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ABSTRACT

Ribosome-associated non-coding RNAs (rancRNAs) have been recognized as an emerging class of
regulatory molecules capable of fine-tuning translation in all domains of life. RancRNAs are ideally
suited for allowing a swift response to changing environments and are therefore considered pivotal
during the first wave of stress adaptation. Previously, we identified an mRNA-derived 18 nucleotides
long rancRNA (rancRNA_18) in Saccharomyces cerevisiae that rapidly downregulates protein synthesis
during hyperosmotic stress. However, the molecular mechanism of action remained enigmatic. Here, we
combine biochemical, genetic, transcriptome-wide and structural evidence, thus revealing rancRNA_18
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as global translation inhibitor by targeting the E-site region of the large ribosomal subunit. Ribosomes
carrying rancRNA_18 possess decreased affinity for A-site tRNA and impaired structural dynamics.
Cumulatively, these discoveries reveal the mode of action of a rancRNA involved in modulating protein

biosynthesis at a thus far unequalled precision.

Introduction

The fast regulation of gene expression during stress situations
is important to maintain cellular protein homoeostasis in all
kingdoms of life. In the case of harsh environmental condi-
tions, translation has to be tightly controlled, since the pro-
duction of proteins by ribosomes is a highly energy-
demanding process [1]. At the very core of protein biosynth-
esis is the ribosome, a universally conserved RNA-protein
machine responsible for polypeptide synthesis and co-
translational folding. Several quite well understood signalling
pathways, including the mTOR and the MAPK pathways,
modulate the translation machinery by phosphorylation/
dephosphorylation of essential protein factors [2]. More
recently, non-protein-coding RNAs (ncRNAs) have been
recognized as additional players in translation regulation. It
has been argued that the main advantage of ncRNA regulators
for protein synthesis is their almost immediate cellular dis-
posal. These regulators function at the RNA level and thus are
not needed to be translated into proteins to become active.
Indeed, it has been noted that under certain stress conditions,
the down-regulation of protein production was faster than
changes in regulatory signalling pathways [3]. RNA-based
translational regulators in eukaryotes such as micro RNAs
or small-interfering RNAs bind to mRNAs and trigger their
degradation, subsequently leading to repression of translation

[4-6]. However, a recently discovered new class of ncRNAs,
so-called ribosome-associated non-coding RNAs (rancRNAs),
binds directly to ribosomes and alters their translational activ-
ity [7]. Experimental data suggest that these rancRNAs con-
stitute a new class of regulators of protein synthesis capable of
rapidly fine-tuning the rate of translation in a stress-
dependent manner [8-16]. However, although rancRNAs are
highly abundant cellular transcripts found in many organisms
spanning all three domains of life, they are still functionally
poorly explored at the molecular level [7,17].

The so far best studied rancRNA is the yeast rancRNA_18
derived from the TRM10 mRNA transcript [11]. It is impor-
tant for the adaptation to hyperosmotic stress and has been
demonstrated to rapidly inhibit protein synthesis in vivo and
in vitro most probably at the step of translation initiation.
These so far available data suggest that the fast reduction of
protein biosynthesis and consequently of metabolic activities
in response to salinity stress allows adaptation processes to be
established [3,11,18]. It is known, that translation initiation
in S. cerevisiae is rapidly down-regulated as a response to
osmotic stress, but so far, the underlying mechanisms are not
clear [19]. The TOR pathway that inhibits translation initia-
tion in case of nutritional stress, is most likely not involved
[20]. The main pathway that is activated upon salinity stress
is the well-studied high-osmolarity glycerol (HOG) pathway
[21]. It includes the activation of the MAPK Hogl that
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relocates to the nucleus to promote changes in the gene
expression programme. However, it was shown that these
changes can take up to one hour to be achieved [22,23].
Another adaptation mechanism in the case of high salt con-
centrations is the elevation of phosphatidylinositol
3,5-bisphosphate levels, which occurs early before the HOG
pathway induces changes in gene expression and is suggested
to maintain the vacuolar and lysosomal ion homoeostasis
[24]. Nevertheless, these two stress adaptation mechanisms
are not involved in the inhibition of translation initiation
when yeast cells encounter hyperosmotic stress. However,
rancRNA_18-mediated down regulation of translation initia-
tion has been demonstrated, and it occurs within minutes,
thus likely representing the first wave of osmotic stress
response in yeast [11].

Here, we dissected the molecular mechanism of
rancRNA_18 function on S. cerevisiae ribosomes.
Transcriptome-wide analysis discloses rancRNA_18 as

a global inhibitor of protein biosynthesis. Cryo-electron
microscopy (cryo-EM) and crosslinking analyses revealed
the rancRNA_18 interaction pocket close to the E-site tRNA
binding site on the large ribosomal subunit. Occupancy of this
rancRNA site affects tRNA binding and restricts ribosome
structural dynamics, mainly at the L1 stalk region of the
large ribosomal subunit, thus suggesting a molecular mode
of action during translation inhibition.

Materials and methods
Yeast strains and growth conditions

S. cerevisiae strain BY4742 (MATalpha, his3-Al, leu2-A0, lys2-
A0, ura3-A0) and all mutant strains derived from it [11] were
grown in either YPD or, when transformed with a plasmid, in
Sc-Leu medium (yeast synthetic complete drop out medium -
Leu; Sigma Aldrich) at 30°C or at various stress conditions
[11]. To monitor growth under more stringent hyperosmotic
conditions (the ‘redilution assay’), single colonies were picked
and grown in Sc-Leu medium supplemented with NaCl (final
concentration 0.7 M) for 72 h. Subsequently the cultures were
rediluted to an ODg, of 0.1 into fresh stress medium, and cell
growth was monitored over 20 h. For the tetracycline-
inducible Rntl depletion cells were grown in YPD in the
presence of 20 ug/ml doxycycline.

Generation of truncated TRM10 versions

For creating mutants carrying truncated versions of the
TRM10 locus, where the ATG start codon was mutated to
a TGA stop codon, the pRS415 plasmid, that carries the
TRM10 start-to-stop codon mutant (called pTRM10_start-to-
stop), was used and ligated with various PCR products of
truncated versions of the TRMI0 locus (see Supplementary
Table S1 for DNA oligomer sequences). One-shot TOP ten
electrocompetent E.coli cells (Invitrogen) were chosen as the
host organism for transformation. Positive clones were
selected by plating 200 pl of the transformation mix on LB
+ Ampicillin (100 pg/ml) plates. The GenElute™ Plasmid
Miniprep System (Sigma Aldrich) was used for plasmid

isolation. Preparation was performed according to the manu-
facturer's instructions.

In order to replace the AGAA tetraloop within the TRM10
open reading frame by a GAAA tetraloop, a one-step PCR-
based method for efficient site-directed substitution mutagen-
esis was employed [25]. The pTRMI0 plasmid was used as
template for the PCR reaction (see Supplementary Table S1
for DNA oligomer sequences).

Construction of the A6 knock-in strain

For the creation of the A6 knock-in, a part of the TRM10 gene
including the promoter region and 148 bp of the ORF with
CTG instead of ATG start codon (see also truncated TRMI10
construct A6) was amplified and fused to the URA3 gene of
K. lactis including promoter and terminator (pUG72) via
a short linker [26]. The fusion PCR was performed with
primers containing overhangs specific for a locus on chromo-
some V described [27] (see Supplementary Table S1 for DNA
oligomer sequences). The trm10A strain was transformed with
the PCR product and cells were selected for the expression of
Ura3. Formed colonies were verified with PCR for the correct
integration of the A6-URA3 construct.

