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ABSTRACT

Biogenesis of the small ribosomal subunit in eukary-
otes starts in the nucleolus with the formation of a
90S precursor and ends in the cytoplasm. Here, we
elucidate the enigmatic structural transitions of as-
sembly intermediates from human and yeast cells
during the nucleoplasmic maturation phase. After
dissociation of all 90S factors, the 40S body adopts a
close-to-mature conformation, whereas the 3° major
domain, later forming the 40S head, remains entirely
immature. A first coordination is facilitated by the as-
sembly factors TSR1 and BUD23-TRMT112, followed
by re-positioning of RRP12 that is already recruited
early to the 90S for further head rearrangements.
Eventually, the uS2 cluster, CK1 (Hrr25 in yeast) and
the export factor SLX9 associate with the pre-40S to
provide export competence. These exemplary find-
ings reveal the evolutionary conserved mechanism
of how yeast and humans assemble the 40S riboso-
mal subunit, but reveal also a few minor differences.

INTRODUCTION

In eukaryotes, ribosome assembly starts in the nucleo-
lus, continues in the nucleoplasm, and is completed in the
cytoplasm. In the yeast nucleolus, the formation of pre-
ribosomal particles is assisted by hundreds of assembly fac-
tors (AFs), which facilitate cotranscriptional folding and
modification of the RNA polymerase I-transcribed 35S pri-
mary rRNA and the incorporation of ribosomal proteins.
Following endonucleolytic cleavage at sites A, or A3, which
separates the small (18S rRNA) from the large subunit
rRNA (5.8S and 25S rRNA), ribosome biogenesis proceeds
along separate 40S and 60S ribosome assembly pathways

(1-4). In the 60S pathway, domains I, IT and VI of the 25S
rRNA first assemble into an early pre-60S ribosome, fol-
lowed later by incorporation of the 5S ribonucleoprotein
complex (5S RNP) (1-3,5-7). When these pre-60S particles
move from the nucleolus into the nucleoplasm, the Rix1-
Real complex checks their assembly state and can trigger
further maturation, thereby preparing the pre-60S ribosome
for nuclear export into the cytoplasm, where maturation is
completed (1-3,8-10).

Maturation of the pre-40S ribosome follows the same
principle. Previous studies in fungus and in human cells
have revealed the structural transitions underlying these
processes in the nucleolus and cytoplasm. In the nucleo-
lus, cotranscriptional folding of 18S rRNA results in the
formation of the large 90S pre-ribosome precursor follow-
ing the same ‘end-to-middle’ order observed for 25S rRNA
(11). In detail, the 5-ETS rRNA, together with the 3’
major and minor domains of the 18S rRNA first assem-
ble to form a first transient state of the 90S pre-ribosome
(state a). Eventually, with the help of the Kre33 (Kre33,
Enp2, LcpS and Bfr2) and Krrl (Krrl and Fafl) mod-
ules, the 5” and central domains of the 18S rRNA can in-
tegrate with this preliminary 90S to reach the pre-A; state
(11). In this state, the 90S pre-ribosome can recruit the
RNA helicase Dhrl and the Mtr4-exosome RNA nucle-
ase complex to form the small subunit processome (12,13).
Driven by the remodeling by Dhrl and the exosome com-
plex, the 90S pre-ribosome undergoes a shedding process
that gradually reduces its size through the dissociation of
90S AFs (14,15). After this 90S to pre-40S transition, a
primordial pre-40S ribosome (state Dis-C) emerges with
only a handful of 90S AFs still bound, including the U3
snoRNA, Dhrl, the Noc4 module (Noc4, Nopl4/Utp2,
Enpl, Rrpl2 and Emgl), the Bmsl module (Bmsl and
Rcll) and the Mppl0 module (Mppl0 and Imp4), which
need to be removed in the nucleoplasmic phase (11,14). In
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the cytoplasm, the pre-40S mainly goes though quality con-
trol processes carried out by the atypical kinases RIOK?2
and RIOK1 (Rio2 and Riol in yeast), which are responsi-
ble for the maturation of the mRNA-binding tunnel of the
40S ribosome. The final maturation steps coincide with the
dissociation of RIOK1, which in turn triggers site 3 cleav-
age by the endonuclease NOBI (in human cells; Nobl in
yeast), the final act of rRNA trimming (16-22). At earlier
states, however, additional AFs are active during the matu-
ration of the pre-40S ribosome, such as BUD23/ TRMT112
(Bud23/Trm112), DIMT1 (Dim1), TSR1, UTP14 and CK1
(Hrr25). BUD23/TRMT112 and DIMT1 are RNA methyl-
transferases, which methylate G1639 on the 40S head and
A1850/A1851 on the rRNA helix 45, respectively (23,24).
BUD23/TRMT112 mainly function in the nucleoplasm af-
ter replacing Emgl, which in turn could trigger the release
of the remaining 90S AFs on state Dis-C (24,25). In con-
trast, DIMT1 is an even earlier AF which associates already
with the 90S pre-ribosome in the nucleolus. In the human
cell, DIMTT1 is clearly a nuclear protein only functioning in
the nucleolar and nucleoplasmic phases (24), while its ho-
mologe Dim1 is a more widely distributed factor function-
ing from the nucleolar until the late cytoplasmic phase in
yeast (14,26,27). TSR1 is an inactive GTPase that belongs
to the BMS1 GTPase family and binds to the same interface
as BMSI. It therefore associates and is active after BMSI
in the nucleus and remains bound to the pre-40S until late
maturation phases in the cytoplasm (28,29). UTP14 is a ex-
clusive nucleolar protein that stimulates the RNA helicase
activity of DHR 1, which drives the transition from the 90S
to pre-40S ribosome (30-32). CK1 is a protein kinase that
can phosphorylate BYSL and LTV1, thus is thought to trig-
ger the release of the late cytoplasmic AFs, such as BYSL,
LTVI1, RRP12, PNOI1, RIOK2, NOBI1 (33-35).

The major development that takes place in the nucleo-
plasm is dissociation of all 90S AFs and replacement with
pre-40S AFs in order to reach an export-competent state
that allows the pre-40S ribosome to translocate into the cy-
toplasm via the nuclear pore complex. In yeast, the exportin
Crml is necessary for nuclear export of the pre-40S ribo-
some (36,37). Crml interacts, albeit weakly, with the nu-
clear export signals of Rio2 and Ltvl, indicating that they
are essential if the pre-40S is to acquire export competence
(38-40). However, to reach sufficient export activity, the ad-
ditional export adapter proteins SIx9 and Rrpl2 are also
required (41-44). SIx9 forms a ternary complex with Rio2
and RanGTP, facilitating the recruitment of Crm1 to Rio2
(43). Similarly, Rrp12 can directly interact with the Ran GT-
Pase, but also with nucleoporin FG-repeats (44). In contrast
to the well-studied nucleoplasmic maturation of the pre-60S
ribosome, the nucleoplasmic processes by which the pre-40S
ribosome matures have remained elusive.

Here, using the yeast AFs SIx9 and Diml as baits for
split-tag affinity purification, and in independent assays us-
ing the human AFs SLX9 (also known as C210RF70),
RIOK1, and BYSL (yeast Enpl) for single Flag-tag affin-
ity purification, we isolated nucleoplasmic pre-40S particles,
which we investigated by single-particle cryo-electron mi-
croscopy (cryo-EM) analysis. By combining yeast and hu-
man structures, we uncovered 16 different pre-40S assembly
intermediates, most of which represent the long-sought nu-
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cleoplasmic pre-40S ribosome. Our results provide a struc-
tural inventory and a understanding in principle of the se-
quential events taking place in the nucleoplasm that underly
this decisive pre-40S maturation phase.

MATERIALS AND METHODS
Yeast strains

The strains of Saccharomyces cerevisiae used in this study
are listed in Supplementary Table S1. Genomic tagging was
performed as described previously (45). All strains are de-
rived from W303 (46), except the reporter strain PJ69-4A,
which was used for the yeast two-hybrid analysis (47).

Bacterial strains

For plasmid construction, the E. coli DH5a strain (Thermo
Fisher Scientific) was used.

Split-tag tandem affinity purification from yeast cells

Yeast strains for single-bait or split-tag tandem affinity
purification were harvested during phases of logarithmic
growth. Cells were mechanically lysed by using a cryogenic
cell mill (Retsch MM400) in lysis buffer containing 50 mM
Tris—HCI (pH 7.5), 150 mM NacCl, 2 mM MgCl,, 5% glyc-
erol, 0.1% NP-40 and 0.1 mM DTT. The cell lysate was
cleared by centrifugation and the supernatant was trans-
ferred to IgG Sepharose 6 Fast Flow beads (GE Health-
care) for 2 h at 4°C. Beads were washed with lysis buffer,
then subjected to TEV cleavage for 45 min at 16°C. The elu-
ate was transferred to Flag-agarose beads (Anti-Flag M2
Affinity Gel, Sigma—Aldrich) and incubated for 1 h at 4°C.
Beads were washed and eluted with buffer containing Flag
peptide; elution buffer for cryo-EM analysis contained 50
mM Tris-HCI (pH 7.5), 150 mM NacCl, 2 mM MgCl,, 2%
glycerol, 0.01% NP-40 and 0.1 mM DTT. Eluted samples
were analyzed by SDS-PAGE and stained with colloidal
Coomassie (Roti-Blue, Roth).

