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ABSTRACT

The transition of the 90S to the pre-40S pre-ribosome
is a decisive step in eukaryotic small subunit bio-
genesis leading to a first pre-40S intermediate (state
Dis-C or primordial pre-40S), where the U3 snoRNA
keeps the nascent 18S rRNA locally immature. We
in vitro reconstitute the ATP-dependent U3 release
from this particle, catalyzed by the helicase Dhr1, and
follow this process by cryo-EM revealing two suc-
cessive pre-40S intermediates, Dis-D and Dis-E. The
latter has lost not only U3 but all residual 90S fac-
tors including the GTPase Bms1. In vitro remodeling
likewise induced the formation of the central pseudo-
knot, a universally conserved tertiary RNA structure
that comprises the core of the small subunit decod-
ing center. Thus, we could structurally reveal a key
tertiary RNA folding step that is essential to form the
active 40S subunit.

INTRODUCTION

Ribosomes are universally conserved macromolecular ma-
chines that consist of a small and large subunit, which to-
gether with translation factors, tRNAs and mRNA cat-
alyze the synthesis of proteins in every cell. In eukaryotes,
the ribosomal small (40S) and large (60S) subunits are as-
sembled from precursor rRNA (pre-rRNA) and ribosomal
proteins (RPs) during a multistep process that occurs in a
hierarchical manner starting in the nucleolus and ending
in the cytoplasm. This process involves the dynamic de-
velopment of different pre-ribosomal particles, with each
intermediate containing their specific set of ribosome as-

sembly factors and in some cases also specific snoRNAs
(1,2). How the complex interplay of >200 assembly fac-
tors with the dynamically evolving pre-ribosomes eventu-
ally leads to mature ribosomes has been extensively studied
in the past by various approaches, especially by biochemi-
cal isolation of pre-ribosomal particles, but there are lim-
itations because of the transient nature of many of these
assembly intermediates. Nevertheless, cryo-EM analysis of
a number of pre-ribosomal particles isolated from various
organisms has provided insights into the conserved struc-
tural organization of the chronologically ordered assem-
bly intermediates along the pathway, including the huge
90S pre-ribosome or SSU processome as the first stable
precursor to the small subunit (3–6). This 90S particle
is associated with ∼50 assembly factors, but it also con-
tains the U3 small nucleolar ribonucleoprotein particle (U3
snoRNP) as a structural module (7–10), which via single-
stranded regions in the U3 snoRNA hybridizes to two
sites in the 5′ external transcribed spacer (5′ ETS) and to
further two sites in the 18S rRNA part (11–13). In the
past years, various 90S (also called SSU processome) par-
ticles from yeast and Chaetomium thermophilum, were an-
alyzed by cryo-EM, which reveled at high structural res-
olution these four contact sites, called Box A’ and Box A
hybridizing to 18S rRNA, and 5′ hinge and 3′ hinge bind-
ing to the 5′ ETS (8,14,15). Importantly, the two U3::18S
rRNA hybrids prevent formation of the central pseudoknot
(CPK), a hallmark tertiary rRNA structure in the mature
18S rRNA, which is part of the decoding center not only in
the active 40S (12,16,17), but also prokaryotic 30S subunit
(18,19).

Recently, several distinct pre-ribosomal intermediates
formed during the 90S-to-pre-40S transition, called Dis-A,
Dis-B and Dis-C, could be purified from cells and struc-
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turally determined, which shed first light on how the small
subunit gradually evolves from the 90S pre-ribosome (4).
Interestingly, the Dis-C (termed primordial pre-40S) inter-
mediate still carried the U3 snoRNA together with a few
residual 90S factors (i.e. Bms1-Rcl1, Mpp10-Imp4-Sas10,
Utp24, Noc4-Nop14-Emg1) that are not present in the so
far analyzed succeeding pre-40S particles. Importantly, in
Dis-C particle the two interactions of U3 with the 5′ ETS
were already lost, but U3 was still hybridizing to the 18S
rRNA sites (Box A duplex). Moreover, the Dis-C particle
also contained the DEAH-box RNA helicase Dhr1, which
has been implicated in the removal of the U3 snoRNA dur-
ing small subunit biogenesis (17,20) and supported by ex-
perimental findings showing that Dhr1 can trigger in vitro
unwinding of an engineered U3–18S duplex with minimal
nucleotides 4–50 of U3 and 6–22 of 18S rRNA (17).

