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ARTICLE

The novel pre-rRNA detection workflow “Riboprobing”
allows simple identification of undescribed RNA species
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ABSTRACT

Ribosomes translate mRNA into proteins and are essential for every living organism. In eukaryotes, both ribosomal subunits
are rapidly assembled in a strict hierarchical order, starting in the nucleolus with the transcription of a common precursor
ribosomal RNA (pre-rRNA). This pre-rRNA encodes three of the four mature rRNAs, which are formed by several, consecu-
tive endonucleolytic and exonucleolytic processing steps. Historically, northern blots are used to analyze the variety of dif-
ferent pre-rRNA species, only allowing rough length estimations. Although this limitation can be overcome with primer
extension, both approaches often use radioactivity and are time-consuming and costly. Here, we present “Riboprobing,”
alinker ligation-based workflow followed by reverse transcription and PCR for easy and fast detection and characterization
of pre-rRNA species and their 5’ as well as 3’ ends. Using standard molecular biology laboratory equipment, “Riboprobing”
allows reliable discrimination of pre-rRNA species not resolved by northern blot (e.g., 27SA,, 27SA3, and 27SB pre-rRNA).
The method can successfully be used for the analysis of total cell extracts as well as purified pre-ribosomes for a straightfor-
ward evaluation of the impact of mutant gene versions or inhibitors. In the course of method development, we identified and
characterized a hitherto undescribed aberrant pre-rRNA arising from LiCl inhibition. This pre-rRNA fragment spans from
processing site A1 to E, forming a small RNP that lacks most early joining assembly factors. This finding expands our knowl-
edge of how the cell deals with severe pre-rRNA processing defects and demonstrates the strict requirement for the 5’ETS
(external transcribed spacer) for the assembly process.
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INTRODUCTION (pre-rRNA) that comprises the mature 18S, 5.8S, and 25S
rRNAs (in the case of S. cerevisiag), flanked by external tran-
scribed spacers (5ETS and 3'ETS) and separated by internal
transcribed spacers (ITS1 between 18S and 5.8S rRNA and
ITS2 between 5.8S and 25S rRNA) (Fig. 1A, uppermost
part). During ribosome maturation these ETS and ITS regions
are removed by several endo- and exonucleolytic processing
steps that are coordinated with excessive rRNA folding and
modiifications events (Fig. 1A; for review, see Sloan et al.
2017; Tomecki et al. 2017; Mitterer and Pertschy 2022;
Schneider and Bohnsack 2023).

UTP-A, UTP-B, the U3 snoRNP and UTP-C join the
emerging 35S pre-rRNA cotranscriptionally. First, a SETS
particle is assembled, followed by the formation of the
90S pre-ribosome (Supplemental Fig. STA; Osheim et al.
2004; Hunziker et al. 2019). In the 90S pre-ribosome,

Every dividing cell depends on a pool of correctly as-
sembled ribosomes. Eukaryotic ribosomes consist of four
ribosomal RNAs (rRNAs) and around 80 ribosomal proteins
(r-proteins). Their assembly follows a strictly coordinated
maturation cascade which is best understood in the yeast
Saccharomyces cerevisiae where it involves approximately
250 maturation factors (for review, see BafBller and Hurt
2019; Klinge and Woolford 2019; Dérner et al. 2023).
Because of the high conservation of the ribosomal architec-
ture, the assembly of human ribosomes follows the same
principles as described in yeast (Ni et al. 2022; Dérner
et al. 2023; Durand et al. 2023).

In the nucleolus, ribosome biogenesis starts by RNA poly-
merase | (Pol l) transcribing the 35S precursor ribosomal RNA
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FIGURE 1. (A) Processing of the precursor ribosomal RNA (rRNA) to the four mature rRNAs. Blue boxes indicate large subunit rRNAs (60S SU) and
red boxes mark the small subunit rRNA (40S SU). The 35S precursor rRNA sstill harbors the two flanking regions 5’ETS and 3'ETS (external transcribed
spacers) and the two internal transcribed spacer elements ITS1 and 2. Endonucleolytic cleavage sites (v) and regions removed by exonucleolytic
trimming (—) are labeled. Enzymes in italics indicate candidate proteinsinvolvedin processing orwhen several enzymes were described to actat the
same site. For processing sites with question marks, no enzyme was identified until now. (NU) Nucleolus, (NP) nucleoplasm, (CP), cytoplasm. (B)
Experimental design of the Riboprobing workflow. At first, an RNA linker is ligated to isolated RNA. Depending on whether the 3’ or the 5" end
is investigated, a different primer serves as the starting point of the reverse transcription. For the 5 end, a site-specific primer is chosen (e.g.,
the C,C; primer that allows discrimination of the different 27S pre-rRNA species). For the 3’ ends, the primer hybridizing to the linker (linker primer)
is used to initiate cDNA synthesis. In the next step, the cDNA is amplified. For the 5" ends, the primer used for cDNA synthesis is combined with a
primer hybridizing to the linker. To investigate the 3’ ends, the linker primer is combined with a primer defining the region of interest, in this scheme
the 3’ end of the 18S rRNA. Amplified DNA fragments are separated in agarose gels to deduce which pre-rRNA species were presentin the sample.

cleavage at site AQ is followed by cleavage at site A1 by
Utp24, which forms the mature 5" end of the 18S rRNA
(Dragon et al. 2002; Bleichert et al. 2006; Wells et al.
2016; Khoshnevis et al. 2019). The mature 3’ end of the
18S rRNA is only formed in the cytoplasm by cleavage at
site D by the endonuclease Nob1 (Fig. 1A; Fatica et al.
2003, 2004; Pertschy et al. 2009; Heuer et al. 2017).
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Most pre-rRNA transcripts are cleaved cotranscription-
ally at site A2 (Ko$ and Tollervey 2010) either by Utp24
(Bleichert et al. 2006) or by Rcl1 (Horn et al. 2011;
Delprato et al. 2014). This separates the maturation path-
ways for the 40S precursor harboring the 20S pre-rRNA
and the 60S precursor associated with the 27SA; pre-
rRNA (Fig. 1A; Supplemental Fig. S1A; Cheng et al.
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2020). Recently, it was shown that also pre-60S specific fac-
tors (Noc2, Noc1, Brx1) are bound already cotranscription-
ally to form a very early pre-60S particle (Supplemental Fig.
S1A; Sanghai et al. 2023).

The 27SA; pre-rRNA s further processed in the nucleolus
in an elaborated manner to form the mature 5" end of the
5.85 rRNA. On the main route, RNase MRP in the first
step cleaves at site A3 forming the 27SA; pre-rRNA
(Lygerou et al. 1996; Esakova et al. 2013). Trimming of
the 27SA; pre-rRNA by Rrp17 or Rat1 to the Bg site gener-
ates one mature 5" end of the 5.8S rRNA (Henry et al. 1994;
Oeffingeretal. 2009; Granneman et al. 2011). A minority of
the 27SA; pre-rRNA is directly cleaved by an unknown fac-
tor at site B_ forming a slightly longer variant of the 5.8S
rRNA (Fig. 1A, Faber et al. 2006).