Thermophilic Rrp12-SIx9 binding assay

Reconstitution of the thermophilic Rrpl12-SIx9 het-
erodimer was performed as described previously (48).
In brief, a preculture of SDC medium was transferred
into YPG medium to express Chaetomium thermophilum
SIx9-ProtA-TEV and Rrpl2-Flag gene constructs derived
from plasmids under the control of a GALI-10 promoter.
Cells were harvested after incubation for 6 h and purified
by tandem affinity purification as described above.

Yeast two-hybrid assays

Yeast two-hybrid analysis of Chaetomium thermophilum
proteins was performed as described previously (48).
The yeast strain PJ69-4A was transformed with the
plasmids pGADT7 (GAL4 activation domain) and pG-
BKT7 (GAL4 DNA-binding domain) carrying the re-
spective thermophilic gene. Strains were monitored on
SDC—Trp—Leu—His containing 2 mM 3-aminotriazole
(3AT) for identification of positive interactions.
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Mass spectrometry

Labeled protein bands in the Coomassie-stained gels were
excised and identified by in-house MALDI-TOF mass spec-
trometry.

Human SLX9, BYSL, and RIOK1 cell lines

Human SLX9, BYSL, and RIOKI cell lines were gen-
erated as described previously (17,18). In brief, the cod-
ing sequences were amplified from a cDNA library. In the
case of SLX9, the SLX9 gene was inserted into a mod-
ified pcDNAS/FRT/TO plasmid (Invitrogen) containing
an N-terminal Strep-Flag tag followed by a 3C cleav-
age site (pcDNAS-N-TAP-SLX9). In the case of BYSL,
the BYSL gene was inserted into a separate modified
pcDNAS/FRT/TO plasmid containing a 3C-Flag-Strep at
the C terminus (pcDNAS-C-TAP-BYSL). In the case of
RIOKI, first, a mutation (D324A) was introduced using
site-directed mutagenesis by PCR. Then, an internal Strep—
Flag tag following amino acid 496 was added before inser-
tion into the original pcDNAS/FRT/TO vector. To gen-
erate the stable cell lines, HEK Flp-In 293 T-Rex cells
(Thermo Fisher, R78007) were split one day before into a
10 cm dish and grown to 50% confluence. A mixture of
0.5 g of the plasmid, 4.5 pg of the helper pOG44 plas-
mid and 20 pg of polyethylenimine (PEI) was incubated for
25 min then directly added into the culture. Selection was
performed with 200 pg/ml hygromycin B (Thermo Fisher)
supplied in normal DMEM medium.

Purification of human pre-40S ribosomes

The human pre-ribosomal complexes were purified as previ-
ously described (17,18). In brief, cells in a total of 50 15-cm
dishes were cultured to approximately 80% confluence be-
fore protein expression was induced for 24 h with 1.6 pg/ml
tetracycline. Cells were collected by direct scraping down
and washed once in cold phosphate-buffered saline (PBS).
Cells were then lysed in lysis buffer [20 mM HEPES (pH
7.4), 150 mM potassium acetate, 5 mM MgCl,, | mM DTT,
0.5 mM NaF, 0.1 mM Na3VOy, 0.5% NP-40, 1x protease
inhibitor (Sigma—Aldrich)] for 30 min on ice, followed by
two strokes using a Dounce homogenizer. After clearing by
centrifugation at 10 000g for 15 min at 4°C, the supernatant
of the cell lysate was incubated with 100 w1 of equilibrated
anti-Flag affinity beads (Sigma—Aldrich) for 2 h at 4°C. The
beads were then washed four times with 2 ml of wash buffer
[20 mM HEPES (pH 7.4), 150 mM potassium acetate, S mM
MgCl,, 1 mM DTT, 0.5 mM NakF, 0.1 mM Na3z;VOy, 0.05%
NP-40], before the bound material was eluted six times by
incubation with 100 pl of a solution containing 20 mM
HEPES (pH 7.4), 150 mM potassium acetate, 5 mM MgCl,,
1 mM DTT, 0.05% Nikkol and 0.2 mg/ml 3x Flag peptide
(Sigma—Aldrich) for 30 min. Finally, the combined eluates
were concentrated using 50-kDa molecular mass cut-off fil-
ters. The concentration was estimated using a NanoDrop
photometer (Thermo Scientific).

Electron microscopy and image processing

Purified samples (3.5 ul) were applied to pre-coated (2 nm)
R3/3 holey-carbon-supported copper grids (Quantifoil),

blotted for 2-3 s at 4°C, and plunge-frozen in liquid ethane
using an FEI Vitrobot Mark IV. Data were collected on a
Titan Krios cryo-electron microscope operating at 300 keV.
All data were collected with a pixel size of 1.059 AA /pixel
and within a defocus range of —0.8 to —2.5 pm using a
K2 Summit direct electron detector under low-dose condi-
tions, with a total dose of 44 e~ /A2. Original image stacks
were dose-weighted, aligned, summed, and drift-corrected
using MotionCor2 (49). Contrast-transfer function (CTF)
parameters and resolutions were estimated for each micro-
graph using CTFFIND4 and GCTEF, respectively (50,51).
Micrographs with an estimated resolution of less than 5
A and an astigmatism of <5% were manually screened for
contamination or carbon rupture.

For the human SLX9 sample, a total of 1 768 081 particles
were picked from 9379 high quality micrographs. For the
human BYSL sample, 1 659 781 particles were picked from
6636 good micrographs. For the yeast SIx9-Dim1 sample, 1
358 874 particles were picked from 7174 good micrographs.
Subsequently, reference-free 2D classification in Relion 3.1
was used to exclude contaminating particles (52), which re-
sulted in 1 389 754 particles for the SLX9 sample, 212 733
particles for the BYSL sample, and 1 292 470 particles for
the SIx9-Dim! sample. Focused classification and general
overall classification were both applied to sort the differ-
ent states in Relion, as outlined in Supplementary Figure S2
(52). Particles representing the desired states were refined to
high resolution in Relion (52). In order to facilitate model
building, multibody refinement was carried out to improve
the local resolution for the human RRP12 states. In general,
the pre-40S ribosome was divided into two bodies: the 40S
ribosome body region and the 40S ribosome head region.
All the final maps were post-processed and local-resolution-
filtered using Relion (52).

The purification and image processing of the human
RIOK1 sample has been reported previously (17). Briefly,
7712 movies were collected with a pixel size of 1.059 A
and defocus of 0.5-2.5 pm using a K2 Summit direct
electron detector under low-dose conditions (48 frames
at approximately 1 e~ A~?) using EPU (FEI Com-
pany). Gain-corrected movie frames were motion cor-
rected and summed with MotionCor2(49) and contrast-
transfer-function (CTF) parameters were determined with
CTFFIND4(51) and Getf(50). After manual screening for
image quality, 7365 micrographs were used for automated
particle picking by Gautomatch (https://www2.mrc-lmb.
cam.ac.uk/download/gautomatch-056/). Totals of 1 822 8§74
particle images were then sorted using reference-free clas-
sification and 3D refinement in Relion 3.0(52). After sort-
ing, particles from each state were separately subjected to
Bayesian polishing, CTF refinement and 3D refinement in
Relion(52) to get the final reconstruction. To better visual-
ize the 40S Head region, multibody refinement was carried
out with two bodies (40S Head and Body region). The final
map was post-processed and local-resolution-filtered using
Relion (52).

Model building and refinement

In general, structures of the yeast cytoplasmic pre-40S ri-
bosome (PDB IDs: 6ZQG and 6EML) (14,19) and the hu-
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man pre-40S ribosome (PDB IDs: 6G18 and 6G51) were
used as initial references to generate homology models or
rigid-body fits (18), followed by manual adjustment in Coot
(53). Because certain subregions were not well resolved,
mixed full models (polyalanine and sidechain based) were
prepared. In general, if a protein, or a part of one, is rep-
resented as polyalanine, the resolution of the correspond-
ing map did not allow a bona fide molecular model to be
built.

For the state Tsrl, the yeast model (PDB IDs: 6ZQG and
6EML) were rigid-body fit into the density in Coot. Due
to the low local resolution, the 40S head part was excluded
from the final model. The N terminus of Tsrl was manu-
ally built in Coot, as was the N-terminal helix situated un-
der h44 of the 18S rRNA. The conformation of the rest of
the global domain in state Tsr1-3 was taken from the yeast
model (PDB ID: 6EML) (19). The same model also was
used for the state Tsr1-2, however, manual adjustments were
made to fit the flip-out conformation. For the sub-states
that have uS5 incorporated, the yeast uS5 was rigid-body
fit.

For the state RRP12, the human model (PDB ID: 6G18)
(18) was rigid-body fit into the density. Compared to the
model, the conformation of the 40S head is completely dif-
ferent, and thus manual adjustment was carried out in Coot
to fit the density. Helices h18 and h34-h40 of the 18S rRNA
were built de novo in Coot once high-resolution density was
available. The AFs RRP12, ENP1, LTV1, TSR1, BUD23,
TRMT112 and SLX9 were of sufficient resolution, thus
models were built de novo. The models for the AFs PNO1,
RIOK2 and NOBI were also taken from the human model
(PDB ID: 6G18) (18), although they also had high resolu-
tion. Because of the low local resolution, the crystal struc-
ture of human CK1 delta (PDB ID: 6GZM) was rigid-body
fit into the CK1 density without further adjustment (54).
The yeast state Rrp12-A had insufficient resolution to build
a model.

