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SUMMARY

The structural and functional repertoire of small
non-protein-coding RNAs (ncRNAs) is central for
establishing gene regulation networks in cells and or-
ganisms. Here, we show that an mRNA-derived 18-
nucleotide-long ncRNA is capable of downregulating
translation in Saccharomyces cerevisiae by targeting
the ribosome. This 18-mer ncRNA binds to poly-
somes upon salt stress and is crucial for efficient
growth under hyperosmotic conditions. Although
the 18-mer RNA originates from the TRM10 locus,
which encodes a tRNA methyltransferase, genetic
analyses revealed the 18-mer RNA nucleotide
sequence, rather than the mRNA-encoded enzyme,
as the translation regulator. Our data reveal the ribo-
some as a target for a small regulatory ncRNA and
demonstrate the existence of a yet unkown mecha-
nism of translation regulation. Ribosome-targeted
small ncRNAs are found in all domains of life and
represent a prevalent but so far largely unexplored
class of regulatory molecules.

INTRODUCTION

Small non-protein-coding RNA (ncRNA) molecules are key
players in controlling gene expression at multiple steps in all
domains of life (Amaral et al., 2008; Huttenhofer et al., 2005;
Mattick, 2004; Tuck and Tollervey, 2011). In the past years, it
became evident that ncRNAs represent a widespread class of
regulatory molecules shaping cellular life (Aalto and Pasquinelli,
2012). The advantage of ncRNA regulators is their almost imme-
diate availability because they act on the RNA level and thus
do not need to be converted into a polypeptide in order to fulfill
their cellular function. Translation represents the last step in gene
expression, and its regulation allows a swift and reversible adap-
tion to changing environmental conditions (Gebauer and Hentze,
2004). The list of validated ncRNAs regulating translation, such
as micro RNAs (Huntzinger and lzaurralde, 2011; Krol et al.,
2010) and small-interfering RNAs (Mello and Conte, 2004), is
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growing steadily; however, they almost exclusively target the
mRNA rather than the ribosome, the key enzyme of protein
biosynthesis. This is unexpected given the central position the
ribosome plays in cell metabolism and the assumption that the
protoribosome originated in the RNA world (Crick, 1968; Steitz
and Moore, 2003) and thus likely depended on regulatory input
from nonproteinous cofactors such as small metabolites or short
ncRNAs. In contemporary biology, protein biosynthesis is a very
energy-demanding process and therefore rigorously regulated
in response to environmental changes. Controlled translation
regulation enables a cell or an organism to fine-tune its proteome
in time and space. Regulatory input is typically given by stress-
induced modifications (e.g., phosphorylation) of essential
initiation factors, by mRNA-binding proteins that can sense
environmental changes (e.g., iron regulatory proteins), or by
the action of mMRNA-targeted microRNAs (Gebauer and Hentze,
2004). The yeast S. cerevisiae is one of the few characterized
eukaryal organisms known to lack components of the RNA
interference machinery and thus lives without microRNA and
small interfering RNA (siRNA) translation regulation (Houseley
and Tollervey, 2008).

Here, we set out to functionally characterize an mRNA exon-
derived 18-residue-long ncRNA candidate that was picked up
in our recent genomic screen for ribosome-bound small RNAs
in S. cerevisiae (Zywicki et al., 2012). We show that this 18-mer
RNA fragment is a functional ncRNA capable of adjusting trans-
lation rates by interacting with polysomes under hyperosmotic
growth conditions.

RESULTS

An mRNA-Derived 18-mer RNA Associates with
Ribosomes In Vivo

To identify potential alternate mechanisms of translation regula-
tion in S. cerevisiae and to address the question whether small
ncRNAs exist that directly target the ribosomes under specific
growth conditions, we investigated the ribosome-associated
RNome (size range ~15-500 nucleotides) (Zywicki et al., 2012).
In addition to known ribosome-bound ncRNAs (tRNAs, 7SL
RNA), 20 mRNA exon-derived fragments, sized between 18
and 70 nucleotides, copurified with ribosomes. The most abun-
dant mRNA fragment originates from the TRM170 locus, which
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Figure 1. The mRNA-Derived 18-mer RNA Associates with Ribosomes In Vivo
(A) Schematic representation of the S. cerevisiae TRM10 locus with its embedded 18-mer ncRNA candidate (shown in red). The wild-type (wt) sequence (bold;
black) as well as two variants (M1, M2) of the 18-mer used in this study are shown below. The point mutations (green) were designed such that they generate

synonymous codons in the context of the TRM70 open reading frame.

(B) Northern blot analyses on total RNA isolated from unstressed (—) or stressed cells (hyperosmotic stress: elevated NaCl or sorbitol [sorb]; heat, cold, or low pH
stress). The presence of the 18-mer RNA and of a putative ~45-nucleotide-long precursor is indicated by arrows. The ethidium-bromide-stained 5S rRNA serves
as loading control. The relative abundance of the 18-mer RNA under different conditions was quantified relative to the 5S rRNA signal.

(C) The cellular distribution of the 18-mer RNA between the postribosomal supernatant (S100) and the ribosome-containing pellet (P100) fractions was assessed
by northern blot analyses. Distribution in the unstressed wt strain was compared to the wt strain at high NaCl concentration, to the trm704 strain (A) or to the
rm104 strain expressing the wt or the M2 mutant variant of the TRM70 locus from a plasmid (A + p_wt, A + p_M2). Ethidium-bromide-stained tRNAs serve as
loading controls. The quantifications of three independent experiments is shown below the blots (P: P100 fraction; S: S100 fraction).

encodes a tRNA methyltransferase (Jackman et al., 2003). The
resulting TRM70 mRNA piece is 18 nucleotides long and is
located 28 residues downstream of the translation start site (Fig-
ure 1A). The 18-mer RNA, and a putative ~45-residue-long pro-
cessing intermediate, was expressed in a stress-independent
manner (Figure 1B). By comparing the northern blot signals for
the 18-mer RNA in the pellet fraction of a 100,000 x g centrifu-
gation (P100) of cell lysates, which contains the ribosomes,
with the corresponding supernatant (S100) (see Supplemental
Information available online for details), about 80% of the signal
was detected in the P100 fraction. This demonstrates that the
vast majority of cellular 18-mer RNA is associated with ribo-
somes in vivo (Figure 1C).