Growth competition experiments

For growth competition experiments, the growth of a 1:1
dilution of two different yeast strains which only differ by
the presence or absence of rancRNA_18 was examined under
unstressed and high salt stress (0.7 M NaCl) conditions. To
establish the identical genetic background for both strains, the
TRM10_M2 plasmid (carrying the LEU2 marker and contain-
ing synonymous mutations in the rancRNA_18 region of the
cloned TRM10 ORF thus yielding active Trm10 but inactive
rancRNA_18-M2 [11]) was transformed into the trml0A6
knock-in strain (which possesses the URA3 marker) and the
trm10A strain, respectively. The cultures were grown in Sc-
Leu media to stationary phase and plated on either Sc-Leu or
Sc-Leu-Ura plates. The stationary culture was subsequently
diluted to an ODggg of 0.1 and the described procedure was
repeated three times. Colony forming units (cfu) of each plate
were determined and used to follow growth competition
between cells expressing functional rancRNA_18 (genotype:
LEU2, URA3) and cells lacking rancRNA_18 (genotype:
LEU2, ura3A0).

Isolation of 80S ribosomes

S. cerevisiae cells were grown to exponential growth phase and
harvested by centrifugation. The cell pellet was resuspended
in buffer A (10 mM MgCl, 100 mM KCl, 50 mM Tris/HCI]
pH 7.5, 0.4 mM PMSF) and the cells were opened with the
Fast Prep as described before [11]. The cell debris was
removed by two centrifugations (30,000 x g, 15 min), result-
ing in an S30 cell extract. The ribosomes were pelleted by
ultracentrifugation at 100,000 x g at 4°C for 18 h in a Ti-60
Beckman rotor resulting in a crude ribosome pellet (P100).
The ribosomes were diluted in buffer A and 200 A4, units of
the sample was then layered on a linear sucrose gradient (10—



40%; Gradient master 108; Biocomp) and ribosomes were
purified by centrifugation at 100,000 x g at 4°C for 15 h in
an SW41 rotor. The gradient was then pumped out using
a peristaltic pump while measuring A,s, and fractions con-
taining 80S were collected and ribosomes were again pelleted
by ultracentrifugation at 100,000 x g at 4°C for 18 h in a Ti-60
Beckman rotor. To obtain highly pure ribosomal subunits, the
above described purification procedure was repeated, and
finally purified 80S ribosomes were diluted in buffer A.

Northern blot analysis

Northern blotting was performed as described before [11]
using 15 pg total RNA extracted from wt or mutant cells
grown under the described stress conditions or utilizing
RNA obtained from pooled density gradient fractions. All
membranes were hybridized to a *°P-5-end-labelled LNA
probe (Exiqon) complementary to the rancRNA_18 sequence.

Metabolic labelling

For metabolic labelling, yeast spheroplasts [28] were prepared
and experiments were performed as previously described [11]. In
short, 135 pl yeast spheroplasts were pelleted (4,000 rpm, 5 min,
4°C) and resuspended in 180 pl ice-cold 1 M sorbitol. 1 ul
synthetic RNA (100 pmol/ul) was added, the sample transferred
to an electroporation cuvette (EP-102-2 mm gap; Cell
Projects™) followed by electroporation (Voltage: 1,500 V,
Capacitance: 25 ulIF, Resistance: 200 2). Immediately, 1 ml of
cold YPD/1 M Sorbitol was added, and the whole sample was
divided into two equal portions of 450 ul and transferred to
a fresh 1.5 ml Eppendorf tube containing 1 pl of
%S methionine (1,000 Ci/mmol, 10 mCi/ml). The samples
were incubated at 30°C for 1 h, and proteins were precipitated
by the addition of 1 ml 20% TCA and incubation at 95°C for 20
min or the spheroplasts were pelleted, resuspended in 2x SDS
sample buffer and cooked for 5 min at 95°C. Labelled proteins
were separated on a 12% SDS polyacrylamide gel and quantified
by phosphorimaging. Alternatively, >°S labelled proteins were
also quantified directly after TCA precipitation by filtrating the
sample through glass microfibre filters (24 mm in diameter,
Whatman™) and subsequent liquid scintillation counting.

Filter binding studies and competition experiments

For binding experiments, 5 pmol of yeast 80S, 60S and 40S
ribosomal particles were isolated and incubated with 4 pmol 5
’P-end-labelled synthetic RNA together with binding buffer
(20 mM Tris acetate pH 7.6, 0.1 M KOAc, 5 mM Mg(OAc),) in
a total reaction volume of 25 pl. Reactions were incubated for
30 min at room temperature and subsequently filled up with
binding buffer to a total volume of 200 pl and filtered through
a dot blot-filtering device (Minifold I, 96 well Dot-Blot System,
Whatman). On the nitrocellulose membrane, it is expected that
only larger particles are bound, while on the positively charged
nylon membrane the flow through should be bound. Signals
were visualized with a phosphorimager (FLA-3000; Fuji Photo
Film or Typhoon FLA 9500; GE Healthcare) and analysed with
AIDA Image Analyse software or ImageQuant TL 8.1 (GE

RNA BIOLOGY (&) 3

Healthcare). For the competition assays, 5 pmol of
S. cerevisiae 80S ribosomal particles were incubated in a total
volume of 25 ul with 1 pl 5 y->*P-labelled synthetic RNA (4
pmol/pl) and increasing amounts (5 to 100 pmol) of unlabelled
poly(U) or yeast bulk tRNA in binding buffer. Reactions were
incubated at room temperature for 30 min and treated as
described above. For the P-site tRNA competition, experiments
were performed with 5 pmol of S. cerevisiae 80S ribosomal
particles programmed with 20 pmol heteropolymeric mRNA
(coding for MFKSIRYV [29]) and prebound with 5
y->°P synthetic RNA (4 pmol/ul) in binding buffer in a total
volume of 25 ul and incubated at room-temperature for
15 min. Increasing amounts of deacylated tRNA™ (5-50
pmol) were added as competitor. Reactions were incubated
for another 15 min at room temperature and treated as
described above. For the A-site tRNA competition, experiments
were performed with 5 pmol of S. cerevisiae 80S ribosomal
particles (programmed with 20 pmol poly(U) or 50 pmol
heteropolymeric mRNA [29], prebound with 20 pmol of dea-
cylated tRNAP™ (or 50 pmol deacylated tRNA™*" in case of
heteropolymeric mRNA) in binding buffer in a total volume of
25 pl and incubated at room-temperature for 15 min in order
to block the P-site. Subsequently, 1 pmol of N-acetyl-[>’H]Phe-
tRNAP™ (15,000 cpm/pmol) was bound to the A-site in the
presence of increasing amounts (5-200 pmol) of unlabelled
rancRNA_18. The reactions were then incubated for another
15 min at room temperature and finally filtrated and treated as
described above.

Reverse-transcription PCR

Total RNA was isolated with TRI Reagent (Zymo Research)
and reverse-transcription of 1 pg RNA was performed with
Superscript II (Thermo Fisher Scientific) according to the
manufacturer’s protocol using random hexamer primers.
The produced cDNA was amplified with Taq polymerase
using a standard PCR protocol.

Microscale thermophoresis (MST)

The measurement method is based on the directed movement
of molecules along a temperature gradient, an effect termed
‘thermophoresis’. A local temperature difference AT leads to
a local change in molecule concentration (depletion or enrich-
ment), quantified by the Soret coefficient ST: chot/ccold = exp
(-STAT). For the measurement, the Monolith N115 from
Nanotemper has been used. The experiments were done by
using 10 uM Cy5 labelled rancRNA_18 diluted in MST buffer
(provided by Nanotemper) and a serial dilution of S. cerevisiae
80S ribosomes starting at 2.5 uM f.c. The binding was per-
formed in binding buffer (20 mM Tris acetate pH 7.6, 0.1
M KOAc, 5 mM Mg(OAc),). Measurements were performed
according to the manufacturer's instructions.