For the human state UTP14, the model of the human
state RRP12-A1 was used as a starting point; the flexible
40S head was manually removed from the final model. The
crystal structure of the human DIMT1 (PDB ID: 12Q9)
was rigid-body fit into the DIMTI1 density. The human
UTP14 was built de novo in Coot.

For the human state RIOK2-D2, a human model (PDB
ID: 6G51) (18) was used. TSR1 was manually removed
since it had already dissociated from the particle. For
the yeast state Rio2-C, the available model (PDB ID:
6EML) (19) was used. The Dim1 structure from PDB ID
6ZQG (14) was used to fit the Dim1 density. However, the
Nobl model is a homology model generated using SWISS-
MODEL (55) based on the human NOB1 model (PDB ID:
6G18) (18).

With the exception of the Rrp12-A, Rio2-C and RIOK2-
D2 states, the final models for the rest of the states
were real-space refined with secondary structure restraints
using the PHENIX suite (56). Final model evaluation
was performed with MolProbity (57). Maps and mod-
els were visualized and figures created with ChimeraX
(58).
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RESULTS

Cryo-EM analysis of the eukaryotic nucleoplasmic pre-40S
ribosome

Previous studies revealed the structural basis of how the eu-
karyotic 40S ribosome biogenesis pathway takes place in
the nucleolus and cytoplasm (14,17,18), but the maturation
events occurring in the nucleoplasm remained largely un-
known. To gain insight into this step, we carried out ad-
ditional split-tag affinity purifications from yeast cells us-
ing two AFs as bait proteins under normal growth condi-
tions (Supplementary Figure S1A). First, we pulled on S1x9,
which is a nuclear export adapter for exportin (42,43), and
then used Dim1 (DIMT1 in human) as a second bait, which
interacts with 90S intermediates but is retained in the later
cytoplasmic pre-40S ribosome. In parallel, we also isolated
pre-40S particles from human cells, using a single-step pu-
rification with SLX9, RIOK 1 (D324A), or BYSL expressed
as bait proteins in human HEK 293 cells displaying wildtype
growth (Supplementary Figure S1B). Using cryo-EM anal-
ysis we identified 16 distinct intermediates. Notably, earlier
nucleoplasmic states were enriched in the pull-downs from
yeast and later states were enriched from human cells (Fig-
ure 1, Supplementary Figures S2-S4, and Supplementary
Tables S2-S4). To our surprise the (cytoplasmic) RIOK1
bait revealed a novel intermediate state that is clearly nu-
cleoplasmic and not RIOK1 associated (state RRP12-A2).
Apparently, this preparation yielded, in addition to bona
fide RIOK1 containing particles, other non-specifically
bound 40S complexes such as 43S pre-initiation complexes
(17,59). All observed intermediates can be assigned to three
different major phases: (i) the Tsrl phase, in which after the
remaining 90S AFs have dissociated, the association of new
nucleoplasmic AFs such as Tsrl facilitates the first coordi-
nation between head and body (states Tsr1 and UTP14; see
below for a summary of the notation adopted in this study);
(i1) the RRP12 phase, which is characterized by the asso-
ciation of RRP12 and further maturation of the head and
(ii1) the cytoplasmic/nucleoplasmic RIOK?2 phase that fol-
lows RRP12 dissociation (state RIOK?2) (Figure 1). Based
on the increasingly matured state of the pre-40S (ribosomal
protein composition/rRNA conformation) and AF compo-
sition, it was most plausible to position all intermediates in
a sequential order. Yet, we cannot exclude that additional
parallel pathways exist with different intermediates, which
we did not catch in our purification strategy.

In the yeast SIx9—Dim1 preparation, we observed four
previously unknown states (states Tsrl-1, Tsr-2, Tsr1-3 and
Rrpl12-Al), which reveal the distinct recruitment steps of
the Tsrl protein. Notably, the yeast state Tsrl (with sub-
states 1-3) has lost all remaining 90S AFs. However, all sub-
states bear the fully assembled central pseudoknot (CPK),
a new premature conformation of the 18S rRNA helix 18
(h18) and each display an almost complete delocalization
of the 40S head. The conformation of h18 is stabilized by
Bud23, which unambiguously places the Tsrl states be-
tween the primordial pre-40S ribosome (state Dis-C) (14)
and the later states RRP12/Rrpl2. In contrast to the hu-
man intermediates, which display associated uS5 in the
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Figure 1. Cryo-EM analysis of nucleoplasmic pre-40S intermediates. Cryo-EM maps of distinct states of human (top) and yeast (bottom) nucleoplasmic
pre-40S intermediates observed after affinity purification using SLX9, RIOK 1, BYSL (human) and SIx9-Dim1 (yeast). Two views (front and back) of each
state are presented, with average resolution expressed in (A). The central scheme illustrates the compositional changes taking place between each state
and the sequence in which they occur. Sub-states for which the assembly order cannot be clearly distinguished are grouped. The bait proteins used for
purification are indicated above the respective structures. S.c.: Saccharomyces cerevisiae, H.s.: Homo sapiens.

RRPI2 state, uSS5 in yeast can apparently incorporate into
the pre-40S ribosome already in earlier states before state
Tsr1-3 is reached. However, the time point at which this oc-
curs is not clearly defined; indeed, states Tsrl-1 and Tsrl-
2 were both observed with and without uS5 incorporated.
Another novel early state, which we term UTP14, was found
in the human SLX9 preparation. This intermediate showed
complete TSR1 incorporation and density corresponding
to DIMTT1 and also to UTP14 in the same conformation ob-
served in the yeast primordial pre-40S (Dis-C) (14). Highly
similar to the yeast Tsrl state, the human UTP14 state also
displayed an almost completely delocalized 40S head, which
appears to be the hallmark of early nucleoplasmic pre-40S
intermediates, which arise after the 90S to primordial pre-
40S transition (Figure 1).

In addition to state UTP14, in the human preparations,
we found seven later nucleoplasmic intermediates. Two of
these resemble known assembly states, but could now be
sufficiently enriched to be characterized at molecular reso-
lution (18). The known human state RRP12-A1 (previously
‘state A’) was reconstructed to approximately 3 A, allow-
ing us to build a near complete model specifically includ-
ing the AFs BUD23, TRMT112, RRP12, LTV1, TSR1 and
BYSL. In addition, we identified and built SLX9 and the
casein kinase 1 (CK1; Hrr25 in yeast) in these intermedi-
ates. The state RRP12-A1 existed with and without CK1
bound, however, the limited local resolution did not allow to
distinguish the two CK1 isoforms known to be involved in
408 ribosome assembly (CK 18 and CK1¢) (33-35). In par-
allel, we observed particles in the so-far elusive state Rrp12-



Al at medium resolution in yeast, which indeed correspond
to the assembly state RRP12-A1 in human. According to
the sequential recruitment of the uS2-uS5-eS21 ribosomal
protein cluster and NOBI, we identified two more new sub-
states, RRP12-A2 and RRP12-A3, respectively. Similarly,
we could provide a complete near-atomic model for human
RRP12-B (previously ‘state B’), which could now be clas-
sified into three subpopulations - referred to as states Bl,
B2 and B3-based on the different conformations of RRP12
and the early recruitment of RIOK2, respectively. Unlike
the previously published cytoplasmic yeast pre-40S ribo-
some, our newly identified yeast state Rio2-C associated
with Nobl (together with Dim1) (19-21). Finally, the hu-
man BYSL purification yielded two particles, of which one
had been previously documented as ‘state D’ (now state
RIOK2-D1). The new state, RIOK2-D2, showed complete
dissociation of TSR1 (18). The characteristic features of all
these later states are their further maturation and, more im-
portantly, integration of the head (3° major) domain into
the 408 architecture (Figure 1).

In order to simplify the above used pre-40S particle
nomenclature, we defined these states after the main func-
tional factors. Therefore, the old states A and B were re-
named to state RRP12-Al and states RRP12-Bl1, respec-
tively. State C (yeast and human) was renamed RIOK?2-C
and Rio2-C in human and yeast, respectively; the human
state D became state RIOK2-D1 (18).

Highly dynamic 40S head conformation after 90S to 40S
transition

We first attempted to isolate nucleoplasmic pre-40S ri-
bosome particles from logarithmically growing yeast cells
(Supplementary Figure S1). Based on previous data on nu-
cleolar and cytoplasmic states, the proteins purified using
yeast SIx9-Diml as split bait exhibited a distinct interme-
diary profile, in which the early 90S AFs (the Mppl0 and
Bmsl modules, Dhrl, Noc4, Nopl4 and Emgl) were al-
ready lost, but late pre-40S factors (Rio2, Ltvl and Nobl)
were less enriched (27) (Figure 2A). Consistent with the sug-
gestion that Rrp12 and SIx9 act as adapters for nuclear ex-
port and with Rio2 being a hallmark of cytoplasmic parti-
cles (42,44), this sample provided us the nucleoplasmic pre-
40S particles of interest, as shown by single-particle cryo-
EM analysis. The most notable feature of Tsr1-1, the earliest
state, is the highly flexible 40S head. This observation was
not too surprising since the head of the primordial pre-40S
(state Dis-C) is highly stretched and mostly dynamic and
invisible (14) (Figure 2B and Supplementary Figure S5A,
B). It is thus reasonable to speculate that after the dissocia-
tion of remaining 90S factors, the flexible 40S head is even
more dynamic at first, and primed for new factors to in-
tegrate into the pre-40S particle and drive conformational
maturation.