The TRM10 18-mer ncRNA Binds to Polysomes under
Hyperosmotic Stress and Promotes Cell Growth

To gain insight into the in vivo function of this 18-mer ncRNA
candidate, the growth characteristics of a TRM10 knockout
strain (trm7104) were investigated under nine different growth
conditions. In line with previous reports (Gustavsson and Ronne,
2008; Jackman et al., 2003), the lack of the TRM10-encoded
methyltransferase had no growth phenotype under most condi-
tions (Figures S1A-S1F). However, under hyperosmotic stress
conditions in the presence of elevated concentrations of NaCl
or sorbitol, the trm704 strain showed a slow growth phenotype
(Figures S1G and S1H). To test if and how the TRM10-derived
18-mer fragment plays a role in this phenomenon, polysome
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profiling and genetic analyses were performed. Even though
the total portion of ribosome-associated 18-mer RNA remains
constant in unstressed and high-salt-stressed cells (Figure 1C),
polysome profiling revealed significant differences. Polysome
profiling identified nontranslating 80S ribosomes in unstressed
and polysomes in salt-stressed cells as main targets (Figure 2A).
More than 80% of 18-mer was associated with 80S ribosomes
and 60S subunits in unstressed cells, and only a minor portion
entered the actively translating polysome pool. However, the
fractional distribution changed markedly upon salt addition. Un-
der these hyperosmotic conditions, the 18-mer RNA relocates
and almost 80% was present in the polysomes, whereas it was
almost completely absent in the 80S ribosome fraction (Fig-
ure 2A). Although the data shown in Figures 1C and 2A indicate
a direct interaction between ribosomes and the 18-mer RNA,
they do not unequivocally exclude the possibility of an mRNA-
association mechanism. To clarify this, polysome profiling was
performed in the presence of EDTA, conditions known to remove
and dissociate translating polysomes from mRNAs (del Prete
et al., 2007). If the 18-mer was mRNA bound, it is expected to
shift into the pool of free RNA on top of the gradient, whereas
it should remain in heavier fractions, when the 18-mer RNA
was ribosome associated. Northern blot analysis revealed that
the 18-mer RNA sediments primarily in the 60S ribosomal
subunit fraction and does not accumulate in the free RNA pool
(Figure 2B). These data demonstrate that 18-mer RNA targets
the 60S subunit in vivo.
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Figure 2. The 18-mer RNA Binds to 60S Ribosomal Subunits

(A) Northern blot analyses on ribosome-associated RNA obtained from density
gradient (top) fractions of cells grown in rich medium (unstressed; black trace)
or in high-salt medium (NaCl stress; gray trace). Equal portions of each
gradient fraction were loaded for analyses. The fractional distribution of the
18-mer RNA in the different fractions is given at the bottom of the blot.

(B) Polysome profiling of ribosomal particles isolated from cells grown under
high-salt conditions was performed in the absence (black trace) or in the
presence of EDTA (dotted trace). The fractional distribution of the 18-mer RNA
between polysomes, 80S, 60S, and 40S, and the pool of free RNAs was
determined by northern blot analysis. The quantification is always given below
the blot. The experiments shown in (A) and (B) were repeated at least three
times, whereas the SDs were less than 14%.

To explore the role of the ribosome-bound 18-mer RNA
fragment during cell growth under stress conditions, genetic
complementation experiments were performed. Northern blot
analyses showed that the TRM10-derived 18-mer RNA was ex-
pressed and associated with ribosomes also when the gene was
transcribed from the plasmid (Figure 1C). As expected, no north-

ern blot signal for the 18-mer RNA was evident in the trm104
strain thus demonstrating that this RNA fragment derives from
the TRM10 gene. To monitor growth under stringent high-salt
conditions, the strains were first grown to stationary phase in
stress medium, diluted with fresh stress medium, and subse-
quently allowed to resume growth. Complementation experi-
ments under these harsh stress conditions demonstrated that
the markedly reduced growth of the trm704 strain could be
rescued by expressing the TRM10 locus from a plasmid (Fig-
ure 3A). To distinguish whether the absence of the TRM10-en-
coded tRNA methyltransferase or the mRNA-derived 18-mer
RNA fragment is responsible for the growth defects, we either
introduced a UGA stop codon or introduced synonymous muta-
tions (M1, M2) within the mRNA 18-mer region (Figure 1A). These
experiments showed that cells expressing a nontranslatable
TRM10 mRNA had no growth defect at elevated salt concentra-
tions (Figure 3A), even though no active tRNA methyltransferase
was produced (Figures 3C and 3D). The reciprocal experiment,
when two (M1) or three (M2) synonymous codons were intro-
duced into the TRM10 gene, showed the opposite effect.
Despite the fact that an active tRNA methyltransferase was ex-
pressed (Figure 3D), the cells failed to resume growth in high-
salt medium (Figure 3B). These data reveal the lack of the
mRNA-derived ncRNA candidate and not the mRNA-encoded
tRNA methyltransferase as the cause for the observed growth
defects at high-salt concentrations. The M1 and M2 mutants
could not recover growth thus demonstrating the sequence spe-
cific mode of action of the TRM 10 18-mer RNA. In support of this,
the M2 mutant version of the 18-mer RNA was also largely ab-
sent from ribosomes (Figure 1C). Therefore, in order to promote
growth under hyperosmotic conditions, the 18-mer RNA needs
to physically interact with ribosomes in vivo. The 18-mer RNA
acts specifically under hyperosmotic conditions, because its
absence did not result in a growth phenotype during heat or
cold shock (Figure S2).