Markedly, Dhr1 was found to adopt different conforma-
tions during the 90S-to-pre-40S transition. In state Dis-A,
Dhr1 was seen in an ADP-bound open conformation, but
when relocated in state Dis-C, it acquired a closed apo-
state conformation in a 3′-to-5′ engagement with its U3
snoRNA substrate. In this position, the ß-barrel-like do-
main of Dhr1 interacted with an interface formed by 18S
pre-rRNA, Utp14 and Pno1/Dim2, which could be the con-
stellation to activate the Dhr1 ATPase (20–22). Thus, it ap-
peared possible that isolated Dis-C particles could be trig-
gered to further mature by Dhr1-catalyzed ATP hydrolysis.

MATERIALS AND METHODS

Yeast strains and plasmid constructs

The S. cerevisiae strains W303 (genotype: ade2-1, trp1-
1, leu2-3,112, his3-11,15, ura3-1, can1-100), Noc4-TAP-
Dhr1 K420A-Flag (genotype: NOC4-TAP::HIS3, pRS314
Dhr1 K420A-Flag, W303) (this study), Noc4-TAP–Dhr1-
Flag (4) and Dhr1-TAP–Dim1-Flag (4) were used in this
study. Genomic tagging was performed as described previ-
ously (23). For plasmid construction, E. coli DH5� strain
(Thermo Fisher Scientific) was used.

Split-tag tandem affinity-purification

Yeast strains used for split-tag tandem affinity purifica-
tion, were harvested during the logarithmic growth phase.
Frozen yeast cells were mechanically disrupted by a cryo-
genic grinding mill (Retsch MM400) in lysis buffer [60 mM
Tris–HCl pH 8.0, 40 mM KCl, 50 mM NaCl, 2 mM MgCl2,
5% glycerol, 1 mM DTT, 0.1% NP-40, EDTA-free pro-
tease inhibitors, 0.013 U/�l RiboLock RNase Inhibitors
(Thermo Scientific)]. The lysate was cleared twice by cen-
trifugation (10 min at 5000 rpm followed by 20 min at 17000
rpm, 4◦C) and transferred to immunoglobulin G Sepharose
6 Fast Flow beads (GE Healthcare) for 3 h at 4◦C, fol-
lowed by washing with buffer (60 mM Tris–HCl pH 8.0,
40 mM KCl, 15 mM NaCl, 2mM MgCl2, 5% glycerol, 1
mM DTT, 0.01% NP-40). Bound proteins were eluted from
beads by TEV cleavage at 16◦C for 45 min (buffer sup-
plemented with a final concentration of 1 U/�l RiboLock
RNase inhibitors). For the second affinity purification step,
the eluate was loaded onto 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. The elution buffer for the cryo-EM analysis
contained 60 mM Tris–HCl (pH 8.0), 50 mM NaCl, 5 mM
MgCl2, 2% glycerol, 0.01% NP-40 and 1 mM DTT.

In vitro ATP assay

The final eluate of split-tag tandem affinity purifications
was divided into two equal aliquots. Samples were supple-
mented with MgCl2 to a final concentration of 3 mM and
either AMP-PNP or ATP to a final concentration of 1 mM.
Samples were incubated at 10◦C for 25 min and immedi-
ately loaded onto a sucrose gradient for separation of pre-
ribosomes from released factors and RNAs.