Unlike the highly dynamic 40S head, the 5’ and central
domains of the 18S rRNA are almost mature, as in the
primordial pre-40S (14) (Supplementary Figure S5A, B).
However, state Tsrl-1 has already lost all its remaining 90S
AFs, including the U3 snoRNA. This allows the helices h27
and h44 of the 18S rRNA to mature, and the CPK to fully
assemble (Figure 2C and Supplementary Figure S5C, D).
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Although, we were missing the states that could show the
remodeling of the primordial pre-40S (now described by
Cheng et al. NAR), the Tsrl states are likely to represent the
earliest nucleoplasmic intermediates, in which the 40S head
is prepared for further remodeling.

Stabilization of the pre-40S head precedes nuclear export

In contrast to the split-tag purification in yeast, purifica-
tion using SLX9 as single bait in human cells mainly pro-
vided us with later nucleoplasmic intermediates in states
UTP14 and RRP12 (Figures 1, 3A, and Supplementary
Figure S6A). Like the yeast state Tsr1, state UTP14 also has
a highly flexible 40S head, however, it had already under-
gone the complete recruitment of TSR1, DIMT1, BUD23,
and TRMT112 (Figure 1 and Supplementary Figure S6A).
Thus, state UTP14 represents a new late nucleoplasmic in-
termediate following the Tsrl state observed in yeast. It is
highly likely that neither LTV nor NOBI can engage dur-
ing this phase. First, despite the low resolution of the BYSL
region on the 40S head, the binding interface of the C termi-
nus of LTV1 near h45 of the 18S rRNA was clearly occupied
by DIMTI, which is exclusively a nuclear protein in human
cells (18) (Figure 1 and Supplementary Figure S6A). Sec-
ond, the binding interface of the middle region of LTVI,
next to domain IV of TSR1, was occupied by an uniden-
tified factor (18) (Figure 3B). Last, two of the major bind-
ing interfaces of NOB1 on pre-40S (18), one on PNOI and
the other clamping the 3’ end of the 18S rRNA, were both
masked by UTP14 (Figure 3C). Thus, state UTP14 is not
ready for export and has to undergo the RRP12-associated
maturation steps.

In contrast to state UTP14, the human state RRP12
is further matured at the 40S head, which has a more
rigid conformation and could be resolved to high resolu-
tion. In addition to providing a near complete model for
AFs BUD23, TRMT112, TSR1, BYSL, NOBI, LTV1 and
RRP12, we could newly assign the positions of CK1 and
SLX9 in state RRP12-A (Figure 3A). Moreover, we were
able to visualize a detailed assembly process, setting up en-
donuclease NOBI in its inactive conformation to await the
signal from RIOKI to execute the final cleavage at site 3
(17). This includes recruitment of the uS2-uS5-eS21 clus-
ter and NOBI and maturation of 18S rRNA helices h35-
37 (Figure 3D). We also observed a conformational change
in RRP12 in the RRP12-B2 state (Figure 3E). In state
RRP12-A, the central region (around «-helices 16 and 17)
and one of the C-terminal regions (residues 1100-1135) of
RRPI12, together with the N-terminal region (residues 1—
72) of BYSL, were tightly associated with the h41 region of
the 18S rRNA (Supplementary Figure S6B). In this confor-
mation, the N-terminal ARM repeats of RRP12 could sta-
bilize the h35-37 region of the 18S rRNA in its immature
position. As maturation progresses to state Bl and helices
h35-37 adopt their mature conformation, RRP12 loses its
interaction with BYSL and, in transition to state B2, the
N-terminal ARM repeats of RRP12 slide outwards, which
might be a requirement for its release (Figure 3E and Sup-
plementary Figure S6B).

Several factors have been reported as nuclear export
adapters for the pre-40S ribosome, including LTV1, SLXO9,
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Figure 2. The 40S head is highly flexible in the early nucleoplasmic Tsrl state particle. (A) SDS-PAGE analysis of the yeast pre-40S intermediates purified
using SIx9-Dim1 split-tag; ribosome assembly factors identified by mass spectrometry are indicated. (B) Two views of the molecular model of the yeast
state Tsrl-1 (with uS5). The highly flexible 40S head is indicated using the density map. (C) The central pseudoknot (h2 of the 18S rRNA) formed in yeast

state Tsrl-1.

RIOK?2 and RRP12 (38,39,42,44), which are all present
in our RRP12 state. We thus conclude that the observed
RRP12 state is the principal nuclear export state, whereas
the UTP14 state is a late nucleoplasmic state in humans. If
this is the case, the maturation and integration of the 40S
head represents the required signal to render the pre-40S
intermediate competent for nuclear export.

Bud23 stabilizes h18 in an immature conformation in the nu-
cleoplasm

To reach the export competent state, the activity of several
AFs is required, of which BUD23 acts early after the 90S
to 408 transition (23). In state RRP12-A, BUD23 binds to
the same interface as Emgl in the yeast primordial pre-40S
(14). A recent study revealed that replacement of Emgl co-
incides with dissociation of surrounding factors, thus pro-
moting further pre-40S maturation (25). In our structure,
BUD23 has high structural similarity (RMSD = 0.775 A
for 177 residues) when comparing with the X-ray struc-
ture of the yeast Bud23 bound to SAM (Figure 4A and
Supplementary Figure S7A) (60). In human cells, BUD23
has an N-terminal methyltransferase domain, which can
methylate G1639 at the N7 position (G1575 in yeast) with
the help of its cofactor TRMT112, and a flexible C termi-
nus (23,24). Consistently, in our RRP12-A state, we could
clearly identify the base G1639 inside the substrate bind-
ing pocket of BUD23 (Figure 4A). Although its activity is
not essential for progression of pre-40S (23,24), based on
the density map, we assigned the ligand inside the pocket as
S-adenosyl-L-homocysteine (SAH), with the N7 of G1639
already methylated (Figure 4A and Supplementary Figure
S7B).

In addition to the methyltransferase domain, we also
built the C terminus of BUD23 starting with the earliest
yeast state Tsrl-1, in which it binds to the immature h18
of the 18S rRNA. Compared with the primordial pre-40S
in yeast, h18 adopts a new immature conformation, thus
being the last part of the 5> domain to complete its fold-
ing (Figure 4B, C). The C terminus of BUD23 apparently

aids stabilization of this new immature conformation, and
only once it is released in state RRP12-B1 can h18 adopt its
fully mature conformation forming the mRNA entry tunnel
(Figure 4D). Because in the yeast primordial pre-40S, most
of the 90S factors are associated with the immature h18 (the
Bms1 and Mpp10 modules), this might provide an explana-
tion for their release facilitated by BUD23 binding. Taken
together, BUD23 plays an important role in shaping the 40S
head because the N-terminal methyltransferase domain of
BUD23 binds to the decoding center, connecting the 40S
head and body while the C terminus coordinates h18 of the
18S rRNA.

Complete activity cycle of TSR1 in early head stabilization
and maturation

Similar to BUD23, TSR1 is another AF that connects the
head and body of the pre-40S subunit, thereby contribut-
ing to the progress of h18 rRNA maturation and head-to-
body positioning/coordination. By combining the different
intermediates from both yeast and human, we can visual-
ize a near complete picture of the cycle of TSR1 activity on
the pre-40S ribosome. This cycle accompanies the progress
from an almost completely flexible immature head in the nu-
cleoplasm to a fully matured 40S head in the cytosol (Figure
5A). After the release of Bmsl and association of Bud23,
the Tsrl-1 state in yeast, which directly precedes Tsrl re-
cruitment, displays the rRNA hl8 in a new immature con-
formation and a highly flexible 40S head. This state is fol-
lowed by state Tsrl-2, in which Tsrl is recruited by inser-
tion of its N terminus between the immature rRNA he-
lices h28 and h44-45 (both yeast and human) and its N-
terminal helix between h44 and the 5° domain of the 18S
rRNA (Figure 5A and Supplementary Figure S7C). This
is consistent with our biochemical data showing that the
N-terminal Tsrl fragment alone (1-84, also carrying the
endogenous Tsrl NLS) can incorporate into the pre-40S
particle. One possibility is that this fragment competes di-
rectly with the binding of full-length Tsrl protein (Supple-
mentary Figure S7D, E). Although the very N terminus of
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Figure 3. The 40S head is stabilized in the export-competent state RRP12. (A) Two views of the molecular models of human states RRP12-A1 and
RRP12-B3; all assembly factors are indicated. (B) The position at which the middle region of LTV1 interacts with domain IV of TSR1 in state RIOK2-C
is occupied by an unidentified factor in the human state UTP14. (C) In human state UTP14, UTP14 interacts with PNO1. Together, these two interact
with the 3’ region of the 18S rRNA and ITS1 rRNA. (D) The sequence of maturation events occurring in the CPK and 3’ regions of the 18S rRNA (from
left to right: states UTP14, RRP12-A1, RRP12-A2, RRP12-A3 and RRP12-B1). (E) In the transition from state RRP12-A to RRP12-B2, the N-terminal
ARM repeat of RRP12 slides to the one side. The movement of the N terminus is indicated with dash lines.

