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ABSTRACT

Stress-inducedmolecular damage to ribosomes can impact protein synthesis in cells, but cell-based assays do not provide a
clearway to distinguish the effects of ribosomedamage from stress responses and damage to other parts of the translation
machinery. Here we describe a detailed protocol for the separation of yeast ribosomes from other translational machinery
constituents, followed by reconstitution of the translation mixture in vitro. This technique, which we refer to as ribosome
separation and reconstitution (RSR), allows chemical modifications of yeast ribosomes without compromising other key
translational components. In addition to the characterization of stress-induced ribosome damage, RSR can be applied
to a broad range of experimental problems in studies of yeast translation.
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INTRODUCTION

Cell-free translation systems are powerful experimental as-
sets with a wide variety of applications. They allow protein
production in a tightly controlled environment using either
endogenous transcripts or mRNA reporters. The generat-
ed proteins can then be used in subsequent applications
like pull-down assays or analyzed as readouts of translation
reactions addressing roles of cis- and trans-acting factors in
translation (Carlson et al. 2012; Chong 2014). Additionally,
the cell-free translation reaction allows subsequent sup-
plementation with carefully designed additional factors.
For example, this approach was instrumental to identifying
the order of molecular events in complex cotranslational
mechanisms (Shao and Hegde 2014; Kuroha et al. 2018).

Despite all the advantages of cell-free translation sys-
tems, they remain insufficient in dissecting the effects of
stress on translational executors. In fact, under stressful
conditions, various molecules of the translational machin-
ery undergo modifications (Tanaka et al. 2007; Chan
et al. 2012; Gu et al. 2014; Simms et al. 2014; Endres
et al. 2015;Wuet al. 2018; Yanet al. 2019). Thus, it is impos-
sible to distinguish between a stressor’s impact on a partic-

ular molecule of interest and on other translationally
essential elements.

Built of RNAs and proteins, ribosomes are, unsurprising-
ly, highly susceptible to chemical modifications. Indeed,
ribosomes undergo significant modifications when ex-
posed to chemical compounds, metals, or reactive oxygen
species (ROS) (for review, see Shcherbik and Pestov 2019).
In addition, in response to a variety of stress conditions, ri-
bosomes and ribosome-bound nascent chains are subject
to post-translational protein modifications, such as ubiqui-
tination (for review, seeDougherty et al. 2020). Howperfor-
mance of modified ribosomes is altered during protein
synthesis remains largely unknown. This shortcoming is pri-
marily due to the unavailability of a suitable experimental
platform that would allowmodification of ribosomes exclu-
sively while keeping other translationally essential mole-
cules intact.

To overcome this technical limitation, we sought to
develop a method for isolating translationally active ribo-
somes that could be subsequently returned back into
translationally active ribosome-free yeast lysate charged
with an mRNA reporter (schematics in Fig. 1). This ap-
proach allows incorporation of a ribosomal modification
step into the procedure, in which ribosomes are exposed
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to a modifying agent of choice either in vitro or in vivo. The
success of this approach depends on the purification of in-
tact and translationally functional ribosomes from the cell-
free extract (CFE) or cell culture.
Themethodology for isolating ribosomes and ribosomal

complexes has been described for different organisms and
is fine-tuned to each experiment’s goals, which does not al-
ways require translational activity of the isolate. Thus, the
particular purpose of the isolation dictates the stringency
of the ribosome purification protocol. In general, there
are two primary strategies to isolate ribosomes, ultracentri-
fugation and immunoprecipitation (IP), both of which have
substantial limitations. Centrifugation-based technology,
described by different laboratories, requires lengthy and
often numerous spins and, thus, subjects ribosomes to pro-
longedexposure to ribonucleases andproteasespresent in
crude cellular lysates. Another limitation of centrifugation-
based ribosome isolation is the poor solubilization of the
resulting ribosomal pellet (Munoz et al. 2017). On the con-
trary, the IP approach is fast and avoids pelleting, resulting
in soluble ribosomes (Oeffingeret al. 2007).However, it de-
mands incorporating a tag on a surface-exposed r-protein,
which may interfere with ribosome activities. In addition,
the IPapproach requires high salt concentrations in thepre-
cipitation and elution buffers to avoid pulling down non-
specific molecules, potentially leading to undesirable

stripping of ribosomal cofactors that may perform auxiliary
roles during translation (Shi et al. 2017; Simsek et al. 2017;
Mazaré et al. 2020).
Here, we report an experimental protocol for ribo-

some separation and reconstitution (RSR) developed
for purifying translationally competent ribosomes from
Saccharomyces cerevisiae. The purified ribosomes retain
their translational competency when supplied back to trans-
lationally active, ribosome-free CFE and can synthesize
proteins from various mRNA reporters or endogenous tran-
scripts present in the CFE. To the best of our knowledge, a
yeast-based RSR-like protocol has never been reported be-
fore. Considering that yeast cells can be cultured in large
quantities and are very amenable to genetic manipulations,
our protocol may provide significant methodological ad-
vances to studiesofeukaryotic translation, ribosomebiology
and protein quality control. Because the RSR approach also
allows treating ribosomeswith amodifying agent of interest
under defined conditions in a test tube, it can facilitate stud-
iesofdiverse typesof chemical orphysical factors capableof
impairing ribosome functionality. In this communication, us-
ing the ROS inducer menadione and chemotherapeutic
drug cisplatin as two rRNA modifiers with different charac-
teristics, we demonstrate the capabilities of the RSR tech-
nique for the analysis of effects of environmental and
intracellular ribosome stressors.

B

A

FIGURE 1. Experimental workflow for ribosome separation and reconstitution (RSR). Ribosomes for a cell-free translation reaction can be isolated
from a previously prepared CFE (A), or by the direct lysis of yeast cells (B). (a) CFE is ultracentrifuged at 180,000g (180K) for 2 h at 4°C, producing
ribosome-containing pellet P180 and ribosome-free supernatant S180 (b). Ribosomal pellet P180 is solubilized (c) and added back to S180 (d),
alongwith the energy regeneration system, amino acids, and (optionally) a reporter mRNA (e). Translation reactions are carried out at 21°C for 60–
90 min (f). Alternatively, yeast cells are lysed with glass beads, and the clarified cellular lysate is next layered onto a 20% glycerol cushion (g);
ribosomes are precipitated by centrifugation through the cushion at 180,000g (180K) for 2 h at 4°C (h). The resulting supernatant is discarded,
ribosomal pellet P180 is solubilized (i) and added to the CFE-derived S180 to assemble the translation reaction (j).
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RESULTS

Establishment and validation of the RSR system

We have recently developed, validated, and applied a
cryogenic lysis-based method to prepare yeast cell-free
translation extracts (CFE) capable of protein synthesis
from mRNA reporters and endogenous cellular transcripts
(Trainor et al. 2021b). To develop a system that allows ribo-
some separation followed by reconstitution of translation
in vitro, we used CFE as a starting platform. We first aimed
to purify ribosomes from CFE by one-step ultracentrifuga-
tion and assess their quality and activity during protein syn-
thesis in vitro by returning them into translationally active,
ribosome-free CFE charged with an mRNA reporter (sche-
matics in Fig. 1A).

