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The formation of new ribosomes is tightly coordinated with cell growth and
proliferation. In eukaryotes, the correct assembly of all ribosomal proteins and
RNAs follows an intricate scheme of maturation and rearrangement steps
across three cellular compartments: the nucleolus, nucleoplasm, and cyto-
plasm. We demonstrate that usnic acid, a lichen secondary metabolite, inhibits
the maturation of the large ribosomal subunit in yeast. We combine bio-
chemical characterization of pre-ribosomal particles with a quantitative single-
particle cryo-EM approach to monitor changes in nucleolar particle popula-
tions upon drug treatment. Usnic acid rapidly blocks the transition from
nucleolar state B to C of Nsal-associated pre-ribosomes, depleting key
maturation factors such as Dbp10 and hindering pre-rRNA processing. This
primary nucleolar block rapidly rebounds on earlier stages of the pathway
which highlights the regulatory linkages between different steps. In summary,
we provide an in-depth characterization of the effect of usnic acid on ribosome
biogenesis, which may have implications for its reported anti-cancer activities.

Ribosomes are responsible for protein synthesis, which is crucial for all
living organisms. They comprise two subunits, in eukaryotes a small
40S and a large 60S subunit which together contain a total of ~80
ribosomal proteins (r-proteins) and 4 ribosomal RNAs (rRNAs). The
formation of ribosomes, called ribosome biogenesis, is one of the most
complex and dynamic cellular pathways and requires the action of all
three RNA polymerases (Pol I-lll) as well as over 250 non-ribosomal
assembly factors (reviewed in refs. 1-4). Maintaining a pool of trans-
lating ribosomes is an enormous resource and energy investment for a
proliferating cell’. Ribosome biogenesis is consequently highly regu-
lated in accordance with cell growth and proliferation. Therefore,

defects or deregulation within this pathway can result in severe
pathologies, including cancer and so-called ribosomopathies®™2

The assembly of eukaryotic ribosomal subunits follows a stepwise
and strictly hierarchical scheme and is coordinated between all three
cellular compartments by the involved assembly factors. The assembly
process is intensively studied in the yeast Saccharomyces cerevisiae,
which is the best-established eukaryotic model organism in this
research field. In the nucleolus, RNA Pol I transcribes a long 35S pre-
cursor (pre)-TRNA containing the sequences of the 18S rRNA of the
small subunit and the 5.8S and 25S rRNAs of the large subunit along
with internal (ITS) and external (ETS) transcribed spacers. After
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removal of the 35S 5-ETS, the resulting 32S pre-rRNA is cleaved at the
A, site, enabling separate processing of the 40S and 60S rRNAs.
Maturation of the 40S-specific 20S pre-rRNA is accomplished with a
single endonucleolytic cleavage in the cytoplasm resulting in the
mature 18S rRNA. In contrast, processing of the 60S-specific 27SA, pre-
rRNA to the mature 25S and 5.8S rRNAs requires several endo- and
exonucleolytic processing steps in the nucleus and the cytoplasm
(Supplementary Fig. 1).

The 60S assembly path is initiated by the construction of the
solvent-exposed surface, followed by maturation of the polypeptide
exit tunnel (PET), processing of the foot structure, and formation of
the central protuberance (CP). The latter involves nucleolar incor-
poration of the 5S ribonucleoprotein (RNP). The 5S RNP contains the
5S rRNA, which is the third rRNA present in the large subunit and is
independently transcribed by Pol III”. Construction of the peptidyl
transferase center (PTC) on the subunit interface, which catalyzes
peptide bond formation on the nascent protein, is only finished in the
cytoplasm®™,

Biochemical studies and high-resolution cryo-EM structures
obtained in recent years have highlighted many highly conserved steps
of ribosome biogenesis in yeast (most recently by ref. 20 and reviewed
e.g., in ref. 1) and human cells®*%, Still, we have limited information
on the regulatory networks that dynamically coordinate the single
events along the pathway. Due to this interconnectivity, blocks in later
stages of the pathway rebound on (are signaled back to) earlier steps.
As described in more detail in ref. 26, such rebound effects are caused
by hindered downstream release and recycling of assembly factors
that are, therefore, missing at earlier stages.

We previously showed that the conversion of 27SA, pre-rRNA to
the mature forms takes about 15 mins?. Considering also the cyto-
plasmic steps, we estimate that the whole large subunit assembly
might be finished within <20 mins. The fast progression of the process
and the coordinating rebound effects complicate the differentiation of
primary and secondary effects>***®, Particularly challenging is the
investigation of the very rapidly conducted earliest steps in 60S
assembly. Specific inhibitors bear the advantage of blocking the
pathway within seconds and can, therefore, capture the primary
effects of a block before rebound effects set in ref. 26. Well-
characterized compounds can thus be key to unraveling the dynamic
nature of ribosome biogenesis and the underlying regulatory
linkages”**?, reviewed in refs. 26,33,34.

Here, we characterize the natural compound usnic acid as a novel
ribosome biogenesis inhibitor. Usnic acid is one of the most prominent
and most studied lichen secondary metabolites with various biological
activities with medical potential (reviewed in refs. 35-40). Our
mechanistic understanding of these effects is, however, in many cases
incomplete. Here, we show that usnic acid inhibits early nucleolar
steps in large ribosomal subunit assembly. Biochemical characteriza-
tion of nucleolar pre-60S precursors combined with single-particle
cryo-EM demonstrates a global shift of nucleolar pre-60S particle
populations to earlier stages within minutes after drug treatment.
More precisely, usnic acid blocks the progression of Nsal-TAP-
associated pre-60S particles from state B to C. A major player in this
transition is the DEAD-box RNA helicase DbplO, which is strongly
depleted from nucleolar particles upon usnic acid treatment. Our data
provide novel insights into nucleolar pre-60S maturation and uncover
how the pathway responds to perturbation by usnic acid on a minute’s
time scale. This effect of usnic acid on ribosome biogenesis can help to
understand the biological activity of usnic acid in eukaryotic cells.

Results

Usnic acid blocks early pre-60S maturation within minutes

We recently identified usnic acid (Fig. 1a) as a novel candidate ribo-
some biogenesis inhibitor in yeast cells*. To characterize the effects of
the drug on ribosome biogenesis in more detail, we determined the

minimum inhibitory concentration (MIC) to be 40 uM (Fig. 1b) and
then examined the nuclear accumulation kinetics of pre-60S particles
upon usnic acid treatment. For this purpose, we treated a Rpl7a-GFP
reporter strain for the localization of the large ribosomal subunit* with
usnic acid and monitored the localization of the fluorescence signal
over a time range of O to 5min (Fig. 1c). In untreated wildtype cells,
Rpl7a-GFP was localized in the cytoplasm as expected for r-proteins
mostly being part of mature ribosomes. Strikingly, after the addition of
usnic acid, Rpl7a-GFP accumulated in the nucleus already after 2 min.
In contrast, the 40S-reporter Rps9-GFP accumulated only after 30 min
of usnic acid treatment in the nucleolus (Supplementary Fig. 2A). This
suggests that usnic acid primarily acts on 60S maturation.

Ribosome biogenesis is deeply embedded in the cell’s regulatory
networks controlling growth and proliferation®. TORC1 kinase reg-
ulates the pathway at multiple stages***°. To test if usnic acid treat-
ment results in similar phenotypes as inhibition of the TOR-pathway,
we treated a Nogl-GFP/Rpl7-mCherry reporter strain with the TORC1-
specific inhibitor rapamycin and compared it to usnic acid (Supple-
mentary Fig. 2B). As in case with the RIp7-GFP reporter, effects of usnic
acid were visible within the first minutes as indicated by nucleolar
accumulation of both Rpl7-mCherry and Nogl-GFP. As reported
previously*, nucleolar accumulation of Nogl-GFP was also observed
upon rapamycin treatment, but in a much longer time frame than with
usnic acid treatment. Strikingly, RIp7-mCherry remained in the cyto-
plasm after rapamycin treatment. Taken together, these differences
show that the effects of usnic acid on ribosome biogenesis are not
caused by TORCI inhibition.