The 27SB pre-rRNA already shows the mature 5 end of
the 5.8S rRNA and the mature 3’ end of the 25S rRNA,
but requires the removal of the ITS2 to finalize maturation
(Gasse et al. 2015). The ITS2 region forms a distinct struc-
tural feature of pre-60S particles called the “foot,” with
the C2 site being exposed to be cleaved by the heterotetra-
meric Las1-Gre3 complex (Castle et al. 2013; Wu et al.
2016; Pillon et al. 2019, 2020). Subsequently, coordinated
5/-3" and 3'-5’ trimming events also result in the dissocia-
tion of the foot structure-associated proteins (Gasse et al.
2015; Fromm et al. 2017). The 5-3’ exonucleases Rat1
and Rrp17 form the mature 5" end (site C1) of the 25S
RNA (Fig. 1A; Geerlings et al. 2000; Oeffinger et al.
2009). The mature 3’ end (site E) of the 5.85 rRNA is formed
by stepwise 3'-5 trimming by the exosome, Rex1, Rex2,
and Ngl2 (Fig. 1A; Mitchell et al. 1997; Briggs et al. 1998;
van Hoof et al. 2000; Dziembowski et al. 2007; Thomson
and Tollervey 2010; Schuller et al. 2018).

Several black boxes in the processing of the 35S pre-rRNA
into mature rRNAs remain (Fig. 1A, question marks).
Therefore, finding of yet unknown nucleases requires a reli-
able technique to analyze pre-rRNA. Furthermore, drugs
thatinhibitribosome biogenesis come into the focus of med-
ical research as they are expected to have high potential in
antitumor chemotherapy (Awad et al. 2019; for review, see
Catez et al. 2019; Zisi et al. 2022). An obstruction for this re-
search is the lack of a simple screening procedure to identify
specific ribosome biogenesis inhibitors. As substances that
interfere with ribosome formation often result in the accumu-
lation of rRNA precursors or the formation of aberrant pro-
cessing intermediates (e.g., 23S pre-rRNA), a simple
method to monitor processing defects will facilitate the char-
acterization of potential inhibitors.

To date two elaborative approaches are commonly used
to investigate pre-rRNA species: northern blotting and
primer extension. For northern blots, the separation of
RNA in agarose gels with subsequent transfer to a mem-
brane allows the detection of different RNA species with
specific radioactive labeled probes (Supplemental Figs.
S1B and S2A; for protocols, see Kevil et al. 1997; Streit

et al. 2009). The biggest advantage of this widely used
method is that the RNA is unamplified and can, therefore,
be evaluated not only qualitatively but also quantitatively.
However, this method is time-consuming and cannot dis-
criminate some processing intermediates as their length
cannot be precisely determined.

To overcome the limitation of precise size estimation with
northern blots, they are often combined with primer exten-
sion experiments. With a primer binding near the region of
interest, the reverse transcriptase amplifies the sequence in
the 5’ direction. Also here, radioactive labeling is used to
detect the reverse transcription termination at the ends of
an rRNA processing intermediate (Venema et al. 1998;
Carey et al. 2013). The resulting cDNA fragments are sepa-
rated in polyacrylamide gels to provide single-nucleotide
resolution.

We aimed to evolve primer extension to simplify the
detection of pre-rRNA species without the use of radioac-
tivity. In our workflow, an RNA linker is ligated either to
the 5 or 3’ end of the RNA before reverse transcription
and PCR amplification (Fig. 1B). The workflow is similar to
5"and 3’ RACE but uses rRNA-specific probes forthe primer
extension reaction (Frohman et al. 1988). The method de-
scribed here allows reliable discrimination of pre-rRNA
species from whole cell lysates, as well as purified pre-ribo-
somes using only minute amounts of RNA. As demonstrat-
ed by the characterization of a novel aberrant RNA
accumulating upon LiCl-promoted nuclease inhibition, it
enables simple and unambiguous identification of hitherto
unknown RNAs.

RESULTS

Riboprobing as a new tool to investigate rRNA
maturation

To simplify the characterization of different pre-rRNA spe-
cies we aimed to develop a nonradioactive workflow for
fast identification of a broad spectrum of precursor
rRNAs. The protocol involves RNA-linker ligation to (pre-)
rRNA, reverse transcription, and subsequent PCR amplifi-
cation (Fig. 1B), allowing signal detection with standard lab-
oratory equipment. We designed the RNA linkers in a way
to prevent cofold structure formation with the rRNA and
to ligate to either the 5’ or the 3’ end of the pre-rRNAs.
For this purpose, the 5 linker lacks a 5" phosphate and
thus only allows 3'OH (linker) to 5P (rRNA) ligation. The
3’ linker was designed with a 3’ cap (23ddC) disabling liga-
tionto any 5'P of RNA, but with a 5'P to ligate to 3'OH of dif-
ferent rRNA ends.

To investigate the 5" ends of different pre-rRNAs, oligo-
nucleotide probes also used for northern blots can be
used to prime reverse transcription (Supplemental Fig.
S2A). Analysis of all 3" ends using a single primer for reverse
transcription, binding to the 3’ RNA linker, is possible. For
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visualization, cDNAs are amplified via PCR. As the binding
site of the primers to the cDNA is known, the resulting prod-
ucts can be identified according to their length when sep-
arated on an agarose gel (Supplemental Fig. S2B). Even
though separation on agarose gels does not have a per-
nucleotide resolution, Sanger sequencing allows to pin-
point the end of a processing intermediate, as the linker
sequence is part of the sequencing reaction. During meth-
od development we sequenced all visualized products, but
this is not needed once a linker-primer pair is established.
An advantage of Riboprobing in comparison to primer ex-
tension is that the probability of signals derived from unspe-
cific reverse transcription runoff (e.g., due to base
modifications) is low and would be identified via Sanger
sequencing.

Minute amounts of RNA can be used to discriminate
27S pre-rRNA species

Initially, we wanted to discriminate the three different 275
pre-rRNA species, 27SA;, 275A;, and 27SB, as this is not
possible by northern blots (Fig. 2E). In the first step, we test-
edwhatamountand type of RNAisolates can be usedin our
Riboprobing workflow. RNA was either isolated from intact
yeast cells, crude extract, or from pull-downs of pre-ribo-
somes (Fig. 2A). We took the low concentration of RNA in
pull-downs of pre-ribosomes as a reference value and dilut-
ed the total and crude extract RNA to the same concentra-
tion. Further, we included a 10 times more diluted and 2.5
times less diluted sample to determine the ideal RNA con-
centration for the experiment (Fig. 2B). cDNA was synthe-
sized using the C4C; probe and subsequently amplified
with the 5 linker primer and the C;1C; probe (Fig. 2C).
This primer was selected for cDNA synthesis as it only am-
plifies 27S pre-rRNA species but no 7S pre-rRNA or mature
rRNAs.

We observed a strong band of 400-nt length in all sam-
ples indicating that we amplified 27SB pre-rRNA from total
RNA as well as crude extractand pull-down RNA isolates in-
dependent of the RNA concentration used (Fig. 2B). Both
concentrations of Noc2-TAP coisolated RNA led to one ad-
ditional 550-nt band originating from the 27SA; pre-rRNA.
Detection of 27SA; and 27SB pre-rRNA in RNA isolated
from Noc2-TAP pull-downs fit to data obtained by northern
blotting (Supplemental Fig. S3D). The band originating
from the 27SA; pre-rRNA was also observed in the tested
samples from total cell RNA isolates. With crude extract
RNA, at least 200 ng of RNA was used for linker ligation
to allow reliable detection of 27SA; pre-rRNA (Fig. 2B).
This indicates that the ratio of 27SA; to 27SB pre-rRNA in
crude extract samples is lower than in total RNA isolates,
which was confirmed by quantification of the northern
blot signals for 27SA; to the 27S;1a1 pre-rRNA (Fig. 2D,E).
For further experiments, we used at least 200 ng of RNA
when samples were derived from total cell RNA extracts

810 RNA (2024) Vol. 30, No. 7

or crude extract isolates, but only 20 ng when RNA from
pre-ribosomal particle pull-downs was tested.