Preparation of ribosomes from CFE by one-step
ultracentrifugation

To pellet ribosomes, we centrifuged one aliquot of CFE
(∼560 µg of RNA, 1590 µg of proteins) at 180,000g for
2 h at 4°C (Fig. 1-a) in the TLA55 Beckman rotor and collect-
ed the supernatant (S180) and pellet (P180) fractions
(Fig. 1-b). Pelleted ribosomes were solubilized in translation
reaction buffer A [20 mM Hepes-KOH, pH 7.4; 100 mM
KOAc; 2 mM Mg(OAc)2; and 2 mM DTT] (Fig. 1-c and see
below; Wu and Sachs 2014) and analyzed by northern blot-
ting, along with S180 and complete CFE used as controls.
Hybridization with probes specific to 25S rRNA, 18S rRNA,
tRNAVal, and tRNAGlu verified that the two fractions generat-
ed by this ultracentrifugation step (180,000g for 2 h; 180K-
centrifugation hereafter) represented the ribosome-free su-
pernatant (S, Fig. 2A, lane 2) and ribosome-enriched pellet
(P, Fig. 2A, lane 3). As expected, tRNAs, visible in the com-
plete CFE, cofractionated with the supernatant fraction
(Fig. 2A, lanes 1 and 2). rRNAs derived from the pellet frac-
tion revealed no signs of degradation (Fig. 2A), suggesting
that 2 h of centrifugation does not affect rRNA integrity.

Characterization of ribosomes by sucrose gradient
centrifugation analysis

Next, using sucrose gradient centrifugation analysis, we
examined which ribosomal species were precipitated dur-
ing 180K-centrifugation (Fig. 1-a). As a control, we used a
CFE sample that was not subjected to ribosome pelleting.
Gradients were fractionated into 12 fractions, and RNAwas
extracted from each fraction and analyzed by northern hy-
bridization with probes specific to 25S and 18S rRNAs. The
gradient analysis showed that ribosomes predominantly
accumulated in the 80S fraction, with only residual
amounts present on polysomes before and after 180K-
centrifugation (Fig. 2B). These data demonstrate that

180K-centrifugation is sufficient to pellet nonpolysomal
80S ribosomes.

Interestingly, we also tested sucrose gradient-based ri-
bosome isolation as an alternative approach to the 180K-
centrifugation of the CFE (Supplemental Fig. S1A). In our
hands, ribosomes derived by this technique exhibited an
increased degree of rRNA degradation and were sig-
nificantly less active in translation (Supplemental Fig.
S1B–D). Thus, we used 180K-centrifugation in all later ex-
periments as a fast way to recover ribosomes (2.5 h total
time vs. 7.5–8 h required for gradient-based isolation,
Fig. S1D), which preserved well rRNA integrity and transla-
tional activity.

Optimizing solubilization of pelleted ribosomes

In our early trials of the RSR protocol, we found that obtain-
ing a homogeneous suspension of pelleted ribosomes was
critical for the reproducibility of the following translation as-
says. This step was also previously identified as a main lim-
itation of the centrifugation-based ribosome purification
approach (Munoz et al. 2017). In fact,we routinelyobserved
that pelleted ribosomes were sticky and difficult to resus-
pend by pipetting. Due to lack of detailed published infor-
mation on the resuspension procedure for pelleted
ribosomes, we tested the effects of temperature and
automated agitation in facilitating ribosomal pellet solubi-
lization. Three CFE-derived ribosomal pellets were incu-
bated in 100 µL of buffer A for 30 min at 8°C, 21°C, and
37°C with 1200 rpm shaking in Eppendorf thermomixers.
Subsequent centrifugation of the ribosomal suspensions
at 21,000g for 15 min at 4°C did not produce any visible
pellets or insoluble debris. The RNA concentrations were
similar in all ribosomal suspensions; pellets resuspended
at 8°C yielded 4.50 µg/µL of RNA, pellets resuspended at
21°C yielded 4.52 µg/µL of RNA, and pellets resuspended
at 37°C yielded 4.43 µg/µL of RNA. Quantifying 18S and
25S rRNAs detected by northern hybridization (Fig. 3A)
likewise demonstrated similar levels of these rRNAs regard-
less of the temperature used during solubilization (Fig. 3B).
Northern blot analysis also revealed that ribosomes incu-
bated at 8°C, 21°C, and 37°C for 30 min contained intact
25S and 18S rRNAs with no signs of degradation (Fig.
3A), arguing that the solubilization step (Fig. 1-c) does
not affect rRNA stability.

To examine translational activity of the 180K-pelleted/
solubilized ribosomes, we assembled in vitro translation
reactions that contained the ribosome-free extract (S180,
Fig. 1-b), 3 µg of ribosomes resuspended at different tem-
peratures, amino acids, and the energy-regeneration sys-
tem (Fig. 1-e–f). Reactions were programmed with 200
ng of TAP-RLuc mRNA reporter (Renilla luciferase gene
fused with TAP-tag). We found that ribosomes solubilized
at all temperatures tested synthesized TAP-RLuc as deter-
mined by quantitative Renilla luciferase assays (Fig. 3C)
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and confirmed by western blotting (Fig. 3D). However, in-
cubation at 37°C reduced translational activity of ribo-
somes approximately twofold (Fig. 3C). The reduced
translation activity of 37°C-resuspended ribosomes could
be explained by irreversiblemodifications thatmight occur
at 37°C or by disassociation of key translation factors (Cox
et al. 1973; Danielsson et al. 2015). This result also correlat-
ed with poor performance of ribosomes during CFE-based
translation at 37°C, further confirming that this tempera-
ture is not optimal for ribosomes extracted from BY4741
cells under low ionic stringency conditions, such as 100
mM KOAc and 3 mM Mg(OAc)2 (Pestova et al. 1998;

Algire et al. 2002; Khatter et al. 2014; Wu and Sachs
2014). Based on published literature, this buffer composi-
tion appears to be optimal to promote correct folding of
rRNAs within the ribosomal structure and provide intersu-
bunit stability (Khatter et al. 2014).
Interestingly, another study demonstrated that transla-

tionally active lysates prepared from the yeast background
strain GRF-18 resulted in a higher protein yield and faster
kinetics of protein synthesis in vitro at 37°C than at 25°C
(Altmann et al. 1989). Therefore, it seems reasonable to
propose that different yeast genetic backgrounds might
have individual specific temperature requirements.