Sucrose gradient ultracentrifugation

Eluates from the in vitro ATP assay were loaded onto a lin-
ear 10–40% (w/v) sucrose gradient containing a buffer of
60 mM Tris–HCl (pH 8.0), 50 mM NaCl, 2 mM MgCl2,
0.003% NP-40 and 1 mM DTT and centrifuged for 16 h at
27 000 rpm at 4◦C. The sucrose gradient was fractionated
into 10 fractions and each fraction was split for RNA anal-
ysis (see below) or protein analysis. Protein samples were
precipitated by 10% trichloroacetic acid (TCA), and TCA
pellets resuspended in SDS sample buffer. Resuspended
fractions were analyzed by 4–12% gradient polyacry-
lamide gel electrophoresis (NuPAGE, Invitrogen), followed
by staining with colloidal Coomassie Blue (Roti-Blue,
Roth).

RNA extraction and northern analysis

The RNA was isolated from the sucrose gradient frac-
tions by phenol/chloroform and precipitated with ethanol
as previously described (4,5). The extracted RNA was
loaded onto an 8% polyacrylamide/8M urea gel to re-
solve smaller RNA species (U3 snoRNA) after de-
naturation with formaldehyde or loaded onto a 1.2%
agarose gel to resolve larger pre-rRNA species (23S,
21S and 20S) after denaturation with glyoxal. Followed
by blotting to positively charged nylon membranes and
UV crosslinking, the following 5′-end 32P-labeled DNA
oligonucleotide probes were used for northern analysis:
5′-GGTTATGGGACTCATCA-3′ (probe for U3) and 5′-
CGGTTTTAATTGTCCTA-3′ (OMK002; probe for 23S,
21S, 20S).

Electron microscopy and image processing

Purified samples (3.5 �l) 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 1.047 Å/pixel
and within a defocus range of −0.8 to −2.5 �m using a
K2 Summit direct electron detector under low-dose condi-
tions, with a total dose of 44 e−/Å2. Original image stacks
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were dose-weighted, aligned, summed, and drift-corrected
using MotionCor2 (24). Contrast-transfer function (CTF)
parameters and resolutions were estimated for each micro-
graph using CTFFIND4 and GCTF, respectively (25,26).
Micrographs with an estimated resolution of less than 5 Å
and an astigmatism of less than 5% were manually screened
for contamination or carbon rupture.

In the end, a total of 6218 good micrographs are selected
for the Dhr1-Dim1 sample treated with ATP, while a total of
6428 good micrographs for the control. Particle picking was
carried out using Gautomatch without reference, resulting
in 552 020 and 885 032 particles for the ATP treatment and
control sample, respectively. Particle extraction was done in
Relion 3.1 (27), after that all the particles were imported
into cryoSPARC (28) for 2D classification and 3D classifi-
cation until high resolution pre-40S particle with minimal
orientation bias was reached, as shown in Supplementary
Figure S2. These particles were imported back to Relion 3.1
to do the final 3D classification (or focused 3D classifica-
tion), CTF refinement, 3D refinement, Postprocessing and
Local resolution filter.

Model building and refinement

The structure of the yeast primordial pre-40S ribosome
(PDB IDs: 6ZQG) (4) was used as initial references to gen-
erate the final models for the state Dis-D and Dis-E. In gen-
eral, the model of state Dis-C was rigid body fitted using
Coot (29), followed by adjustment, such as removing the
entire 40S Head part. Assembly factors that are not present
in state Dis-D (such as, Utp14, Utp24, Rcl1, Dhr1 and U3
snoRNA) and in state Dis-E (such as Bms1, Utp3/Sas10
and Mpp10) were manually removed afterward. The ma-
tured rRNA helix h27, and different conformation of the
rRNA helices h1-h3 and h5 were de novo built in Coot (29).
The new immature rRNA helix h18 was built based on the
shape of the density map and the secondary structure pre-
diction.

The final models for the states Dis-D and Dis-E were real-
space refined with secondary structure restraints using the
PHENIX suite (30). The final model evaluation was per-
formed with MolProbity (31). Maps and models were visu-
alized, and figures were created with ChimeraX (32).