When using total cell or crude extract RNA, we observed
additional, less intense bands (Fig. 2B). Addition of RNase
A to the cDNA samples had no effect on these bands, indi-
cating that they arose from amplified cDNA and not from
remaining RNA (Supplemental Fig. S3A). Raising the anneal-
ing temperature during PCR did not eliminate the unspecific
products (Supplemental Fig. S3A). Some of these bands
even appeared faintly when the reverse transcription reac-
tion was performed without any primer, suggesting self-
priming by stem structures in the rRNA (Supplemental Fig.
S3B). We did not detect such unspecific bands in other link-
er—primer combinations (Fig. 3). Therefore, the ampilification
of these self-priming stem structures occurs through the
binding of the C;C; primer to degenerate sites (Supplemen-
tal Fig. S3B). Sequencing revealed that the unspecific 800-
and 380-nt PCR products start around nucleotide 380 in
the 25S rRNA, amplifying the 5’ region of 27SA; pre-rRNA
up to site A2 (800 nt) or mature 255 rRNA to site C1 (380
nt) (Supplemental Fig. S3C; Supplemental Information,
Sequences 1 and 2). The 200-nt-long fragment starts at the
3’ end of the 5.8S rRNA amplifying mature 5.8S rRNA in
the 5 direction (Supplemental Fig. S3C; Supplemental Infor-
mation, Sequence 3). Tested in silico the C1C; primer se-
quence indeed partly aligns to those regions in the mature
25S and 5.85 rRNA sequences. This mismatch might, there-
fore, explain the observed unspecific products. Still, unam-
biguous detection of the 27S pre-rRNA species in total
RNA extracts was possible (Fig. 2B).

RNAisolated fromintact cells and crude extracts contains
a very high proportion of mature rRNAs compared to RNA
coisolated from purified pre-ribosomes. Therefore, the ap-
pearance of unspecific fragments amplified from mature
rRNAs is more likely in such complex samples. Still, the
bands of interest (27S pre-rRNA species) could easily be
distinguished and identified because of their different
length.

Riboprobing allows the detection of various
pre-rRNA processing intermediates

As we were able to discriminate 27SA; and 27SB pre-rRNA
by Riboprobing, we applied the workflow also to other pre-
rRNA processing intermediates. Tandem affinity purifica-
tions with different bait proteins were performed to isolate
pre-ribosomes containing different pre-rRNA species (Fig.
3C). To confirm successful purification, the protein compo-
sition of pre-ribosomes was confirmed by western blotting
(Fig. 3A) and Coomassie staining (Supplemental Fig. S4B)
and the copurified pre-rRNA species were analyzed by
northern blotting (Fig. 3B). Before cDNA amplification
with different primer pairs, eitherthe 5’ linker orthe 3’ linker
was ligated to the RNA isolated from purified pre-ribo-
somes (Fig. 3D-G).
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FIGURE 2. Small amounts of different RNA isolates allow discrimination of 27S pre-rRNA species. (A) Different sources for RNA isolation were test-
ed with the Riboprobing workflow: total cellular RNA, RNA from crude extracts, and RNA from pre-ribosome pull-downs. (B) 1.5% agarose gel sep-
arating the products of the Riboprobing workflow. Different initial RNA amounts were analyzed by Riboprobing. For pull-down samples, 20 ng of
RNAwas used, whereas total RNA and crude extract RNA samples required at least 200 ng for a reliable detection of 27SA; and 27SB pre-rRNA. (m)
100-bp ladder (Thermo Fisher). (C) Riboprobing workflow scheme for B with the expected length of the different 27S pre-rRNA species. (D)
Comparison of 27S.t.1 (detected by EC, probe) to 27SA,; (detected by A,A;z probe) pre-rRNA signals in total RNA and crude extract RNA samples.
The X-ray films were exposed to show roughly the same intensities for the 355/32S pre-rRNA. After quantification of the signals and normalizing the
27S pre-rRNA species to the 35S pre-rRNA, the proportion of 27SA; pre-rRNA in the 27S;1a pre-rRNA was calculated and expressed in %.
(E) Binding positions of probes used for 27S pre-rRNA species detection by northern blotting.

RNA isolated from 90S pre-ribosomal particles purified
via Utp14-TAP was investigated with an 18S primer and
the 5’ linker, which resulted in two PCR products. Because
of the length and confirmed by Sanger sequencing, the 5’
linker was ligated to site A1 (220 nt) and site A0 (310 nt) re-
flecting the mature 5" end of the 18S rRNA (A1) and the 33S

pre-rRNA  (AQ), respectively (Fig. 3D; Supplemental
Information, Sequences 4 and 5). Using the same linker—
primer combination with RNA isolated from pre-40S
particles purified with Tsr1-TAP as bait protein only led to
a signal for the mature 5’ end of the 18S rRNA as expected
(Fig. 3B,D).
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FIGURE 3. Detection of various pre-rRNA processing intermediates by combining different linkers and primers. (A) Western blot of TAP purification
eluates with different bait proteins as labeled. Antibodies used for the detection of assembly factors or ribosomal proteins are indicated at the right
side. (B) Northern blot of RNA isolated from different pre-ribosome pull-down samples. The probes used are indicated on the left, (pre)-rRNA spe-
cies on the right. (C) Simplified scheme to show at which stages the bait proteins used are involved in ribosome biogenesis. The copurifying pre-
rRNA species are also indicated. (Light pink) 90S pre-ribosomal particle/pre-rRNA, (soft blue) 60S pre-ribosomal particle/pre-rRNA, (soft red) 40S
pre-ribosomal particle/pre-rRNA. (D-F) 1.5% agarose gel separating the products of the Riboprobing workflow. (m) 100-bp ladder (Thermo Fisher).
(D)RNA, isolated from Utp14-TAP and Tsr1-TAP pull-downs, was ligated with the 5’ linker and after cDNA synthesis amplified with 5’ linkerand 185
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with the 5.8S primer and 3’ linker. (G) Riboprobing workflow used in D-F with detectable pre-rRNA species.

The RNA in the pre-40S Tsr1-TAP pull-down was also in-
vestigated using the 3’ linker in combination with an 18S
primer. The 400-nt band arises from 3’ linker ligation to
site A2, showing that the 3" end of 20S pre-rRNAwas ampli-
fied (Fig. 3E; Supplemental Information, Sequence 6). We
chose the Noc2-TAP pull-down to isolate RNA from early
pre-60S particles as a control, which should not amplify a
product for the pre-40S specific 20S pre-rRNA. Very weak
bands at 500 nt originating from 23S pre-rRNA (linker liga-
tion to site A3), 400 nt (20S pre-rRNA), and 250 nt originat-
ing from 18S rRNA (linker ligation to site D) were detected
(Fig. 3E; Supplemental Information, Sequences 7 and 8).
Weak signals for those (pre-)rRNAs were also visible in the
northern blots (Supplemental Fig. S4C).