BA

C

FIGURE 2. Analysis of ribosomes before and after 180K-centrifugation. (A) One-step ultracentrifugation generates stable ribosomes and ribo-
some-free lysate. Aliquots of complete CFE (CFE), separated S180 and P180 (CFE: S, P), and P180 isolated from cells with glass-bead lysis
(Cells: P) were resolved on a denaturing agarose gel and analyzed by northern hybridization with indicated probes. Prior to transfer onto nylon
membrane, the gel was stained with SYBR Gold. (B,C ) Ribosomes precipitated by one-step ultracentrifugation exist as 80S monosomes. (B)
Complete CFE and solubilized P180 were centrifuged through 15%–45% (w/v) sucrose gradients and fractionated with continuous absorbance
measurement at 254 nm to visualize ribosomal peaks. RNAwas extracted from individual fractions and analyzed by northern hybridization as de-
scribed in A. (C ) Sucrose gradient centrifugation analysis performedwith the total cellular lysate obtained with glass-bead lysis and its resuspend-
ed P180.
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Unless using BY4741 or its derivatives, researchers will
have to determine the optimal temperature for the in vitro
translation reaction and examine temperature require-
ments for the ribosome solubilization step of the RSR pro-
cedure as illustrated in Figure 3C.

Thus, precipitation of ribosomes from a BY4741-derived
CFE by one-step centrifugation at 180,000g followed by
30-min shaking in a thermomixer at 8°C–21°C recovers
well-preserved ribosomes that exhibit high translational
activity when combined with a ribosome-free supernatant,
allowing for an effective implementation of the RSR
approach.

Optimization of the translation reaction

Reaction time

Having established P180-ribosome solubilization and buff-
er composition requirements (Fig. 3A–D), we next exam-
ined the kinetics of protein synthesis using the RSR
approach in comparison to complete CFE. Identifying
time points at which the translated product increases with
a steady rate and before the synthesis plateaus is critical
for reliably comparing the activity of ribosomes derived

from different experimental condi-
tions. We assembled 30 µL reactions
using either complete CFE or the pel-
leted, 21°C-solubilized ribosomes
(24 µg of total RNA from P180) added
to ribosome-free extract (S180). Both
reactions were charged with 400 ng
of capped TAP-RLuc mRNA reporter,
and aliquots of the reaction were
analyzed every 30 min for 3 h using
a Renilla luciferase assay (Fig. 4A). To
account for the different amounts of
ribosomes present in the CFE and
RSR reactions, we normalized the
Renilla luciferase units by the amounts
of 18S rRNA present in each reaction.
For this normalization, we extracted
RNA from each reaction after the lucif-
erase assays were completed and
quantified 18S rRNA by northern hy-
bridizations and phoshorimaging
(Fig. 4A, bottom panels). This analysis
revealed that protein synthesis pro-
gressed with nonlinear kinetics, with
maximum rates achieved during the
first 30–90 min for both RSR and
CFE-assembled translation reactions
(Fig. 4A; Supplemental Fig. S2). Inter-
estingly, we detected a higher yield of
TAP-RLuc in the RSR reactions than in
the CFE reactions when normalized

for the 18S rRNA amount (Fig. 4A). The RLuc signal normal-
ized by 25S rRNA was found to follow a similar trend as
RLuc/18S (Supplemental Fig. S2B). Although the exact
mechanism for this effect remains unclear, the observation
that centrifugation and resuspension of ribosomes may al-
ter their activity indicates that it is essential to apply identi-
cal separation steps to all ribosomes being compared in
order to correctly interpret data from RSR experiments. In
addition, these data indicate that the practical timeframe
for a translation reaction is limited to 30–90min in the pres-
ent protocol [i.e., 12 µg of rRNA (P180) in a 15 µL reaction
charged with 400 ng of the Renilla luciferase mRNA]. The
optimal reaction time should be determined for any new
CFE batch and ribosome precipitation/resuspension con-
dition by running control reactions as shown in Figure 4A.

Optimization of the ribosome content

We next examined the dependency of the translation
efficiency on the concentration of ribosomes in a reaction.
We assembled 15 µL translation reactions with different
amounts of ribosomes added to the ribosome-free superna-
tant S180. These reactions were charged with 200 ng of
capped TAP-RLuc mRNA reporter, incubated at 21°C for

BA

C D

FIGURE 3. Pelleted and solubilized ribosomes retain their translational competency. (A) CFE-
derived ribosomal pellets P180 generated as described in Figure 2Awere resuspended in buff-
er A by shaking for 30 min at the indicated temperatures. Resuspended RNA was analyzed by
northern hybridization with 25S rRNA and 18S rRNA specific probes. (B) The hybridization sig-
nals corresponding to the full-length 25S rRNAs and 18S rRNAs were converted to phosphor-
imaging units and plotted as bar graphs. The error bars represent standard error of the mean
(SEM) of three experiments. The differences between the samples were nonsignificant (NS);
statistical analysis was performed by one-way ANOVA. (C ) 3 µg of resuspended ribosomes
were placed into translation reactions containing ribosome-free translational lysate S180
charged with capped TAP-RLucmRNA (200 ng per reaction). Reaction products were analyzed
by the Renilla luciferase assay and the data are presented as bar graphs, wherein error bars rep-
resent standard error of the mean (SEM) of three experiments. (D) Proteins and RNA were ex-
tracted from the luciferase reactions and further characterized by western blots using anti-TAP
antibodies and by northern hybridizations using TAP-specific probe.
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90 min, followed by a Renilla luciferase assay and western
blotting to assess the production of TAP-RLuc. As expected,
and consistent with the previous experiment (Fig. 2A), nei-
ther luminescent signal nor TAP-RLucproteinweredetected

in the reaction containing S180 only (Fig. 4B, 0 µg of rRNA),
suggesting that S180 lacks endogenous ribosomes after the
180K-centrifugation procedure. The reporter synthesis effi-
ciency increased with increasing ribosomal content, and

B

A

C

D

FIGURE 4. Optimization of the translation reaction. (A) Time course of translation reactions assembled with complete CFE (blue) or with ribo-
somes purified from CFE via 180K-centrifugation (RSR, magenta). Both reactions were programmed with 400 ng of capped TAP-Renilla
mRNA reporter; the final reaction volume was 30 µL. Each CFE reaction was estimated to contain 60 µg of the total RNA. To the RSR reactions,
we added 24 µg of purified ribosomes. Reaction aliquots (4.5 µL) were collected at the indicated time points, levels of generated reporter proteins
were measured by the Renilla luciferase assay, normalized by the 18S rRNA hybridization signal in each sample, and plotted as linear and log10