Crosslinking and primer extension

For crosslinking experiments, synthetic rancRNA_18 carrying
two photo-reactive 4-thio-uridine (4tU) residues was 5’
*?P-labelled (see Supplementary Table S1 for RNA and DNA
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oligomer sequences). 50 pmol of radioactively labelled synthetic
RNA was incubated with 5 pmol of yeast 80S ribosomal particles
and the reaction was performed in binding buffer at room
temperature for 30 min in a final volume of 20 pl
Subsequently, samples were placed on ice and photo-irritated
with UV light of 366 nm wavelength for 15 min, followed by
PCI extraction and EtOH precipitation. The crosslinked protein
samples were analysed by 12% tricine gels or by SDS-PAGE
(5%) To detect the site(s) of crosslinking to rRNA, unlabelled
4tU-rancRNA_18 was crosslinked to S. cerevisiae 80S ribosomes
as described above. Subsequently, primer extension analysis was
employed on purified rRNAs as previously described [9].

Puromycin reaction

Peptide bond formation activity was tested using a peptidyl
transferase assay. Puromycin reactions were performed in
25 pl binding buffer (20 mM Tris acetate pH 7.6, 0.1 M
KOAc, 5 mM Mg(OAc), containing 10 pmol of S. cerevisiae
80S ribosomes, 0.8 pmol N-Acetyl-[SH]Phe- tRNAPP® (15,000
cpm/pmol), 10 pmol poly(U) or heteroplymeric mRNA and, if
indicated, 100 pmol of synthetic rancRNA. After a pre-
incubation for 15 min at 37°C, the reaction was initiated by
the addition of puromycin to a final concentration of 1 mM.
The reaction was incubated for 30 minutes at 37°C. Reactions
were stopped by the addition of 5 pl 10 M KOH and incuba-
tion at 37°C for 20 minutes. After the addition of 100 pl 1 M
KH,PO, the reaction product (N—acetyl—[3 H]Phe-puromycin)
was extracted with 1 ml cold ethyl acetate by vigorously
mixing for 1 min and subsequent centrifugation at
13,000 rpm for 1 minute. After centrifugation, 800 pl of the
upper organic phase were measured by liquid scintillation
counting.

Spheroplasts, polysome profiling and RNA extraction

In order to generate samples for RNA sequencing, 240 ODgqo
of exponentially growing cells were harvested by centrifuga-
tion and spheroplasts were prepared by incubation with
Zymolyase 100 T (Zymo Research) [28]. Equal amounts of
spheroplasts (each corresponding to 80 ODgyo of cells) were
electroporated either with or without 3.6 nmol synthetic
rancRNA_18 or rancRNA_18-M2 and a small aliquot was
transferred to YPD containing 1 M sorbitol to perform meta-
bolic labelling with **S-methionine for 80 min (labelled cul-
ture) [11]. The remaining spheroplasts were immediately
resuspended in 40 ml prewarmed YPD containing 1 M sorbi-
tol and recovered in parallel for 80 min in the absence of
35S-methionine (unlabelled culture). Metabolic labelling reac-
tions were analysed by SDS-PAGE and autoradiography,
whereas polysome profiling was performed with the unla-
belled culture. To this end, 100 pg/ml cycloheximide was
added to the culture and the cells were poured on frozen
YPD medium containing 1 M sorbitol and 100 pg/ml cyclo-
heximide, harvested by centrifugation and washed with 1 M
sorbitol containing 100 pug/ml cycloheximide. Cell lysis was
performed in lysis buffer (20 mM HEPES-KOH pH 7.4,
100 mM KOAc, 2 mM Mg(OAc),, 0.5 mM DTT, 1 mM
PMSF, 100 upg/ml cycloheximide) with glass beads using

FastPrep24. Cleared and adjusted lysates were loaded on
a 10-40% sucrose gradient prepared in lysis buffer without
PMSF and centrifuged for 2 h 15 min at 39,000 rpm and 4°C
in an SW41 Ti rotor (Beckman Coulter). Gradients were
pumped out with 50% sucrose and polysome profiles were
monitored at 254 nm using the Brandel density gradient
fractionation system. Total and polysome-associated RNA
was isolated with the hot-phenol method [30].

Analysis of RNAseq data

The used reference for the high throughput sequencing data-
set was the strain: BY4742, downloaded from the
Saccharomyces Genome Database [31]. The sequenced raw
reads were aligned to the reference using Hisat2 software with
the default settings [32]. The reads aligned with high rates to
the reference genome ~ 95% across all samples.

The reads aligned over genomic features were counted
using featureCounts software [33]. Downstream analysis was
performed with R scripts. DESeq2 [34] was used for reads
normalization across libraries and differential abundance by
contrasting polysomal mRNA (P) to total mRNA (T) (for
determining translation efficiency TE). For each mRNA in
a particular condition (either mock, rancRNA_18 or
rancRNA_18-M2), a P/T ratio of reads was calculated, fol-
lowed by a log2 transformation. A negative P/T ratio indi-
cated that the corresponding mRNA was poorly translated
while a positive ratio indicated efficient translation. r* coeffi-
cients for fold-changes between the mock and the
rancRNA_18 (or rancRNA_18-M2) data were determined by
the double-sided t test for association between paired samples,
using Pearson’s product moment correlation coefficient [35].

Cryo-EM

For Cryo-EM studies, we used gradient purified 80S ribo-
somes from trml0A cells in a final concentration of 0.1 ug/
ul together with 800 times molar excess of rancRNA_18 in
binding buffer. Binding was done at room temperature (RT)
for 30 min. Vitrification of the sample for cryo-EM was
performed using an FEI Vitrobot Mach 4 on Quantifoil 2/1
grids with or without 2 nm carbon film at 4°C and 100%
chamber humidity. The grids were briefly glow discharged in
a Balzers CTA 010 prior to plunging (15 seconds, 10-15 mA).
3 pl of the ribosome sample at 0.1 mg/ml was added to the
grids and then the Vitrobot procedure was performed with
10 seconds waiting time, blot force —1 and 2-4 seconds blot
times. Grids were stored in liquid nitrogen until acquisition.

The acquisition was performed on an FEI Tecnai F20
microscope equipped with a Falcon III direct detector using
a Gatan 626 cryo-holder. All acquisitions were performed in
nanoprobe mode for both overview and exposure. Microscope
alignment was carefully adjusted for maximum resolution.
Parallel illumination was set for the exposure, focus and
drift modes. Refilling of the cryo-holder was performed
using an in-house built robot every 3 h. In order to obtain
the best possible results, beam alignments (including astigma-
tism and coma-free) were performed every 3-4 h during daily
acquisition and after 7-8 h overnight acquisition. As rough,



on the fly control for the alignment images on the carbon area
were acquired. An acceptable alignment was considered when
we could observe thon rings up to 3 A in the Fourier
Transform. Images were acquired in movie mode using FEI
EPU and a total dose of 65-75 e-/A2 with a pixel size of 1.052
(100,000x magnification).

Image processing was performed using Relion ([36],
Motioncor [37] and Ctffind [38]. Following motion correction
and CTF estimation, the images were selected based on the
resolution estimated by ctffind followed by visual inspection.
Relion automatic picking was performed using classes
obtained from 2000 manually picked particles. Following
manual and automatic picking, particles were extracted with
a box size of 450 pixels and reference-free 2D classification
was performed (100 classes, 25 iterations, 360 A mask, default
Relion parameters). Several approaches were tested to sepa-
rate different conformations present in the sample. Best
results were achieved by performing an initial refinement
run with the particles belonging to the good classes from the
initial 2D classification run (427,367 particles for the Control
sample and 507,761 particles for the rancRNA_18 sample).
The initial round of refinement was performed with
a reference map low pass filtered at 50 A and a soft circular
mask with a diameter of 360 A. After the refinement of all the
particles, maps with a final resolution of 6.5 A and 5.2 A were
obtained for control and rancRNA_18 samples, respectively.
Following refinement, all the particles were subjected to
a round of 3D Classification with their respective reference.
The particles were classified in 10 classes without image
alignment, with a soft circular mask of 360 A. All the classes
were compared and inspected. The particles from the four
best classes from each sample were then selected and sepa-
rately refined as 80S or with the density corresponding to the
40S subtracted from each image using the implemented par-
ticle subtraction procedure from Relion [39] and a mask for
the 40S subunit. All segmentations of the maps (classes and
refinements) were performed in Chimera [40] and masks
were created using Relion mask creation procedure. In addi-
tion, for refinements of the 60S particles, soft masks made
from the maps of the 3D classification were used instead of
only a soft circular mask. A separate round of refinement of
all subtracted particles excluding the particles from tRNA
containing classes yielded maps with final resolutions of
44 A and 5.1 A for rancRNA_18 and control samples,
respectively.