Although Noc2-TAP was used to isolate early nucleolar,
27SA;, and 27SB pre-rRNA containing pre-ribosomes
(Fig. 2), Nog1-TAP was used to isolate later pre-60S parti-
cles (Fig. 3A,B). RNA isolated from Nog1-TAP pull-downs
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was investigated by combining the 3’ linker with a primer
binding to the 5.8S rRNA. Two bands, one at 300 nt (linker
ligation to site C2 of the 7S pre-rRNA) and one at 150 nt
(linker ligation to mature 3’ end of the 5.8S rRNA) were re-
solved (Fig. 3F; Supplemental Information, Sequences 9
and 10). RNA isolated from Noc2-TAP pull-downs only
led to a signal for mature 5.8S rRNA, a carryover of mature
rRNAs during the purification process (Fig. 3B).

We also investigated RNA isolated from intact cells with
the same combinations of 3’ or 5’ linker and different prim-
ers. Although the 5’ linker in combination with the 18S
primer only amplified mature rRNA, we could detect 20S
pre-rRNA (3’ linker and 18S primer) and a weak signal for
7S pre-rRNA (3’ linker and 5.8S primer) (Supplemental
Fig. S4A). Most likely the preponderance of mature
rRNA captured the 18S primer, disabling sufficient de-
tection of the short-lived 33S pre-rRNA (Supplemental
Fig. S4A).
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Riboprobing detects novel pre-rRNA

Depletion of Rlp7 leads to accumulation of 27SA;
pre-rRNA, but cleavage by RNase MRP is prevented
by LiCl

We did not detect the lowabundant 27SA; pre-rRNAin any
sample, even if they harbored the ancestor (27SA;) and de-
scendant (275SB) pre-rRNAs (Fig. 2). To verify whether our
protocol allowed detection of this pre-RNA, we depleted
the ribosome assembly factor Rlp7, a condition that was
shown to lead to 27SA; pre-rRNA accumulation (Dunbar
et al. 2000; Sahasranaman et al. 2011). Indeed, when
Rlp7 was depleted for 16 h, Riboprobing with the 5’ linker
and C4C; primer resulted in an additional band of 460 nt
length in the total cell RNA sample (Fig. 4A). Sanger se-
quencing confirmed that this product was derived from
27SA; pre-rRNA, whereas the 540-nt product arose from
27SA; pre-rRNA (Fig. 4A). Sanger sequencing of the 400-
nt-long amplification product led to overlapping sequenc-
ing signals due to the two ends of 27SB pre-rRNA (27SB_
and 27SBg) differing in only é nt (Supplemental Information,
Sequences 11-13). In the case of depleted Rlp7, the main
form should be 27SB_ pre-rRNA, as 27SBs pre-rRNA is
formed from 27SA; pre-rRNA (Fig. 1A; Dunbar et al.
2000). With agarose gel electrophoresis we could not re-
solve such little differences, but still the sequencing chro-
matogram allowed us to argue that the main form might
be 27SB pre-rRNA (Fig. 4A). Northern blot analysis of the
Rlp7-depleted strain showed minute levels of 7S and 20S
pre-rRNAs and 25S rRNA. Levels of 27S;51. and 27SA;
pre-rRNA decreased, whereas levels of 35S pre-rRNA in-
creased. We also detected a weak 23S pre-rRNA signal
(Fig. 4D). The appearance of 23S pre-rRNA was also seen
with Riboprobing when total cell RNA was analyzed using
the 3’ linker and 18S primer (Supplemental Fig. S5A).

To test how inhibition of cellular RNases interferes with
pre-rRNA processing we treated cells additionally with lith-
ium chloride (LiCl), which was described to directly inhibit
the RNase MRP endonuclease and indirectly also the 5'-
3’ exonucleases Rat1l and X1 (Dichtl et al. 1997).
Therefore, we combined 16 h depletion of Rlp7 with LiCl
treatment for 3 h before cell harvesting (Fig. 4C). In contrast
to the sample without LiCl treatment, a strong signal for
27SA; pre-rRNA but no 27SA;3 pre-rRNA and hardly any
27SB pre-rRNA signals were detected by Riboprobing
(Fig. 4B). This was confirmed by northern blotting showing
an accumulation of 27SA; pre-rRNA compared to Rlp7
depletion alone. These results are in line with the published
inhibition of RNase MRP by LiCl, as the 27SA, pre-rRNA
cannot be processed to 27SA; pre-rRNA (Fig. 1A; Dichtl
et al. 1997). Further, northern blotting revealed a strong
32S pre-rRNA signal and also an accumulation of 20S pre-
rRNA compared to Rlp7 depletion alone (Fig. 4D).

As the signal intensities for the different 275 pre-rRNA
species changed in a similar manner in Riboprobing and
northern blotting results (Fig. 4B,D), we quantified the sig-

nals for both experimental approaches (see Materials and
Methods). As shown in Figure 4E, the ratio of the 27SA;
pre-rRNA signal to the total 27S pre-rRNA signal showed
a good agreement between Riboprobing and northern
blotting.

LiCl treatment for 3 h in wild-type conditions drastically
changed the pre-rRNA content, leading to strongly de-
creased levels of nearly all pre-rRNA species. As the 35S
pre-rRNA was also reduced, LiCl treatment might also af-
fect Pol | transcription (Fig. 4D). With northern blotting,
only 20S pre-rRNA, minor amounts of 24S pre-rRNA, and
a band migrating above the 20S pre-rRNA that we from
now on refer to as 22SE (see Discussion) were detected
(Fig. 4D; Supplemental Fig. S5B). Riboprobing with the
5’ linker and C1C; primer identified no signal for 27SA,
and 27SA; pre-rRNA and only a very weak 27SB pre-
rRNA signal (Fig. 4B).

27SA;3 pre-rRNA coisolated with Noc2-TAP particles
is turned over during purification

To analyze if the 27SA; and 22SE pre-rRNA species are part
of a pre-ribosomal particle, Noc2-TAP was chosen as the
bait protein as it is present in very early pre-ribosomal par-
ticles (Fig. 3B). Upon depletion of Rlp7, the Noc2-TAP par-
ticle shifted to a very early form of pre-60S particle, as
previously described (Fig. 5B; Supplemental Fig. S6A;
Sahasranaman et al. 2011). Very little 27SA;3 pre-rRNA
was detected in the pull-downs of these particles, com-
pared to the total RNA samples (Figs. 4A and 5C). To test,
whether 27SA; pre-rRNA precipitates during the purifica-
tion procedure, we analyzed the insoluble fraction of the
cell lysate in regard to 27SA3 pre-rRNA levels, but hardly
any signal was detected in the pellet (Supplemental Fig.
S6B). Next, we added ribonucleoside vanadyl complex
(RVC) to the cell lysate, a substance that protects RNA
ends from degradation. Indeed, we detected a more prom-
inent signal for 27SA; pre-rRNA in the presence of RVC,
suggesting that during purification unprotected RNA
ends were degraded (Fig. 5C). Unfortunately, this sub-
stance seems to interfere with TEV cleavage as no particles
were recovered in the TEV eluate (Fig. 5A).