graphs. Each reaction was set in triplicate. The bottom panel shows a representative northern blot of the RNA extracted from the reactions and
hybridized with an 18S rRNA-specific probe. (B,C ) Efficiency of translation in RSR assay reactions depends on the concentration of purified ribo-
somes. (B) Indicated amounts of solubilized ribosomes derived fromP180 generated by one-step centrifugation of CFEwere added to S180. Each
reaction was charged with 200 ng of capped TAP-RLucmRNA reporter. (C ) Total RNAwas extracted from the RSR/luciferase reactions from B and
analyzed by northern hybridizations using probes specific to 25S rRNA, 18S rRNA, and TAP-RLucmRNA. (D) mRNAdose dependence. Translation
reactions were assembled with complete CFE (blue) or with ribosomes purified from CFE via 180K-centrifugation (RSR, magenta). Reactions were
programmed with the indicated amounts of capped TAP-Renilla mRNA reporter; the final reaction volume was 15 µL. For the CFE reaction, we
used unfractionated CFE (30 µg total RNA), while the RSR reaction contained 4 µg of purified ribosomes. RNA was extracted from the RSR/lucif-
erase reactions and analyzed by northern hybridization with an 18S rRNA-specific probe (bottom). Radioactive signal corresponding to the full-
length 18S rRNA was converted to phosphorimaging units and used to quantify the luminescent signal derived from the same sample. All reac-
tions inB andCwere assembled in triplicate and carried out for 90min at 21°C. In all graphs, error bars represent standard error of themean (SEM)
of three experiments.
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the highest amounts of TAP-RLucwere detected in the reac-
tion containing the highest concentration of ribosomes that
could be added to the 15-µL reaction volume (12 µg of
rRNA; Fig. 4B). Northern hybridization of RNA extracted
from these RSR reactions confirmed increases of 18S
and 25S rRNAs (Fig. 4C, top) and verified the stability of
TAP-RLuc mRNA post reaction (Fig. 4C, bottom). Thus, to
achieve detectable levels of the TAP-RLuc reporter, the
amount of ribosomes purified by one-step centrifugation
can range between 2–12 µg per 15 µL reaction.

Optimization of the mRNA concentration

ToexaminehowmRNAamount affectsprotein synthesis in a
translation reaction, we added different amounts of capped
TAP-RLucmRNA (100, 200, and 400 ng) to 15-µL translation
reactions assembled with S180 and 4 µg of P180-derived
ribosomes. For comparison, we also tested different con-
centrations of the TAP-RLucmRNA in reactions with unfrac-
tionated CFE. The amounts of the synthesized TAP-RLuc
protein were determined by a Renilla luciferase assay, after
which RNA from the luciferase reactions was extracted and
analyzed by northern hybridizations as described above.
This mRNA-titration experiment (Fig. 4D) demonstrated
that under the conditions tested (4 µg of ribosomes, 90
min reaction duration, 15 µL reaction volume, 21°C), ex-
ceeding 200 ng of mRNA resulted in a saturation of both
RSR- and CFE-based reactions. Consistent with the time-
courseexperiment (Fig. 4A), translation reactionsperformed
in theRSR formatweremore efficient than thosewith unfrac-
tionated CFE (Fig. 4D).

Taken together, these data indicate that to accurately
compare ribosome activity when using the RSR format of
cell-free translation, concentrations of multiple compo-
nents in the translation reactions must be carefully con-
trolled. The values obtained above, including reaction
time (Fig. 4A; Supplemental Fig. S2), amounts of ribo-
somes (Fig. 4B,C), and mRNA (Fig. 4D; Supplemental
Fig. S3), provide starting points of optimization, which
should be carried out in other experiments in accordance
with the desired experimental goals.

Translational activity of P180-derived
ribosomes after centrifugation of CFE
through 20% glycerol cushion

Purifying ribosomes via centrifugation through a cushion is
routinely used in various biochemical applications (Jenner
et al. 2012; Mehta et al. 2012; Khatter et al. 2014). In fact,
like IP, this approach allows separation of ribosomes from
low molecular weight molecules, including endogenous
and exogenous cellular components, which might inter-
fere with the translation reaction. For example, treating
CFE with ribosome-modifying compounds (discussed be-
low) would require removing the drug prior to adding ribo-

somes to the translation reaction. Thus, the ability to use
cushion-centrifuged ribosomes would be a powerful fea-
ture of the RSR translation system.

To assess the activity of ribosomes prepared by centrifu-
gation through a cushion, we either directly pelleted ribo-
somes from CFE as described above or centrifuged CFE
through a 20%glycerol cushion at 180,000g for 2 h. The re-
sulting P180 pellets were solubilized, and 9 µg of P180
were added to the ribosome-free translational lysate
(S180) along with 400 ng of capped TAP-RLuc mRNA re-
porter. Renilla luciferase assay revealed that ribosomes iso-
lated by centrifugation through the cushion were as active
as those pelleted directly from CFE (Fig. 5A, bars 3 and 4).

Activity of ribosomes purified from yeast cells
by glass-bead lysis

To establish, validate, and optimize the RSR format of cell-
free translation reactions, we used the translationally active
CFE as the ribosome source in the experiments above
(Figs. 3–5A). The next question we wanted to address
was whether ribosomes extracted directly from cells in cul-
ture would be active in the RSR format (Fig. 1B). Total cel-
lular lysates prepared by a conventional glass bead-

BA

FIGURE 5. (A) Centrifugation of ribosomes through glycerol cushion
does not affect their translational activity. Translation reactions were
assembled with complete CFE (lane 1) or with 9 µg of purified ribo-
somes in the RSR format (lanes 3–4). For RSR, ribosomes were pelleted
directly from CFE (lane 3) or by centrifugation of CFE through a 20%
glycerol cushion (lane 4). In lane 2, no ribosomes were added to the
reaction. (B) Activity of ribosomes prepared from CFE and from cells
lysed by glass-bead beating. RSR translation reactions were assem-
bled with 9 µg of ribosomes pelleted from the complete CFE (P180
from CFE) or with 9 µg of ribosomes purified from cell lysate by
180K-centrifugation through 20% glycerol cushion (P180, cushion,
cells). In the control reaction, no ribosomes were added, and the back-
ground levels of luminescence are detected. InA and B, each reaction
contained 400 ng of capped TAP-RLuc mRNA reporter. Reactions
were incubated at 21°C for 90 min and the reaction products were an-
alyzed by a Renilla luciferase assay. Error bars represent SEM of three
experiments.
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beating lysis technique were centrifuged through a 20%
glycerol cushion at 180,000g for 2 h at 4°C to separate
heavy ribosomal particles from lowmolecular weight cellu-
lar contaminants (Fig. 1g–h). Similar to CFE-derived ribo-
somes, ribosomes isolated by this method showed little
apparent degradation (Fig. 2A, lane 4) and were detected
in the 80S fraction of the sucrose gradient (Fig. 2C). When
these ribosomes, freshly isolated from cells (Fig. 1g–i),
were added to translation reactions containing S180 and
charged with TAP-RLuc mRNA (Fig. 1-j), they demonstrat-
ed translational competency, as a measurable luminescent
signal was achieved (Fig. 5B, bar 3). However, we observed
a significant decline (∼30-fold) in the reporter synthesis ef-
ficiency with cell-derived ribosomes compared to those
isolated from CFE (Fig. 5B). Nevertheless, the Renilla lucif-
erase signal was still sufficiently high, suggesting that using
cell-derived ribosomes is a reasonable alternative to CFE-
purified ribosomes.