RESULTS AND DISCUSSION

In vitro U3 snoRNA release from primordial pre-40S

To investigate whether isolated Dis-C particles (also called
primordial pre-40S) can be induced to mature into the next
stage of pre-40S particles, we developed an in vitro assay
for the U3 release from the Dis-C particles and followed
this possibility both biochemically and by cryo-EM anal-
ysis. For this in vitro reaction, we isolated pre-ribosomes in
the 90S-to-pre-40S transition stage via split-tag purification
based on the Noc4-Dhr1 baits as previously described (4).
The addition of either ATP or the non-hydrolysable ATP
analog AMP-PNP (mock control) allowed us to monitor
energy-dependent maturation steps of these pre-ribosomes
carrying the functional wild-type Dhr1, which might in-
duce such reactions due to its ATP-dependent helicase ac-
tivity (Figure 1; for mutant Dhr1, see below). Following

sucrose gradient ultracentrifugation combined with SDS-
polyacrylamide gel electrophoresis, Dhr1-containing pre-
ribosomes were resolved in two main populations, the pre-
40S pool (fractions 6 and 7) and the 90S pool (fractions 8
to 10), but no drastic difference in the overall pattern of the
associated assembly factors was observed, neither by ATP
nor AMP-PNP treatment (Figure 1A). However, we noticed
that upon ATP but not AMP-PNP incubation a fraction of
Dhr1 was liberated from the pre-ribosomes and appeared
in the upper part of the sucrose gradient (Figure 1A). Con-
comitantly, ATP but not AMP-PNP induced the release of
a pool of U3 snoRNA from the pre-ribosomal fractions,
again detected on the top of the sucrose gradient (Figure
1C). It appears that the U3 snoRNA was predominantly
dissociated from the Dis-C particles, while the amount of
U3 snoRNA associated with the 90S pool was less affected
by the ATP treatment (Figure 1C). To rule out that ATP in-
cubation has caused destabilization of pre-ribosomal parti-
cles triggering unspecific RNA dissociation (including U3
release), we probed for the stability and possible dissocia-
tion of the ribosomal protein (eS8/Rps8) and the 90S factor
Noc4 by Western, as well as the integrity and dissociation of
the 23S, 21S and 20S pre-rRNA species by Northern, which
however in both cases were neither altered nor released (Fig-
ure 1B and D).

Dhr1 helicase mutant defective in U3 snoRNA release from
the pre-40S

To directly show that the ATPase activity of Dhr1 has trig-
gered in vitro U3 release from the Dis-C particles, we per-
formed similar experiments as described above using pre-
ribosomes carrying a mutant form of Dhr1 unable to bind
and hydrolyze ATP. For this purpose, we performed split-
tag affinity-purification from a yeast strain that carried
chromosomally integrated NOC4-TAP for the first, and the
Flag-tagged Dhr1 K420A mutant defective in ATP-binding
and hydrolysis (17) for the second purification step. Evi-
dently, treatment of these Noc4-Dhr1 K420A mutant par-
ticles with ATP no longer induced in vitro the release of
the U3 snoRNA and only very little was detected on the
top of the sucrose gradient (Figure 2). These observations
suggested that intact Dhr1 helicase activity is required for
the timely release of the U3 snoRNA during the 90S-to-
pre-40S transition, which agrees well with previous find-
ings that showed accumulation of a pool of pre-40S par-
ticles with trapped 90S factors in dhr1 mutant cells (17).
Taken together, our data have shown that the Dhr1 heli-
case requires ATP to stimulate in vitro the release of the U3
snoRNA from primordial pre-40S particles, which in con-
sequence could trigger further progression in the pre-40S
maturation pathway.