Tsrl adopts slightly different conformations in human and
yeast complexes, in both organisms it binds to the same
conserved interface, that is, next to rRNA h44-45 (Figure
5B). In this position, it reaches deep into the h28 of the
18S rRNA, thus it might either sense or stabilize the imma-
ture folding of h28 and prevent complete formation of the
40S neck until (human) state RRP12-B1 is reached (Fig-
ure 5B). In this later state, the far N terminus of TSR1
was invisible and h28 of the 18S rRNA was already ma-
ture. In addition to the N terminus, in state Tsrl-2, the C-
terminal domains of Tsrl are in a flipped-out conforma-
tion, leading to the positioning of domain IV of Tsrl at a
substantial distance from h18 of the 18S rRNA and there-
fore unable to interact (Figure 5SA). A similar flipped-out
conformation has been recently observed both in human
and yeast (61,62), when TSR1 binds to fully matured 40S
or 80S-like ribosomal complexes, respectively. Eventually,
from yeast state Tsrl1-3 onward, domain IV of Tsrl inter-

acts with immature h18 of the 18S rRNA. However, h18
will be fully matured only later with domain IV of TSR1
still bound between states RRP12-B1 and RIOK2-D1, indi-
cating that Tsr1 should contribute to the maturation of this
helix (Figure 5A). We observed the state RIOK2-D?2 as the
first state after Tsrl dissociates, although we have no clear
indication of how the release of Tsr1 is triggered. Notably, in
state RIOK2-D1, incorporation of the uS3 ribosomal pro-
tein cluster and the maturation of h34 of the 18S rRNA
pushes domain IV of TSR1 outwards (Figure 5A, C). It is
therefore plausible to speculate that dissociation of TSR1
is triggered by this further matured structural arrange-
ment, and that it might resemble the reverse recruitment
pathway.

Taken together, Tsrl appears to be the earliest nucleo-
plasmic AF to spatially coordinate the immature head with
the body of the pre-40S. It maintains this scaffolding func-
tion for head formation from an early nucleoplasmic phase
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Figure 4. BUD23 maintains h18 of the 18S rRNA in a new immature conformation. (A) A molecular model of the complex formed between TRMT112
and the methyltransferase domain of BUD23. SAH and m7G1639 of the 18S rRNA are shown in stick representation surrounded by density map. (B-D)
The conformation of h18 of the 18S rRNA in state Dis-C (B), Tsrl-1 to RRP12-A (C) and RRP12-B1 (D). The assembly factors responsible for keeping
the 18S rRNA h18 immature are shown. The secondary structures of h18 are shown inset in the lower right corners of each panel.

all the way through the export and to the cytoplasmic phase
of 40S maturation.

RRP12 serves as a hub for coordinating head maturation

Rrpl2isan AF thatin yeast is recruited to the early 90S par-
ticle as a component of the Noc4 module (Noc4, Nopl4,
Emgl, Enpl, Rrpl2) (14,63,64). RRPI2 is a large ARM-
repeat protein and consists of 44 protein helices in the center
and two long N-terminal and C-terminal extensions (Fig-
ure 6). It is primarily associated with helices h34-40 of the
18S rRNA, thus keeping this region far away from its ma-
ture position both in the 90S and later nucleoplasmic pre-
408 particles (14). rRNA helices h35-37 already adopt their
mature position in human state RRP12-B1, whereas helices
h38-40 can only fully mature after RRP12 is released from
the pre-40S in state RIOK?2.

The ARM-repeat region of RRP12 forms an almost
closed circle, with its N-terminal and C-terminal repeats
providing an interface to bind CKI, as observed in the
RRPI12-Al state (Figure 6A). Although CKI is not re-
quired for nuclear export of pre-40S particles, it can phos-

phorylate BYSL and LTV, thereby triggering their re-
lease from the pre-40S particle (22,33,34). In the RRP12-A1
state, CK1 is already well positioned in the vicinity of both
LTV1 and BYSL, however, its kinase-active center faces
away from the BYSL-LTV1 complex (Figure 6A). This in-
dicates that CK1 is recruited to the pre-40S in the early state
RRPI12-A, but remains in an inactive state. Although we did
not observe density for CK1 in subsequent states, it might
still flexibly associate with the pre-40S in the RRP12-B and
RIOK2 states. During maturation in the cytoplasm, CK1
could phosphorylate BYSL and LTV1 promoting their re-
lease and recycling. This scenario is consistent with previous
studies showing that CK 1 can be co-purified both with early
(RRP12, BYSL, SLX9, PNOL1) and late (LTV1, RIOK2)
pre-40S AFs. However, phosphorylation only occurs in the
late cytoplasmic particles (33).

Besides its rRNA and CK1 interaction, Rrp12 has been
shown to directly interact with Enpl in the Noc4 module.
Using yeast two-hybrid analysis, we mapped the interface
to the ARM-repeat region of Rrpl12 (Supplementary Fig-
ure S8A, B) and the N terminus of Enpl (Supplementary
Figure S8A, C). Consistent with this observation in yeast,
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Figure 5. The complete activity cycle of TSR1 in early head maturation. (A) The complete activity cycle of TSR1. The immature/mature h18 of the 18S
rRNA, Bud23/BUD23 and Tsrl1/TSR1 are shown in ribbon representation (left to right: states Tsrl-1, Tsr1-2, Tsr1-3, RRP12-A, RRP12-B1 to RIOK2-
D1 and RIOK2-D2). The overall positions are shown in thumbnails. (B) The very N terminus of the yeast Tsrl (left, state Tsrl) and human TSR1 (right,
from state UTP14 to RRP12-A) interferes with the maturation of h28 of the 18S rRNA. (C, D) The conformation of domain I'V of TSR in states RIOK2-C
and RIOK2-D1. Maturation of h34 of the 18S rRNA pushes domain IV of TSR1 outward. The movements of h34 and domain IV of TSR are indicated

by arrows.

we found in human state RRP12-A that the N terminus of
BYSL binds to the ARM repeat of RRP12 in three different
regions. First, residues 142-167 of BYSL form an a-helix
that closely interacts with the beginning of the ARM re-
peat of RRP12 (Figure 6B). Second, a loop (residues 83—
91) of BYSL is situated atop helices 11 and 13 of RRP12
(Figure 6C). Third, helices 47-72 of BYSL poke through
a tunnel formed by helices 15-17 and the C-terminal re-
gion (residues 1102-1135) of RRP12, uS9, and h41 of the
18S rRNA (Figure 6C and Supplementary Figure S6B).
These interactions appear to be important for the stable as-
sociation of RRP12 to the pre-40S, since loss of these in-
teractions, starting in state RRP12-B2, allows the subse-
quent release of RRP12. Interestingly, the very N termi-
nus of BYSL reaches along h28 of the 18S rRNA to bind
between the two KH domains of PNOI1, the same surface
of PNOI that later interacts with NOBI in state RRP12-
B1, thereby preventing premature incorporation of NOBI1
(Figure 6D).

Another RRP12 interactor is the AF SLX9. Although
we were using SLX9 as bait for affinity purification in both
human and yeast samples, we only observed it in the hu-
man states UTP14 and RRP12-A. We discovered that a C-
terminal region (residues 174-225) of SLX9 formed two he-
lices that pack on the surface of RRP12 helices 35-40 (Fig-
ure 6E). This is again consistent with the results of our in
vitro binding assay and with our yeast two-hybrid analysis
showing that yeast SIx9 interacts with the C-terminal repeat
region of Rrp12 (Supplementary Figure S8D, E). In the hu-
man state RRP12-A, another region of SLX9 (residues 101—
130) was in close contact with hl of the 18S rRNA region,
thus preventing integration of uS5. However, in contrast to

the arrangement observed for human, in yeast this region
was already occupied by uSS5 in the early state Tsrl-1 (Fig-
ures 1, 6F).

In addition, two regions of RRP12 (residues 1070-1080
and 1145-1157) directly interact with eS17 on two oppo-
site sides (Figure 6G). Furthermore, the very C terminus
of RRP12 stretches through the 18S rRNA region near
h28 and reaches from the solvent side to the inter-subunit
side, where it interacts with the BUD23-TRMT112 com-
plex (Figure 6H). Considering all these interactions, RRP12
is a central and integrating platform for coordinating AFs
on the pre-40S head, including CK1, BYSL, LTV, SLXO9,
BUD23 and TRMT112, thereby priming the pre-40S parti-
cle for nuclear export.

DISCUSSION

In this study, we compared related nucleoplasmic pre-40S
intermediates from two evolutionary distant organisms, hu-
man and yeast. The results give fundamental insight into
the steps involved in 18S rRNA maturation, and point to
a highly conserved pathway. According to the degree of
rRNA maturation, ribosomal protein incorporation, AF
occupancy, and mode of interaction, we can arrange these
states in a common plausible and sequential order (Supple-
mentary Figure S9). It is important to point out that the as-
sembly steps may not all be strictly sequential as illustrated
for example by the alternative entry points for uS5. Yet, al-
though truly parallel assembly pathways may exist for the
pre-40S, in particular under stress conditions, we did not
observe intermediates in support of this notion. We there-
fore suggest that the main nucleoplasmic eukaryotic 40S ri-
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Figure 6. RRPI12 is the central coordinator for head formation. (A) The N and C termini of RRP12 coordinate CK 1 and position it close to BYSL and
LTVI1. The active center of the kinase domain is indicated with a red star. (B) The N-terminal ARM repeat of RRP12 interacts with the 142-167 region
of BYSL. (C) The middle region of the ARM repeat of RRP12 interacts with the 47-91 region of BYSL. (D) The N terminus of BYSL (residues 18-39)
interacts with PNOL. (E) The region of amino acids 174-225 of SLX9 interacts with the C-terminal ARM repeats of RRP12. (F) The region of amino
acids 101-130 of SLX9 binds to the CPK region on the 40S body. (G) Two regions of RRP12 (residues 1070-1080 and 1145-1157) interact with eS17. (H)
The very C terminus of RRP12 pokes through the h28 region and interacts with BUD23. Center: A schematic representation of the architecture of RRP12;

thumbnails indicate the overall position of the respective assembly factor.

