between domain I
ribosomal proteins shown in surface representation. b, Rpl15 is located and domain II.
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and E (EMD-3891)"€. State 1 is highly similar to state A (EMD-3888)"6.
States 2 and 2A correspond closely to state B (EMD-3889)', but state B

front view

front view

back view
Erb1

" Erb1
NTD
Erb1 =
CTD ytm1  ~180°
Mrt4 Spb4
YBL028C Spb1 _
Nop2 Noc3
Nip7 Nsa2 Maki6
o
rp
Nsal
back view front view
Nop2 ..
repeat Nea2

“ Mrt4

: unassigned
IV helices
Spb4

ES27

lacks the Ssf1-Rrp15-Rrp14 module and Mak11. Built assembly factors
that become ordered or leave in subsequent particles are indicated

with arrows. Two possible pathways are shown that result in the final
incorporation of the DEAD-box helicase Spb4 (previously unidentified'®).

.
~ 180°

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

state 2 Kater et al., state E

ety 42
Spb4 helicase

)]

Extended Data Figure 8 | Steric hindrance during nucleolar pre-60S incorporation of Rpl28. ¢, d, Comparative views of state E (c) and the Nog2
assembly. a, b, Comparative views of state 2 (a) and state E (PDB 6ELZ)® (b), particle (PDB 3JCT) (d), highlighting that the presence of Spb1 prevents
highlighting that the binding of the Brx1 CTD to Rrpl prevents premature  the binding of Bud20.
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Extended Data Table 1 | Molecular models of the nucleolar pre-60S ribosomal subunit

Total
Subgroup Chain ID | SeglD Molecule name residues or Modelled (residue range) Initial PDB template Present in...
bases
1 L1 255 3,396 atomic (1,676 bases) 3JCT All states
RNA 2 L2 5.85 158 atomic (158 bases) 3JCT All states
6 L6 ITS2 232 atomic (87 bases) 3JCT All states
C LC Rpl4A_uL4 362 atomic (2-56, 89-347) 3JCT All states
E L= Rpl6A_eL6 176 atomic (7-176) 3JCT All states
e SE Rpl32_eL32 130 atomic (7-36, 47-130) 3JCT All states
[ LF Rpl7A_uL30 244 atomic (3-244) 3JCT All states
f SF RpI33A_eL33 107 atomic (2-107) 3JCT All states
G LG Rpl8A_eL8 256 atomic (53-239) 3JCT All states
h SH Rpl35A_ul29 120 atomic (2-120) 3JCT All states
i Si Rpl36A_elL36 100 atomic (17-100) 3JCT All states
L LL Rpl13A_eL13 199 atomic (22-127) 3JCT All states
M LM Rpl14A_eL14 138 atomic (11-138) 3JCT All states
N LN Rpl15A_elL15 204 atomic (2-68, 96-204) 3JCT All states
Ribosomal proteins (o} Lo Rpl16A_uL13 199 atomic (3-59, 73-199) 3JCT All states
Q LQ Rpl18A_eL18 186 atomic (15-146) 4v88, chain BQ All states
S LS Rpl20A_eL20 172 atomic (2-172) 3JCT All states
B LB Rpl3_uL3 387 atomic (17-224, 270-385) 4v88, chain DB State 2
P LP Rpl17A_uL22 184 atomic (10-64, 80-126, 140-161) 3JCT All states
\ LV Rpl23A_ul14 137 atomic (16-137) 3JCT State 2
b LY Rpl26A_ulL24 127 atomic (2-127) 3JCT All states
i SJ RpI37A_eL37 88 atomic (14-85, Zn) 3JCT All states
iz LZ Rpl27A_eL27 136 side-chain trimmed (2-136) 3JCT State 3
k SK Rpl38_eL38 78 side-chain trimmed (2-78) 3JCT State 3
g SG Rpl34A_elL34 121 side-chain trimmed (2-102) 3JCT State 3
c SC Rpl30_eL30 105 side-chain trimmed (9-105) 3JCT State 3
X LX Rpl25_uL23 142 side-chain trimmed (2-142) 3JCT State 3
K LK Cicl 376 atomic (31-51, 64-302) 3JCT All states
n SN Nop?7 605 atomic (13-43, 61-267, 351-396, 404-460) 3JCT All states
o SO Nop15 220 atomic (88-220) 3JCT All states
‘::::’::I:Vt:“:t:; t ST RIp7 322 atomic (54-105, 127-322) 3JCT Al states
particle (3JCT) t ST Rip7 (NTD) 322 poly-alanine (20-53) De novo State 3
u suU Rip24 199 atomic (2-130, Zn) 3JCT State 2
y sy Tif6 245 atomic (1-226) 3JCT State 2
W LW Nog1 647 atomic (373-470) 3JCT State 2
A LA Nsa1i 463 atomic (1-78, 101-416) 58Ul All states
p SB Has1 505 atomic (42-252, 264-489) Phyre model based on 2V1X All states
b SB Brx1 291 atomuc;;;:;iar;igga(;gg ;174113%21 3;)1'290)' Model based on SWLC, chain SM Al states
m SM Ebp2 427 poly-alanine (196-269) De novo All states
z SZ Rrp1 278 atomic (1-186, 197-253) De novo All states
D LD Mak16 306 atomic (2-191, Zn) De novo All states
New assembly I LI Rpf1 295 atomic (8-295) Phyre model based on 5JPQ, chain ¢ All states
factors s SS Erb1-NTD 807 atomic (2;]9-2:8, 372-39;), poly—lalanine (299-371) De novo All states
side-chain trimmed crystal structure
s ss Erb1-CTD 807 (416-426, 428-534, 571-807) 4U7A State 3
v Sv Ssf1 453 atomic (23-214, 324-356) Phyre model based on 4XV9 State 2
q sQ Mak11 468 poly-alanine (WD40, 285 residues) Phyre model based on 3DMO States 2 and 2A
w sSwW Rrp15 250 atomic (174-243) De novo State 2
d SD Ytm1 460 poly-alanine (C. thermophiium, 485 residues) 5CXB State 3
7 S7 Nop16 231 atomic (1-83, 156-228) De novo All states
8 S8 Rrp14 434 atomic (296-393) De novo State 2
X SX Brx1-associated peptide  unknown poly-alanine (162-189) De novo All states