The 18-mer ncRNA Inhibits Protein Biosynthesis In Vivo
and In Vitro

To study the role of the TRM70 18-mer fragment in vivo, we
adapted a metabolic labeling approach using yeast spheroplasts
(Russell et al., 1991) by measuring the **S-Met incorporation into
newly made proteins (Figure 4A). Introducing the 18-mer RNA
into the spheroplasts by electroporation resulted in an almost
complete inhibition of protein biosynthesis, whereas a scram-
bled 18-mer RNA control had no effect (Figure 4B). Gel electro-
phoresis and autoradiography indicated global translation
inhibition, thus arguing for a general downregulation of protein
synthesis in the presence of the 18-mer RNA (Figure 4C). Quan-
tification of the uptake efficiency of the synthetic 18-mer into
spheroplasts indicated the presence of about 200,000 mole-
cules per cell, thus roughly equaling the ribosome concentration
(Warner, 1999). Also, in this assay, the inhibitory function of the
18-mer RNA was sequence specific because RNA strands con-
taining two (M1) or three (M2) mutations (Figure 1A) were unable
to affect metabolic labeling of cellular proteins (Figure 4B). Addi-
tionally, also the secondary structure context of the 18-mer
sequence within the introduced RNA strand influenced the
inhibitory potential (Figure S3).
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Figure 3. Growth Characteristics of the
TRM10 Knockout Strain

(A and B) Growth of the wt strain was compared to
the TRM10 knockout strain trm704 (A) in high NaCl
medium in the stringent “redilution assay.” The
growth characteristics of the trm704 strain car-
rying the TRM10 gene on a plasmid (A + p_wt) was
furthermore compared to strains that were com-
plemented with the start-codon mutant plasmid
(A + p_TGA), or plasmids harboring synonymous
codon mutations in the TRM10 open reading frame
(A + p_M1; A + p_M2). In (B), the cell density of
a wt culture that was rediluted to ODggo 0.1 and
subsequently incubated in high NaCl medium for
1,050 min (black bar) was set to 100%. Each
experimental point was done in triplicates, and
the growth curves were repeated three times. The
mean and the SDs are shown. See also Figures S1
and S2.

(C) Schematic representation of S. cerevisiae
tRNA®Y secondary structure is shown, whereas
the guanosine at position 9 is colored in red and is
either unmethylated (G) or methylated at nucleo-
base position 1 (m'G). Activity of the TRM10-en-
coded tRNA methyltransferase was assessed by
monitoring the methylation status at G9 of tRNASY
by primer extension analysis (arrow indicates
primer binding site).

(D) In wt cells, G9 is fully methylated resulting in a
reverse transcriptase stop one nucleotide before

W <« full length

«nmG

<« primer

the methylation site, thus resulting in a 24-nucleotide-long product. In the trm704 strain (A) or in the trm104 strain expressing the untranslatable start-codon
mutant of TRM10 from a plasmid (A + p_TGA), G9 is unmethylated, and reverse transcription proceeds until the tRNA 5" end (full length). Expressing the TRM10-
gene-containing synonymous mutations (A + p_M1 and A + p_M2) in the open reading frame within the 18-mer region from a plasmid, the tRNA methyltransferase
was active, thus resulting in an almost quantitative m'G modification. A radiolabeled 24-mer DNA oligo served as length marker (left lane). Two separate

representative polyacrylamide gels are depicted.

These results described above indicate that the TRM70
18-mer RNA targets protein biosynthesis. To corroborate these
findings, in vitro translation reactions were performed using
S. cerevisiae cell extracts. Addition of the 18-mer RNA, but
not the M2 mutant, clearly reduced in vitro protein synthesis
to a similar extent as the known translation elongation inhibitor
cycloheximide (Figure 5A). Translation inhibition by the 18-mer
RNA was dose dependent with an apparent IC5q of 2.5 uM (Fig-
ures 5B and 5C). This value is in a physiologically reasonable
range considering the in vivo concentrations of the 18-mer
RNA (1.1 puM; Figure S4) and of yeast ribosomes (~8 uM)
(Petelenz-Kurdziel et al., 2011; Warner, 1999). Notably, the
yeast 18-mer RNA was also able to inhibit in vitro translation
in a wheat germ system with a slightly increased ICsq of 7 uM
but affected mammalian and bacterial protein biosynthesis
to a lesser extent (Figure S5). To gain insight whether the
18-mer interferes with translation initiation or elongation, the
S. cerevisiae in vitro translation assay was slightly modified.
Complete reactions were assembled in the absence of radiola-
beled methionine and 18-mer RNA at the regular temperature
of 23°C, thus allowing translation initiation and elongation. Sub-
sequently, the reactions were placed on ice and 3°S methionine
and 13 uM synthetic 18-mer were added (Figure 5D; condi-
tion Il). At low temperature, translation initiation is massively in-
hibited (Al-Fageeh and Smales, 2006; Hofmann et al., 2012),
whereas already initiated ribosomes can continue protein syn-
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thesis. Under these conditions that prevent reinitiation, the
18-mer RNA had no inhibitory effect on in vitro translation activ-
ity (Figure 5D). On the other hand, when the 18-mer and 3°S
methionine were added in an experimental set-up that also
monitors translation initiation (condition I, Figure 5D), significant
translation inhibition was observed. These findings thereby sug-
gest the 18-mer RNA to interfere with the initiation phase of
protein biosynthesis.

Ribosome-Bound 18-mer ncRNA Rapidly Attenuates
Metabolic Activity Allowing Stress Adaptation

The lack of the 18-mer RNA fragment results in a severely
retarded growth under high-salt conditions (Figures 3A and
S1). Likely, the 18-mer ncRNA is needed to slow down the
metabolic activity in yeast when the environmental condi-
tions become unfavorable thus allowing the adjustment of
gene expression. If this assumption is correct, one expects
the trm104 strain to possess elevated translational activity,
reflected by a greater polysome fraction compared to the
wild-type (wt) strain in high-salt medium. To test this model,
polysome profiling as well as the translational activity of un-
treated cells were investigated and compared to cells after
salt-stress induction. Indeed, the strain lacking the TRM10
gene, and hence the 18-mer ncRNA, shows on average a
2.1-fold higher polysome:80S ratio at elevated salt concentra-
tions (Figure 6A). Although initially both strains had identical
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polysome profiles and metabolic activities under normal growth
conditions, 20 min of high salt stress resulted in an accumula-
tion of 80S ribosomes and a reduced polysomal fraction in the
wt strain as compared to the trm704 strain, arguing for transla-
tion initiation to be affected by the 18-mer RNA. The pool of free
ribosomal subunits, however, remained unaltered. These differ-
ences in the polysome profiles are also mirrored in the meta-
bolic activities. The trm104 strain had a markedly elevated
metabolic activity compared to the wt strain within the first
5-20 min (Figure 6B). Similarly, the strain expressing the M2
mutant variant of the 18-mer, an RNA molecule that is
unable to efficiently associate with ribosomes (Figure 1C), also
possessed an enhanced metabolic rate. These clear differ-
ences, however, disappeared rapidly after 45 min (Figure 6B).