Moreover, we tested the effect of LiCl treatment in com-
bination with the Rlp7 depletion on the pre-rRNA composi-
tion of Noc2-TAP particles (Fig. 5B,C). The 27SA; pre-rRNA
was shifted to the earlier 27SA; pre-rRNA and 335/32S pre-
rRNA copurified with Noc2-TAP pull-downs.

Lithium chloride treatment accumulates an
undescribed aberrant processing intermediate

After LiCl treatment of the nondepleted Pgays-Rlp7 strain,
Noc2-TAP copurified a clearly altered set of pre-rRNAs
and proteins compared to the untreated strain (Fig. 5A,B;
Supplemental Fig. S6A,C). Besides minor levels of 27SB
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FIGURE 4. Depletion of Rlp7 leads to the accumulation of 27SA; pre-rRNA, which is shifted to 27SA; pre-rRNA after nuclease inhibition by lithium
chloride treatment. The Pga1-Rlp7 strain was grown in galactose-containing medium (wild-type condition; gal) orincubated in glucose-containing
medium for 16 h (RIp7 depleted; glu). Additionally, both conditions were combined with lithium chloride treatment for 3 h (Li*). () Untreated sam-
ples. (A,B) 1.5% agarose gel separating the products of the Riboprobing workflow. (m) 100-bp ladder (Thermo Fisher). (A) Depletion of Rlp7 for 16 h
resulted in aband with 460 ntlength that was confirmed to arise from 27SA; pre-rRNA by Sanger sequencing. 27SB pre-rRNA has two forms that can
be detected in the overlapping sequencing results. (B) Although depletion of RIp7 led to 27SA; pre-rRNA accumulation, additional treatment with
lithium chloride led to a strong signal arising from the earlier 27SA; pre-rRNA. (C) Treatment scheme for the Pga.1-Rlp7 strain. (D) Northern blot of
the Pgar1-Rlp7 strain grown in galactose or glucose-containing medium and treated with LiCl. An untreated culture served as control. Probes in-
dicated on the left; (pre)-rRNA species on the right. (E) The different 27S pre-rRNA species were quantified using either signals from the northern
blot (see Fig. 4C) or signals from the Riboprobing experiment (see Fig. 4B). For all conditions in each experimental approach, we normalized the
signal intensities to the total 27S pre-rRNA signal in the untreated wild-type strain grown in galactose-containing media. The mean values of two
biological replicates are shown.
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FIGURES. The 27SA; pre-rRNA copurifies with Noc2-TAP when Rlp7 is depleted, butis degraded during purification. Pre-ribosomal particles were
purified from the Pga; ;-RIp7 strain using Noc2-TAP as bait protein. The strain was grown in a galactose-containing medium (wild-type conditions;
gal) orincubated in a glucose-containing medium for 16 h (RIp7 depleted; glu). Additionally, cells were treated with lithium chloride for 3 h (Li*) or
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strain by Noc2-TAP pull-downs. Probes indicated on the left; (pre)-rRNA species indicated on the right. (C,D) 1.5% agarose gel separating the prod-
ucts of the Riboprobing workflow. (m) 100-bp ladder (Thermo Fisher). (C) Riboprobing using 5’ linker and C4C; primer and RNA isolated from the
Noc2-TAP pull-downs after RIp7 depletion (glu). Riboprobing with RNA isolated from the same strain grown in galactose-containing medium (gal)
served as a control. (D) RNA isolated from Noc2-TAP pull-downs of the Pga; ;-Rlp7 strain grown in galactose-containing medium and treated with
LiCl was investigated by Riboprobing using the indicated combinations of linker and primer. (E) Assembly factors strongly coenriched with the
Noc2-TAP bait protein in pull-downs from the LiCl-treated strain were identified by gMS. Relative abundance to the Noc2 bait protein was calcu-
lated. The mean abundance of assembly factors with a standard deviation of <0.1 and an abundance of >0.2 relative to the bait protein are shown
(dots represent individual replicates).

pre-rRNA, we also observed 22SE pre-rRNA to be pulled
down (see Discussion; Figs. 5B and 4D). Northern blot anal-
ysis indicated that this fragment contained both, 18S and
5.8S rRNA (Supplemental Figs. S5C and S4B), which was
confirmed by Riboprobing using different combinations
of 3" and 5 linkers and primers and Sanger sequencing
(Fig. 5D). The sequencing showed that this fragment spans
from the mature 5’ end of the 18S rRNA to the mature 3’ end
of the 5.8S rRNA.

We also detected a drastic reduction of Noc2-TAP copur-
ifying proteins upon LiCl treatment (Fig. 5A). For a better
characterization of this Noc2-RNP, gMS was performed
and the TOP3 stoichiometry relative to the baitabundances

was calculated for 121 copurifying proteins (Supplemental
Excel Sheet S1; see Materials and Methods; Silva et al.
2006; Fabre et al. 2014). Next, we included proteins with
an abundance of at least 0.2 (20%) relative to the bait, but
excluded all proteins in this group if the standard deviation
between replicates was >0.1. According to this analysis 11
assembly factors and several r-proteins were pulled down
with Noc2-TAP after LiCl treatment (Fig. 5E; Supplemental
Fig. S7). The two assembly factors with the highest relative
abundance were Noc1 and Noc3 (~50% relative to the
Noc2 bait protein); both also gave pronounced signals in
the western blot (Supplemental Fig. S6A). Although other
pre-60S assembly factors were also found in the gMS
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analysis, 90S pre-ribosomal assembly factors were absent,
which was unexpected for a fragment that includes the
full 18S rRNA sequence. In line with this result, the most
abundantr-proteins detected were from the large ribosom-
al subunit and not from the small ribosomal subunit (Sup-
plemental Fig. S7).

DISCUSSION

Riboprobing allows reliable detection
of pre-rRNA species

We developed and evaluated a new workflow to detectand
identify different pre-rRNA species and to pinpoint their ex-
act 5 and 3’ ends. Similar to 5’ and 3" RACE, Riboprobing
depends on the ligation of RNA linkers to either 5 or 3’
RNA ends but uses (pre-)rRNA-specific primers for subse-
quent PCR amplification (Fig. 1B; Frohman et al. 1988).
The method requires small amounts of RNA and is sensitive
enough to detect even low abundant pre-rRNAs in total cell
RNA samples, crude extracts as well as purified pre-ribo-
somes (Figs. 2-5). The amplification products can be
Sanger-sequenced to unambiguously identify processing
intermediates, as the site of the linker ligation defines the
pre-rRNA end. Because the ligation efficiency of RNA ligas-
es can be influenced by secondary structures near the liga-
tion site (Zhuang et al. 2012; Fuchs etal. 2015), which could
influence the signal intensity, we compared the results from
Riboprobing and northern blotting (Fig. 4E). Both methods
detected a similar ratio of 27SA; pre-rRNA to a total of 275
pre-rRNA, indicating that Riboprobing allows semiquanti-
tative analysis.

The workflow presented here will be especially useful if
large sample sets should be screened for the accumulation
of specific pre-rRNA processing intermediates in total RNA
extracts (e.g., 27SAz or 23S pre-rRNA). Northern blots allow
a global, quantitative (pre-)rRNA analysis, but Riboprobing
could replace primer extension, when specific pre-rRNA
species are of great interest. Although we developed the
workflow using RNA isolates from yeast, it could also be ap-
plied to isolated RNA samples from other organisms by
choosing appropriate primers.