Cryo-EM of in vitro matured primordial pre-40S

To analyze the in vitro induced maturation of Dis-C par-
ticles by structural means, we isolated particles in the
90S > pre-40S transition stage via split-tag purification us-
ing the Dhr1-Dim1 bait combination, because the yield of
the Dis-C intermediate is higher in this preparation when
compared to the Noc4-Dhr1 purification (4). However,
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Figure 1. ATP-induced U3 snoRNA release from isolated primordial pre-40S particles. Analysis of Noc4-TAP–Dhr1-Flag affinity-purified pre-ribosomes
by sucrose gradient centrifugation, followed by Northern blotting or SDS-polyacrylamide gel electrophoresis, Coomassie staining and Western blotting.
Samples were treated with AMP-PNP (left panel) or ATP (right panel). (A) SDS-PAGE of sucrose gradient fractions containing the pre-40S and 90S
intermediates. Indicated assembly factors were identified by mass spectrometry (the band marked with an asterisk was identified as Mtr4). (B) Western blot
using anti-eS8/Rps8 and anti-calmodulin (the calmodulin tag was still present on the Noc4 bait) antibodies. (C, D) Northern blot analysis of the gradient
fractions using specific probes for the U3 snoRNA (C) and the 20S, 21S, 23S pre-rRNA species (D). In the case of the northern (C), a cut has been made
between the input lane and lane 1, which is indicated by a grey line. We note a 23S pre-rRNA decrease in the ATP-dependent in vitro reaction. The reason
for this is not clear, but the 23S pre-rRNA may have been processed to 21S pre-rRNA by A1 cleavage, stimulated by an ATP-dependent reaction involving
an ATP-dependent enzyme such as Mtr4 or Dhr1, which are both present on the employed Noc4-Dhr1 particles (5).

both preparations responded similarly in the in vitro assay
with a good release of the U3 snoRNA upon ATP treatment
(Supplementary Figure S1). Hence, the Dhr1-Dim1 sample
was split into two equal parts with one half treated with
ATP at 10◦C for 25 minutes, while to the other half, serving
as mock control, no ATP was added. Two cryo-EM datasets
were collected using exactly the same parameters, however
only the ATP-treated sample revealed novel pre-40S states,
whereas the control recapitulated the previously published
findings (4). Overall, two new states (termed Dis-D and Dis-
E) could be refined to an average resolution of 3.3 Å and
3.5 Å, respectively (Figure 3, Supplementary Figures S2 and
S3, and Supplementary Tables S1 and S2). However, similar
to the previously observed state Dis-C, both new states dis-
played a relatively stable and well-resolved 40S body with
lower local resolution in the periphery, whereas very low
local resolution indicated even more flexibility of the 40S
head. Compared to state Dis-C, both new states showed
further maturation of the 18S rRNA as well as a distinct
assembly factor composition (Figure 3 and Supplementary
Figure S4). Thus, we could arrange them into a plausible
order, representing the Dhr1-driven maturation events fol-
lowing the primordial pre-40S state Dis-C.