Practical applications of the RSR system

TheRSR systemestablished here (Figs. 1–5) canbe used for
various applications. Forexample, theRSRapproach allows
the analysis of changes in translation caused by ribosome-
directed effects of stressors like oxidants or chemothera-
peutic drugs capable of modifying and damaging various
ribosome components. To illustrate RSR’s utility in assess-
ing activity of modified ribosomes, we tested two RNA
modifiers: (i) the cell-permeable drug menadione (vitamin
K3), which promotes oxidation of RNA and proteins in cells
(Shedlovskiy et al. 2017b; Zinskie et al. 2018; Smethurst
et al. 2020); and (ii) the cell-impermeable drug cisplatin,
also known to modify nucleic acids, including rRNAs
(Dedduwa-Mudalige and Chow 2015; Melnikov et al.
2016). Accordingly,we isolated ribosomes fromdrug-treat-
ed living cells (for menadione) or treated ribosomes in vitro
(for cisplatin), followedbyassaying ribosomeactivity in cell-
free translation reactions.

Ribosome isolation from cells treated
with menadione

Menadione is a pro-oxidant used as an extracellular stressor
of yeast cells because of its stability in the medium during
yeast culture treatment and high cell wall/membrane per-
meability (Jamieson 1992). Previous studies have found
that treating yeast cultures with high doses of menadione
(up to 600 µM) triggers extensive rRNA fragmentation fol-
lowed by induction of the apoptotic program (Mroczek
and Kufel 2008; Shedlovskiy et al. 2017b). In contrast, treat-
ing yeast cultures with low doses of menadione (25–50 µM)
does not affect cell viability and is accompanied by 25S
rRNA cleavage specific for the expansion segment ES7L
(Shedlovskiy et al. 2017b). Menadione promotes oxidation
indirectly by affecting the primary cellular antioxidant gluta-

thione, resulting in ROS accumulation (Ochi 1996; Kim et al.
2014;Morris et al. 2014). Becausemenadione-induced ribo-
someoxidation can occur only in the cellular context, we ap-
plied the strategy illustrated in Figure 1B to study how the
activity of ribosomes is altered by a menadione treatment
of the cell culture. Exponentially growing yeast cultures
(BY4741 wild-type yeast strain) were treated with 50 µM
and 100 µMmenadione for 2 h at 30°Cor remained untreat-
ed. Cells were lysed by glass bead shearing, and lysates
were centrifuged through a 20% glycerol cushion to pellet
ribosomes (Fig. 1g,h). Ribosomal pellets were resuspended
in buffer A by shaking at 21°C for 30min (Figs. 1-i, 3), and an
aliquot of the ribosome suspension containing 2 µg of RNA
was analyzed by northern hybridizations with 18S and 25S
rRNA-specific probes (Fig. 6A). Consistent with our previous
studies (Shedlovskiy et al. 2017b), we detected the forma-
tion of degradation products predominantly in 25S rRNA,
while 18S rRNA remained less affected by the drug treat-
ment. Therefore, we used the 18S rRNA signal as a normal-
izer for the following experiments (Fig. 6B,C).

In vitro [35S]-Met/Cys incorporation into nascent
polypeptides as a readout of translation

To determine how menadione exposure affects ribosome
activity in translation, P180 ribosome pellets obtained
from cells treated with menadione and untreated control
cells (Fig. 1B) were resuspended as described above and
equal ribosome amounts, each containing 9 µg of RNA
(Figs. 1-j, 6A), were added to the ribosome-free (S180)
CFE fraction (Fig. 1-b). This fraction was generated from
CFE that derived from untreated cells and contained en-
dogenous cellular mRNAs. The translation reactions
(15 µL), set in triplicate, were also supplied with an energy
mix and amino acids with radioactively labeledmethionine
(Met) and cysteine (Cys). Aliquots of the reaction products
(4 µL) were collected at 10 min, 30 min, and 60 min post-
reaction, and proteins were precipitated with TCA. The
amounts of labeled nascent polypeptides (trapped on fil-
ters) generated from endogenous mRNAs present in the
CFE-derived S180 were measured by scintillation count-
ing. The obtained CPM (count per minute) values were
normalized by the 18S rRNA hybridization signal quanti-
fied by phosphorimaging in an aliquot of each reaction’s
ribosome input (Fig. 6A, bottom panel).
As expected, amounts of [35S]-Met/Cys-labeled poly-

peptides increased over time when ribosomes isolated
from untreated cells were used (Fig. 6B, red curve).
Ribosomes extracted from cells treated with 50 µM mena-
dione were also translationally active, generating ∼1.5
times less total protein over time than untreated ribo-
somes, while ribosomes isolated from cells treated with
100 µM menadione were inactive (Fig. 6B, blue and green
curves). These data are consistent with our previous obser-
vation that 100 µM menadione treatment promotes rRNA
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fragmentation and significantly af-
fects cell viability (Shedlovskiy et al.
2017b).

Using translation reporters
as a readout of translation

As an alternative to [35S]-Met/Cys la-
beling of polypeptides translated
from endogenous mRNA present in
the CFE, translation reactions can be
chargedwithmRNA for a reporter pro-
tein. To test this approach, we first sup-
plied 400 ng of capped TAP-RLuc
mRNA and 9 µg of ribosomes extract-
ed from 100 µM menadione-treated
or untreated cells (Fig. 6A) into the
translation reactions (Fig. 1-j) andmea-
sured luminescence produced by
the synthesized TAP-RLuc using the
Renilla luciferase assay. As in [35S]-
Met/Cys-labeling, we normalized the
luminescence signal by the amount of
ribosomes (Fig. 6A) added to the reac-
tions, thus generating the Rluc/18S
rRNA ratios (Fig. 6C). Consistent with
previous data (Fig. 6B), the amount of
the protein reporter synthesized in
the reactions driven by menadione-
treated ribosomes was significantly
lower than that of ribosomes extracted
from untreated cells (Fig. 6C).
To further evaluate the processivity

of ribosomes prepared from mena-
dione-treated cells, we next tested
translation of a dual firefly-nanoluci-
ferase mRNA. Dual reporters are com-
monly used in translation analysis, as
they represent a powerful experimen-
tal tool that allows data normalization
by calculating the ratio of the ORF2
reporter over the ORF1 reporter
(schematics in Fig. 6D), which helps
in data interpretation and reduces ex-
perimental variability. We charged
the ribosome-free translationally ac-
tive lysate (S180, Fig. 1-b) with 400
ng of capped firefly-nanoluciferase
(FLuc-nanoLuc, hereafter) mRNA-
reporter along with 9 µg of ribosomes
extracted from cells treated with 25
µM, 50 µM, and 100 µM menadione.
As a control, we used ribosomes
extracted from untreated cells. Reac-
tion products were analyzed by the