Multibody refinement was performed in Relion as four
rigid bodies after binning by 2. In brief, all particles were
processed into a consensus refinement and four masks were
created in Chimera to cover the large subunit (LSU - body 1),
the small subunit (SSU - body 2) the head domain (Head -
body 3) and the L1 stalk (body 4). The multibody refinement
was performed with respect to the LSU on the main classes
identified by 3D classification. Principal component analysis
performed by Relion on the orientation of the bodies in
respect to the LSU resulted in a series of ten maps for the
first principal components. Movies representing motions
described by the principal components were created using
Chimera. In preparing the figures emphasizing the observed
motions, only the extreme conformations (first and last) are
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represented. The movement of the three main components of
selected classes was quantified as follows. First, the distance of
selected components between the two extreme conformations
(‘displacement range’ in Supplementary Table S2) was mea-
sured using Chimera ‘Distance’ feature. Subsequently, the
weighted average displacement was calculated by integrating
the element-wise product of the conformation frequency dis-
tribution and the absolute distance of the conformation to the
mean conformation.

Results

rancRNA_18 has one ribosomal binding site on the large
subunit

In our previous study, we showed that rancRNA_18 derives
from the TRM10 mRNA transcript, is primarily bound to 80S
and 60S ribosomal particles in vivo and is capable of inhibit-
ing protein synthesis both in vivo and in vitro [11]. Yeast cells
lacking rancRNA_18 expression showed an extended lag
phase under hyperosmotic conditions and genetic analyses
demonstrated that Trm10, a tRNA methyltransferase, does
not contribute to rancRNA_18 functionality during high salt
stress. During hyperosmotic conditions, rancRNA_18 shifts
from the 60S subunits and 80S monosomes into the polyso-
mal fractions. Expression of a mutant version of rancRNA_18
harbouring three nucleotide substitutions (referred to as
rancRNA_18-M2) failed to affect protein biosynthesis [11].
To better characterize the rancRNA_18 interaction with the
ribosome, binding saturation and microscale thermophoresis
experiments with Cy5-labelled rancRNAs were performed
employing ribosomes isolated from the trmlI0A strain, thus
guaranteeing a vacant binding site (Supplementary Figure
SIA and B). The inhibitory activity of Cy5-labelled
rancRNA_18 on translation was verified by metabolic label-
ling and turned out to be similar to the unmodified
rancRNA_18  control  (Supplementary  Figure S1C).
Microscale thermophoresis allows to accurately measure dis-
sociation constants based on the phenomenon that unbound
and ribosome-bound Cy5-labled rancRNA_18 moves differ-
ently in the established microscale temperature gradient [41].
The in vitro binding assays revealed a single rancRNA_18
binding site per ribosome and an apparent Ky of 0.6 uM
(Supplementary Figure S1B). This binding affinity is in
a physiologically reasonable range, considering the previously
determined in vivo concentrations of rancRNA_18 of 1.1 uM
[11]. The mutated rancRNA_18-M2, which failed to inhibit
protein synthesis and metabolic labelling, had an almost 30-
fold reduced binding affinity to yeast ribosomes
(Supplementary Figure S1B).

rancRNA_18 is a bona fide ncRNA

rancRNA_18 is located within the TRMIO gene, which
encodes a tRNA methyltransferase [42]. Deletion of the entire
TRM10 locus resulted in the loss of rancRNA_18 expression
as well as of the tRNA methyltransferase activity and resulted
in a yeast strain with retarded growth rate under hyperosmo-
tic conditions [11]. Subsequent genetic investigations
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demonstrated that the growth phenotype of the trm10A strain
originated from the lack of the rancRNA_18 rather than from
the missing methyltransferase activity [11]. To unravel the
minimal genomic region required to express functionally
active rancRNA_18, nine different 3’ truncated versions of
the TRMI10 locus were expressed from plasmids in the
trmI0A strain. In all truncated versions the endogenous
TRMI10 promoter was used and the ATG start codon of the
TRMI0 gene was mutated to CTG in order to render the
transcripts non-translatable [11]. Northern blot analysis
demonstrated that the shortest construct that gave rise to
rancRNA_18 is 105 nucleotides long (when position 1 is
defined as the first nucleotide of the TRMI0 start codon)
(Figure 1A). Concomitantly to the rancRNA_18 appearance
a larger band became evident in northern blot analyses (ref.
11 and Figure 1A), which possibly represents a 49 nucleotide
long precursor as determined by 3’ RACE (rapid amplification
of ¢cDNA ends) experiments (Supplementary Figure S2A).
This 49-mer, however, does not affect translation as assessed
by metabolic labelling (Supplementary Figure S2B). Thus,
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a transcript of about 100 residues is necessary and sufficient
for proper processing of rancRNA_18.

To test if the rancRNA_18 molecules expressed from trun-
cated TRM10 constructs are biologically active during hyper-
osmotic stress conditions, growth recovery at high NaCl
concentrations was performed as described previously [11].
All cells expressing the rancRNA_18 from truncated TRM10
constructs were able to recover under high salt conditions like
the full-length wild type control (Figure 1B). In contrast, cells
lacking rancRNA_18 expression (truncated construct A9)
could not recover from high salt stress in the same time
frame and thus behaved like the trmI10A strain (Figure 1B).

In order to investigate if the genomic localization of
rancRNA_18 expression matters and to also physically sepa-
rate the rancRNA_18 gene construct from the TRM10 locus,
we knocked-in the truncated construct A6 (Figure 1A) into
the trmI10A strain. According to a previous study that char-
acterized chromosomal integration sites in S. cerevisiae [27],
chromosome V was chosen as a suitable insertion of the A6
construct. Expression of the chromosomally integrated A6
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Figure 1. rancRNA_18 is a bona fide ncRNA in S. cerevisiae. (A) schematic overview of the truncated versions (A7 — A9) of the TRM10 locus. the grey bar close to the 5'
end depicts the location of rancRNA_18. the presence of rancRNA_18, and the putative 49-mer processing intermediate, was assessed via northern blot analysis (55
rRNA served as loading control). all constructs were expressed from a plasmid in the trm70A strain, whereas the original start codon was replaced by a CTG codon to
prevent translation of the transcripts (11). ev, empty vector control. (B) growth recovery after 1,050 minutes under hyper-osmotic conditions of wildtype (wt) and
trm10A cells (black bars) was compared to trm10A cells expressing truncated versions of the TRM10 locus. n = 2, mean =+ SD. (C) growth of the knock-in strain that
expresses the truncated TRM10 construct A6 from a novel genomic location (knock-in + ev) in high salt media was compared to the wt cells or to the strain carrying
either no additional plasmid (ev) or the plasmid encoding the full-length TRM10 locus (pTRM10). n = 6, mean * SD. (D), growth competition between a mixture of
equal starting amounts of two strains differing only in the absence (white) or presence (grey) of rancRNA_18 expression in normal (no stress) or high salt containing
media. cultures were grown to stationary phase and colony forming units (cfu) determined. cultures were then re-diluted and cfu determined at each stationary

phase. n = 3, mean + SD.



construct was verified using RT-PCR with construct-specific
primers (Supplementary Figure S3). To ascertain the func-
tionality of rancRNA_18 in the A6 knock-in strain, growth
was monitored at elevated salt concentration. While wild type
cells, as well as trml0A cells complemented with the wt
TRMI0 gene expressed from a plasmid (pTRM10) were able
to resume growth in hyperosmotic medium, cells lacking
rancRNA_18 were not (Figure 1C). Importantly, A6 knock-
in cells expressing rancRNA_18 from the new host chromo-
some V (but lack any Trm10 tRNA methyltransferase expres-
sion), were also tolerant to high salt stress (Figure 1C). Thus,
rancRNA_18 expression confers efficient growth under
hyperosmotic stress regardless of its genomic location and is
independent of the TRMI0 methyltransferase locus.
Therefore, the A6 sequence encoding rancRNA_18 behaves
like a bona fide ncRNA gene.