bosome maturation path has been visualized here, which
represents a sequence of transitions from the primordial to
the late cytoplasmic pre-40S ribosome. In the earliest yeast
state—state Tsrl—the 40S head is largely delocalized and
the immaturity of 18S rRNA h18 is maintained by Bud23.
After the complete incorporation of TSR 1 and the BUD23-
TRMT112 complex, the pre-40S in humans reaches state
UTP14. In the next state—state RRP12—additional factors
are recruited and the 40S head and neck are further matured
with the head domain now, for the first time, in a clearly de-
fined position with respect to the main body of the 40S sub-
unit. In this state, after the head has become an integral and
structurally more rigid part of the pre-40S, a nuclear export-
competent state is reached. After the successful maturation

of 18S rRNA h18 and h34, Tsrl is eventually released in
state RIOK2-D2. In this scenario, maturation and integra-
tion of the 40S head turned out to be the major events that
must occur in the nucleoplasm before the pre-40S is ex-
ported into the cytoplasm. This is in full agreement with
previous biochemical observations establishing that the re-
cruitment of ribosomal proteins that form the head is nec-
essary for efficient pre-40S nuclear export in yeast as well as
in human cells (65,66). Unfortunately, the high flexibility of
the pre-40S head in all observed Tsrl states did not allow
for an analysis of the protein composition of the 40S head
before state RRP12 (Supplementary Figure S9). Therefore,
visualization of many incorporated 40S head proteins only
in the later RRPI12 states is very likely to be preceded by



earlier recruitment events as described before for uS7 and
uS9 (66,67).

There are several arguments supporting the notion that
our structures (states Tsrl, UTP14, and RRP12) represent
bona fide nucleoplasmic intermediates. First, our samples
were purified under normal and not inhibited growth condi-
tions using the nuclear export adapter protein SLX9, which
has dual nucleolar and nucleoplasmic location (42,43). Sec-
ond, the majority of BUD23 and TRMT112 has also been
shown to localize to the nucleoplasm (24). Third, the 5” and
central domains of the 18S rRNA showed an almost mature
conformation resembling that of the primordial pre-40S,
whereas the h18 of the 18S rRNA adopted a different imma-
ture conformation stabilized by the newly recruited Bud23.
Fourth, compared to the primordial pre-40S, the 18S rRNA
is further matured, including the 3’ minor domain (helices
h44 and h45) and formation of the CPK (14). Last, early
90S AFs (the Bms1 and Mppl10 modules, among others) are
dissociated, whereas late pre-40S AFs (Riol, Rio2, Nobl,
etc.) have not yet been associated (or will be later).

Although state Tsrl-1 is very closely connected with the
primordial pre-40S, we expect that there are still intermedi-
ates missing between these two steps. In this regard, we can
consider the following points: (i) the RNA helicase Dhrl
is responsible for the release of U3 snoRNA from the 90S
pre-ribosome (14,15,32,68). Interestingly, in the primordial
pre-40S, it is in a nucleotide-free state, requiring ATP to
start another round of catalysis (14). Thus, one obvious step
might represent a Dhrl-driven remodeling event, in which
the last remaining 90S factors dissociate (see accompanying
paper by Cheng et al.). (ii) In 30S biogenesis by prokary-
otes (such as E. coli), incorporation of h44 of the 16S RNA
is highly regulated by the methyltransferase KsgA (69-71),
a homolog of DIMT1. Thus, there might be a state that
also shows this coordination. It is therefore possible that
we may also have missed other intermediates in our prepa-
ration that still associate with TSR1 in state RIOK2-D and
it is not clear that the dissociation has obligatorily to oc-
cur immediately after state RIOK2-D1. We speculate that
there might be an intermediate flipped-out conformation of
TSR1 present during the release, which was observed in the
recruitment phase (state Tsr1-2).

Notably, the overall pre-40S assembly process in yeast
and human cells is highly conserved. The folding sequence
of the 18S rRNA and the corresponding AFs functioning in
these individual steps essentially follow the same order with
a few exceptions: (i) Although the resolution is insufficient
to reveal the C-terminal helices of SIx9 in the yeast state
Rrpl12, it is clear that only in the human states UTP14 and
RRP12-A does the N-terminal helix of SLX9 exist. (ii) As
a result of the N-terminal helix of SLX9 associating tightly
with the CPK, the ribosomal protein uS5 incorporates at
different time points in yeast and human cells. In yeast, it
can already interact with the CPK in the early state Tsrl-1
with uS2-eS21 entering later in the state Rrp12. However,
in human cells, uS2-uS5-eS21 inserts into the particle as a
protein cluster only in the late state RRP12-A2. 3) UTP14
remains associated with the 3’ end of the 18S rRNA in the
human state UTP14, however, in yeast it dissociates ear-
lier in the Tsrl state. 4) Besides UTP14, DIMT]1 is another
AF that dissociates at different time points. DIMT]1 in hu-
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man cells is a nuclear protein (24), whereas in yeast it mi-
grates with the pre-40S ribosome from the nucleus into the
cytoplasm. In the state post-Al 90S pre-ribosome, A1782
was inserted into its active pocket, clearly indicating early
methylation at this site (14). However, it is also safe to as-
sume that A1781 is also modified in the nucleus. Dim1 in
the state Rio2 in yeast has a position-blocking role by com-
peting with the C-terminal helix of Ltvl.

Even in light of these differences, overall, we observed an
amazing similarity in the nucleoplasmic pre-40S formation
between yeast and human, despite roughly 1 billion years of
evolutionary distance. Thus, learning from yeast might help
us to understand human diseases rooted in this segment of
408 biogenesis and vice versa, insights from the human sys-
tem could promote fast and powerful yeast genetics that are
not yet available in human.

DATA AVAILABILITY

All cryo-EM maps and molecular models have been de-
posited in the Electron Microscopy Data Bank with ac-
cession IDs EMD-32792 [state Tsrl-1(uS5)], EMD-32793
[state Tsrl-1(no uS5)], EMD-32794 [state Tsrl-2(uS5)],
EMD-32795 [state Tsrl-2(no uSS5)], EMD-32796 (state
Tsr1-3), EMD-32799 (state UTP14), EMD-32797 (state
Rrpl2-A), EMD-32800 [state RRP12-A1(CK1)], EMD-
32801 [state RRPI2-Al(no CKI1)], EMD-32802 (state
RRPI12-A2), EMD-32803 (state RRP12-A3), EMD-32804
(state RRP12-B1), EMD-32806 (state RRP12-B2), EMD-
32807 (state RRP12-B3), EMD-32798 (state Rio2-C), and
EMD-32808 (state RIOK2-D2), and in the Protein Data
Bank (PDB) with accession codes 7WTN [state Tsrl-
1(uS5)], 7TWTO [state Tsrl-1(no uS5)], 7WTP [state Tsrl-
2(uS35)], 7TWTQ [state Tsrl-2(no uS5)], 7TWTR (state Tsrl-
3), TWTS (state UTP14), 7WTT [state RRP12-A1(CK1)],
TWTU [state RRP12-Al(no CK1)], 7TWTYV (state RRP12-
A2), TWTW (state RRP12-A3), TWTX (state RRP12-B1),
TWTZ (state RRP12-B2), 7TWUO (state RRP12-B3).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Charlotte Ungewickell, Katja Brezovar and Su-
sanne Rieder for their excellent technical support, and An-
drea Gilmozzi and Jochen Rech for performing cell growth
assays.

Author contributions: J.C., E.H. and R.B. designed the
study. B.L. prepared and characterized the yeast samples,
and J.C., M.T. and M. A. prepared and characterized the hu-
man samples for cryo-EM. O.B. collected the cryo-EM data.
J.C. processed the cryo-EM data with the help of M.A.and
M.T., and built and refined the models. J.C. and R.B. an-
alyzed and interpreted the structures. J.C., B.L., R.B. and
E.H. wrote the manuscript, and all the authors commented
on the manuscript.

FUNDING

German Research Foundation [HU363/12-1]; European
Research Council [ADG 741781 GLOWSOME to E.H.];


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac961#supplementary-data

11936 Nucleic Acids Research, 2022, Vol. 50, No. 20

European Research Council (ERC) Advanced Grant [ADG
885711 HumanRibogenesis to R.B.]; Shanghai Munici-
pal Science and Technology Commission [22ZR 1413600,
22410712400 to J.C.]. Funding for open access charge: Eu-
ropean Research Council (ERC); Advanced Grant (ADG
885711 HumanRibogenesis) (to R.B.).

Conflict of interest statement. None declared.

This paper is linked to: doi:10.1093/nar/gkac910.

REFERENCES

1. Woolford,J.L. Jr and Baserga,S.J. (2013) Ribosome biogenesis in the
yeast saccharomyces cerevisiae. Genetics, 195, 643-681.

2. Bassler,J. and Hurt,E. (2019) Eukaryotic ribosome assembly. Annu.
Rev. Biochem., 88, 281-306.

3. Klinge,S. and Woolford,J.L. Jr (2019) Ribosome assembly coming
into focus. Nat. Rev. Mol. Cell Biol., 20, 116-131.

4. Pena,C., Hurt,E. and Panse,V.G. (2017) Eukaryotic ribosome
assembly, transport and quality control. Nat. Struct. Mol. Biol., 24,
689-699.