Individual protein chains are listed with their initial PDB template (or built de novo) and the nucleolar pre-60S particle state(s) in which they are present.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.




natureresearch

Life Sciences Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

Please do not complete any field with "not applicable" or n/a. Refer to the help text for what text to use if an item is not relevant to your study.
For final submission: please carefully check your responses for accuracy; you will not be able to make changes later.

» Experimental design

1. Sample size

>
Q
—t
(-
=
D
=
D
wn
D
Q
=
@)
o
@
w
a)
)
>
()]
D
(%]
=
1)
o
o
=
=
>
(@]
wn
=
Q
=
=

Describe how sample size was determined. No sample size calculation was performed
2. Data exclusions
Describe any data exclusions. No data was excluded

3. Replication

Describe the measures taken to verify the reproducibility  Not applicable
of the experimental findings.

4. Randomization

Describe how samples/organisms/participants were Not applicable
allocated into experimental groups.

5. Blinding
Describe whether the investigators were blinded to Not applicable

group allocation during data collection and/or analysis.

Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.

o

Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

Confirmed

>
~
Q

X

|:| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|:| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

X X

|:| A statement indicating how many times each experiment was replicated

|:| The statistical test(s) used and whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X X

|:| A description of any assumptions or corrections, such as an adjustment for multiple comparisons

|:| Test values indicating whether an effect is present
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

X

|:| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

X X

|:| Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)

10Z J2QuiaA0N

See the web collection on statistics for biologists for further resources and guidance.

/




» Software

Policy information about availability of computer code
7. Software

Describe the software used to analyze the data in this MotionCor2, Relion, Coot, Chimera, PyMol
study.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made

available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability

Indicate whether there are restrictions on availability of ~ No unique materials were used.
unique materials or if these materials are only available
for distribution by a third party.

9. Antibodies

Describe the antibodies used and how they were validated Not applicable
for use in the system under study (i.e. assay and species).

10. Eukaryotic cell lines
a. State the source of each eukaryotic cell line used. Not applicable

b. Describe the method of cell line authentication used.  Not applicable

c. Report whether the cell lines were tested for Cell lines were not tested for mycoplasma contamination.
mycoplasma contamination.

d. If any of the cell lines used are listed in the database No commonly misidentified cell lines were used.
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide all relevant details on animals and/or No animals were used.
animal-derived materials used in the study.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population The study did not involve human research participants.
characteristics of the human research participants.
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