To examine if the presence of rancRNA_18 has an influ-
ence on the biological fitness of yeast cells, we performed
growth competition experiments between two strains, which
only differ by the presence or absence of rancRNA_18.
Therefore, we made use of the A6 knock-in strain, which
expresses a functionally active rancRNA_18 (Figure 1C), and
transformed it with a plasmid encoding the M2_TRM10 gene
locus. This construct contains three synonymous mutations in
the TRMI10 open reading frame shown not to alter tRNA
methyltransferase activity of the encoded enzyme, but
destroying rancRNA_18 activity in vitro and in vivo
(Supplementary Figure S1 and ref. 11). The other strain used
in the growth competition set up was the trml0A strain
transformed with the same plasmid harbouring the
M2_TRMI0 construct. In contrast to the first strain, this
strain only produces a fully functional Trm10 enzyme but
lacks any functional rancRNA_18 transcripts. For the growth
competition experiment, both strains were mixed in a 1:1
ratio normalized for ODgyy and growth was monitored in
normal and high salt media. At stationary phase, cells were
plated and colony forming units were determined. Stationary
phase cultures were subsequently re-diluted into fresh media
and allowed to grow to stationary phase again. This procedure
was repeated in total three times. The obtained data suggest
that after several re-dilutions, the strain expressing functional
rancRNA_18 out-competed the strain lacking rancRNA_18
indicating that the presence of this ncRNA increases biologi-
cal fitness (Figure 1D). This growth advantage was apparent
even under unstressed conditions but became much more
pronounced in high salt media (Figure 1D). In summary,
the data obtained demonstrate that rancRNA_18 is
a functional ncRNA that provides a physiological advantage
to S. cerevisiae and reveals its chromosomal locus as bona fide
ncRNA gene.

The RNase Ill homolog Rnt1 is involved in rancRNA_18
biogenesis

In yeast, Rnt1 is the only known RNase III [43] and is known
to be involved in the processing of small nucleolar RNAs
(snoRNAs), ribosomal RNAs (rRNAs) and has been shown
also to cleave RNA in trans analogous to Argonaut proteins
[44]. Argonaut endonucleases, however, are absent in
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S. cerevisiae. Rntl is an essential gene in this strain back-
ground and can therefore not be deleted from the chromo-
some. Thus, in order to investigate if Rntl is involved in the
processing of rancRNA_18 from the TRMI10 mRNA tran-
script, we made use of a tetracycline-inducible depletion
strain of Rntl. We first checked the growth rate of this strain
after tetracycline-mediated Rntl depletion and compared it to
the un-induced strain as well as to the wt strain. Cells depleted
of Rntl show a severely compromised growth phenotype with
a 7-fold slower rate compared to both control strains (Figure
2A,B). To explore if Rntl is involved in rancRNA processing,
total RNA was isolated and tested for rancRNA_18 expression
by northern blot analysis. Upon Rntl depletion loss of the
rancRNA_18 signal as well as of the 49-mer precursor signal
became evident (Figure 2C). To investigate whether this
rancRNA_18 loss is specific to Rntl depletion or the conse-
quence of general cell stress upon depletion of an important
RNase, we included the two RNase deletion strains lacking
either XRN1I or RRP6 in the northern blot analyses. In both of
these strains, the expression of the rancRNA_18 was not
influenced, indicating that Rntl is specifically involved in
the biogenesis of the rancRNA_18 (Figure 2C).

The experiment with truncated versions of the TRMI0
locus revealed that a minimal length of 105 nucleotides is
needed for proper rancRNA_18 expression in vivo (Figure
1A,B). Secondary structure prediction of this 105 residues
long TRMI10-mRNA fragment suggested rancRNA_18 of
being located in a hairpin structure followed by a short hair-
pin structure closed by a 5-AGAA-3' tetraloop (Figure 2A).
A tetraloop of the 5-AGNN-3' family has been described as
one of the primary RNA binding motifs of the Rntl enzyme
[45]. To corroborate the finding about a possible involvement
of Rntl in rancRNA_ 18 biogenesis, the tetraloop was mutated
from 5-AGAA-3' to 5'-GAAA-3' in the context of the A6
construct (Figure 1A). Both the wt and the tetraloop mutant
(TL) were expressed from a plasmid and growth was mon-
itored at high salt concentrations. Under these conditions,
rancRNA_18 expression is crucial for optimal growth (ref.
11 and Figure 1B,D). Under these hyperosmotic conditions,
the 5'-GAAA-3' tetraloop mutant strain loses its ability to
grow efficiently and behaves essentially like the trm10A strain
(Figure 2D). Importantly, performing the same experiment in
normal media, conditions under which rancRNA_18 is not
pivotal for effective growth [11], all strains, including the 5'-
GAAA-3' tetraloop mutant and the trm10A strain, showed wt-
like doubling times (Figure 2D). These data are compatible
with the view of Rntl being involved in processing
rancRNA_18 from the TRM10 mRNA transcript.

MRNA-Seq reveals rancRNA_18 as global translation
inhibitor

Our recent study suggests that rancRNA_18 is needed for
a fast reduction of translational activity in response to hyper-
osmotic stress, which allows adaptation processes to be estab-
lished [11]. Upon high salt stress rancRNA_18 has been
shown to shift from the 60S ribosomal subunits and 80S
monosomes into the polysomal fractions accompanied by
reduced translational activities. Here we wanted to clarify if
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Figure 2. Rnt1 is involved in rancRNA_18 biogenesis. (A) secondary structure prediction of the 5 ‘end of the TRM70 mRNA with the rancRNA_18 sequence indicated
in red and a downstream AGNN tetraloop in orange. (B) growth analysis of a tetracycline (tet)-inducible rnt7 depletion strain (tetos) in the presence (orange) or
absence (green) of doxycycline compared to wildtype (wt, black and blue). n = 6, mean + SD (C) northern blot analysis on total RNA isolated from wt, trm10A, xrn14,
rrp6A and Rnt1:tet cells either in the absence (-tet) or presence (+tet) of tetracycline. the locations of rancRNA_18 and the putative 49 nucleotides long precursor are
indicated. the ethidium-bromide stained tRNAs serve as a loading control. (D) growth of the tetraloop mutant strain (orange) compared to wildtype (black) and
trm710A (blue) strains was monitored either in normal (left) or high salt media. as a complementation control the trm10A strain transformed with a plasmid containing

the wt TRM10 locus (green). n = 3, mean =+ SD.

rancRNA_18-mediated translation inhibition happens on
a global scale or whether certain mRNAs are preferentially
translated by rancRNA_18-containing ribosomes under high
salt conditions. If rancRNA_18 is a global inhibitor of protein
production affecting all mRNAs to the same extent, the same
set of mRNAs are expected to be found in polysomes either in
the presence or absence of rancRNA_18. On the other hand, if
the association of rancRNA_18 to ribosomes and polysomes
leads to the production of salt stress-relevant proteins, the
mRNA pool in polysomes will differ in the presence of
rancRNA_18.

In order to investigate which of the two possible scenarios
is true, spheroplasts derived from trm10A cells were electro-
porated with synthetic rancRNA 18 or the inactive
rancRNA_18-M2 variant. Northern blot analysis and meta-
bolic labelling confirmed that under these conditions the
synthetic rancRNA_18 associates with 80S and polysomes
and inhibits protein synthesis (Figure 3A,B), thus mimicking
high salt stress conditions [11]. Subsequently, the mRNA
pools from the polysomal fractions as well as from total
mRNA were isolated and analysed by RNA-Seq. mRNA levels
were quantified from two biological replicates and the transla-
tion efficiency (log, fold-changes of polysomal mRNA/total
mRNA) was determined. Comparison of the translation

efficiencies between the sample electroporated in the absence
of any synthetic RNA (mock) and the rancRNA_18 sample
showed a high correlation (r* = 0.699) (Figure 3C). Similar
unchanged translation efficiencies were obtained when
mRNA-Seq data were compared between the mock and the
rancRNA_18-M2 samples (Figure 3D). These mRNA-Seq
analyses do not support the scenario where rancRNA_18
induces specialized translation. The data are therefore compa-
tible with the view that rancRNA_18 inhibits protein bio-
synthesis on a global scale.