To identify which functional groups of the compound are
important for its inhibitory potential, we generated a set of usnic acid
derivatives (Supplementary Fig. 3, Supplementary Table 1). Interest-
ingly, most chemical modifications led to the loss of the inhibitory
effect on 60S maturation. Only treatment with derivatives modified at
the hydroxyl group at position 7 or 9, where either a methyl (Usnic_01,
Usnic 02; Supplementary Fig. 3B) or a butyl group (Usnic_10, Usnic_11;
Supplementary Fig. 3B) was attached, caused accumulation of Rpl7a-
GFP in the nucleus and are hence active (Supplementary Fig. 3A). In
contrast, attachment of a bulky benzyl group at these positions
(Usnic_03-Usnic_05; Supplementary Fig. S3B) prohibited the shift of
the RIp7a-GFP signal (Supplementary Fig. 3A). The loss of inhibition
after attaching amines to the carbonyl group within the triketone
(Usnic_07-Usnic_09; Supplementary Fig. 3B) was consistent with the
reported loss of toxicity by changing the triketone moiety in usnic
acid*,

To relate the kinetics of 60S maturation inhibition by usnic acid to
that of the well-characterized ribosome biogenesis inhibitor
diazaborine”**’, we compared changes in the localization of
r-proteins and shuttling factors (i.e., ribosome assembly factors that
bind in the nucleus and are released in the cytoplasm) upon treatment
(Fig. 2). In contrast to the fast onset of nucleolar RIp7a-GFP retention
upon usnic acid treatment, diazaborine treatment only resulted in
nucleolar accumulation of the GFP signal after two hours and was less
pronounced (Fig. 2a). This shows that the response of the reporter
protein is dependent on the exact stage of perturbation. While diaza-
borine blocks the first 60S maturation step in the cytoplasm, usnic acid
most likely acts earlier in maturation.

As shown previously, the GFP-tagged shuttling proteins Nogl,
Bud20, and Tifé6 are trapped in the cytoplasm upon diazaborine
treatment (Fig. 2b and Supplementary Fig. 4)***”*%, In contrast, usnic
acid treatment did not shift Nogl-GFP to the cytoplasm even after
60 min but caused a dotted GFP signal in the nucleolus (Fig. 2b).
Additionally, the Nop58-mCherry signal became more diffuse, indi-
cating a disruption of nucleolar integrity likely as a sign of nucleolar
stress. Fragmentation of nucleoli was observed previously upon inhi-
bition of ribosome biogenesis in yeast and human cells'****”*%*, This
suggests that usnic acid causes a block in the nucleolus, and that the
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Fig. 1| Ribosome biogenesis inhibition kinetics of usnic acid. a Chemical
structure of (+)-usnic acid (triketone moiety highlighted in blue). b Minimum
inhibitory concentration (MIC) of usnic acid for the yeast wildtype strain C303a
grown in minimal media. Early logarithmic cells were diluted to ODgoo 0.01 and
grown in microtiter plates in a Bioscreen device under continuous shaking and
automated ODgoo measurements every 30 min. The plotted values reflect the

ODg0o after 24 h growth in the presence of different concentrations of usnic acid.
Mean and standard deviation of two biological replicates each measured in tech-
nical triplicates. ¢ Kinetics of nuclear Rpl7a-GFP accumulation upon usnic acid
treatment. The Rpl7a-GFP reporter strain* was treated with 40 uM usnic acid and
monitored by fluorescence microscopy in a time series (0-5 min). Source data are
provided as a Source Data file for b and c.

affected particles cannot progress further in the maturation cascade.
Consequently, we hypothesized that the simultaneous addition of
usnic acid and diazaborine should not lead to an accumulation of
shuttling factors in the cytoplasm. Indeed, cells pretreated with usnic
acid for 30 min prior to the addition of diazaborine retained Nogl-GFP
in the nucleolus (Fig. 2b). We further analyzed two other shuttling
factors, Tif6-GFP and Bud20-GFP, for their localization upon usnic acid
treatment (Supplementary Fig. 4). Both proteins shifted to the cyto-
plasm with diazaborine treatment. However, when usnic acid was
added prior to diazaborine, no shift was observed. While the Tif6-GFP
strain treated with usnic acid showed similar granule structures as
Nogl-GFP, Bud20-GFP showed the same overall nucleoplasmic locali-
zation as the untreated control. These results show that usnic acid
blocks maturation after Nogl and Tif6 incorporation but before Bud20
binds to the pre-ribosomal particle and the particle is exported. This
confirms that usnic acid blocks maturation after Nogl is incorporated
and prior to the export of the particle to the cytoplasm.

These results show that, in contrast to diazaborine, usnic acid
does not interfere with the recycling of these shuttling factors to the
nucleolus but blocks the cascade before nucleolar pre-ribosomes are
exported to the nucleoplasm. Usnic acid thus blocks the maturation
cascade directly in the nucleolus.

Usnic acid treatment blocks nucleolar maturation prior to PET
formation

Fluorescence microscopy hinted at an usnic acid-mediated block in
nucleolar pre-60S maturation. To detect changes in particle compo-
sition, we isolated 60S precursors via the TAP-tagged assembly factor
Nop?7 (Fig. 3a). Nop7-TAP-containing particles mainly comprise 27SB
pre-rRNA, but also low levels of 27SA, and 7S pre-rRNA (Fig. 3b, Sup-
plementary Fig. 5A). Thus, the Nop7-TAP particle population (sum-
marizing all consecutive particle states that copurify with Nop7-TAP)
spans from early nucleolar stages of 60S ribosome biogenesis until
shortly after C, cleavage in the nucleoplasm (Supplementary Fig. 1)*.
Since usnic acid rapidly affected pre-60S maturation (Fig. 1), we pur-
ified and characterized Nop7-TAP particles after very short treatment
periods (Fig. 3) to prevent secondary inhibition due to rebound
effects®?’.

Purification of Nop7-TAP particles after 2 min of usnic acid treat-
ment showed a marked decrease in late-joining nuclear maturation
factors Noc3, Nsa2, Nog2 and Rsa4 (Fig. 3a). In addition, the shuttling
protein Arx1 was depleted, which joins the pre-60S particle only after
successful PET formation. In contrast, the levels of A; factors (as tested
for Ytml, Erbl, Hasl, Cicl and Ebp2) mainly remained unaffected.
Consistent with this result, Northern blotting showed a strong
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Fig. 2 | Usnic acid shows different Rpl7a-GFP accumulation kinetics in the b Wildtype yeast cells expressing the chromosomally GFP-tagged shuttling factor
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acid (40 uM) and the GFP signal was monitored via fluorescence microscopy. trol. Source data are provided as a Source Data file.
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Fig. 3 | Usnic acid causes accumulation of an early nucleolar population of
Nop7-TAP pre-ribosomes and depletion of late maturation factors. Early pre-
ribosomal particles were isolated via Nop7-TAP as bait from untreated cells (-) or
after 2 min of 60 uM usnic acid (UA) treatment (+). a Nop7-TAP eluates were ana-
lyzed using SDS-PAGE following Coomassie staining or Western blot (MWM =
molecular weight marker). b Samples from a were investigated by Northern blot-
ting, detected (pre)-TRNA species are marked on the right, the probes used are
indicated on the left, with their binding sites depicted in the scheme. ¢ Quantitative
mass spectrometry (qQMS) was used to determine the relative changes in protein
levels due to usnic acid treatment. Normalized abundances from usnic acid-treated

cells were plotted against the control sample from untreated cells in the form of a
scatter plot. Selected maturation factors that increase (above the diagonal) or
decrease (below the diagonal) upon inhibitor treatment are indicated. The protein
levels were normalized to the bait Nop7, and all proteins with an abundance of
>0.1% (>0.001) relative to the bait in the untreated sample are shown. The means of
two biological replicates for each factor are shown (n=2) (Supplementary Data 1).
d The fold change (log2 transformed values) of the qMS data (from c) for selected
maturation factors (>0.01 abundance to bait) is shown for two biological replicates
(n=2; mean plus individual points shown). Source data are provided as a Source
Data file.