In vitro remodeling induces formation of the central pseudo-
knot

One of the key features in the first state, Dis-D, is the for-
mation of helices h2 and h27 of the 18S rRNA facilitated
by the release of U3 (Figure 3 and Supplementary Figure
S4). During this snoRNA dissociation, the final contact be-
tween U3 and the 18S rRNA (Box A duplex) in the Dis-C
state was dissolved in the in vitro reaction upon the addition
of ATP and function of the Dhr1 helicase, consistent with
the biochemical data (see Figure 1C). Maturation of the 18S
rRNA was accompanied by dramatic changes in the com-
position of assembly factors. (i) The Dhr1 helicase and its
nearby regulator Utp14 (21) were released along with the
U3 snoRNA. It is possible that the proximity of these two
proteins in Dis-C particles (4) might not be a coincidence,
but in this way Utp14 could have been involved in activa-
tion of Dhr1 upon addition of ATP. (ii) Concomitantly, the
N-terminus of Dhr1 dissociated, thereby freeing the h44 in-
terface on the 5′ domain of the 18S rRNA. (iii) U3 snoRNA
release promoted the formation of the CPK (i.e. formation
of h1 and h2, see next section) resulting in the loss of Utp24,
which was stably associated with h1 of the 18S rRNA in
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Figure 2. Inhibition of ATP-induced U3 snoRNA release from primordial pre-40S particles isolated via catalytically inactive Dhr1 K420A mutant. Analysis
of mutant Noc4-TAP–Dhr1 K420A-Flag affinity-purified pre-ribosomes by sucrose gradient centrifugation, followed by Northern blotting or SDS–PAGE,
Coomassie staining and Western blotting. Samples were treated with AMP-PNP (left panel) or ATP (right panel). (A) SDS-PAGE of sucrose gradient
fractions containing the pre-40S and 90S intermediates. Indicated assembly factors were identified by mass spectrometry (the band marked with an asterisk
was identified as Mtr4). (B) Western blot using anti-eS8/Rps8 and anti-calmodulin (the calmodulin tag was still present on the Noc4 bait) antibodies. (C,D)
Northern blot analysis of the gradient fractions using specific probes for the U3 snoRNA (C) and the 20S, 21S, 23S pre-rRNA species (D). In the case of
the Northern (C), a cut has been made between the input lane and lane 1, which is indicated by a grey line.

state Dis-C. (iv) Rcl1, which occupies the mature position of
helix h27 of the 18S rRNA in state Dis-C, was no longer de-
tectable. (v) Imp4, which coordinates the 40S head with the
body in state Dis-C, was not visible in the states Dis-D and
Dis-E, indicating that it was dislodged. (vi) When reaching
state Dis-E, the entire Bms1 module together with Mpp10
and Sas10/Utp3 were released from the particle resulting in
complete maturation of h1 to h3 within the 5′ domain of the
18S rRNA with the exception of rRNA helix h18 (Figure 3
and Supplementary Figure S4). At this point, state Dis-E is
characterized by a complete shedding of all the remaining
90S assembly factors and thus represents the first canonical
pre-40S particle. Taking together, cryo-EM has uncovered
that in the presence of ATP the Dhr1 helicase can drive in
vitro the maturation of the primordial pre-40S ribosome to
novel transition intermediates that so far could not be iso-
lated from cells.

Importantly, our in vitro assay allowed observing the for-
mation of the fully matured CPK in the pre-40S particles
upon activation of the Dhr1 helicase. The Dhr1-driven ex-
traction of the U3 snoRNA, which occupied the h2 hy-
bridization region near h1 and h27 of the 18S rRNA, re-
sulted in the formation of the rRNA helices h2 and h27 in

state Dis-D (Figure 4A and Supplementary Figure S5A).
However, h1 to h3 of the 18S rRNA in state Dis-D still re-
quired further conformational changes (including a single
base shift) in state Dis-E to adopt their final mature con-
formation, a prerequisite for this is the correct positioning
of ribosomal protein uS12. In state Dis-D, Bms1 was still
associated with the immature h5 of the 18S rRNA together
with its extended N-terminus next to uS12. Only after com-
plete release of Bms1 in state Dis-E, h5 of the 18S rRNA
could adopt its mature conformation, thereby allowing the
globular domain of uS12 to slide into its mature binding
site (Figure 4B, C). The movement and changed interaction
of uS12 with the connecting region between h1 and h3 of
the 18S rRNA apparently results in the stabilization of the
base pairing of this region that finally establishes the central
pseudoknot in its mature state (Figure 4B, D).