RancRNA_18 affects tRNA binding to the ribosome

Since rancRNA_18 globally inhibits protein biosynthesis in an
efficient manner (Figure 3A), we assumed that it binds to
a functionally important region on the ribosome. To gain
insight into ribosome association behaviour, in vitro binding
competition experiments were performed with radiolabeled
rancRNA_18 and unlabelled mRNA or tRNAs. Constant
levels of gradient-purified yeast 80S ribosomes were incubated
with *?P-labelled rancRNA_18 and increasing amounts of
in vitro transcribed LEU2 mRNA or yeast bulk tRNA and
analysed by filter binding. While the binding affinity of the
rancRNA_18 was not affected by mRNA (Figure 4A),
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Figure 3. rancRNA_18 is a global translational inhibitor. (A) spheroplasts from trm10A cells were electroporated with synthetic rancRNA_18 or the mutant version
rancRNA-18-M2 and used for metabolic labelling. electroporation in the absence of synthetic RNA (mock) and samples containing the translational inhibitor
cycloheximide (CHX) served as controls. radioactively labelled proteins were analysed with SDS-PAGE and autoradiography. coomassie brilliant blue (CBB) stained
proteins serve as loading control. signals were quantified and normalized to the no RNA (mock) control. n = 2, mean =+ SD. (B) polysome profiling was performed
with recovered spheroplasts, RNA was isolated from collected fractions and separated on a denaturing polyacrylamide gel. the distribution of the synthetic
rancRNA_18 in the retrieved fractions was visualized by northern blot analysis. (C and D) scatter plots showing translation efficiencies (log2 fold-changes; FC) of
sequencing data from total (T) and polysome-associated (P) mRNA from spheroplasts electroporated with no RNA (mock), synthetic rancRNA_18 or rancRNA_18-M2,
respectively. different colours indicate mRNAs that show a different association to polysomes in both conditions (green), in samples electroporated with rancRNA_18
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deacylated yeast tRNAs markedly reduced ribosome binding
with an IC50 of 1.9 uM (Figure 4B). The reciprocal experi-
ment, when *?P-labelled tRNAs were chased by increasing
amounts of unlabelled rancRNA_18 showed the same compe-
tition effect (Supplementary Figure S4A). On the other hand,
rancRNA_18-M2 failed to compete with tRNA for ribosome
binding (Supplementary Figure S4B), which highlights the
sequence specificity of this effect. To explore the competition
in more detail, we designed experiments to investigate specific
tRNA binding sites on the ribosome. For the P-site competi-
tion experiment, increasing amounts of deacylated tRNAF™

were  bound to  ribosomes  programmed  with

a heteropolymeric mRNA analogue harbouring one unique
Phe codon in the presence of radiolabeled rancRNA_18
(Figure 4C). Even at the highest tRNA™ concentration,
rancRNA_18 binding was unaffected, suggesting no binding
overlap at the P-site. Unaffected peptide bond formation
activities in the presence of rancRNA_18 between the pepti-
dyl-tRNA analogue Ac-[*H]Phe-tRNA"™ and puromycin in
P- and A-site, respectively, support this interpretation (Figure
4D). To assess possible A-site binding effects we constructed
a pre-translocation ribosomal complex (Figure 4E). To this
end, the P-site of poly(U)-programmed ribosomes was first
blocked by saturating amounts of deacylated tRNAF™
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Figure 4. RancRNA_18 has an influence on A-site tRNA binding. (A) dot blot filter binding analysis was used to analyse binding competition of radiolabeled
rancRNA_18 with increasing amounts of LEU2 mRNA to 5 pmol purified yeast ribosomes. the signal in the absence of 80S particles (bkgd) was subtracted. ns, not
significant. n = 2; mean £ SD. (B) as in (A) but with increasing amounts of yeast bulk tRNA. The rancRNA_18 binding data (n = 3; mean + SD; * p < 0.05) are blotted
as function of increasing tRNA competitor concentration and the trend-line is depicted. (C) dot blot approach to investigate ribosome binding competition between
radiolabeled rancRNA_18 and P-site bound deacylated tRNAPP® (red). n = 3; mean + SD. (D) peptidyl transfer between P-site bound N—acetyl-[3H]Phe-tRNAPhe and
A-site located puromycin was assessed in the absence or presence of rancRNA_18. S30 cell extract was used as a control if additional factors are needed for
rancRNA_18 functionality. n = 2; mean + SD. (E) A pre-translocation complex formed on poly(U) mRNA analogues carrying deacylated tRNAP" in the P-site (red) and
N—acetyl—[3H]Phe—tRNAPhe in the A-site (green) was used to investigate effects of unlabelled rancRNA_18 addition on tRNA occupancy. extend bound A-site tRNA was
assessed via filter binding. n = 6; mean £ SD; * p < 0.05, **** p < 0.0001. (F) as in (E) but in the presence of increasing amounts of rancRNA_18-M2.

followed by binding of Ac-[’H]Phe-tRNA®™ to the A-site
either in the absence or presence of increasing amounts of
unlabelled rancRNA_18 (Figure 4E). Additionally, an analo-
gous pre-translocation complex was constructed employing
a physiologically more relevant heteropolymeric mRNA pos-
sessing unique Met and Phe codons with deacylated tRNA™<*
and Ac-[’H|Phe-tRNA™ in the P- and A-sites, respectively
(Supplementary Figure S5). The authenticities of the pre-

translocation complexes using two different mRNAs were
verified by the puromycin reaction (Supplementary Figure
S5A and B). With the addition of increasing amounts of
rancRNA_18 binding of Ac-[H]Phe-tRNA to the A-site
was markedly reduced in both cases in a dose-dependent
manner with apparent IC50 values between 0.1 and ~1 uM
(Figure 4E and Supplementary Figure S5C). Also in this set-
ting, the mutant version rancRNA_18-M2 did no effect on



tRNA/ribosome complex formation (Fig. 4F). Binding com-
petition experiments with cycloheximide, a small molecule
translation inhibitor, which binds to the ribosomal E-site
and is a known translation elongation blocker [46] did not
show any effect either (Supplementary Figure S4C).
Collectively the data suggest that binding of rancRNA_18 to
the yeast ribosome has an effect on A-site tRNA binding.