decrease in 7S and a slight decrease in the 27S«otr) pre-rRNA, while
earlier 27SA,, 32 A, and 35S pre-rRNAs accumulated on the particle
(Fig. 3b and Supplementary Fig. 5A). The results of the Northern and
Western blot suggest a blockage at the stage of 27SB pre-rRNA. The
accumulation of the earlier 27SA,, 32S, and 35S pre-rRNAs likely
already reflects rebound effects on earlier stages of ribosome bio-
genesis (see discussion®).

To obtain a more global picture of inhibition, we performed
quantitative mass spectrometry (qQMS) and monitored compositional
changes in Nop7-TAP particles after short-term treatment (Fig. 3¢, d,
Supplementary Data 1). Consistent with a failed processing of 27SB
pre-rRNA to 26S and 7S pre-rRNA and the Western blot data (Fig. 3a),
we observed a strong decrease in late joining factors on the Nop7-TAP
particle. This includes Arxl, the Rix1 complex, Sdal but also Bud20
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and Nop53, which already bind prior to the association of the Lasl/
Gre3 complex responsible for ITS2 cleavage'*'’*. Indeed, Nop53-TAP
or Bud20-TAP purification showed that both proteins are mostly
recovered in soluble form after usnic acid treatment instead of being
associated with pre-ribosomal particles (Supplementary Fig. 6). This
shows, that in the presence of usnic acid, precursor particles ready for
Nop53 and Bud20 binding are lacking. Consequently, the drug-
induced blockage must occur prior to their incorporation. In line with
the decrease of Arxl, Rpl31, which is part of the PET rim, shows a
severe reduction in Nop7-TAP particles (Supplementary Data 1).
Consequently, the block occurs before this part of the 60S subunit is
formed.

Consistent with an early nucleolar block, qMS revealed a strong
increase in early joining factors such as Mak1l, Rrpl4, Rrpl5, and Drsl
(Fig. 3d). On the other hand, the increased levels of 90S factors such as
Utp7, UtplO0, and Utpl4 indicate rebound effects on initial maturation
steps, as already suggested by the accumulation of 32S and 35S pre-
rRNA (Fig. 3b, c). Moreover, Nsal, which is released by the AAA-ATPase
Rix7**, also increased together with the “Nsal-module” proteins Mak16,
Rpfl, and Rrpl™. Factors that normally associate shortly before the
Nsal-module leaves (e.g., Noc3 and Spbl; transition state C to D)
decreased after usnic acid treatment, suggesting that the maturation
path is blocked before their entry. Finally, a pronounced reduction was
also observed for the GTPase Nugl and its interaction partner Dbp10.
Indeed, the DEAD-box RNA helicase DbplO was the protein showing
the strongest decrease upon usnic acid treatment, suggesting that the
drug-induced blockage occurs before Dbpl0 binds.

Taken together, these results show that usnic acid inhibits an early
nucleolar maturation step prior to PET formation. This effect is remi-
niscent of, but not fully identical to, the previously described depletion
of the so-called B-factors™ (see discussion for more details). The stage
of inhibition can be narrowed down to a step shortly after Nogl
incorporation but before Makll dissociates and Dbp10, Nugl and Nsa2
bind at the transition from state B to C**.

The nucleolar usnic acid block rapidly rebounds on the earliest
steps in pre-60S formation

The maturation factor Nsal was enriched on the Nop7-TAP particle
after usnic acid treatment. To resolve compositional changes in the
nucleolus more precisely, we purified particles via Nsal-TAP (Fig. 4). As
Nsal resides shorter on the pre-60S particle than Nop?7, it co-purifies a
narrower population of nucleolar intermediates. In addition, we also
examined the effects on even earlier pre-60S particles using Noc2-TAP
as bait®™" to evaluate the effects on different nucleolar particle
populations. To capture the primary effects of usnic acid treatment, we
purified Noc2- and Nsal-TAP particles after short-term treatment
(2 min). Noc2-TAP thereby together with Nocl co-purifies the earliest
known, co-transcriptional pre-60S particles, but also associates in
complex with Noc3 with late nuclear pre-ribosomes**%. The pre-
valence of one of the two complexes in our purifications can be
monitored by western blotting using specific antibodies to Nocl and
Noc3 (Fig. 4). To monitor time-displaced secondary effects, we also
analyzed compositional changes occurring after 15 min of inhibitor
treatment. This strategy allowed us to detect if and how the primary
block set by usnic acid rebounds on earlier particles.

Consistent with increased 27SA, pre-rRNA levels on Nop7-TAP
particles (Fig. 3b), the 27SA, pre-rRNA also accumulated on Nsal-TAP
particles within 2 min of usnic acid treatment. The 27Sotal) pre-rRNA
signal, in contrast, was unaffected (Fig. 4c, Supplementary Fig. 5B). In
the Noc2-TAP particle, the 27SA, pre-rRNA level was unaltered. Since
the signal for 27S (total) pre-rRNA decreased, this indicates a shift to
earlier 27SA, pre-TRNA species (Fig. 4c). After 15min of usnic acid
treatment, the accumulation of 27SA, pre-rRNA in Nsal-TAP particles
was even more pronounced. In the earlier Noc2-TAP particles, in
contrast, both pre-rRNAs decreased.

In the Nsal-TAP and Noc2-TAP particle populations, the 32S pre-
rRNA increased after 2 min of usnic acid treatment, whereas after
15min, only the progenitor, the 35S pre-rRNA, was detected. Thus,
rebounding on earlier ribosome maturation steps occurs already after
2 min of usnic acid treatment and proceeds stepwise through 32S pre-
rRNA to 35S pre-rRNA (Fig. 4c¢, Supplementary Fig. 1).

As obvious from the Western blots (Fig. 4a, b), the levels of the late
joining factors Noc3 and Nsa2 decreased in Nsal- and Noc2-TAP pur-
ifications. Furthermore, 90S factors Rokl, Rrp12, and Sofl increased in
both nucleolar particles after 2 and 15 min of usnic acid treatment,
corroborating the increase in 35S and 32S pre-rRNA. The levels of Ytm1,
Cicl, Hasl, Nop7, Nogl, Ebp2, and Nop2 remained more or less
unchanged in the Nsal-TAP particle but decreased in the earlier Noc2-
TAP particle after 2 and 15 min of usnic acid treatment. This indicates
their entrapment on later Nsal-TAP particles, which depletes them in
earlier stages and might cause the observed rebound effect (Fig. 4b).

For a more global view, we analyzed purified Nsal-TAP samples by
gMS (untreated and 2 min usnic acid). Consistent with the Nop7-TAP
purification, early binding pre-60S factors such as Makl1, Rrpl4, Rrp15,
Fpr3, and Dbp9 increased. In contrast, factors that already co-
transcriptionally bind to 25S rRNA domains I and Il (e.g., Erbl, Ytml,
Ebp2, Brxl) or to ITS2 (Cicl, Nopl5, Rlp7 and Nop7) only slightly
increased (Fig. 4d, e, Supplementary Data 2)'*%, Noc3, Spb1, Nsa2, Pols,
Nugl, and especially Dbp10 decreased, which is again consistent with
the results from the Nop7-TAP purification (Fig. 3).