5. Zhou,D., Zhu,X., Zheng,S., Tan,D., Dong,M.Q. and Ye,K. (2019)
Cryo-EM structure of an early precursor of large ribosomal subunit
reveals a half-assembled intermediate. Protein Cell, 10, 120-130.

6. Sanghai,Z.A., Miller,L., Molloy,K.R., Barandun,J., Hunziker,M.,
Chaker-Margot,M., Wang,J., Chait,B.T. and Klinge,S. (2018)
Modular assembly of the nucleolar pre-60S ribosomal subunit.
Nature, 556, 126—-129.

7. Kater,L., Thoms,M., Barrio-Garcia,C., Cheng,J., Ismail,S.,
Ahmed,Y.L., Bange,G., Kressler,D., Berninghausen,O., Sinning,I.
et al. (2017) Visualizing the assembly pathway of nucleolar Pre-60S
ribosomes. Cell, 171, 1599-1610.

8. Ahmed,Y.L., Thoms,M., Mitterer,V., Sinning,l. and Hurt,E. (2019)
Crystal structures of Real-MIDAS bound to its ribosome assembly
factor ligands resembling integrin-ligand-type complexes. Nat.
Commun., 10, 3050.

9. Barrio-Garcia,C., Thoms,M., Flemming,D., Kater,L.,
Berninghausen,O., Bassler,J., Beckmann,R. and Hurt,E. (2016)
Architecture of the rix1-real checkpoint machinery during
pre-60S-ribosome remodeling. Nat. Struct. Mol. Biol., 23, 37-44.

10. Matsuo,Y., Granneman,S., Thoms,M., Manikas,R.G., Tollervey,D.
and Hurt,E. (2014) Coupled GTPase and remodelling ATPase
activities form a checkpoint for ribosome export. Nature, 505,
112-116.

11. Cheng,J., Bassler,J., Fischer,P., Lau,B., Kellner,N., Kunze,R.,
Griesel,S., Kallas,M., Berninghausen,O., Strauss,D. et al. (2019)
Thermophile 90S Pre-ribosome structures reveal the reverse order of
Co-transcriptional 18S rRNA subdomain integration. Mol. Cell, 75,
1256-1269.

12. Lau,B., Cheng,J., Flemming,D., La Venuta,G., Berninghausen,O.,
Beckmann,R. and Hurt,E. (2021) Structure of the maturing 90S
Pre-ribosome in association with the RNA exosome. Mol. Cell, 81,
293-303.

13. Du,Y., An,W., Zhu,X., Sun,Q., Qi,J. and Ye,K. (2020) Cryo-EM
structure of 90S small ribosomal subunit precursors in transition
states. Science, 369, 1477-1481.

14. Cheng,J., Lau,B., La Venuta,G., Ameismeier,M., Berninghausen,O.,
Hurt,E. and Beckmann,R. (2020) 90S pre-ribosome transformation
into the primordial 40S subunit. Science, 369, 1470-1476.

15. Singh,S., Vanden Broeck,A., Miller,L., Chaker-Margot,M. and
Klinge,S. (2021) Nucleolar maturation of the human small subunit
processome. Science, 373, eabj5338.

16. Plassart,L., Shayan,R., Montellese,C., Rinaldi,D., Larburu,N.,
Pichereaux,C., Froment,C., Lebaron,S., O’'Donohue,M.F., Kutay,U.
et al. (2021) The final step of 40S ribosomal subunit maturation is
controlled by a dual key lock. Elife, 10, e61254.

17. Ameismeier,M., Zemp,l., van den Heuvel,J., Thoms,M.,
Berninghausen,O., Kutay,U. and Beckmann,R. (2020) Structural
basis for the final steps of human 40S ribosome maturation. Nature,
587, 683-687.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Ameismeier,M., Cheng,J., Berninghausen,O. and Beckmann,R.

(2018) Visualizing late states of human 40S ribosomal subunit
maturation. Nature, 558, 249-253.

. Heuer,A., Thomson,E., Schmidt,C., Berninghausen,O., Becker,T.,

Hurt,E. and Beckmann,R. (2017) Cryo-EM structure of a late
pre-40S ribosomal subunit from saccharomyces cerevisiae. Elife, 6,
¢30189.

Scaiola,A., Pena,C., Weisser,M., Bohringer,D., Leibundgut,M.,
Klingauf-Nerurkar,P., Gerhardy,S., Panse,V.G. and Ban,N. (2018)
Structure of a eukaryotic cytoplasmic pre-40S ribosomal subunit.
EMBO J., 37, ¢98499.

Johnson,M.C., Ghalei,H., Doxtader,K.A., Karbstein,K. and
Stroupe,M.E. (2017) Structural heterogeneity in Pre-40S ribosomes.
Structure, 25, 329-340.

Parker,M.D., Collins,J.C., Korona,B., Ghalei,H. and Karbstein,K.
(2019) A kinase-dependent checkpoint prevents escape of immature
ribosomes into the translating pool. PLoS Biol., 17, €3000329.
White,J., Li,Z., Sardana,R., Bujnicki,J.M., Marcotte,E.M. and
Johnson,A.W. (2008) Bud23 methylates G1575 of 18S rRNA and is
required for efficient nuclear export of pre-40S subunits. Mol Cell.
Biol., 28, 3151-3161.

Zorbas,C., Nicolas,E., Wacheul,L., Huvelle,E., Heurgue-Hamard, V.
and Lafontaine,D.L. (2015) The human 18S rRNA base
methyltransferases DIMT1L and WBSCR22-TRMT112 but not
rRNA modification are required for ribosome biogenesis. Mol. Biol.
Cell, 26, 2080-2095.

Black,J.J., Sardana,R., Elmir,E.W. and Johnson,A.W. (2020) Bud23
promotes the final disassembly of the small subunit processome in
saccharomyces cerevisiae. PLos Genet., 16, ¢1009215.

Strunk,B.S., Loucks,C.R., Su,M., Vashisth,H., Cheng,S., Schilling.J.,
Brooks,C.L., Karbstein,K. and Skiniotis,G. (2011) Ribosome
assembly factors prevent premature translation initiation by 40S
assembly intermediates. Science, 333, 1449-1453.

Schafer,T., Strauss,D., Petfalski,E., Tollervey,D. and Hurt,E. (2003)
The path from nucleolar 90S to cytoplasmic 40S pre-ribosomes.
EMBO J., 22, 1370-1380.

McCaughan,U.M., Jayachandran,U., Shchepachev,V., Chen,Z.A.,
Rappsilber,J., Tollervey,D. and Cook,A.G. (2016) Pre-40S ribosome
biogenesis factor tsrl is an inactive structural mimic of translational
GTPases. Nat. Commun., 7, 11789.

Gelperin,D., Horton,L., Beckman,J., Hensold,J. and Lemmon,S.K.
(2001) Bmslp, a novel GTP-binding protein, and the related tsrlp are
required for distinct steps of 40S ribosome biogenesis in yeast. RNA,
7, 1268-1283.

Boneberg, FM., Brandmann,T., Kobel,L., van den HeuvelJ.,
Bargsten,K., Bammert,L., Kutay,U. and Jinek,M. (2019) Molecular
mechanism of the RNA helicase DHX37 and its activation by
UTP14A in ribosome biogenesis. RNA, 25, 685-701.

Black,J.J., Wang,Z., Goering,L.M. and Johnson,A.W. (2018) Utp14
interaction with the small subunit processome. RNA, 24, 1214-1228.
Zhu,J., Liu,X., Anjos,M., Correll,C.C. and Johnson,A.W. (2016)
Utpl4 recruits and activates the RNA helicase dhrl to undock U3
snoRNA from the preribosome. Mol. Cell. Biol., 36, 965-978.
Zemp,l., Wandrey,F., Rao,S., Ashiono,C., Wyler,E., Montellese,C.
and Kutay,U. (2014) CK ldelta and CKlepsilon are components of
human 40S subunit precursors required for cytoplasmic 40S
maturation. J. Cell Sci., 127, 1242-1253.

Ghalei,H., Schaub,FE.X., Doherty,J.R., Noguchi,Y., Roush, W.R.,
Cleveland,J.L., Stroupe,M.E. and Karbstein,K. (2015)
Hrr25/CKldelta-directed release of Itvl from pre-40S ribosomes is
necessary for ribosome assembly and cell growth. J. Cell Biol., 208,
745-759.

Schafer,T., Maco,B., Petfalski,E., Tollervey,D., Bottcher,B., Aebi,U.
and Hurt,E. (2006) Hrr25-dependent phosphorylation state regulates
organization of the pre-40S subunit. Nature, 441, 651-655.

Hurt,E., Hannus,S., Schmelzl,B., Lau,D., Tollervey,D. and Simos,G.
(1999) A novel in vivo assay reveals inhibition of ribosomal nuclear
export in ran-cycle and nucleoporin mutants. J. Cell Biol., 144,
389-401.

Moy, T.I. and Silver,P.A. (1999) Nuclear export of the small
ribosomal subunit requires the ran-GTPase cycle and certain
nucleoporins. Genes Dev., 13, 2118-2133.

Zemp,l., Wild,T., O’'Donohue,M.F., Wandrey,F., Widmann,B.,
Gleizes,P.E. and Kutay, U. (2009) Distinct cytoplasmic maturation


https://doi.org/10.1093/nar/gkac910

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

steps of 40S ribosomal subunit precursors require hRio2. J. Cell Biol.,
185, 1167-1180.