Cryo-EM structure of 80S ribosomes with bound
rancRNA_18

In order to better understand the changes to the ribosome
structure upon binding of rancRNA_18 and to characterize
the rancRNA_18 binding site in more detail, we decided to
directly visualize 80S particles using cryo-EM [47]. To this
purpose we used gradient-purified 80S ribosomes from the
trm10A strain, to which we added rancRNA_18 carrying the
4-thio-U modifications and crosslinked the complex at
366 nm. As negative control, ribosomes without the addition
of rancRNA_18 were used. An initial refinement of all parti-
cles showed no large-scale differences between the control and
the rancRNA_18 samples. At the obtained resolution of 4.4-
5.1 A the map comparison revealed small changes mostly in
the L1 stalk region suggesting the presence of different ribo-
some conformations (Supplementary Figure S6). Following an
initial reference-free 2D classification and 3D refinement, the
aligned particles were subjected to a round of 3D classification
into eight sub-classes (Supplementary Figure S7).
Interestingly, already from this classification, the two datasets
showed several differences. On the one hand, in the control
sample, three out of the four best classes (~58% of all parti-
cles; classes I,-I.) had empty A-, P-, and E-sites, and the
fourth class (9.8% of all particles; class II) containing density
in the P- and E-sites. On the other hand, in the sample
containing rancRNA_18, only 23.4% of all particles were
empty (class I,; Supplementary Figure S7). In the
rancRNA_18 containing sample, a new class of particles
became evident (18.5% of all particles) that showed a faint
extra density between the P- and E-tRNA binding site regions
(class III). Two minor classes populated by 13.7% and 12%,
respectively, showed density in the P- and E-sites (class II) or
only in the P-site (class IV) (Supplementary Figure S7).
Comparison of completely empty ribosomes (class I) with
particles possessing this rancRNA_18-dependent extra density
(class III) showed a slight inward shift of the L1 stalk towards
the E-site in particles carrying rancRNA_18 (Supplementary
Figure S8). Refinement of class III did not significantly
improve the extra density resolution, suggesting that
rancRNA_18 is somewhat flexible. The obtained structural
data can be interpreted in several ways. Either rancRNA_18
interacts with the 60S particles in a site located in between the
P- and E-tRNA binding sites (Figure 5A and class III of
Supplementary Figure S7), or the interaction of rancRNA_18
with the large ribosomal subunit leads to a higher percentage
of ribosomes locked in conformations with tRNA either in
both E- and P-sites or in an intermediate P/E state (classes II
and IV of Supplementary Figure S7). While the cryo-EM data
alone do not allow discriminating between these scenarios,
our biochemical evidence (Figure 4B,C) supports rather the

RNA BIOLOGY 1

first scenario where rancRNA_18 interacts with the ribosome
at a site located in between the empty P- and E-tRNA binding
sites (class III in Supplementary Figure S7 and Figure 5B).

To substantiate this interpretation, we decided to employ
the newly implemented multibody refinement and principal
component analysis of Relion [48] for the class of particles
containing the extra density near the 60S E-site tRNA which
provided a characterization of the motions in the complex. As
control we used the empty class obtained from the dataset of
ribosomes incubated with rancRNA 18 (Supplementary
Figure S7; class I,) as well as the empty class from the control
dataset obtained in the absence of rancRNA_18. Analysing the
behaviour of the particles described by the first three principal
components (Supplementary Figure S9) revealed a marked
reduction in the dynamics of ribosomes carrying the
rancRNA_18-dependent extra density in particular at the L1
stalk (Supplementary Figure S10, Supplementary Movie S1,
and Supplementary Table S2). As expected, in both controls
the first three principal components describe motions related
with the head domain of the small subunit and the L1 stalk
region of the large ribosomal subunit. In contrast, the analysis
of the rancRNA_18 treated sample showed no significant
motion of the L1 stalk density suggesting that the ribosome-
bound rancRNA_18 significantly restricts this otherwise
highly mobile region. The small subunit head domain of the
particles carrying rancRNA_18 behaved similarly to the
control.

RancRNA_18 cross-links to the 60S E-site region

In order to confirm that the extra density obtained in the
class III particles (Supplementary Figure S7) corresponds to
rancRNA_18, cross-linking experiments with rancRNA_18
carrying two 4-thio-U modifications to its ribosomal-
binding site were performed. Biological activity of the
4-thio-U modified rancRNA_18 was assessed by
a metabolic labelling assay (Supplementary Figure SI1).
Guided by the tRNA binding competition (Figure 4B,E)
and cryo-EM data (Figure 5A,B) we focused the detection
of putative rancRNA_18 crosslinking sites via primer exten-
sion analysis to the tRNA binding sites on the large subunit
rRNA. While no primer extension stops were detected in the
60S A-site region, two rancRNA_18 crosslinking sites were
detected at positions C2675 and C2693 located in domain
V of 255 rRNA (Fig. 6). Since we cannot exclude the possi-
bility that also ribosomal proteins contribute to the
rancRNA_18 binding site, the crosslinking experiment was
repeated with 5'-[*°P] labelled 4-thio-U rancRNA_18.
Subsequent to irradiation of the 80S yeast ribosomes, the
r-proteins were separated on an SDS gel and exposed to
a phosphorimager screen. A single prominent radiolabeled
protein band in the size range of 22-26 kDa became apparent
(Supplementary Figure S12). In this size range, r-proteins L1
and L11 (uLl and uL5, respectively, according to the novel
nomenclature of r-proteins [49]) are expected. Displaying the
observed rRNA crosslinking sites at 25S rRNA residues
C2675 and C2693 on the 3D structure of the yeast ribosome
reveals a single putative rancRNA_18 binding site at the
E-site region of the large ribosomal subunit close to the
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A

rancRNA_18

rancRNA_18

Figure 5. Cryo-EM structure of yeast ribosomes with bound rancRNA_18. (A) structure of the 60S ribosomal subunit (wheat) with highlighted rancRNA_18-dependent
extra density (red), overlaid with the observed densities for P- and E-site tRNAs (blue) and the L1 stalk (green) in its closed conformation at 4.4 to 5.1 A resolution. (B)
representation of the 60S ribosomal subunit with rRNA in dark grey and ribosomal proteins in light grey. the observed rancRNA_18-dependent extra density (red),
the two observed crosslinking site (C2675 and 2693, yellow),) and the L1 stalk (green) in its slight inward position are highlighted. (C) zoom into the rancRNA_18-
dependent extra density (red) in close proximity to the observed crosslinking sites (C2675 and C2693, yellow) and r-protein L11 (uL5) (orange).

base of the L1 stalk. The ribosomal protein that approaches
these crosslinking sites most closely is r-protein L11 (uL5)
(Figure 5C). Combining the cryo-EM data showing an extra
density in the E-site region (class III particles) with the
4-thio-U rancRNA_18 crosslinking results, revealed an
immediate proximity of the crosslinking sites at 255 rRNA
positions C2675 and C2693 and the rancRNA_18-dependent
extra density (Figure 5B,C). The nearest r-protein located to
this extra density is L11 (uL5) (Figure 5C).

Thus, within the limitations of the obtained cryo-EM reso-
lution, the combination of the structural data with the cross-
linking results supports our interpretation that this additional

electron  density ribosome-bound

rancRNA_18.

corresponds  to

Discussion

Here we present biochemical, genetic and structural evidence
for the biogenesis, mode of action and target site of a small
ribosome-associated ncRNA, called rancRNA_18, in
S. cerevisiae. rancRNA_18 is an mRNA-derived regulatory
ncRNA whose biogenesis involves the RNase III homolog
Rntl (Fig. 2). rancRNA_18 binds to the large ribosomal
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Figure 6. RancRNA_18 cross-links to the 60S E-site region. the sites of cross-linking (x-link) of rancRNA_18 carrying two 4-thio-U modifications (4tU-rancRNA_18) to
80S ribosomes were monitored by primer extension analysis and revealed cross-linking sites to C2675 (red) and C2693 (blue) of helix 84 of the 25S rRNA. experiments
in the presence of 4tU-rancRNA_18 without irradiation (lane 4) or in the absence of 4tU-rancRNA_18 with irradiation (lane 5) served as controls. cross-linking
experiments and primer extension analyses were performed on two biological replicates. the primer extension stop marked with an asterisk could not always be

detected using different primers and thus was excluded from further discussions.

Lane 1 (ddTTP) and 2 (ddGTP) indicate dideoxy sequencing lanes. location of cross-

linking sites (arrows) are shown in the secondary structure model of yeast 25S rRNA (PTC, peptidyl transferase centre).

subunit and 80S monosomes during optimal growth but shifts
into polysomes upon hyperosmotic stress [11]. Ribosome-
bound rancRNA_18 rapidly shuts down protein biosynthesis
in vivo and in vitro. Yeast cells devoid of rancRNA_18 are

hampered in their biological fitness during hyperosmotic con-
ditions as documented in growth competition experiments
with an otherwise isogenic yeast strain (Figure 1D). Even
under optimal growth conditions, the presence of
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rancRNA_18 provides an advantage to some extent, thus
indicating that this rancRNA-mediated translation regulation
system is not solely beneficial during challenging environ-
mental conditions for yeast. During hyperosmotic stress,
how can such a small RNA molecule affect the much larger
ribosome during protein synthesis in such an efficient and
rapid manner? Is inhibition of translation a global phenom-
enon or are some mRNAs immune to rancRNA_18 inhibition
that might be crucial for salt stress adaptation?