Impact of usnic acid on structure and composition of early
nucleolar pre-60S particles

After characterizing the Nsal-TAP population on a biochemical level,
we were interested in structural changes upon usnic acid treatment.
Therefore, we used single-particle cryo-EM to analyze Nsal-TAP parti-
cles purified from untreated cells or cells treated with usnic acid for
2min (Fig. 4). The micrographs of both datasets (Supplementary
Table 2) were combined and (pre)-processed together (Supplementary
Fig. 7). The final pre-60S particle stack was randomly split into three
batches serving as technical replicates. We assessed compositional
heterogeneity within our three replicates using the neural network-
based algorithm cryoDRGN*’ (Supplementary Fig. 8), representing the
heterogeneity in the samples as a latent space. We used these latent
space embeddings to cluster the particles using a Gaussian-Mixture
Modeling (GMM) algorithm. We determined the number of clusters in
our dataset in an unbiased manner by applying the elbow criterion
method (Supplementary Fig. 9). This approach allows modeling of
continuous particle distributions and a heuristic determination of the
number of clusters/classes, in contrary to classical, highly discrete 3D
classification algorithms. This workflow enabled us to systematically
analyze the structural heterogeneity present in our datasets and assess
the impact of usnic acid.

In our cryoDRGN analysis we identified and clustered 4 main
maturation states present in each triplicate (Fig. 5 and Supplementary
Fig. 8). The numbering from 1 to 4 reflects the degree of maturation,
which is assessed by the compaction of the rRNA domains and the
presence of maturation factors. To understand at which point usnic
acid interferes with nucleolar pre-60S maturation, we wanted to dis-
play how the block globally affects the Nsal-associated pre-ribosome
population. To that end, we calculated how many particles of each
dataset (treated/untreated) contributed to the reconstruction of each
cluster (Fig. 5). In the untreated sample, the early clusters 1 and 2
represented only a minor part of all particles from this condition. The
majority was found in clusters 3 and 4, with -57% and ~-32% of total
particles, respectively. After usnic acid treatment, however, clusters 3
and 4 were strongly reduced and instead cluster 1 and 2 were pre-
dominant, with ~25% and ~64% of total particles, respectively. We thus
detected a strong shift from cluster 3 to cluster 2. The accumulation of
cluster 2 and depletion of subsequent states indicates that this
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subpopulation cannot be matured further. In agreement with our structures'*”. These models were fitted into our cryo-EM maps by
biochemical data, this demonstrates a massive shift in the steady-state  flexible fitting and used for coloring of our maps. A more detailed
distribution of the Nsal-TAP particle population due to stalled further  description can be found in the material and methods section.
processing of cluster 2. The least matured cluster 1, is defined by a still very flexible
These four observed clusters mainly differ in the degree of 25S  domain VI, which is not yet stably incorporated into the core particle.
domain VI maturation and the presence of associated factors (Fig. 6).  Cluster 1 closely resembles the published nucleolar state A (Fig. 6a;
They largely resemble previously published high-resolution pdb 6em3™). The foot structure is already fully assembled and Hasl is
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Fig. 4 | The nucleolar usnic acid block rebounds on the earliest steps in pre-60S
formation. a, b Early nucleolar 60S particles were isolated either via Noc2-TAP or
Nsal-TAP from untreated cells (O, control) as well as from cells after short-term
(a, 2 min) or long-term (b, 15 min) usnic acid (UA) treatment. Noc2-TAP and Nsal-
TAP eluates were analyzed by SDS-PAGE followed by Coomassie staining or Wes-
tern Blot (MWM = molecular weight marker). For the 15 min treatment sample,
selected bands were identified by mass spectrometry. ¢ Noc2-TAP and Nsal-TAP
eluates (untreated, 2 or 15 min usnic acid) were analyzed by Northern blotting.
Detected (pre)-rRNA species are marked on the right, and the probes used on the
left with their binding sites depicted in the scheme. d Scatter plot analysis of Nsal-
TAP gMS data (untreated vs. 2 min usnic acid treated). Normalized abundances

from treated cells were plotted against the untreated control sample. Protein levels
were normalized to the bait protein Nsal. Proteins with an abundance of > 0.1%
(>0.001) relative to the bait protein in the untreated sample are shown. Selected
maturation factors that increase (above the diagonal) or decrease (below the
diagonal) upon inhibitor treatment are indicated. Means of two biological repli-
cates for each factor are shown (n=2) (Supplementary Data 2). e Fold change of
selected maturation factors relative to the bait (>0.01 abundance to bait; log2
transformed values) of the qMS data shown for two biological replicates (n=2;
mean plus individual data points shown). Source data are provided as a Source
Data file.

clearly visible from this stage on. Class 2 strongly resembles state B
(Fig. 6b; pdb 6em4'), characterized by beginning stabilization of
domain VI with resolved densities corresponding to Rpl3, Tif6, the
C-terminal Domain of Nogl and RIp24 (Fig. 6b). Cluster 3 is char-
acterized by further stabilized domain VI. The distinct feature of
cluster 3 is the further stabilization of the middle segment of Nogl
(approx. residue 347 to 448), the N-terminal part of Rrpl4 together
with Ssfl and Rrp15, recapitulating state 2 (Fig. 6¢; pdb 6COF") except
that we did not resolve Makll in our structure. According to our bio-
chemical data, these factors already interact at earlier stages, but
cannot be visualized in cryo-EM due to flexibility.

In cluster 4 we observe the incorporation of Rpl19, Nsa2 and
N-terminal parts of Nogl (Fig. 6d") and identified densities corre-
sponding to Mrt4, the uncharacterized protein YBLO28C (UniProt ID
YBCS8), and the core domain of Nogl. Accompanied by a more stable
incorporation of Ebp2 and Nop2, the first steps of the L1 stalk assembly
are clearly visible in cluster 4. In addition, we detect the helicase
domains of Dbpl0 at the location between Nop2 and the Nogl GTPase
domain where it was also found in human, S. cerevisiae, and Chaeto-
mium thermophilum pre-ribosomes®>*®¢!, Cluster 4 thus closely
resembles these recently published Dbpl0-bound pre-60S particles.

We additionally refined the particles originating from the treated
and untreated dataset for each cluster separately (Supplementary
Fig. 11A). Comparing the combined, treated, and untreated recon-
structions, we observed no major differences for clusters 1to 3. Cluster
4, however, showed pronounced differences between the combined
reconstruction and the reconstruction of the particles from the treated
strain. The cryo-EM map of the particles from the treated strain
resembles the published state D (Supplementary Fig. 11B"), char-
acterized by a folded domain Il and densities for Erbl and Ytml.
Therefore, the minor fraction of treated particles in cluster 4 (-2.6%) is
slightly further matured than their untreated fraction counterparts of
cluster 4. In the particles from the untreated strain, this minor particle
population might be shaded by averaging with particles of the more
abundant Dpb10-containing state.

Discussion

Chemical probing with usnic acid dissects early nucleolar 60S
assembly steps

Treatment of yeast cells with usnic acid rapidly sets a block in the
nucleolar maturation cascade of the large ribosomal subunit. Our
biochemical characterization and cryo-EM data both showed that after
2 min, the nucleolar Nsal-TAP particle population shifted to earlier
maturation stages. After this short treatment period, pre-60S particles
are stalled in the nucleolus (Fig. 1c) and rRNA processing defects can be
detected as well as pronounced compositional changes of purified
nucleolar Nsal-particles (Fig. 4-6).