DISCUSSION

The coordinated regulation of protein biosynthesis in response
to intra- and extracellular signals is pivotal for the establishment
of productive gene expression networks. Translation control
typically involves regulatory proteins or small ncRNA molecules
of the RNA silencing machinery. With the notable exceptions
of the bacterial tmRNA (Felden and Gillet, 2011) and the signal
recognition particle RNA (present in all domains) (Akopian
et al., 2013), all functionally characterized ncRNAs capable of
regulating protein biosynthesis (e.g., miRNAs and siRNAs in
eukarya, small antisense RNAs in prokarya) target the mRNA
rather than the ribosome directly.

Here, we present evidence that an 18-mer RNA fragment
from the TRM70 mRNA in S. cerevisiae associates with ribo-
somes and regulates protein synthesis under hyperosmotic
stress conditions. In vivo and in vitro data demonstrate that

P il //—\
\ )¥>\ J S)¥>

& &
AR A

-

Figure 4. The Effect of the TRM10-Derived
18-mer on In Vivo Protein Biosynthesis

(A) Protein synthesis in yeast spheroplasts was
monitored by a metabolic labeling procedure in the
presence or absence of synthetic 18-mer RNA
(red). The synthetic RNA was introduced into
the spheroplasts via electroporation, which results
in ~200,000 molecules/cell (see Supplemental
Experimental Procedures). The amounts of newly
synthesized proteins were assessed after addition
of %°S-Met and TCA precipitation.

(B) The incorporation of °S-methionine into the
proteome of yeast spheroplasts in the absence of
added RNA (no RNA) was taken as 100% and
compared to spheroplasts harboring the synthetic
18-mer RNA, a scrambled 18-mer (18-mer scr), or
18-mer RNA variants carrying point mutations (M1,
M2). Cycloheximide (CHX) served as a translation
inhibition control. The mean and the SD of at least
three metabolic labeling experiments are shown.
p values were determined by a two-tailed unpaired
Student’s t test. See also Figure S3.

(C) Newly synthesized proteins after the °S-
methionine spike in the absence of RNA (—) or
in the presence of the 18-mer RNA or cyclohexi-
mide were visualized by SDS PAGE and subse-
quent autoradiography. The Coomassie-stained
gel serves as a loading control.

35
S-Met
incorporation

coomassie

the TRM10 18-mer RNA represents a functional ncRNA in
S. cerevisiae where it attenuates protein biosynthesis under
high-salt conditions. This small ncRNA is remarkable in two
ways, namely, that (1) it is a functionally characterized ncRNA
deriving from the coding region of an mRNA, and (2) it belongs
to an emerging class of ncRNAs regulating translation by
directly associating with the ribosome. Association of the
18-mer RNA with the 60S ribosomal particles and reduction of
global protein synthesis is crucial for S. cerevisiae under hyper-
osmotic conditions. Strains lacking the 18-mer RNA or express-
ing a ribosome-binding-deficient mutant version thereof (M2;
Figure 1C) are significantly retarded in downregulating their
metabolic activities (Figure 6B). Especially the time window
between 5 and 45 min after salt-stress induction appears to
be crucial for the fate of S. cerevisiae for adapting to the new
environmental conditions. This fits to previous data (Gasch
et al., 2000) demonstrating that the transcriptome of yeast
cells quickly responses to various stress stimuli within the first
10-45 min, whereas, at later time points, it resembled the
unstressed RNome. Although the TRM70 mRNA follows this
expression trend (O’Rourke and Herskowitz, 2004), the
TRM10-derived 18-mer RNA fragment remains at constant
levels independent of stress induction (Figure 1B). Also, the
fraction of ribosome-bound 18-mer ncRNA remains constant
and does not change during hyperosmotic conditions (Fig-
ure 1C). Notably however, upon high salt stress the 18-mer
relocates almost quantitatively from nontranslating 80S ribo-
somes and 60S ribosomal subunits to translating polysomes
(Figure 2A). Because only the distribution but not the cellular
abundance of the 18-mer RNA changes upon stress induction
allows a rapid response to environmental signals without
the need for synthesizing new regulatory molecules. It is thus
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Figure 5. The 18-mer RNA Inhibits In Vitro Translation

(A) Addition of synthetic wt 18-mer RNA but not the M2 oligonucleotide (13 uM
f.c.) results in in vitro translation inhibition in S. cerevisiae. The sample in the
absence of any synthetic RNA (—) served as positive translation control and
was set to 100%, whereas reactions containing CHX served as the control for
translation inhibition. Values shown below the gel represent the mean and the
SD of three in vitro translation experiments.
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possible that the TRM70 18-mer RNA is involved in regulating
this first wave of stress adaptation under hyperosmotic condi-
tions by lowering the efficiency of protein biosynthesis and
thus slowing down overall metabolic activity.

From a mechanistic point of view, the 18-mer RNA func-
tions differently than known small ncRNA translation regulators
(such as miRNAs, siRNAs, or bacterial antisense RNAs),
because it directly binds to 60S ribosomal subunits and does
not target mRNAs (Figure 2). The polysome profiles of cells
exposed to hyperosmotic stress showed a decrease in the poly-
some/monosome ratio (Figure 2A), which is indicative of inhibit-
ing translation initiation (Uesono and Toh-E, 2002). In support of
this, addition of the 18-mer RNA to an in vitro translation reaction
under conditions that allow elongation but prevent reinitiation
does not affect protein production (Figure 5D). Even though
the 18-mer RNA is less abundant (~27,000 molecules/cell; Fig-
ure S4) than the ribosome (~200,000/cell), a dynamic relocation
between initiating and elongating ribosomes is sufficient to yield
global effects on translation (Figure S6).