Seiser,R.M., Sundberg,A.E., Wollam,B.J., Zobel-Thropp,P.,
Baldwin,K., Spector,M.D. and Lycan,D.E. (2006) Ltv1 is required for
efficient nuclear export of the ribosomal small subunit in
saccharomyces cerevisiae. Genetics, 174, 679-691.

Merwin,J.R., Bogar,L.B., Poggi,S.B., Fitch,R.M., Johnson,A.W. and
Lycan,D.E. (2014) Genetic analysis of the ribosome biogenesis factor
Itv1l of saccharomyces cerevisiae. Genetics, 198, 1071-1085.
Moriggi,G., Nieto,B. and Dosil,M. (2014) Rrpl2 and the exportin
crml participate in late assembly events in the nucleolus during 40S
ribosomal subunit biogenesis. PLos Genet., 10, ¢1004836.
Faza,M.B., Chang,Y., Occhipinti,L., Kemmler,S. and Panse,V.G.
(2012) Role of mex67-mtr2 in the nuclear export of 40S
pre-ribosomes. PLos Genet., 8, ¢1002915.

Fischer,U., Schauble,N., Schutz,S., Altvater,M., Chang,Y.,
Faza,M.B. and Panse,V.G. (2015) A non-canonical mechanism for
Crml-export cargo complex assembly. Elife, 4, e05745.
Oeffinger,M., Dlakic,M. and Tollervey,D. (2004) A
pre-ribosome-associated HEAT-repeat protein is required for export
of both ribosomal subunits. Genes Dev., 18, 196-209.

Janke,C., Magiera,M.M., Rathfelder,N., Taxis,C., Reber.,S.,
Maekawa,H., Moreno-Borchart,A., Doenges,G., Schwob.E.,
Schiebel,E. et al. (2004) A versatile toolbox for PCR-based tagging of
yeast genes: new fluorescent proteins, more markers and promoter
substitution cassettes. Yeast, 21, 947-962.

Thomas,B.J. and Rothstein,R. (1989) Elevated recombination rates in
transcriptionally active DNA. Cell, 56, 619-630.

James,P., Halladay,J. and Craig,E.A. (1996) Genomic libraries and a
host strain designed for highly efficient two-hybrid selection in yeast.
Genetics, 144, 1425-1436.

Bassler,J., Ahmed,Y.L., Kallas,M., Kornprobst,M., Calvino,F.R.,
Gnadig,M., Thoms,M., Stier,G., Ismail,S., Kharde.,S. et al. (2017)
Interaction network of the ribosome assembly machinery from a
eukaryotic thermopbhile. Protein Sci., 26, 327-342.

Zheng,S.Q., Palovcak,E., Armache,J.P., Verba,K.A., Cheng,Y. and
Agard,D.A. (2017) MotionCor2: anisotropic correction of
beam-induced motion for improved cryo-electron microscopy. Nat.
Methods, 14, 331-332.

Zhang,K. (2016) Getf: Real-time CTF determination and correction.
J. Struct. Biol., 193, 1-12.

Rohou,A. and Grigorieff,N. (2015) CTFFINDA4: fast and accurate
defocus estimation from electron micrographs. J. Struct. Biol., 192,
216-221.

Zivanov,J., Nakane,T., Forsberg,B.O., Kimanius,D., Hagen,W.J.,
Lindahl,E. and Scheres,S.H. (2018) New tools for automated
high-resolution cryo-EM structure determination in RELION-3.
Elife,7, e42166.

Emsley,P. and Cowtan,K. (2004) Coot: model-building tools for
molecular graphics. Acta Crystallogr. D Biol. Crystallogr., 60,
2126-2132.

Minzel,W., Venkatachalam,A., Fink,A., Hung,E., Brachya,G.,
Burstain,I., Shaham,M., Rivlin,A., Omer,I., Zinger,A. et al. (2018)
Small molecules Co-targeting CKlIalpha and the transcriptional
kinases CDK7/9 control AML in preclinical models. Cell, 175,
171-185.

Biasini,M., Bienert,S., Waterhouse,A., Arnold,K., Studer,G.,
Schmidt,T., Kiefer,F., Gallo Cassarino,T., Bertoni,M., Bordoli,L.

et al. (2014) SWISS-MODEL: modelling protein tertiary and
quaternary structure using evolutionary information. Nucleic Acids
Res., 42, W252-W258.

Adams,P.D., Afonine,P.V., Bunkoczi,G., Chen,V.B., Davis,[.W.,
Echols,N., Headd,J.J., Hung,L.W., Kapral,G.J.,
Grosse-Kunstleve,R.W. ez al. (2010) PHENIX: a comprehensive

57.

58.

59.

60.

61.

62

63.

64.

65.

66.

67.

68

69.

70.

71.

Nucleic Acids Research, 2022, Vol. 50, No. 20 11937

Python-based system for macromolecular structure solution. Acta
Crystallogr. D Biol. Crystallogr., 66, 213-221.

Chen,V.B., Arendall, W.B. 3rd, Headd,J.J., Keedy,D.A.,
Immormino,R.M., Kapral,G.J., Murray,L.W., Richardson,J.S. and
Richardson,D.C. (2010) MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D Biol.
Crystallogr., 66, 12-21.

Goddard,T.D., Huang,C.C., Meng,E.C., Pettersen,E.F., Couch,G.S.,
Morris,J.H. and Ferrin, T.E. (2018) UCSF chimerax: meeting modern
challenges in visualization and analysis. Protein Sci., 27, 14-25.
Kratzat,H., Mackens-Kiani,T., Ameismeier,M., Potocnjak,M.,
Cheng.J., Dacheux,E., Namane,A., Berninghausen,O., Herzog,F.,
Fromont-Racine,M. et al. (2021) A structural inventory of native
ribosomal ABCE1-43S pre-initiation complexes. EMBO J., 40,
e105179.

Letoquart,J., Huvelle,E., Wacheul,L., Bourgeois,G., Zorbas,C.,
Graille,M., Heurgue-Hamard,V. and Lafontaine,D.L. (2014)
Structural and functional studies of bud23-trm112 reveal 18S rRNA
N7-G1575 methylation occurs on late 40S precursor ribosomes. Proc.
Nat. Acad. Sci. U.S.A., 111, E5518-E5526.

Thoms,M., Buschauer,R., Ameismeier,M., Koepke,L., Denk,T.,
Hirschenberger,M., Kratzat,H., Hayn,M., Mackens-Kiani,T.,
Cheng.J. et al. (2020) Structural basis for translational shutdown and
immune evasion by the nspl protein of SARS-CoV-2. Science, 369,
1249-1255.

. RaiJ., Parker,M.D., Huang,H., Choy,S., Ghalei,H., Johnson,M.C.,

Karbstein,K. and Stroupe,M.E. (2021) An open interface in the
pre-80S ribosome coordinated by ribosome assembly factors tsrl and
diml enables temporal regulation of fap7. RNA, 27, 221-233.
Chaker-Margot,M., Barandun,J., Hunziker,M. and Klinge,S. (2017)
Architecture of the yeast small subunit processome. Science, 355,
caall880.

Sun,Q., Zhu,X., Qi,J., An,W., Lan,P, Tan,D., Chen,R., Wang,B.,
Zheng,S., Zhang,C. et al. (2017) Molecular architecture of the 90S
small subunit pre-ribosome. Elife, 6, €22086.

O’Donohue,M.FE., Choesmel,V., Faubladier,M., Fichant,G. and
Gleizes,PE. (2010) Functional dichotomy of ribosomal proteins
during the synthesis of mammalian 40S ribosomal subunits. J Cel/
Biol., 190, 853-866.

Ferreira-Cerca,S., Poll,G., Kuhn,H., Neueder,A., Jakob,S.,
Tschochner,H. and Milkereit,P. (2007) Analysis of the in vivo
assembly pathway of eukaryotic 40S ribosomal proteins. Mol. Cell,
28, 446-457.

Kornprobst,M., Turk,M., Kellner,N., Cheng,J., Flemming,D.,
Kos-Braun,I., Kos,M., Thoms,M., Berninghausen,O., Beckmann,R.
et al. (2016) Architecture of the 90S Pre-ribosome: a structural view
on the birth of the eukaryotic ribosome. Cell, 166, 380-393.

. Sardana,R., Liu,X., Granneman,S., Zhu,J., Gill, M., Papoulas,O.,

Marcotte,E.M., Tollervey,D., Correll,C.C. and Johnson,A.W. (2015)
The DEAH-box helicase dhrl dissociates U3 from the pre-rRNA to
promote formation of the central pseudoknot. PLoS Biol., 13,
¢1002083.

Schedlbauer,A., Iturrioz,I., Ochoa-Lizarralde,B., Diercks,T.,
Lopez-Alonso,J.P.,, Lavin,J.L., Kaminishi, T., Capuni,R., Dhimole,N.,
de Astigarraga,E. e al. (2021) A conserved rRNA switch is central to
decoding site maturation on the small ribosomal subunit. Sci. Adv., 7,
eabf7547.

Stephan,N.C., Ries,A.B., Boehringer,D. and Ban,N. (2021) Structural
basis of successive adenosine modifications by the conserved
ribosomal methyltransferase ksgA. Nucleic Acids Res., 49, 6389-6398.
Boehringer,D., O’Farrell,H.C., Rife,J.P. and Ban,N. (2012) Structural
insights into methyltransferase KsgA function in 30S ribosomal
subunit biogenesis. J. Biol. Chem., 287, 10453-10459.