When we compared usnic acid treatment with previously pub-
lished effects of diazaborine”, we found that these two inhibitors block
adjacent nucleolar stages of 60S maturation. However, diazaborine
only acts indirectly on nucleolar maturation by prohibiting shuttling
factor recycling from the cytoplasm. Through the absence of these
factors in the nucleolus, the effect of diazaborine thus only rebounds

on the nucleolar stage. Usnic acid, in contrast, seems to directly
interfere with the compaction of pre-60S particles in the nucleolus
after Nogl, RIp24 and Tif6 associate and prior to DbplO association.
This is corroborated by the very fast onset of usnic acid inhibition in the
nucleolus contrasted by a delayed effect by diazaborine.

Besides the fact that the shuttling factors Nogl, Tif6 and Rlp24
were present on nucleolar particles from usnic acid treated cells, we
also observed a pronounced increase in Makl1 (Figs. 3, 4). This con-
trasts with the decrease in Makl11 observed after diazaborine treatment
and upon depletion of Nsa2”*, The accumulation of Makl1 indicates
that the maturation path is blocked shortly before Makll leaves the
particle. This step clearly precedes the incorporation of Nugl and
Dbp10 which are crucial to drive the transition from state C to state D
and which both strongly decreased in our analysis (Figs. 3, 4, 7).

Usnic acid blocks the pre-60S particle transition from state B
toC
With our quantitative cryo-EM approach using cryoDRGN, we could
visualize how the global “landscape” of the Nsal-TAP particle popula-
tion changes with usnic acid. Predominant was the shift from cluster 3
containing the most particles, to the earlier cluster 2, indicating that
the maturation cascade is blocked at this stage and cannot proceed
(Figs. 5, 7). This shift is consistent with our qMS of the Nsal-TAP par-
ticles that demonstrated a decrease in later-acting maturation factors
(e.g., Spbl, Nugl, Nsa2, Noc3 or Dbp10), while earlier-acting factors
(e.g., Makl1, Drsl or Rrp5) increased.

The usnic acid-mediated blockage in cluster 2 (resembles State
B") to cluster 3 (resembles State C*) transition also results in a strong
decrease of downstream particles in the treated strain as represented
in cluster 4. This explains the strong reduction of Dbpl0 in the qMS
analysis (Fig. 4), which is found in cluster 4. Only very recently, struc-
tures from Chaetomium thermophilum®, S. cerevisiae" and human
cells® revealed the exact binding site of Dbp10 on nucleolar pre-60S
particles between the L1 stalk module and the other B-factors (e.g.,
RIp24, Nsa2, Nogl, Nog2, Spb4 and Maki1). Since the Nogl and RIp24
levels did not change significantly after usnic acid treatment, these
factors are present already prior to State B to C transition. In contrast,
Makll shows a strong enrichment in the gMS, demonstrating that it
already associated with the pre-60S particle prior state C. For Nsa2, we
find a strong reduction in the qMS which is consistent with its presence
in cluster 4. The overall changes in nucleolar particles isolated via
Nop7-TAP after usnic acid treatment were highly similar to effects
described for depletion of B-factors. The similar patterns of changes
indicate that in both cases the maturation cascade is blocked at a
similar stage. However, there were also significant differences between
B-factor depletion and usnic acid treatment. While Nsa2 depletion
resulted in decreased Makll levels on Nop7-TAP particles™, we
observed a strong accumulation of Makll upon usnic acid treatment.
This shows that the usnic acid-mediated block is upstream of Nsa2
binding as well as the release of Makll. Makll accumulation was also
observed after depletion of Nogl®’. However, as we still find Nogl
bound to Nsal-TAP particles from usnic acid treated cells, the absence
of Nogl cannot explain the accumulation of Makl11 in our experiments.
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Fig. 5| Usnic acid blocks the maturation of nucleolar pre-60S ribosomes. Early
nucleolar 60S particles were isolated via Nsal-TAP from untreated and 2 min usnic
acid-treated cells. For each sample, one single-particle cryo-EM dataset was col-
lected, and these datasets were merged for processing and quantitative analysis (a
detailed description of the data processing workflow is given in the method section
and Supplementary Figs. 7, 8). Structural heterogeneity was analyzed using
cryoDRGN in three equally sized particle batches. Clustering using Gaussian Mix-
ture Modeling (GMM) was performed to identify different pre-60S maturation
states present in our datasets. a-c Representative cryoDRGN analysis of triplicate
batch 1 (2D UMAP of batches 2 and 3 are shown in Supplementary Fig. 10).

a Representative 2D UMAP of the particles’ hexagonal binned 8-dimensional latent
space embeddings. b Kernel Density Estimate (kde) plot indicates particle

embeddings from treated and untreated datasets. ¢ Scatter plot, with each data-
point representing a single particles’ embedding and kde-plot representing clusters
identified using GMM. Number of binned particles is indicated in gray scale, 2 min
usnic acid treatment in blue, untreated in orange. The 4 clusters are represented in
different shades of purple. d, e Relative particle contributions to each cluster from
the usnic acid or untreated dataset. Source data are provided as a Source Data file.
d Depicted as bar chart is the mean of the three batches, data points represent the
three batches and error bars indicate standard deviation to the mean (n=3).

e Particles distribution as pie chart with mean percentage of total. f CryoEM
reconstructions of the 4 clusters found in the cryoDRGN analysis, ordered by
progressing ribosome maturation.

Thus, while the effects observed after usnic acid treatment are not fully
congruent with depletion of B-factors like Nsa2 or Nogl, these simila-
rities corroborate our hypothesis that usnic acid blocks transition from
Nsal-TAP state C to D.

Notably, our cryo-EM analysis show that the N-terminal parts of
Nogl are sequentially integrated from cluster 2 to 4. The complete
incorporation of these parts of Nogl might precede the release of
Makll1 and represent a prerequisite for the binding of factors that are
reduced upon usnic acid treatment (e.g. DbplO and Nsa2). We

hypothesize that usnic acid may directly interfere with the incor-
poration of the N-terminal domain of Nogl, potentially explaining both
Makl1l accumulation and depletion of later-binding factors. Further
experimental validation is required to confirm this hypothesis.

Inhibition of state B to C transition by usnic acid rapidly
rebounds on earlier maturation steps

After short-term treatment with usnic acid (2 min), we observed a
block at the 27SB level, which rapidly caused an accumulation of 27SA,
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Fig. 6 | GMM-clusters recapitulate nucleolar pre-60S biogenesis states. Cryo-EM
reconstructions of cluster 1 to 4 (a-d) ordered by biogenesis progression. Clusters
are fitted with and colored based on PDB models 6EM3, 6EM4, 6COF, and 8V87,
respectively. Key factors changing between the clusters are highlighted. More

b cluster 2

detailed information about structural changes can be found in the main text and
Supplementary Table 3. Density that has not been fitted with a model is shown
transparently. As source data, the maps are uploaded to EMDB.