Although it might appear counterintuitive at the first glance
that slowing down protein synthesis (Figures 4 and 5) can in
the end stimulate cell growth during stress (Figure 3), very recent
evidence suggests that the ribosome serves as a regulatory hub
in proteostasis and stress response (reviewed in Pechmann
et al., 2013; Sherman and Qian, 2013). The picture that emerges
from these recent findings is that slowing down translation, and
thereby increasing overall accuracy of protein synthesis and pro-
tein folding, actually improves protein homeostasis and stress
adaptation. It has been noted that repression of global transla-
tion seems faster than changes in regulatory signaling pathways
(Sherman and Qian, 2013), such as the TOR pathway that does
not appear to be involved in translation inhibition at the onset
of hyperosmotic stress (Uesono and Toh-E, 2002). The mo-
lecular entity that actually transmits the stress signal to the
translating ribosomes, however, remained enigmatic. Thus, the
18-mer ncRNA characterized in this study fulfills the criteria for

(B and C) The synthetic 18-mer RNA (added at 1-13 pM f.c.) inhibited in vitro
translation in yeast extracts in a dose-dependent manner. Product quantifi-
cation in the absence (no RNA) and in the presence of increasing amounts of
synthetic 18-mer RNA is shown. The mean and SDs of three independent
experiments are shown. See also Figure S5.

(D) The 18-mer RNA does not inhibit protein synthesis during the elongation
phase of translation (condition Il) but does so under conditions that allow
translation initiation (condition I). The time points at which the radioactive label
(®®S Met) and the 18-mer RNA were added as well as the incubation temper-
atures are indicated for each of the three assay conditions (the most important
features of the three different conditions are indicated in cursive). Product
quantification (cpm of TCA-precipitated proteins) of three independent
experiments in the absence (no RNA) or presence of 13 uM (f.c.) 18-mer are
shown (mean and SD). Cycloheximide (CHX), a known elongation phase
inhibitor, impedes product formation under both conditions | and Il. When
reactions in the absence of any inhibitor were kept at 0°C throughout the entire
experiment (condition Ill), essentially no product was formed, highlighting that
at low temperatures translation initiation is almost completely blocked (Ill; first
bar in the left graph). Background values (in average 3,700 cpm), obtained with
samples that were stopped immediately after the complete reactions were
assembled on ice, were subtracted from every experimental point. For (C) and
(D), the statistical significance of the 18-mer inhibition was determined by a
two-tailed unpaired Student’s t test (**p < 0.05).
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Figure 6. In Vivo Consequences of the Absence of the 18-mer RNA
on Polysome Profiles and on Metabolic Activities

(A) Polysome profiles of wt (black trace) and trm704 (A; pink trace) yeast cells
were compared before (unstressed) and after 20 min of high NaCl stress. The
location of the 40S, 80S, and polysomal fractions are indicated. Polysome
profiles were repeated three times.

(B) Comparison of the translational activities of wt, trm704 (A), and A + p_M2
strains after high-salt-stress induction was monitored by °S-methionine
incorporation. The 0 min time point represents the metabolic activities of un-
stressed cultures. The translational activity of the wt S. cerevisiae strain after
20 min NaCl stress was taken as 1.00. The mean and SDs of four independent
experiments are shown.

such a signaling molecule because it is already associated with
the translation machinery and can rapidly shift between initiating
and elongating ribosomes upon hyperosmotic stress induction
to swiftly attenuate the rate of translation. This allows stress-
specific adaptation programs to be established, which, in
turn, enable cells to survive under challenging environmental
conditions.

The origin of the 18-mer RNA (deriving by TRM70 mRNA pro-
cessing or from an independent transcript unit) has yet to be
determined. However, exon-derived RNA fragments have been
observed in numerous eukaryal deep-sequencing studies and
are likely the result of an evolutionarily conserved mRNA cleav-
age mechanism (Fejes-Toth, et al., 2009; Mercer et al., 2010).
The small RNA transcriptome of S. cerevisiae has been reported
to possess an abundant pool of 17- to 19-nucleotide-long RNA
molecules, which have been regarded as degradation products
of mMRNA, tRNA, and rRNA (Drinnenberg et al., 2009). In the light
of the accumulating evidence that some of these tRNA-derived
(reviewed in Gebetsberger and Polacek, 2013) and mRNA-
derived (this study) fragments actually possess cellular func-

tions, it appears more appropriate to refer to these RNA pieces
as processing rather than degradation products. The 18-mer
RNA described here, together with thousands of other candi-
dates that were picked up in analogous genomic screens in
various model organisms spanning all three domains of life
(Gebetsberger et al., 2012; Jiao and Meyerowitz, 2010; Zywicki
et al., 2012; our unpublished data), reveal the ribosome as a
target for small regulatory ncRNAs and suggest the existence
of a so far largely unexplored mechanism of translation control.
Future work on the small ncRNA interactomes of ribosomes
in a variety of model systems will allow deeper insight into the
conservation and functional repertoire of this emerging class of
regulatory ncRNA molecules.

EXPERIMENTAL PROCEDURES

Yeast Strains, Growth Conditions, and Constructs

S. cerevisiae strain BY4742 and all mutant cells derived from this strain were
grown in Sc-Leu medium at 30°C or at various stress conditions (see Supple-
mental Information for more details). 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
[f.c.] 0.7 M) or sorbitol (f.c. 1.025 M) for 72 hr. Subsequently the cultures
were rediluted to an ODgg of 0.1 into fresh stress medium, and cell growth
was monitored over 20 hr.

Primer Extension Analysis

To monitor the methylation status of m'Gg of tRNA®Y, primer extension anal-
ysis using the 5'-*?P-end-labeled primer 5'-CAACGTTGGATTTTACC-3' was
performed as previously described (Jackman et al., 2003; Polacek and Barta,
1998) (see Supplemental Information for details).

Metabolic Labeling

For metabolic labeling yeast spheroplasts (Russell et al., 1991) were mixed
with 10 pmol synthetic 18-mer RNA (or 3'-extended variants thereof) and
introduced into the cell via electroporation. After electroporation 1 ml
YPD/1 M sorbitol and 1 pl 353-methionine (1,000 Ci/mmol, 10 mGCi/ml)
were added, and the reaction was incubated for 1 hr at 30°C. The extent
of labeled proteins was monitored by TCA precipitation and subsequent
liquid scintillation counting or by SDS PAGE (see Supplemental Information).
To monitor the translational activity of S. cerevisiae cells (wt, trm104, or the
M2 mutant strain) after NaCl stress induction, 3 ml cultures were inoculated
overnight at 30°C in Sc-Leu medium. Stationary phase cultures were diluted
into fresh Sc-Leu medium to a final ODggo of 0.3 and incubated at 30°C in
the presence of high-salt-stress conditions (f.c.: 0.7 M NaCl). At indicated
time points aliquots were taken, and translational activity was monitored
for 10 min at 30°C by the addition of 1 pl 3S-methionine (1,000 Ci/mmol,
10 mCi/ml). After 10 min incubation, cells were pelleted and labeled proteins
were precipitated by adding 500 ul 20% TCA followed by liquid scintillation
counting.