In order to address these two fundamental questions, we
have analysed the translatome of yeast spheroplasts in the
absence or presence of rancRNA_18 by deep sequencing
polysome-associated mRNAs. The results of this transcrip-
tome-wide analysis is clear and identified rancRNA_18 as
a global inhibitor of translation, since the mRNA pool in
polysomes does not change upon rancRNA_18 binding (Fig.
3). To uncover the molecular mechanism, we elucidated the
rancRNA_18 binding site on the large ribosomal subunit.
Based on the fact that yeast rancRNA_18 can also inhibit
plant, mammalian and bacterial ribosomes [11], a highly con-
served binding pocket was expected. Indeed, the cryo-EM
structure of rancRNA/80S complexes revealed extra density
near the tRNA E-site region of the large subunit (Fig. 5,
Supplementary Figure S9B). Crosslinking experiments with
rancRNA_18 carrying the zero-length photo-reactive group
4-thio-U provided further evidence for a binding site in the
evolutionarily highly constrained domain V of 25S rRNA near
the tRNA E-site region (Fig. 6). The structure of the
rancRNA/80S complexes gave more detailed insight into the
molecular interactions. Ribosome-bound rancRNA_18 loca-
lizes close to, but not entirely overlapping, the P- and E-site
tRNAs (Figure 5A). In particles with bound rancRNA_18, the
highly dynamic L1 stalk region of the large ribosomal subunit
adopts a slightly inward conformation and the density also
becomes to some extent more ordered (Supplementary Figure
S8). However, our structural analysis reveals that the density
we assigned to ribosome-bound rancRNA_18 is only detect-
able in particles lacking P- and E-site tRNA densities (Figure
5B and Supplementary Figure S7; class III). The L1 stalk
region is known for its flexibility, and it has been shown to
be involved in E-tRNA ejection from the ribosome [50]. Thus
it is possible that rancRNA_18 restricts the motion of the L1
stalk and thereby freezes this dynamic part of the ribosome in
a particular state, which is incompatible with efficient tRNA
release. This interpretation is supported by our cryo-EM
multibody refinement analysis, which shows drastically
reduced L1 motion in ribosomes with bound rancRNA_18
(class III, Supplementary Figure S10, Supplementary Movie
S1, and Supplementary Table S2). The small residual L1
motion is a swing up-down, and not the functionally relevant
swing into and out of the inter-subunit cavity, which furthers
support our model.

Since rancRNA_18 and E-site tRNA cannot co-exist on the
same ribosome, it is possible that rancRNA_18 binds the large
subunit every time the E-site is vacant, such as during transla-
tion initiation. This interpretation is compatible with our pre-
vious findings showing that rancRNA_18 binding leads to
a concomitant increase of monosomes and decrease of poly-
somes, a pattern indicative of an initiation block [11].

Furthermore, we previously demonstrated that rancRNA_18
does not inhibit ribosomes during the elongation phase [11],
again hinting at initiation as the primarily affected step of
protein biosynthesis. P-site binding competition and transpep-
tidation data (Figure 4C,D), showing no inhibition of peptide
bond formation between P-site located peptidyl-tRNA and
A-site bound puromycin, are in line with the cryo-EM structure
revealing rancRNA_18 binding near the E-site region of the 60S
subunit (Fig. 5). However, the binding competition between
rancRNA_18 and A-site bound tRNA (Figure 4E and
Supplementary Figure S5C) appears in conflict with
a rancRNA_18 binding site close to the E-site. Yet, biochemical
evidence exists that argues for a functional link between the
ribosomal A- and the E-sites. Predominately Nierhaus and co-
workers entertained the idea that an occupied E-site results in
an A-site with decreased tRNA affinity (and vice versa) [51].
RancRNA_18 photo-crosslinks to two residues in helices 84
(C2675) and 85 (C2693) of 25S rRNA (Fig. 6). Ribosomal
protein L11 (uL5) in S. cerevisiae has previously been shown
to possess a dynamic loop region which can modulate the
solvent accessibility of helix 84 [52] a helix we show here to be
cross-linked to rancRNA_18. Interestingly, an LIl (uL5)
mutant that restricts L11-loop dynamics by freezing its interac-
tion with helix 84 negatively affected A-site tRNA occupancy. It
is therefore possible that rancRNA_18, when bound to its
binding site near helix 84/85, similarly restricts L11 (uL5)
dynamics and thereby reduces the affinity of the A-site for
incoming tRNAs. More recent structural and single molecule
FRET evidence showed that E-site occupancy on the large
ribosomal subunit influences the dynamic rotational movement
between the two ribosomal subunits which shapes the A-site
conformation [53-55]. In 2014 another relevant ribosomal
dynamic in eukarya was uncovered, namely subunit rolling
[56]. During this conformational change, the small ribosomal
subunit rolls in the direction of the L1 stalk (in the post-
translocational state) thus opening the A-site region.
Therefore, subunit rolling reciprocally opens and closes the A-
and E-site regions of the ribosome during its oscillation between
the pre- and post-translocational states. It is possible that bound
ligands (such as rancRNA_18 close to the E-site) might influ-
ence these conformational changes. Our analyses on ribosomal
structural dynamics are in line with this interpretation since we
observe a severe inhibition of L1 stalk movement in the riboso-
mal complexes carrying rancRNA_18 (Supplementary Movie
S1, Supplementary Figure S10 and Supplementary Table S2).
In the light of these data, it is conceivable that rancRNA_18
binding close to the E-site affects A-site affinity of tRNAs, thus
explaining our filter binding observation (Figure 4E and
Supplementary Figure S5C). Cumulatively, the acquired struc-
tural and biochemical data support a model, where
rancRNA_18 binding close to the ribosomal E-site region ham-
pers 60S subunit dynamics, decreases A-site tRNA binding
affinity and interferes with the structural mobility of the L1
stalk. This whole network of rancRNA_18-dependent altera-
tions on the ribosome prevents the efficient transition from
the initiation to the elongation phase of protein synthesis thus
resulting in a global down-regulation of translation and conse-
quently of all metabolic activities. To the best of our knowledge
the rancRNA_18 binding site on the large ribosomal subunit



(involving 25S rRNA helices 84 and 85 close to r-protein L11
(uL5)) does not overlap with interaction pockets of known small
molecule  translation inhibitors (e.g.  cycloheximide;
Supplementary Figure S4C) thus representing an unexplored
target site for potential future design of small molecule
inhibitors.

rancRNA_18 is the first of its class whose ribosome-
binding site has been identified in molecular detail. In com-
bination with the available biochemical and genetic evidence,
its mode of action as a potent and swift inhibitor of global
protein biosynthesis can be better understood. The class of
rancRNAs includes small as well as long ncRNAs [7,17] and
has been shown to be functionally very heterogeneous. Beside
global inhibitors of translation [9,10,13,14,16] and this study),
recent studies identified mRNA-specific rancRNA in the halo-
philic archaeon H. volcanii [12] and in the human parasite
T. brucei [16]. Inhibiting protein biosynthesis is, however, not
the only function a rancRNA can possess. Very recently,
a ribosome-associated tRNA 3’ half has been uncovered in
the human parasite T. brucei that stimulates global protein
synthesis during starvation stress recovery [8]. rancRNAs
have been found in all three domains of life and all so far
functionally characterized members perform their particular
roles during specific stress situations. rancRNAs affect protein
production within minutes upon environmental challenges
thus arguing for a regulatory role during the first wave of
cellular response. It therefore seems that rancRNA-mediated
translation control is multifaceted, stress-specific and swift,
thus adding a so far largely unknown layer of gene expression
regulation acting directly at the ribosome.
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