pre-rRNA. This fast onset of inhibition allowed us to reconstruct how
this rebounding effect is transmitted from the 27SB pre-rRNA-
containing particles to earlier forms. The rapid reduction in Az fac-
tors on early Noc2-TAP particles after 2 min demonstrates how fast
recycling defects propagate when these factors are entrapped on
downstream particles (Fig. 4). Consequently, all factors required for A,
and A; processing are sequestered from emerging particles explaining
the defect in 27SA, pre-rRNA processing. The small steady-state levels
of 27SA, and 27SA; pre-rRNAs (demonstrated by primer extension
experiments of wildtype strains (e.g., shown in refs. 63-66)), highlight
the fast processing of 27SA, to 27SB pre-rRNA. In contrast, the 27SB
pre-rRNA represents the prevailing form of the 27S¢oc) pre-rRNA
(Supplementary Fig. 5). These 27SB pre-rRNA containing particles thus
engage a large fraction of available early pre-60S maturation factors. A
blockage at this stage will entrap these factors and therefore be
transmitted rapidly to earlier particle intermediates (e.g., 27SA2 con-
taining pre-ribosomes) that would require these factors for further
maturation. Since these intermediates are present only in minor
amounts in the cell, these secondary blockages will rapidly lead to
further rebound effects on the very first stages of ribosome biogenesis
and result in accumulation of the 35S pre-rRNA after 15 min of treat-
ment. Interestingly, the central hub protein Erbl showed a strong
accumulation and a strong depletion on the Nsal-TAP particles and the
earlier Noc2-TAP particles, respectively (Fig. 4). This could indicate
that Erbl plays a major role in rebounding. We speculate that this
arrangement evolved to coordinate the maturation steps at different
stages of pre-ribosome assembly to avoid executing resource-
demanding maturation steps when the pathway is blocked down-
stream. Besides the above discussed shifts in pre-rRNA species to

earlier forms, we did not detect elevated levels of aberrant pre-rRNA
species (e. g., 24S, 23S, 22S, 21S pre-rRNA) or degraded pre-rRNAs
(Figs. 3, 4, Supplementary Fig. 5), therefore usnic acid likely does not
cause disassembly of a pre-ribosomal intermediate, which usually
involves (aberrant) pre-rRNA degradation by the exosome®” 5,

Quantitative analysis of the structural heterogeneity using
cryoDRGN

The cryoDRGN analysis of our single-particle analysis data proved to
be a valuable tool to visualize and quantify global shifts of pre-
ribosomal particle populations. This can help to foster our under-
standing of the consequences of blocks in ribosome maturation
downstream of transcription, caused by substances or mutations. It
can strengthen the understanding that pre-ribosomal particle pur-
ifications do not contain one single, sharply separated maturation
state, but a mixture of all states associated with the used bait protein.
Our quantitative analysis highlighted that all Nsal-TAP-associated
states in our sample were affected, as the maturation process works
like a (mostly) linear assembly line with regulatory linkages between
up- and downstream processes.

This analysis however bears certain limitations and possible pitfalls
that need to be considered. First, the cryoDRGN encoder is susceptible
to outlier particles such as ice contaminations, empty picks and broken
particles. To prevent these outliers from impacting downstream clus-
tering, they must be carefully excluded during pre-processing. This can
lead to differences in the final particles of separately processed data-
sets, distorting their quantitative analysis. Therefore, we ensured com-
parability of our datasets by combining both conditions (usnic acid
treated and untreated control) during pre-processing.
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Fig. 7 | Summarized effects of usnic acid on the Nsal-TAP particle population.
a Comparison of the different particle populations isolated by different bait pro-
teins used in this study. b-d Effects of usnic acid on the Nsal-TAP particle popu-
lation. b The (shifting) particle populations and the cryo-EM map of the respective

clusters (1-4) (see Figs. 5, 6), ¢ their 25S rRNA domain folding state, d maturation
factor association/dissociation (see Fig. 4a, b, d, e) as well as e pre-rRNA processing
states. The dashed blue line indicates the block in ribosome formation due to usnic
acid treatment. For simplicity, rebound effects on earlier stages are not shown.

Further, we focused on modeling the structural heterogeneity in
our dataset in an unbiased and reproducible manner. We avoided
overfitting of our data by determining the number of clusters in our
dataset in a heuristic manner. This, however, might lead to remain-
ing structural heterogeneity within the clusters presumably reflec-
ted in the differences between treated and untreated particles of
cluster 4.

One general limitation in single-particle cryo-EM analyses of pre-
ribosomes is that averaging is only possible for ribosomal proteins,
rRNA domains or assembly factors when and if they are stably incor-
porated. Consequently, such analyses are missing proteins that are
associated loosely with the particles or within flexible rRNA domains.
Additionally, proteins can dissociate during cryo-EM sample prepara-
tion and, thus, escape their structural investigation. Indeed, we
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observe enrichment of some factors (e.g., Nogl, the Ssfl-Rrpl5-Rrpl4
module and Makl1) in our qMS analysis following usnic acid treatment,
while they are not, or only fuzzily depicted in the cryo-EM maps. Dis-
crepancies in detecting individual factors with different approaches
(e.g., cryo-EM and LC-MS/MS), reflect technical limitations of these
methodologies. Deviations to previous published structures are most
likely caused by differences in the sample preparation, in cell growth
(e.g. starvation) or due to different purification conditions (e.g. com-
position of the tag or variances in the buffer)'*". Thus, complementary
biochemical and cell biological methods are needed for an in-depth
assessment of pre-ribosomal particles.

Ribosome biogenesis inhibitors and their potential for cancer
therapy

Inhibitors blocking ribosome biogenesis downstream of transcription
are promising for cancer therapy (reviewed in refs. 7,69-73)"*. Most
tumors upregulate ribosome biogenesis to meet demands of rapid
proliferation which can be used as prognostic parameter’*”°. Non-
malignant cells can sustain temporal inhibition of this pathway due to
ribosome stability. This selectivity against tumor cells results in a
favorable therapeutic window, as already demonstrated for the Pol |
inhibitor CX-5461%,

However, compounds that block the pathway downstream of
transcription bear additional therapeutic potential. Such inhibitors
could burden tumor cells more than Pol I inhibitors by stabilizing p53
through unincorporated ribosomal proteins (reviewed in refs. 81,82).
They may avoid DNA-damage response, reducing side effects and
relapses. Indeed, usnic acid and various of its derivatives showed
pronounced inhibition of tumor cells®®***%. The inhibitory effect of
usnic acid on eucaryotic ribosome biogenesis shown here, is a step
further in the mechanistic understanding of this potential cancer
therapy.

Methods

Yeast strains

All yeast strains used in this study are listed in Supplementary Table 4.
Chromosomal gene fusions were generated by homologous recom-
bination using linear PCR-amplified DNA fragments to transform the
respective yeast strain as described®®*’.

Media and growth conditions

Yeast strains were grown in synthetic dextrose (SD, 20 g/l dextrose,
5g/l (NH4),S0,4, 1.4 g/l yeast nitrogen base) medium supplemented
with the appropriate supplement mix (CSM, in complete or drop-out
formulation, MP Biomedicals) at 30 °C, adjusted to pHS5.5. For micro-
scopy, additional 0.4 mM adenine was added to prevent formation of
the red pigment characteristic of ade2 strains.

Inhibitor preparation

Diazaborine (6-methyl-2(propane-1-sulfonyl)-2H-thieno[3,2-D][1,2,3]
diazaborinin-1-OL, Novartis) was prepared as a 100 mg/ml stock
solution in ddH,0. (+)-Usnic acid (2,6-diacetyl-7,9-dihydroxy-8,9b-
dimethyldibenzofuran-1,3-(2H,9bH)-dion, Sigma Aldrich) was dis-
solved at 5 mg/ml in ddH,O upon the addition of 0.5 % NaOH (10 M)
to improve solubility. Usnic acid derivatives were modified at dis-
tinct residues with different modifications, including methylation,
benzylation and acylation (Supplementary Table 1) and dissolved in
DMSO. Rapamycin (LC-Laboratories) was prepared as 5 mg/ml stock
in DMSO and used for microscopy at 200 nM concentration.

Determination of the MIC

Yeast strains were grown to the exponential growth phase (ODgoo of
0.5-0.6). Right after dilution with fresh medium to an ODggo of 0.01
(1.5 x10° cfu), cells were treated with the indicated concentrations of
usnic acid. Optical density (ODgop) Was periodically measured over

48 h, while shaking the cultures at 30 °C in a Bioscreen C Pro Auto-
mated Microbiology Growth Curve Analysis system (Oy Growth Curves
Ab Ltd.) in technical triplicates. For determining the minimal inhibitory
concentration, the mean values of the ODgoo after 24 h (Kovalska-
Krochmal and Dudek-Wicher, 2021) were plotted over the concentra-
tion of the inhibitor.