E

BA

C

D

FIGURE 6. Ribosome translational activity decreases upon treatment with menadione or cis-
platin in dose-dependentmanner. (A) Mid-logwild-type cells BY4741 grown in YPDwere treat-
ed with 50 µM or 100 µM menadione for 2 h at 30°C or left untreated. Cells were lysed, and
ribosomes were precipitated by ultracentrifugation through 20%glycerol cushion as illustrated
in Figure 1B. Ribosomal pellet P180 was resuspended in buffer A, and 2 µg of total RNA was
analyzed by northern hybridizations with the indicated probes. (B) Ribosomes (9 µg RNA) pre-
pared as described in A were added to translationally active ribosome-free lysate S180 pre-
pared from CFE (Fig. 1A), along with amino acids containing labeled [35S]-Met/Cys.
Reactions were incubated at 21°C, 4 µL aliquots were taken at indicated time points, and pro-
teins were precipitated by TCA. Incorporation of [35S]-Met/Cys into nascent peptides wasmea-
sured by scintillation counting; CPM (count per minute) values were plotted as graphs. (C )
Ribosomes (9 µg RNA) prepared as described inAwere added to translation reactions contain-
ing S180 and 400 ng of capped-mRNA reporter encoding TAP-RLuc (∼56 kDa). Reaction prod-
ucts were analyzed by the Renilla luciferase assay. The luminescent signals were normalized by
phosphorimaging units from A and the resulting RLuc/18S rRNA ratios are presented as bar
graphs. (D, top) Schematics for Firefly-nano luciferase reporter (∼81 kDa). (Bottom) Mid-log
wild-type cells BY4741 grown in YPDwere treated with 0, 25 µM, 50 µM, or 100 µMmenadione
for 2 h. Ribosomes were extracted, solubilized, and added (9 µg RNA) to translation reactions
containing 400 ng of the capped dual firefly-nano luciferase reporter mRNA. Reaction prod-
ucts were analyzed by Nano-Glo Dual-Luciferase Reporter assay; the Nano-Luc/FLuc ratio is
shown on the right panel. (E) Complete CFE was treated with cisplatin at the concentrations
indicated in the figure. Ribosomes were purified from the drug-treated CFE by centrifugation
through a glycerol cushion as described for Figure 5A. Ribosomes from the resuspended P180
(9 µg RNA) were added to untreated S180 chargedwith 300 ng of capped TAPmRNA reporter.
Control reactions on the left contained ribosomes only (P180) or ribosome-free supernatant
only (S180). TAP and ribosomal protein Rpl3 (control for ribosome amount) were detected
by western blotting. In panels C–E, all translation reactions were incubated at 21°C for 90
min. In all graphs, error bars represent standard error of the mean (SEM) of three experiments.
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Dual-Luciferase Reporter assay from Promega. We mea-
sured the luminescent signal derived from firefly luciferase
(Fig. 6D, left panel), then measured nano-luciferase lumi-
nescence (Fig. 6D,middle panel). Synthesis of both report-
ers correlated negatively with increasing menadione
concentrations during treatment (Fig. 6D, left and middle
panels). Interestingly, the ratio of nanoLuc to FLuc re-
mained constant in every reaction (Fig. 6D, right panel), in-
dicating that ribosomes that remain capable of engaging
in translation in menadione-treated cells can fully synthe-
size the entire FLuc-nanoLuc reporter and thus are not sig-
nificantly impaired in their ability to carry out elongation.

Reduced translational efficiency of ribosomes
from CFE with high-dose cisplatin

Cisplatin is a chemotherapeutic drug widely used to treat
many types of cancer (Dasari and Tchounwou 2014).
Although the main target of cisplatin is DNA, it can also
modify RNA, in particular rRNAs (Mezencev 2015).
Here, we examined the effects of cisplatin on the trans-

lational ability of ribosomes in the RSR system. Since cis-
platin is membrane-impermeable, we treated CFE
(instead of cells, as for menadione) with various concentra-
tions of this drug for 2 h at 21°C. Untreated CFE was used
as a control. To separate cisplatin-modified ribosomes
from other CFE components and excess drug, ribosomes
were precipitated by one-step centrifugation through
20% glycerol cushion. Ribosome-enriched pellets were
washed and resuspended in 100 µL of buffer A with shak-
ing at 21°C for 30 min; the 9 µg of rRNA were placed into
cisplatin-untreated ribosome-free lysate S180 (Fig 1A–c).
The reactions were charged with 300 ng of capped TAP
mRNA reporter. Reactions were incubated at 21°C for 90
min (Fig. 1f) and reporter protein synthesis was analyzed
by western blotting using anti-TAP antibodies, with anti-
bodies that detect Rpl3 used as an internal control. As ex-
pected, no protein signal was detected in reactions
containing only ribosomes or only S180 (Fig. 6E, lanes
1-2), while addition of ribosomes to S180 resulted in strong
TAP-reporter synthesis (Fig. 6E, lane 3). The ribosome
translational ability declined only when cisplatin was
used at high concentrations (0.5 and 1 mM, Fig. 5E, lanes
7–8), while treatment with 50, 100, and 250 µM had no dis-
cernible effect on the reporter levels (Fig. 6E, lanes 4–6).
Previous studies have identified rRNA sites susceptible

to cisplatin modifications. For example, Melnikov et al.
(2016) revealed 2.6 Å-resolution crystal structures of bacte-
rial 70S exposed to cisplatin, which demonstrated the
drug’s ability to stably intercalate into rRNA structures.
Similarly, Rijal and Chow used in vitro and in vivo experi-
mental systems to show that cisplatin can bind both puri-
fied 30S subunits and those that are in the 70S ribosomal
complex (Rijal and Chow 2009). Furthermore, in yeast,
cisplatin binds to RNA more efficiently than to DNA

(Hostetter et al. 2012). Taken together, our data demon-
strating reduced ribosomal activity upon exposure to cis-
platin, which, along with the growing evidence that
cisplatin binds RNA, helps explain mechanisms of cisplatin
toxicity in cells.