Fast turnover of 27SA; pre-rRNA keeps early
pre-rRNA processing running

Depletion of so-called A3 factors was described previously
to lead to 27SA; pre-rRNA accumulation in total cell ex-
tracts (Sahasranaman et al. 2011). However, this pre-rRNA
was only detected in pre-ribosomal pull-downs after deple-
tion of the 5-3’ exonucleases Rat1 and Xrn1 (Sahasrana-
man et al. 2011). In line with this, we only detected 27SA;
pre-rRNA in pull-downs when the pre-rRNA ends were pro-
tected from 5 to 3’ exonucleolytic degradation by adding
the RVC ribonuclease inhibitor (compare Figs. 4B and 5C).
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Our data and those in the literature show that a block in
27SA; pre-rRNA processing (and thus a 27SA; pre-rRNA
accumulation) also leads to massive 35S pre-rRNA accumu-
lation, suggesting a feedback loop that prevents process-
ing at site AO (Fig. 6A; Supplemental Fig. S8A). This could
serve as a quality control step to signal perturbations in
the pathway to earlier stages of ribosome biogenesis. In
contrast, additional LiCl treatment causes pronounced ac-
cumulation of 27SA; pre-rRNA and results in increased lev-
els of 32S and 33S pre-rRNAs (Figs. 4-6A; Supplemental
Fig. S8A). This difference is likely caused by trapping differ-
ent assembly factors on the accumulating pre-rRNA spe-
cies, which leads to their shortage in earlier assembly
steps. As both very early pre-60S and late 90S pre-ribosom-
al particles accumulate, all Noc2 might be captured at
those stages and therefore be missing on newly synthe-
sized 35S pre-rRNA, explaining why this precursoraccumu-
lates in total RNA extracts but notin Noc2 pull-downs (Figs.
4-6A; Supplemental Fig. S8A).

22SE is a new aberrant pre-rRNA species associated
with a small Noc2-RNP

Under nondepleted conditions, pre-rRNA processing was
severely affected upon LiCl treatment. The only pre-
rRNAs detected in the total cell extracts were 24S
pre-rRNA, 20S pre-rRNA, and the newly discovered 22SE
pre-rRNA. The length of this intermediate lies between the
previously described aberrant 22S and 22.5S processing in-
termediates, which prompted us to designate it 22SE pre-
rRNA (as it reaches to site E; Supplemental Fig. S8B).

When assembly factors of the 90S pre-ribosome are de-
fective, aberrant235/22.5S pre-rRNA (5’ end to site A3/A2),
225/21.5S pre-rRNA (site AQ to site A3/A2) and/or 21S pre-
rRNA (site A1 to site A3) accumulate, which were proposed
to be processed to 20S pre-rRNA (site A1 to site A2) (Fig.
6B, A2 and A3 pathway; Allmang et al. 2000; Fatica et al.
2003; Bernstein et al. 2004; Delprato et al. 2014; Boissier
etal. 2017; Dielforder et al. 2022). In contrast, mutations af-
fecting RNase MRP activity cause accumulation of aberrant
24S pre-rRNA (reaching from the 5" end of the 35S rRNA to
site E), in which processingin 5ETS and ITS1 was complete-
ly blocked and no (pre-JrRNA downstream from 5.8S rRNA
(ITS2, 25S rRNA, and 3’ETS) was detected (Lindahl et al.
2009; Li et al. 2021). Very recently this 24S pre-rRNA was
also described to sediment with a small RNP rather than
60S or 90S pre-ribosomes (Li et al. 2021).

Consistentwith its known inhibitory effect, LiCl treatment
showed a similar processing defect as that described for
mutations in the genes coding for the RNase MRP (Dichtl
et al. 1997). We propose that the 24S pre-rRNA is pro-
cessed at sites AO and A1, producing the 22SE pre-rRNA
described here (Fig. 6B). However, LiCl might additionally
also inhibit Pol |, because only very little 35S pre-rRNA
was detected in the treated strain.
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FIGURE 6. Shift of the Noc2-TAP particle populations upon Rlp7 depletion and treatment with LiCl. (A) Scheme depicting how the population of
Noc2 containing pre-ribosomal particles (WT: wild-type conditions, black line) is shifted to earlier stages either due to depletion of RIp7 (ARIp7,
green line) or a combination of RIp7 depletion and LiCl treatment (ARIp7 + LiCl, purple line) (Fig. 5). (B) Under wild-type conditions, pre-rRNA is
processed in the order A0 — A1 — A2 — A3 (A2 pathway) leading to a pre-40S subunit associated with 20S pre-rRNA. Perturbations in the first
pre-rRNA processing steps cause the cells to switch to the A3 pathway, which allows cleavage at site A3 before the other processing steps (A3 path-
way), resulting in a pre-40S subunitassociated with 23S pre-rRNA (and its downstream processing intermediates; Supplemental Fig. S8B). Ablockin
processing at site A3 triggers a feedback loop that prevents processing at site A2, resulting in the formation of aberrant 22SE pre-rRNA (or 24S pre-

rRNA if sites AO and A1 are not processed) (Figs. 4 and 5).

The Noc2-TAP particle copurifying 22SE pre-rRNA
showed only a few other associated large subunit assembly
factors (Fig. 5A,E; Supplemental Fig. S6A). According to
our gMS analysis, this unusually small particle contains as
main components Noc2, Noc1, and Noc3 (Fig. 5E). Noc1
and Noc2 are known to form a complex associated with
the very first pre-60S particle and bind around the 5" end
of the 5.8S rRNA (Hierlmeier et al. 2013; Sanghai et al.
2023). In contrast, the heterodimeric Noc2/Noc3 complex
was only found in late nucleolar pre-60S particles (Milkereit
etal. 2001; Mitterer et al. 2023; Vanden Broeck and Klinge
2023). However, Noc2 and Noc3 were also found at earlier
nucleolar stages by a quantitative XL-MS approach (Sailer
et al. 2022).

Interestingly, the small Noc2-RNP did not copurify 24S
pre-rRNA (although itwas presentin total cell extract RNA)
or any 90S pre-ribosome-specific assembly factor. This

showsthatthe whole 185 rRNA aloneisnotsufficientto as-
semble the 90S pre-ribosome, but the 5'ETS is strictly re-
quired. As cleavage in A2 or D would release a completely
naked 18S rRNA, the 22SE pre-rRNA likely represents a
dead-end product without productive downstream pro-
cessing. Therefore, we propose that in contrast to
other well-described aberrant pre-rRNAs, that are part
of the A2 or A3 pathway (Fig. 6B), the 22SE pre-rRNA spe-
cies will be degraded. As an alternative processing
pathway is known for yeast, bypassing site A3 cleavage
with an unidentified endonuclease (Faber et al. 2006),
the pronounced effect of LiCl inhibition on site A3 leading
to a complete block in ribosome biogenesis is
astonishing.

In any case, the feedback mechanism we investigated
here (Supplemental Fig. S6A) shows that there is direct
feedback from very early pre-60S particles to earlier
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cotranscriptional processing steps. Still, the basis of this in-
terconnectivity needs to be further elucidated.