Fluorescence microscopy

Yeast strains were grown to the exponential growth phase (ODgoo
0.4-0.6). Subsequently, the respective inhibitors (diazaborine (10 pg/
ml) and/or usnic acid (40 uM or 60 uM) or usnic acid derivates (60 uM)
were added and incubation continued for the indicated periods of
time. Fluorescence microscopy experiments were performed using a
Leica DM6 B Microscope equipped with a x100/1.4 Plan APO objective
and a high-resolution DFC9000GT camera. For imaging, LASX pre-
mium software (Leica) was used.

Tandem affinity purification

Cultivation, treatment and harvesting. To purify pre-60S particles of
distinct maturation stages, yeast cells expressing C-terminal TAP-tag
fusions of the assembly factors Noc2, Nsal, Nop7, Nop53, and Bud20
were used. Cells were grown to late logarithmic growth phase (OD¢oo
of 0.9-1.1) and treated with 60 uM usnic acid for the indicated time
periods. 60 uM usnic acid were used to ensure complete inhibition in
baffled flasks with very high aeration. This is based on our experience
with the inhibitor diazaborine, that showed higher drug tolerance of
yeast cells under such growth conditions. After inhibitor treatment,
cells were harvested by centrifugation at 6000 x g for 3 min at 4 °C.
Cells were washed with 20 ml cold water and centrifuged at 1250 x g
for 10 min at 4 °C, before the pellets were stored at =80 °C.

Purification. For particle isolation, cell pellets corresponding to 2L of
culture were resuspended in one volume of lysis buffer (20 mM HEPES/
KOH pH 7.5, 10 mM KCl, 2.5 mM MgCl,, 1mM EGTA, 1mM DTT, 0.5 mM
PMSF and 1x FY-Protease inhibitor (Serva)). Cells were disrupted in a
bead mill (Merkenschlager) with 1.5x pellet volume of 0.6 mm glass
beads (Sartorius AG) for 4 min with periodic CO, cooling. After cen-
trifugation (41,000 x g, 30 min, 4 °C), the supernatant was incubated for
60-90 min with magnetic IgG beads, which were prepared by cross-
linking rabbit IgG to epoxy-activated magnetic beads as described” "',
After extensive washing, 20 % of the beads were removed and stored for
subsequent RNA isolation and analysis. Pre-ribosomal particles were
eluted from the residual beads with tobacco etch virus (TEV) protease
containing cleavage buffer (lysis buffer with 100 mM NaCl). TEV-eluates
were analyzed by SDS-PAGE, Western blotting and qMS.

SDS-PAGE and western blotting

Proteins were separated using precast 4-12% NuPAGE gels (Novex Life
Technologies) and visualized using the NOVEX® Colloidal Blue Staining
Kit (Invitrogen). Selected bands were identified by MS analysis.

For Western blotting, the proteins were blotted on a poly-
vinylidene fluoride membrane (Carl Roth GmbH) using the tank-blot-
system (Trans-BlotTMCell, Bio-Rad) with CAPS transfer buffer (10 mM
CAPS, pH11.0,10% Methanol). All antibodies were diluted in TST buffer
with 1% milk powder (50 mM Tris/HCI, pH 7.4, 0.1% Tween20, 0.15%
NaCl) (Supplementary Table 5). Detection via chemiluminescence was
performed with the Clarity™ Western Blotting Detection Reagent (Bio-
Rad) and the ChemiDoc™ Touch Imaging System (Bio-Rad). The
PageRuler™ Prestained Protein Ladder from Thermo Fisher was used
as molecular weight marker.

Northern blot analysis of RNAs present in pre-ribosomal
particles

For analysis of the RNAs present in the TAP-purified pre-60S particles,
20% of washed magnetic IgG beads with bound ribosomal precursor
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particles were used for RNA isolation by phenol chloroform and iso-
amylalcohol (P:C:l, 25:24:1) extraction and ethanol precipitation. The
resulting RNA was dissolved in ddH,O and diluted with RNA loading
buffer for subsequent Northern blotting.

RNA samples were denatured at 65 °C for 10 min and separated on
a 1.5% agarose gel (containing 20 mM 3-(N-morpholino) propane-
sulfonic acid, 5 mM sodium acetate, 1 mM EDTA, 0.75% formaldehyde,
pH 7.0) at 60V for 7 to 8 h. The RNA was transferred overnight onto
Hybond-N* nylon membranes (GE Healthcare) by capillary transfer in
20x SSC (3M NaCl, 0.3M Na; - citrate). Northern blot probes (Sup-
plementary Table 6) were radiolabeled with 32Py-ATP (30 uCi, Hart-
mann Analytic) via the T4-Polynucleotid Kinase reaction at 37 °C for
2-3h in reaction buffer A for T4 PNK (Thermo Scientific). Hybridiza-
tion with labeled probes was performed overnight at 42 °C (EC2 probe
37°C) in buffer containing 0.5 M Na,HPO,, pH 7.2, 7% SDS, and 1mM
EDTA. After three subsequent washing steps with buffer containing
40 mM Na,HPO,4, pH 7.2, and 1% SDS, signals were detected by
exposing X-ray films. Membranes were recovered using 1% SDS prior to
the next hybridization.

Statistics, reproducibility, and integrity

All microscopy data as well as pre-ribosomal particle purifications,
including subsequent SDS-PAGE, western blot and Northern blot ana-
lysis (main and Supplementary Figs.), were independently repeated at
least twice with the same output.

Uncropped gels, blots and microscopy images for all Figures and
Supplementary Figs. are shown in the source data file. For each western
or Northern blot one single membrane was used to consecutively
detect all antibodies or probes.

Mass spectrometric analysis

Two datasets (two samples each) were analyzed by MS and both
datasets contained two independent experiments each (n=2), result-
ing in a total of eight analyzed samples. The samples were eluates from
tandem affinity purifications as described in detail above, therefore the
control samples always were pre-ribosomal particles from
untreated cells.

Proteins were proteolysed with LysC and trypsin with a filter-aided
sample preparation procedure (FASP) as described’>. Acidified
eluted peptides were analyzed on a QExactive HF or HF-X mass spec-
trometer (Thermo Fisher Scientific) coupled online to a Ultimate 3000
RSLC nano-HPLC (Dionex). Samples were automatically injected and
loaded onto the CI8 trap cartridge and after 5 min eluted and sepa-
rated on the C18 analytical column (nanoEase MZ HSS T3, 100 A,
1.8 um, 75 um x 250 mm; Waters) by a 95 min non-linear acetonitrile
gradient at a flow rate of 250 nl/min. MS spectra were recorded at a
resolution of 60,000 with an automatic gain control (AGC) target of
3e6 and a maximum injection time of 30 or 50 ms from 300 to 1500 m/
z. From the MS scan, the 10 or 15 most abundant peptide ions were
selected for fragmentation via HCD with a normalized collision energy
of 27 or 28, an isolation window of 1.6 m/z, and a dynamic exclusion of
30 . MS/MS spectra were recorded at a resolution of 15,000 with an
AGC target of 1e5 and a maximum injection time of 50 ms. Unassigned
charges and charges of +1 and >+8 were excluded from precursor
selection.

Protein identification and label-free quantification

Raw spectra were imported into Progenesis QI software (version 4.1).
After feature alignment and normalization, spectra were exported as
Mascot Generic files and searched against the yeast UniProt database
(6721 sequences) with Mascot (Matrix Science, version 2.6.2) with the
following search parameters: 10 ppm peptide mass tolerance and 20
mmu fragment mass tolerance, one missed cleavage allowed, carba-
midomethylation was set as fixed modification, methionine oxidation,
and asparagine or glutamine deamidation were allowed as variable

modifications. A Mascot-integrated decoy database search calculated
an average false discovery rate <0.5% for PSMs when searches were
performed applying the Mascot percolator score and a significance
threshold p < 0.05.