We found that the U3 snoRNA extraction by Dhr1
caused additional consequences for the pre-40S maturation
mediated by a cascade of structural rearrangements of the
rRNA region illustrated as 2D diagram (Figure 4B). The
helix h18 of the 18S rRNA was observed in a new but still
immature conformation stabilized in the state Dis-D, which
is most probably the result of central pseudoknot forma-
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Figure 3. Cryo-EM analysis of the in vitro maturation of the primordial pre-40S driven by Dhr1. Two different views show the further maturation of the
primordial pre-40S (PDB: 6ZQG, state Dis-C, left) to state Dis-D (middle) and Dis-E (right). Compositional changes are indicated in the middle row and
all the AFs were color-coded. In order to show the body and head of the pre-40S in state Dis-D and Dis-E all together, different contour levels were used.

tion. In state Dis-C, the immature h18 is distant from h1 of
the 18S rRNA and stabilized by 90S factors Utp2/Nop14,
Bms1 and Imp4. With the remodeling in the CPK region,
helix h1 could now directly interact with h18 via a contact
of an internal loop of h18, thereby rearranging the confor-
mation of state Dis-C. The new conformation of h18 would
no longer allow the interactions with the nearby 90S factors,
thus contributing to the release of these factors during the
Dis-C to Dis-E transitions (Supplementary Figure S5B). In-
terestingly, the conformational switch of helix h18 leads also
to conformational switch of Bms1 by pushing domain IV of
Bms1 outwards. Bms1 remains in essentially the same GTP-
bound conformation all the way from 90S formation to the
primordial pre-40S. A plausible scenario would be that this
conformational switch during Dis-C to Dis-D transition al-
losterically activates the GTPase, which after GTP hydrol-
ysis may cause the release of Bms1 in state Dis-D.

In conclusion, in this study we could reconstitute in
vitro a long-sought maturation step during eukaryotic pre-
ribosome synthesis. This revealed in detail the conversion
of the primordial pre-40S into its next intermediates, which
was accompanied by the shedding of the remaining 90S fac-
tors and formation of the central pseudoknot, a key tertiary
RNA structure of the active mature 40S subunit. In vivo, it

may not be possible to watch this transition in such a great
detail, due to the dynamic nature of this process, which ap-
pears to be controlled by the energy state of the cell and
possibly by linkage to other cellular pathways such as nu-
trient availability, gene expression or cell cycle progression.
In addition, our cryo-EM structures provided information
on the molecular basis of this transition with the local reso-
lution also in the periphery mostly better than 10 Å allow-
ing for a reliable model fitting. It thereby gave mechanistic
insight into how release of U3 from the primordial pre-40S
is coupled with a stepwise central pseudoknot formation,
which is spontaneous and made irreversible by the integra-
tion of the ribosomal protein uS12 at the rearranged h2-h27
rRNA helices. Moreover, the Dhr1-driven release of the U3
snoRNA showed that the 40S head started to adopt a more
compact conformation over the 40S body, however it still re-
mained highly flexible. Thus, in the next maturation steps,
pre-40S assembly factors need to relocate and therefore fix
the largely immature pre-40S head before export into the
cytoplasm. At the same time, although the 5′ domain was
almost mature, h18 of the 18S rRNA adopted another new
immature conformation. However, it is known that in later
steps, a classical later pre-40S factor, Tsr1, will associate at
the position previously occupied by Bms1. Thus, we predict
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Figure 4. Maturation of the central pseudoknot (CPK) and helix h18. (A) Conformations of the CPK region in state Dis-C (top), Dis-D (middle) and
Dis-E. (B) Secondary structure of the immature 18S rRNA focusing on the central pseudoknot region. The Bms1 and uS12 interaction regions (including
overlap region in states Dis-D and Dis-E) are shadowed by light blue and orange, respectively. (C) Compared to state Dis-D (left), the dissociation of Bms1
allows rRNA helix h5 to adopt its mature conformation and the relocation of uS12 to its mature position in state Dis-E (right). (D) Compared to state
Dis-D (left), the relocation of uS12 in state Dis-E (right) finally promotes the maturation of the CPK. The position of uS12 in state Dis-D is shown in
Dis-E colored in gray.

that the maturation of h18 is coordinated with Tsr1 assem-
bly to initiate the next phase in nuclear pre-40S maturation
(see accompanying manuscript by Cheng et al., 2022).
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