In Vitro Translation

For in vitro translation, an S30 extract from S. cerevisiae was prepared (see
Supplemental Experimental Procedures for details) (Hofbauer et al., 1982).
For in vitro translation, 2.5 pl creatine phosphokinase (10 mg/ml; Roche),
7.5 ul CaCl, (20 mM), 25 pl 10 x translation cocktail (100 mM HEPES/KOH
[pH 7.5], 10 mM Mg[OAc],, 760 mM KCI, 4 mM GTP, 10 mM ATP, 19 amino
acid mix [500 uM each; methionine excluded)]), 5 ul creatine phosphate (0.6
M; Roche), and 2.5 ul Mg(OAc). (100 mM) were mixed with 150 ul S30 and
16 pl %°S-methionine (1,000 Ci/mmol, 10 mCi/ml). The resulting translation
mix was aliquoted into 12 pl portions and filled up to 15 pl with sterile H,O, syn-
thetic 18-mer RNA (10-200 pmol) or cycloheximide (7.5 ng/ ul), incubated at
23°C for 30 min, and the products were separated by SDS-PAGE. To test
whether translation initiation or elongation are inhibited by the 18-mer RNA,
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complete reactions, but lacking 3®S-methionine and the 18-mer RNA, were
assembled and preincubated for 10 min at 23°C. Subsequently the initiated
samples were cooled down to 0°C on ice for 5 min followed by the addition
of 3S-methionine and 13 uM of the 18-mer RNA. Translation elongation was
then carried out for 30 min at 0°C, stopped by TCA precipitation, and the
products were quantified by liquid scintillation counting (see Supplemental
Experimental Procedures for details).

Polysome Profiling

For polysome profiling, 150 Aygo units of S. cerevisiae cell extracts (see
Supplemental Information) were layered on top of a 10%-40% sucrose
gradient and centrifuged for 5 hr at 25,000 rpm in an SW28 swing-out rotor.
Polysomal, monosomal, and subunit fractions were isolated, and the ribo-
somal particles in the collected fractions were precipitated by adding 2.5
vol EtOH. The ribosome-associated RNA were purified by phenol/chloro-
phorm/isoamyl-alcohol (PCI) extraction and finally used for northern blot
analyses.

Northern Blot Analyses

For northern blotting, 15 ng total RNA extracted from wt or mutant cells under
different stress conditions was separated by denaturating polyacrylamide gels
(7 M urea) and subsequently electroblotted onto nylon membranes (Amersham
Hybond N*, GE Healthcare) as described (Gebetsberger et al., 2012). All
membranes were hybridized to a 32P-5'-end-labeled LNA probe (Exiqon)
complementary to the TRM70 18-mer RNA sequence.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.molcel.2014.02.024.
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Figure S1: Growth characteristics of the TRM10 knock-out strain under stress (related to
Figure 2). Growth potential of the TRM10 knock-out strain (trm104; A) was compared to S.
cerevisiae wild-type (wt) cells by monitoring growth at ODgp. No stark growth phenotype of
the trm104 cells relative to the wt strain was observed in rich medium (A), at low pH (B), at
elevated pH (C), at high (D) or low (E) temperatures, or during amino acid (aa) starvation
conditions (F). In contrast, under hyperosmotic stress conditions (0.7 M NaCl or 1.025 M
sorbitol, respectively) the trm104 cells showed a slow growth phenotype (G, H). Each
experimental point was done in duplicates and the growth curves were repeated three times.
The mean and the standard deviations are shown.
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Figure S2: Temperature stress does not influence growth of the TRM10 knock-out strain
(related to Figure 2). The growth after heat (A) or cold stress (B) was monitored by measuring
growth at ODggo after 1,050 minutes after stress induction. The cell densities of stationary
phase wt cultures that were re-diluted to ODgy 0.1 and subsequent incubated under
temperature stress conditions for 1,050 minutes (black bars) were set to 100%. Under both
temperature stress conditions the trm104 strain (A) or the TRM10 overexpression strain (A +
p_ADHI) grew similarly compared to the wt cells. Experiments were done in triplicates with
indicated standard deviations.
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Figure S3: Effects of secondary structure context of the 18-mer sequence on translation
inhibition in the metabolic labeling assay (related to Figure 4). Secondary structure
predictions of various 5’ parts of the TRM10 mRNA, including or excluding the 5’
untranslated region, always embedded the 18-mer sequence (red) in a stable stem-loop
structure. The synthetic 31-mer RNA (left) contains solely the predicted long stem-loop while
the 46-mer (right) carries in addition a predicted small 3’hairpin. The 31-mer, the 46-mer, or
mutant variants thereof (M3, M4; green) were introduced into yeast spheroplast. The
efficiencies of **S-Met incorporation into newly synthesized proteins in the presence of these
RNA strands are given in parentheses. The *°S-Met incorporation in the absence of synthetic
RNA was taken as 100%. Values shown represent the mean and the standard deviation of at
least three metabolic labeling experiments. P values were generated via a two-tailed unpaired
Student’s t test (** P < 0.05). The data highlight the importance of the small downstream
hairpin for possible processing of the active 18-mer fragment. Its destabilization (M3) causes
severe loss of translation inhibition while its restoration, by introducing compensatory
mutations (M4), almost completely recovered the inhibitory activity. We note that the signal
on the northern blots in Figs. 1B,C and Fig. 2 of the main text depict a ~45 residue long
putative processing intermediate which might correspond to the 46-mer RNA shown here.
Bioinformatic analyses revealed that the 18-mer sequence can be found in multiple eukaryotic
species however it is always located outside of the TRM10 paralogs, primarily in intergenic
regions.
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Figure S4: Quantification of the TRM10-derived 18-mer RNA abundance (related to
Figure 1). 15 g total RNA originating from 50 ml unstressed (-) or stressed wt yeast cells
(hyperosmotic stress: elevated NaCl or sorbitol (sorb); heat, cold, or low pH stress) were
loaded on a denaturing polyacrylamide gel. For quantification known amounts of the synthetic
18-mer RNA (2, 5, 10, or 50 pmol) were loaded on the same polyacrylamide gel and
subsequently transferred to a nitrocellulose membrane. A radiolabeled LNA antisense probe
against the TRM10 18-mer RNA was then used for hybridization. The signal for the 18-mer
RNA is indicated by an arrow. The intensities of the northern blot signals were quantified and
used to calculate the amount of the cellular TRM10 18-mer RNA concentration. Two
representative northern blots are shown (note that the lower blot is identical to the one shown
in Fig. 1B of the main text). The mean value of three quantification experiments revealed
~27,000 18-mer RNA molecules per yeast cell. Considering the volume of unstressed S.
cerevisiae cells of ~40 femtoliter (Petelenz-Kurdziel et al., 2011) gives a cellular 18-mer
RNA concentration of ~1.1 uM.
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Figure S5: Effect of the yeast TRM10 18-mer RNA on in vitro translation in different
systems (related to Figure 5). (A) In vitro translation using the wheat germ system was
performed either in the absence (-) or in the presence of the synthetic TRM10 18-mer RNA
(f.c. 514 pM). The reaction is inhibited by the 18-mer RNA with an apparent ICs of 7 uM.
Addition of 11 uM of an unrelated 18-mer RNA oligo (5 UCCCGUCAUCACCCACCA 3°)
served as specificity control. (B) In vitro translation using the rabbit reticulocyte system. The
reaction is inhibited by the 18-mer RNA with an ICsy of 14 uM. (C) The in vitro translation
reaction using the human system is only mildly inhibited by the TRM10 18-mer RNA and the
ICs0 is > 30 uM. (D) The 18-mer RNA inhibits the E. coli in vitro translation assay with an
ICso of 13 uM. Addition of 20 uM (f. c.) of a scrambled 18-mer (scr) had no effect on
translation efficiency. The positions of the full-length translation products in the SDS
polyacrylamide gels are marked by open arrowheads. The respective protein names are given
in the parentheses.
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Figure S6: Proposed model of 18-mer RNA-dependent translation inhibition and stress
adaptation (related to Figures 1-6). The presented data are compatible with the following
model: Under optimal growth conditions the 18-mer RNA (red) associates with 60S subunits
and 80S ribosomes during the initiation phase of protein synthesis. Upon rapid entering the
elongation phase (green arrow), the 18-mer dissociates and the ribosome can effectively
translate mMRNA vyielding dense polysomes. During hyperosmotic stress induction the
initiating ribosome cannot escape the initiation phase fast which results in an increased
monosome/polysome ratio (see Figure 2A of the main text). Ribosomes with bound 18-mer
ncRNA only enter slowly into the elongation phase yielding a sparse polysome population.
These salt-stressed polysomes do not dissociate the 18-mer RNA. This results in an almost
quantitative relocation of the 18-mer RNA from the initiating into the elongating pool of
ribosomes under hyperosmotic stress (see Figure 2A of the main text). These events attenuate
global protein synthesis and consequently cell metabolism thus allowing cellular stress-
adaptation programs to kick in. This temporal 18-mer ncRNA-depending down regulation of
protein synthesis during the onset of salt stress is crucial for subsequent efficient growth at
hyperosmotic conditions.