MATERIALS AND METHODS

Biological resources

All yeast strains used in this study are listed in Supplemental Table
S1. Chromosomal gene fusions were generated by homologous
recombination with linear PCR products to transform the corre-
sponding yeast strain as described (Longtine et al. 1998; Janke
et al. 2004). All plasmids and primers used for strain construction
are listed in Supplemental Table S2.

Media and growth conditions

Yeast strains were grown at 30°C in rich media (YPD) adjusted to pH
5.5. For strains with Pg ¢ constructs, galactose was used as a car-
bon source in the media (YPGal). For depletion of the Pga.s-Rlp7
construct, shifting to media with glucose was performed as
indicated.

Tandem affinity purification

Cultivation and harvesting

To purify pre-ribosomal particles of distinct maturation stages,
yeast cells expressing C-terminal TAP-tag fusions of the assembly
factors Tsr1, Utp14, Noc2, and Nog1 were grownin 2 Lof YPD to a
late logarithmic growth phase. For the Noc2-TAP Pga.-RIp7
strain, a preparatory culture of 500 mL YPGal was grown to a late
logarithmic phase. The two main cultures (YPD and YPGal) were
then inoculated with an appropriate volume of the preparatory cul-
ture to allow logarithmic growth for 16 h before harvesting
(Sahasranaman et al. 2011). Additionally, some cells were treated
with 0.2 M lithium chloride (sterile filtered) for 3 h before cell har-
vesting (Dichtl et al. 1997). Cells were harvested by centrifugation
at 6000g for 3 min at 4°C with the JLA 81000 rotor in a Beckmann
centrifuge. Cells were washed with 20 mL ice-cold water and cen-
trifuged at 1250g for 10 min at 4°C.

Purification

For particle isolation, cell pellets were resuspended in one volume
of lysis buffer with protease inhibitors (20 mM HEPES, 10 mM KClI,
2.5mM MgCly, and 1 mM EGTA pH 7.5 with 1 mM DTT, 0.5 mM
PMSF, and 1 x FY-protease inhibitor [Serva]), followed by break-
ing the cells in the presence of 1.5 volumes of 0.6-mm glass beads
(Sartorius AG) for 4 min in a bead mill (Merkenschlager). To remove
dissoluble debris, centrifugation for 30 min at 4°C with 41,000g
was performed. Before incubation of the resulting crude extract
with self-coupled magnetic IgG beads for 90 min, 20 pL aliquots
for protein and RNA analysis were taken (Oeffinger et al. 2007;
Ohmayeretal. 2013; Zisser etal. 2018). After five washing steps us-
ing lysis buffer with 1 mM DTT, one-fifth of the bead volume was
removed and stored for RNA analysis (= pull-down). Pre-ribosomal
particles were eluted from the beads with purified TEV protease in
lysis buffer with 100 mM NaCl and 1 mM DTT. The resulting TEV
eluates were analyzed by SDS-PAGE and western blot.
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SDS-PAGE and western blot

Proteins were separated in 4%—12% SDS-PAGE gels (NUPAGE Bis-
Tris, Invitrogen) and visualized using the Colloidal Blue Staining Kit
(Invitrogen).

When used for western blots, proteins were transferred from the
gel on a polyvinylidene fluoride membrane (Carl Roth GmbH) in
CAPS transfer buffer (10 mM CAPS, 10% methanol, pH 11). All an-
tibodies were diluted as indicated in Supplemental Table S4in 1x
TST buffer (50 mM Tris, 0.1% Tween20, 0.15% NaCl, pH 7.4) with
1% milk powder. Detection of the chemiluminescence signal was
performed with the Western blot Detection Reagent (Clarity Bio-
Rad) on a ChemiDoc Touch Imaging System (Bio-Rad).

Proteolysis and LC-MS/MS measurement

Proteins were digested with LysC and trypsin with a filter-aided
sample preparation (FASP) protocol as described (Wisniewski
et al. 2009; Grosche et al. 2016). Eluted peptides were acidified
with TFA before LC-MS/MS measurement on a QExactive HF-X
mass spectrometer (Thermo Fisher Scientific) coupled online to a
Ultimate 3000 RSLC nano-HPLC (Dionex). Peptides were loaded
onto the C18 trap column, eluted, and separated on the C18 re-
versed-phase analytical column (nanoEase MZ HSS T3, 100 A,
1.8 um, 75 um x 250 mm; Waters) in a 95-min nonlinear acetonitrile
gradient from 5% to 40% 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 3 x 10% and a maximum injection time of
30 msec from 300 to 1500 m/z. From the MS scan, the 15 most
abundant peptide ions were selected for fragmentation via HCD
with a normalized collision energy of 28, an isolation window of
1.6 m/z, and a dynamic exclusion of 30 sec. MS/MS spectra were
recorded at a resolution of 15,000 with an AGC target of 1 x 10°
and a maximum injection time of 50 msec. Unassigned charges
and charges of +1 and >+8 were excluded from the precursor se-
lection. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol etal. 2022) partner repository with the data setiden-
tifier PXD047506.

Protein identification and label-free quantification
of proteomic data

Acquired raw files were analyzed in the Proteome Discoverer soft-
ware (version 2.5, Thermo Fisher Scientific) for peptide and protein
identification and quantification. A database search was per-
formed using the Sequest HT search engine against the UniProt
Yeast database (6637 sequences, 3,025,003 residues), consider-
ing full tryptic specificity, allowing for up to one missed cleavage,
a precursor mass tolerance of 10 ppm, and a fragment mass toler-
ance of 0.02 Da. Carbamidomethylation of cysteine was set as a
static modification and deamidation of asparagine and glutamine,
oxidation of methionine, and a combination of methionine loss
with acetylation on protein N terminus were allowed as dynamic
modifications. The Percolator algorithm (K&ll et al. 2007) was
used for validating peptide spectrum matches and peptides.
Quantification of proteins was based on summed peptide abun-
dances for the TOP3 unique peptides per protein with an XCorr
score > 1 and a peptide FDR < 1%. Peptide abundance values
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were normalized on the total peptide amount per sample. Match-
between runs for label-free quantification was limited to a reten-
tion time window of 1 min and a mass shift of 0.5 ppm. Resulting
protein abundances were filtered for a protein FDR of 1% and by
unambiguous identification and quantification during prior steps.
For TOP3 stoichiometry calculations, proteins matching the crite-
ria. of three found peptides per protein were included
(Supplemental Excel Sheet S1; Silva et al. 2006; Fabre et al.
2014). The abundance of each of those proteins was related to
the abundance of the Noc2 bait protein. The mean and standard
deviation (SD) of the relative abundance to the bait was calculated
for two biological replicates. After filtering for a SD of <10%, we
included 46 proteins with an abundance of at least 20% (0.2) rela-
tive to the bait to be the most likely candidates of Noc2 copurify-
ing proteins.