DISCUSSION

We have devised a yeast-based biochemical approach
(outlined in Fig. 1) that allows the efficient isolation of
modified or damaged ribosomes from cells or cell-free ex-
tracts. These ribosomes can be subsequently combined
with undamaged, translationally active ribosome-free cell
lysates, charged with an mRNA reporter or with radioac-
tively labeled amino acids, after which the generated pro-
teins are analyzed. The data presented in this report
illustrate applications of this “Ribosome Separation and
Reconstitution” (RSR) approach for studying the effects
of damage to yeast ribosomes introduced both in vivo
and in vitro.
Through optimizations of the RSR procedure, we estab-

lished conditions under which yeast ribosomes purified
from CFE or cell cultures by one-step centrifugation re-
main stable (Fig. 2) and retain their translational activity
(Figs. 3–6). As such, translation reactions reconstituted in
vitro with ribosome-free lysates and pellet-derived ribo-
somes result in efficient translation of both endogenous
CFE-derived transcripts (Fig. 6B) and various mRNA re-
porters (Figs. 3–6). In previous studies, cell-free reactions
reconstituted from eukaryotic ribosomes and nonriboso-
mal translation components obtained from different sourc-
es relied on the rabbit reticulocyte lysate to generate
ribosome-free supernatants containing factors necessary
for translation, with cultured cells (Panthu et al. 2015;
Penzo et al. 2016) or tissues and organs (Panthu et al.
2015) serving as ribosome donors. The mammalian proto-
cols used overall similar conditions to ours to pellet ribo-
somes, namely, centrifugation at 140,000g for 5 h (Penzo
et al. 2016) or at 240,000g for 2 h 15 min (Panthu et al.
2015). A significantly higher speed for ultracentrifugation
of rabbit reticulocytes has been reported in (Rau et al.
1998), wherein ultracentrifugation at 420,000g for 20 min
was sufficient to separate cytosolic components from ribo-
somes and ribosome-associated proteins. Examining
rRNAs and r-protein Rpl3 as a readout of ribosomal con-
tent in the S180 supernatant generated by centrifuging
yeast CFE at 180,000g for 2 h indicates that these condi-
tions are sufficient to generate yeast lysate devoid of ribo-
somes (Figs. 2A, 4C, 6E), while tRNAs remain largely in
the S180 supernatant after the 180K-centrifugation
(Fig. 2A). Functional assays further support these data, as
no protein reporter products were detected in translation
reactions that lacked exogenously added ribosomes
(Figs. 4B, 5A,B, 6E).
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Our experiments highlight several critical parameters for
a comparative analysis of different ribosome preparations
with the RSR approach. First, we find that ribosome pellets
should be resuspended under conditions that produce a
homogeneous ribosome suspension; the solubilization
temperature of the ribosome-enriched P180 (Fig. 1b)
should not exceed 21°C for BY4741-derived ribosomes
(but may need to be optimized for other yeast strains).
Second, the amounts of ribosomes added to the transla-
tion reactions must be carefully controlled. While the
RSR format of cell-free translation reactions tolerates differ-
ent ratios of ribosomes to the ribosome-free fraction (Fig.
4B), it is important to maintain the same ratio in all reac-
tions in a given set. One useful approach to control the
amount of ribosomes added to a reaction is through north-
ern blotting-based quantification of 18S rRNA (Figs. 4, 6;
Supplemental Figs. S2, S3). Third, the mRNA concentra-
tion and reaction time sufficient to obtain detectable
amounts of the translated product while still within the ac-
ceptable synthesis range (Fig. 4A,D; Supplemental Figs.
S2, S3) may vary for individual mRNA reporters and need
to be optimized. Thus, it is important to perform the
mRNA titration and time kinetics experiments to deter-
mine the optimal range of these parameters for each
new batch of reagents.

Interestingly, cell-free protein translation using ribo-
somes isolated through the RSR protocol was consistently
observed to be more efficient in our hands than unfractio-
nated CFE (Fig. 4A; Supplemental Fig. S2B, upper panels).
The reasons for this unexpected observation are currently
unclear and will require additional experimentation to ex-
plain. Compared to ribosomes purified by pelleting from
CFE (directly or through glycerol cushion), those extracted
from cells via conventional glass bead-beating procedure
were approximately an order of magnitude less efficient
in the translation reaction (Fig. 5B). Thus, the cryogenic ly-
sis technique used in our CFE preparation (Trainor et al.
2021b) appears to be the preferable way for maintaining
the ribosomes’ translational activity during their isolation.
The main disadvantage of this method is that it requires
a large sample volume, is relatively laborious, and limited
by the number of samples that can be processed simulta-
neously. Further optimizing buffer composition for bead-
beating lysis could be a reasonable strategy to improve
the recovery of active ribosomes from cells. Another cur-
rently untested possibility is to apply a spheroplasting-
based cell lysis approach, which requires enzymatic diges-
tion of the cell wall followed by lysis using osmotic pres-
sure, freeze-thawing, or other cell-disruption strategies
(Darling et al. 1969; Mann et al. 1972; Izawa and Unger
2017).

In this study, we tested RSR with ribosomes subjected to
menadione-induced oxidative stress in the intracellular en-
vironment and to an in vitro treatment with the chemother-
apeutic drug cisplatin. The results presented in Figure 6

demonstrate that both conditions affected the ribosomes’
total translational activity in a dose-dependent manner.
How ribosomemodifications affect translation of challeng-
ing sequences, such as mRNA with stalls, rare codon
stretches, or programmed ribosome frameshifting, can
be addressed in future studies using the RSRmethodology
in combination with dual-luciferase reporters (Fig. 6D).

In conclusion, the RSR protocol described here provides
an effective way to assess translational competency of the
chemically modified or damaged ribosomes without the
confounding damage to other translation factors. Data
from our laboratory demonstrate that this approach can
also be adapted to studying translation properties of ge-
netically altered ribosomes, such as those that contain
mutations in r-proteins (B.M.T. and N.S, personal observa-
tions). Thus, we anticipate that RSR will be broadly applica-
ble for dissecting translational consequences of diverse
types of modifications in ribosome composition and
structure.

MATERIALS AND METHODS

Yeast strain, medium, yeast culture treatment

We used YPD media (1% yeast extract, 2% peptone, and 2%
dextrose) that was sterilized by filtration through a 0.2 µm PES
membrane filter system (“Rapid-Flow” from Thermo Scientific).
Wild-type BY4741 (MATa his3–1 leu2– 0 met15– 0 ura3– 0) was
purchased from Open Biosystems. For experiments with menadi-
one treatment, overnight BY4741 yeast cultures were diluted with
fresh YPD at A600 of ∼0.3 and grown for an additional 2–4 h at
30°C to A600 of ∼0.6–0.7. Various concentrations of menadione
(indicated in figures and figure legends) were added to the cul-
tures; cells were grown for an additional 2 h at 30°C agitating, har-
vested, washed with water, and lysed.

Antibodies, chemicals, and enzymes

The following antibodies were used: Peroxidase anti-peroxidase
complex (PAP) (Sigma, cat# P1291) to detect TAP; anti-Rpl3
(ScRPL3, Developmental Studies Hybridoma Bank, University of
Iowa); anti-mouse IgG-HRP (GE-Healthcare, cat# NA931).

Cisplatin was purchased from Sigma (cat# PHR1624), menadi-
one from Enzo (cat# ALX-460-007-G010), DTT from Sigma (cat#
D0632), SYBR Gold from Thermo Fisher Scientific (cat# S11494);
TRI-REAGENT-LS was from Molecular Research Center Inc (cat#
TS 120); formamide was purchased from Sigma (cat# 47670-
25ML-F) and stored in 1 mL aliquots at −80°C. EasyTag
EXPRESS35S Protein Labeling mix, [35S], 11 mCi/mL, was ob-
tained from PerkinElmer (cat# NEG772002MC).