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Yeast strains, growth conditions and constructs. BY4742 (MATalpha, his3-41, leu2-40,
lys2-40, ura3-40) wild-type (wt) cells and all mutant cells derived from this strain were
grown in Sc-Leu medium (yeast synthetic complete drop out medium- Leu; Sigma Aldrich) at
30°C. BY4742 and the TRM10 knock-out strain (¢7m104; obtained from the Yeast MATalpha
Collection; Open BioSystems) were transformed with the empty pRS415 plasmid or pRS415
carrying the cloned TRM10 gene under its endogenous promoter, respectively. The start
codon mutant (ATG was changed to the stop codon TGA) as well as the synonymous codon
mutants M1 and M2 were introduced into the cloned TRM10 gene by PCR site-directed
mutagenesis. Cell growth was monitored under different stress conditions: cold shock (18 °C),
heat shock (38 °C), low pH (by adding HCI to a final pH 4.0), high pH (adding Tris/CI pH 8.5
to a final pH 8.0), amino acid starvation(Gasch et al., 2000), sugar starvation (in Sc-medium
without any galactose addition), hypo-osmotic conditions (Gasch et al., 2000), or hyper-
osmotic conditions (by adding NaCl to a f.c. of 0.7 M or by adding sorbitol to a f.c. of 1.025
M). For overexpression of the TRM10 locus, the TRM10 gene (as an untranslatable CTG start-
codon construct) was cloned under the control of the strong yeast promoter ADHI (yielding

the plasmid p_ADHI), and transformed into trm10A4.

Primer extension analysis. To monitor the methylation status of m'Gy of tRNA®Y, primer
extension analysis was performed as previously described (Jackman et al., 2003; Polacek and
Barta, 1998). As template total RNA was isolated using the MasterPure™ Yeast RNA
Purification Kit (Epicentre) according to the manufacturer's instructions. The reverse
transcription reaction (final volume: 5 pl) was stopped by the addition of 7 ul loading buffer
(60% formamide, 0.1% bromphenol blue, 0.1% xylene cyanol). An aliquot of the reactions
was run in 1 x TBE at 10 W constant power on 10% polyacrylamide gels and visualized by
using a Phosphorlmager (FLA-3000; Fuji Photo Film).