RNA isolation

Total RNA was extracted from cells grown in 1 mL medium to late
exponential growth phase. Cells were resuspended in 500 uL RNA
lysis buffer (10mM Tris, 10mM EDTA, 0.5% SDS, pH 7.5) and lysed
in the presence of 200 pL 0.6-mm glass beads (Sartorius AG) by
shaking for 4 min in the Mini-Beadbeater-96 (Biospec Products).
The RNA of the resulting cell extract (= total RNA), from crude ex-
tract or washed magnetic IgG beads from TAP purifications (= pull-
down, see above) wasisolated by phenol, chloroform, and isoamy-
lalcohol extraction (P:C:l, 25:24:1). As an aqueous phase, RNA lysis
buffer was used, and RNA was precipitated with absolute ethanol
and sodium acetate. Subsequently, the RNA pellet was dissolved
in nuclease-free water (Fresenius). RNA concentration and quality
were determined using ODy40 and OD,go measurements. If the
RNA sample was used for northern blotting, it was prepared with
5x RNA loading dye (0.16% bromophenol blue, 4 mM EDTA,
0.98% formaldehyde, 17.4% glycerol, 30.38% formamide, 40%
10x MOPS [see northern blot]) to 1x concentration. For
Riboprobing, RNA samples were stored in nuclease-free water at
—-80°C.

Northern blot

RNA prepared as described above was denatured for 10 min at
65°C and separated at 60 V for 7-8 h on a 1.5% agarose gel (con-
taining 0.01% ethidium bromide, 0.75% formaldehyde and 1x
MOPS [20 mM 3-(N-morpholino) propanesulfonic acid, 5 mM
sodium acetate, 1T mM EDTA pH 7.0]). The separated RNA was
transferred overnight onto Hybond-N+ nylon membranes (GE
Healthcare) by capillary transfer in 20x SSC (3 M NaCl, 0.3 M
Na; citrate). Hybridization with 32P 5'-radiolabeled oligonucleo-
tides (see Supplemental Table S3) was performed overnight at
42°C (37°C for EC,) in hybridization buffer (0.5 M Na,HPO,, 7%
SDS, 1 mM EDTA, pH 7.2). After three subsequent washing steps
with washing buffer (40 mM NayHPO,, 1% SDS, pH 7.2), signals
were detected by exposing X-ray films. Membranes were recov-
ered before the next hybridization using 1% SDS solution.

Riboprobing

“Riboprobing” describes the here presented combination of RNA
ligation and cDNA synthesis with subsequent amplification using

rRNA-specific primers. All detailed reaction conditions are provid-
ed in Supplemental Table S5.

RNA ligase reaction

RNA ligation linkers were specifically designed for either 3" or
5" end RNA ligation (see Supplemental Table S3) using the T4
RNA Ligase (NEB) in the presence of RiboLock RNAse inhibitor
(Thermo Fischer). The resulting linker-RNA products were purified
with the RNeasy Clean-up Kit (QIAGEN).

cDNA synthesis

The purified linker-RNA product served as template for a reverse
transcription reaction with SuperScript lll (Thermo Fischer) in the
presence of RNaseOUT Recombinant RNase Inhibitor (Thermo
Fischer). Primers are listed in Supplemental Table S3.

PCR

Initially, differentamounts (1/50to 1/3) of the obtained cDNAwere
tested as template for PCR amplification. We found that 1/13 of the
generated cDNA gave the highest PCRyield using different primer
pairs listed in the Supplemental Table S3.

Analysis

PCR products were separated in 1.5% agarose gels (containing
40 mM Tris-acetate and 1 mM EDTA pH 8). DNA fragments were
visualized with ethidium bromide staining and UV light irradiation
using a ChemiDoc XRS + device (Bio-Rad Laboratories) and the
Image Lab 6.0.1 software (Bio-Rad Laboratories). DNA bands
were cut out of the agarose gel and the DNA was extracted with
the Monarch Gel Extraction Kit (NEB) or GeneJET Gel Extraction
Kit (Thermo Fisher).

Purified DNAwas sent for Sanger sequencing to Eurofins Geno-
mics or Microsynth with one of the amplification primers. Sequenc-
es were analyzed with Serial Cloner and SnapGeneViewer
(Dotmatics; available at snapgene.com). The full sequence of the
35S pre-rRNA of S. cerevisiae was downloaded from RNAcentral
(ID: URSOO004BEF81_559292).

Quantification of Riboprobing and northern
blot signals

Signals of the exposed X-ray films (northern blot) or 1.5% agarose
gel images (Riboprobing) were quantified with the Image Lab
6.0.1 software (Bio-Rad Laboratories). For both experimental ap-
proaches, two independent replicates were quantified.

To quantify the Riboprobing experiment, the bands arising from
the three 27S pre-rRNA species were summed up to obtain the
27S:otal pre-rRNA signal. To compare the different investigated
samples, we calculated the ratio of the individual 27S pre-rRNA
species (each single signal) in each sample to the 27Soa pre-
rRNA signal (summed-up signal) in the untreated wild-type condi-
tion sample. To calculate the proportion of 27SA; pre-rRNA, the
signal for 27SA; pre-rRNAwas related to the 27S;t, pre-rRNA sig-
nal (summed up signal) within each sample.

For northern blots, the signals for 27S,.t.i pre-rRNA (EC;, probe)
were related to the signals for the 27SA; pre-rRNA (AA; probe)
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after relating the signals to the 35S pre-rRNA signals of both
probes. The normalized values of the two different probes were
then used to compare the different samples as described for
Riboprobing: Each signal was related to the 27S;1, pre-rRNA sig-
nal of the untreated wild-type condition, as well as the proportion
of 27SA; pre-rRNA to 27S;1a pre-rRNA.

DATA DEPOSITION

The data of this article will be shared by the corresponding author
upon request. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol etal. 2022) partner repository with the data setiden-
tifier PXD047506.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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What are the major results described in your paper and how do
they impact this branch of the field?

We developed a method that allows easy and quick analysis of dif-
ferent pre-rRNA species. Until now, this had to be done by northern
blotand primerextension, both of which are quite laborious and of-
ten require radioactivity. We hope that our method will help re-
searchers in the field to rapidly screen mutants or inhibitors for
defects in pre-rRNA processing.

What led you to study RNA or this aspect of RNA science?

During my bachelor’s degree studies, my view of RNA fortunately
changed from “DNA's single-stranded brother” to “an incredible
molecule with an ancient evolutionary history that is involved in a
wide variety of processes in the cell.” Later, | focused on ribosome
biogenesis, where | began to understand how pre-rRNA, snoRNPs,
and hundreds of proteins work together to form a ribosome. During
my PhD studies, | worked on projects that could not be analyzed
sufficiently with northern blots, and | wondered if there was an eas-
ier way than a primer extension to solve this issue. We tried it, it
worked, and we decided to share the workflow with the ribosome
biogenesis community.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

We were most surprised by the drastic changes of pre-ribosomal
particles that we observed after treatment with LiCl. We originally
intended to use this compound as a proof of concept of our meth-
od, as the inhibitory effect of LiCl on RNase MRP was published by
the Tollervey laboratory. We saw that treatment with LiCl resulted in
an undescribed aberrant pre-rRNA that perfectly complements re-
cent findings on RNase MRP.

If you were able to give one piece of advice to your younger self,
what would that be?

At the beginning of your PhD, you think that three to four years is
more than enough to work on all the exciting research questions
of a project and to learn and master all the different methods that
are useful for it. Take a deep breath and try to focus on a few points
that you want to work on, because time flies.

What are your subsequent near- or long-term career plans?

I'm about to finish and defend my PhD and hope to continue work-
ing with RNA-protein complexesin my time as a postdoc, wherever
that may be.
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