Peptide assignments were reimported into Progenesis QI soft-
ware, and the abundances of all unique peptides allocated to each
protein were summed. The resulting normalized abundances of the
individual proteins were used for calculation of fold-changes of pro-
tein ratios between untreated and usnic acid treated samples. There-
fore, normalized abundances of each detected protein were then
referenced to the bait protein in each sample and the values in Log
scale were shown in a scatter plot using Statgraphics 18 software. Only
the proteins with an abundance above 0.001 are shown. For a rough
overview, the detected proteins were manually assigned to following
groups: 40S r-protein, 60S r-protein, 60S factor, 90S factor and others.

Cryo-EM

Grid preparation. For single-particle cryo-EM analysis, pre-ribosomal
particles were purified from untreated cells as well as after 2 min of
treatment with 60 uM usnic acid, as described above. A 4 ul sample of
both treated or untreated Nsal-particles was added onto Pre-floated
Quantifoil R3.5/1 grids (2 nm carbon film) and incubated for 30 s at 4 °C
and 75% humidity. Frontside blotting was performed for using the
automatic plunge freezer EM GP1 (Leica) for 2's before plunging the
grids into liquid ethane. Grids were stored in liquid nitrogen until data
collection.

Data collection. Cryo-EM data were collected on an FEI Titan Krios G3i
operating at 300 kV in nanoprobe energy-filtered transmission elec-
tron microscopy at a nominal magnification of x81,000 with 1.07 A/
pixel using a Gatan K3 BioQuantum direct electron detector with a slit
width of 20 eV. The detector was operated in counting mode using
hardware binning and dose fractionation, recording movies with an
electron dose of 60 e-/A% and 54 frames, resulting in 3608 (Usnic) and
3987 (untreated) movies, respectively. Both datasets were collected on
two consecutive days.

Image processing. Initial image processing was performed in cryoS-
PARC v3.2°*. Motion correction and CTF estimation were performed
using Patch Motion Correction and CTFFIND4”, respectively. The
datasets were merged and curated for cryolo picking (v1.6%°). Here
~600 particles from 6 micrographs of each dataset were used to fine
tune cryolo’s general model. Resulting particle coordinates were used
to extract the particles with a box size of 448 pixels binned to 166
pixels (2.89 A/px). Particle order was randomized and two rounds of
2D classification were performed. Ab-initio models were used to fur-
ther clean the particle stack by heterogeneous refinement. Pre-60S
particles were reextracted without binning and subjected to another
round of heterogeneous refinement followed by local CTF refinement
and homogeneous refinement.

Analysis of structural heterogeneity with CryoDRGN. Structural
heterogeneity was analyzed using the neural network algorithm
cryoDRGN (v0.3.2 & v3.1°°). Poses generated by homogeneous refine-
ment and respective particles (downsampled to a box size of 128
(3.75 A/pixel)) were used for training of the network with a latent
variable of 10 dimensions for 50 epochs. Ice-contaminated and outlier
particles were filtered by the absolute of the latent variable ||
z|| > 2 stdev(l|zll) + mean(||z|]). Particles were reimported into cryoS-
PARC (v4.4.1) and refined. We excluded less well aligning particles
which interfered with the clustering via their cryoSPARC-cross-
correlation values. This value has an arbitrary unit and is found in
the particle.cs file after refinement. Using the cryoSPARC python
library cryoSPARC tools (v4.4.1, https://github.com/cryoem-uoft/), we
excluded particles with a value below 250 and refined remaining
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particles. This was repeated twice, before local CTF refinement fol-
lowed by homogeneous refinement. Next, particles were split into
three equally sized batches serving as technical replicates. Each batch
was homogeneously refined in cryoSPARC and used for another round
of cryoDRGN analysis with a latent variable of 8 dimensions and par-
ticles downsampled to a box size of 128 pixel (3.75 A/pixel). Dimen-
sionality reduction was performed by UMAP for latent space
visualization.

Gaussian Mixture Modeling in cryoDRGN latent space. Clustering
was performed using Gaussian-Mixture Modeling on the latent space
embeddings created by cryoDRGN. The number of clusters was
determined using the elbow method after assessing cluster variation
by calculating sum of squared errors (SSE) (Supplementary Fig. 9). We
clustered with 1 to 20 clusters thrice with a randomly generated seed
for each iteration. The SSE was calculated via Eq. (1).

SSE= i (-2 @
i=1

Where z; is the value of each particle and Z is the mean within the
respective cluster. As suggested by the elbow method, we used 4
clusters to cluster each batch with a unique randomly generated seed.
The resulting particle stacks were refined in cryoSPARC, and clusters of
identical maturation were combined for further refinements. The
particle stacks were separated into treated and untreated stacks and
refined. Resulting half maps were used to estimate the local resolution
(Supplementary Figs. 12-14). Maps were post-processed using Dee-
pEMhancer using the ‘highRes’ model provided by the developers”.

Quantitative analysis of structural heterogeneity. To visualize the
global shift of the Nsal-TAP particle population, we assessed the
number of particles originating from the treated and untreated data-
sets contributing to each cluster and replicate. These values are listed
in Supplementary Table 7. For each cluster, the percentage of the total
was calculated for each replicate. These values were used to calculate
the mean and standard deviation for each cluster.

Model fitting. The EM-density maps of clusters 1-4 were fitted with
published PDB models 6EM3, 6EM4, 6COF, and 8V87, respectively,
using rigid body fitting in ChimeraX (v1.7)***. Cluster 1 and 2 were
complemented with the atomic model of Rrp14, Hasl and Brx1 origi-
nating from PDB-6COF, which were modeled either incompletely or
not at all in the original models. Cluster 2 was complemented with the
C-terminal Nog-1 helix from PDB-6COF. Cluster 3 was complemented
with the model of the 60S ribosomal protein L9A from PDB-6EML.
Cluster 4 was complemented with Nsal, Rpfl and Rrpl from PDB-6EML1.
Proteins and rRNA that had no apparent density in our maps were
deleted from the fitted models. In the case of cluster 4, this includes
the Ytm1/Erbl module as well as proteins and rRNA of domain IV. A
complete list of proteins fitted in our maps can be found in Supple-
mentary Table 3.

The resulting models were further fitted into our experimental
maps by flexible fitting using the namdinator pipeline'® and refined
using phenix real-space refinement executed on the Namdinator web
server (https://namdinator.au.dk/) with 2000 minimization steps for
classes 3 and 4 and 3000 minimization steps for classes 1 and 2. The
resulting models were then used to color our experimental maps using
the color zone function in ChimeraX.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Strains generated in this study are available from the corresponding
authors upon request. For cryo-EM model building, published pre-60S
models PDB-6EM3, PDB-6EM4, PDB-6COF, PDB-6EM1 and PDB-8V87
were used. Motion-corrected micrographs with annotated particle
locations were deposited in EMPIAR with the accession number
EMPIAR-12237. The cryo-EM maps of clusters 1 to 4 with the combined
datasets were deposited in the EMDB with the accession numbers
EMD-51122, EMD-51126, EMD-51128, and EMD-51129. The reconstruc-
tions for the treated dataset were deposited with the accession num-
bers EMD-51175, EMD-51176, EMD-51177, and EMD-51178, while the
untreated reconstructions of reported clusters can be found via EMD-
51164, EMD-51165, EMD-51166, EMD-51167. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE' partner repository with the dataset identifier
PXD046691. Source data are provided with this paper.
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