Metabolic labeling. Yeast spheroplasts were prepared from a 50 ml wt culture with an ODggo
of 0.6 by the addition of 350 U of zymolyase (Zymo Research) at 30°C for 25-30 min as
previously described (Russell et al., 1991). Spheroplasts were resuspended in 2 ml STC (1 M
sorbitol, 10 mM Tris/HCI pH 7.5, 10 mM CaCl,) and DMSO was added to a final
concentration of 15%. For one reaction 100 pl spheroplasts were combined with 10 pmol
synthetic 18-mer RNA (or 3’-extended variants thereof) (Microsynth) and electroporated
using the BioRad Micro Pulser (1,500 V, 25 plF, 200 Q). The scrambled 18-mer strand (5-
AAGUGAAGAAGGAAGAAA-3’) or 18-mer RNAs containing point mutations (M1: 5’-
AGGAAAAAGUUAAAAGAA-3’; M2: 5-AGGAGAAAGUUAAAAGAA-3’) served as



specificity controls. For a translation inhibition control 7.5 pg/pl cycloheximide was added to
the spheroplasts. Subsequent to electroporation 1 ml YPD/1 M sorbitol was added and the
reaction transferred into a 1.5 ml eppendorf tube. Under these conditions we were able to
introduce ~200,000 molecules of the synthetic 18-mer RNA per spheroplast. This
quantification was done by following the signal of a *’P-end-labeled 18-mer RNA. Yeast
spheroplasts were incubated in 1 ml YPD/1M sorbitol after electroporation with the 3*P-end-
labeled 18-mer. Spheroplasts were pelleted at 4,000 rpm (in a table-top Eppendorf centrifuge)
and washed with YPD/1M sorbitol. This pelleting/washing procedure was performed in total
two times. Finally the fraction of introduced *P-labled 18-mer RNA was determined by
measuring the pellet and the corresponding supernatant fractions by liquid scintillation
counting. For one reaction 450 pl of the sample was incubated at 30°C for 15 min before the
addition of 1 pl *S-methionine (1,000 Ci/mmol, 10 mCi/ml) and the incubation was
continued for 1 h. Labeled proteins were precipitated by adding 1 ml 20% (f.c.) TCA and
incubated at 95°C for 20 min followed by filtration through a glass-fiber filter and quantified
by liquid scintillation counting. For SDS PAGE analysis of labeled proteins, the spheroplasts
were collected by centrifugation at 4,000 rpm and the cell pellet was resuspended in 20 pl 2x
Laemmli buffer (125 mM Tris/HCI pH 6.8, 20% glycerine, 4% SDS, 10% 2-mercaptoethanol,
0.02% bromphenol blue). Samples were heated at 95°C for 3 min and loaded on a 10% SDS
PAGE. *S-labeled proteins were then visualized via a Phosphorimager (FLA-3000; Fuji
Photo Film) and analyzed with the Aida Image Analyzer program.

In vitro translation. For S. cerevisiae S30 extract preparation 1.5 | yeast culture was grown to
a final ODggo of 1.5 at 30°C in YPD medium and collected at 4,000 rpm. The cell pellet was
resuspended and washed three times in 15 ml ribobuffer (30 mM HEPES/KOH pH 7.5, 100
mM KOAc, 2 mM Mg(OAc),, 2 mM DTT, 0.1 mM PMSF, 8.5% mannitol). The cell pellet
was frozen in liquid nitrogen and ground three times in a pre-cooled mortar. The resulting
powder was resuspended in 9 ml ribobuffer with one additional TM complete tablet
(cOmplete mini, Roche) and subjected to an additional centrifugation step (30,000 x g, 7 min
at 4°C). The resulting S30 supernatant was aliquoted and snap-frozen in liquid nitrogen. In
vitro translation reactions were terminated by mixing them with an equal volume of 2 X
Laemmli buffer, heated at 95°C for 3 min and loaded on a 10 % SDS PAGE. Protein bands
were visualized by using a Phosphorimager (FLA-3000; Fuji Photo Film) and quantified with
the densitometric program Aida Image Analyzer. In vitro translation reactions in the wheat
germ (Promega), rabbit reticulocyte (Promega), human (Pierce Human In Vitro Protein
Expression Kit; Fisher Scientific), or E. coli (New England BioLabs) systems were performed

according to the manufacturer’s instructions.



Polysome profiling. For polysome profiling 1.5 liters of S. cerevisiae cells were grown to
mid-exponential phase (ODgoo 0.8), pelleted by centrifugation in the presence of 100 pg/ml
cycloheximide. The cell pellet was frozen in liquid nitrogen and lysed with acid washed glass
beads in lysis buffer (20 mM HEPES-KOH, pH 7.4, 100 mM KOAc, 2 mM MgOAc, , 0.5
mM DTT, 1 mM PMSF (100 mM), 100ug/ml cycloheximide) using a FastPrep (MP
Biomedicals) three times at 5 m/sec. Supernatant was transferred to a new tube and
centrifuged at 12,000 rpm for 10 minutes. Always 150 Aygo units of this lysate were layered
on top of a 10-40% sucrose gradient, prepared in buffer containing 20 mM HEPES-KOH, pH
7.4, 100 mM KOAc, 2 mM MgOAc,, 0.5 mM DTT, and 100 pg/ml cycloheximide and
centrifuged for 5 hours at 25,00 0 rpm in an SW28 swing-out rotor. Polysomal, monosomal
and subunit fractions were isolated by emptying the gradient using a peristaltic pump and
simultaneously monitoring the absorbance at 254 nm. To remove polysomes from mRNAs
and to dissociate the 80S ribosomes, the polysome gradient analysis was performed as above
but in the presence of 10 mM EDTA (Del Prete et al., 2007).

Northern blot analyses. To analyze the cellular distribution of the 18-mer RNA, we blotted
RNA extracted from the ribosome-containing pellet fraction (P100) and the corresponding
supernatant fraction (S100) of a 100,000 x g centrifugation. Therefore S30 extract was
centrifuged at 33,000 rpm at 4°C for 15 hours using a Ti-60 rotor. From the resulting
supernatant (S100) RNA was precipitated by adding 2.5 vol. ethanol. The pelleted RNA was
further subjected to PCI extraction and subsequently ethanol precipitated. The ribosome pellet
(P100) was resuspended in Buffer B (2 mM Mg(OAc),, 100 mM KOAc, 20 mM HEPES, pH
7.4,0.1 mM PMSF, 1 mM DTT, 20% glycerol) and the RNA PCI extracted and subsequently
precipitated with ethanol. Both RNA pellets (from S100 and P100) were resuspended in equal
volumes of H,O and equal portions were loaded on an 8% denaturating polyacrylamide gel
and subsequently electro-blotted onto nylon membranes. Finally the membrane was
hybridized to a **P 5’end labeled LNA probe (Exigon) complementary to the TRM10 18-mer
RNA sequence.
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