RiboLock (cat# EO0381), DreamTaq PCR 2x master mix (cat#
K1071), 100mMATP solution (cat# R0441), 100mMGTP solution
(cat# R0461), proteinase K (cat# EO0491), and all the restriction
enzymes were obtained from Thermo Fisher Scientific. Creatine
phosphokinase was purchased from BioVision, creatine phos-
phate from VWR (cat# 97061-328). A total of 1 mM solution of
20 essential amino acids, complete and minus Methionine and
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Cysteine, were from Promega (cat# L4461 and L5511, respective-
ly); AmbionmMESSAGEmMACHINET7Transcription kit was pur-
chased from Thermo Fisher Scientific (cat# AM1344); Crescendo
chemiluminescent HRP detection reagent was from Millipore
Sigma (cat# WBLUR0100); DNA Clean and Concentrator kit was
from Zymo Research (cat# D4004); PD-10 columns Sephadex
G-25 (20×80 mm) were from GE Healthcare (cat# 17085101).

Plasmids

pYes2 was purchased from Invitrogen. To generate pYes-TAP, we
amplified the TAP sequence using the pBS1761 plasmid (a kind
gift of Dr. Mike Henry) as a template with the forward primer con-
taining the BamHI site and the reverse primer containing a stop
codon followed by the XhoI site; PCR TAP-product was cloned
into pYes between BamHI and XhoI. The same template and
the forward primer were used to amplify a no-stop TAP coding se-
quence, in which the reverse primer annealed upstream of the
stop codon and contained the XhoI site. TAPNoStop PCR product
was cloned into pYes between BamHI and XhoI, resulting in the
pYes-TAPNoStop construct. The Renilla luciferase gene was am-
plified by PCR from pJD375 with a forward primer containing
the XhoI site and reversed primer containing the XbaI site and
cloned into pYes-TAPNoStop between the XhoI and XbaI sites,
resulting in the pYes-TAP-RLuc fusion. The sequences of pYes-
TAP and pYes-TAP-RLuc were verified by sequencing.

To generate the dual-luciferase reporter construct pYes-FLuc-
nanoLuc, a firefly luciferase gene was amplified using pJD375
plasmid as a template (a kind gift of Dr. Jonathan Dinman), with
the forward primer containing the HindIII site and the reverse
primer containing the BamHI site, whereby the reverse primer
was designed to anneal upstream of the firefly luciferase gene
stop codon. The PCR product was cloned into pYes2 between
BamHI and HindIII, resulting in the pYes-FLucNoSTOP construct.
Nano-luciferase was amplified using pF4Ag NanoLuc plasmid
from Addgene (cat# 137777) as a template. The forward primer
contained the BamHI site, while the reverse primer contained
the XhoI site. The PCR product was cloned into the pYes-
FLucNoSTOP construct between the BamHI and XhoI sites. The
sequence of pYes-FLuc-nanoLuc was verified by sequencing.

RNA isolation, northern blotting, and signal
quantification

To isolateRNA fromCFE, S180, P180, and from in vitro translation/
Renilla luciferase reactions, we used TRI REAGENT-LS according
to themanufacturer’s recommendations. To isolate RNA fromgra-
dient fractions, each fraction was treated with 100 µg/mL protein-
ase K in the presence of 1% SDS and 10 mM EDTA for 20 min at
42°C, followed by phenol/chloroform extraction and isopropanol
precipitation. All RNA pellets were resuspended in FAE solution
(Formamide, 10 mM EDTA) for 15 min at 65°C, with shaking.
RNA was separated on 1.2% formaldehyde-containing agarose
gel as described in Mansour and Pestov (2013). Prior to transfer
onto Nylon membrane (GE Healthcare, cat# NS0921), gels were
stainedwith SYBRGold and scanned using a Typhoon 9200 imag-
er (GE Healthcare) at 532 nm to visualize RNA. For hybridizations,
we used a [32P]-labeled probe specific for the gene encoding TAP
(5′-GCCGAATTCTCCCTGAAAA-3′), a [32P]-labeled probe y540

against 25S rRNA (5′-TCCTACCTGATTTGAGGTCAAAC-3′), or a
[32P]-labeled probe y500 against 18S rRNA (5′-AGAATTTCACC
TCTGACAATTG-3′). We used Typhoon 9200 in the phosphori-
maging mode to detect a radioactive signal, which was analyzed
with ImageQuant software (GE Healthcare). For quantification,
the volume of the hybridization signal corresponding to the RNA
species of interest was converted to phosphorimaging units, and
the background (average image background) was subtracted.

CFE (cell-free extract) preparation

The cryogenic lysis-based method for CFE preparation is de-
scribed in detail in Trainor et al. (2021b). In brief, cells of the
Saccharomyces cerevisiae BY4741 strain were grown in 1 L of
YPD medium to OD600∼ 0.8, harvested by centrifugation,
washed twice in H2O and twice in freshly prepared buffer A
[20 mM Hepes-KOH (pH 7.4), 100 mM KOAc, 2 mM Mg(OAc)2,
2 mM DTT]. The weight of the cell pellet was measured, and
the pellet was resuspended in buffer A containing 8% mannitol
in a 2:3 volume/cell weight ratio. Cell slurry was dripped directly
into liquid nitrogen to form small ice beads. Frozen yeast/buffer
beads were transferred into a prechilled grinding vial containing
a metal rod and placed into a SPEX freezer mill chamber filled
with liquid nitrogen. Yeast/buffer beads were powdered using
the following setting: 1 min of grind, 1 min off, eight cycles in to-
tal. The powdered cells were transferred into a prechilled 10.4 mL
ultracentrifuge tube (Beckman), allowed to thaw on ice, and yeast
suspension was centrifuged in a Beckman ultracentrifuge for
15 min at 4°C at 30,000g using a fixed-angle Beckman rotor
Type 80 Ti. The clear phase between the pellet and cloudy upper
lipid layer was collected (∼6 mL) and centrifuged again for 35 min
at 4°C at 100,000g in a Beckman rotor Type 80 Ti. Once again, the
clear phase between the pellet and cloudy upper layer was col-
lected, and 2.5 mL was applied on gel filtration column PD10
Sephadex G-25 (GE Healthcare) preequilibrated in buffer A con-
taining 20% glycerol at 4°C. For elution, also performed at 4°C,
we used 5 mL of buffer A containing 20% glycerol and collected
10 fractions (500 µL each). RNA content in each fraction was mea-
sured spectrophotometrically, and fractions with at least 60%–

75% of the highest RNA concentration were pooled, aliquoted
into Eppendorf tubes (100 µL aliquots) and frozen in liquid nitro-
gen for storage at −80°C. In this procedure, we did not use pro-
tease or RNase inhibitors.

PCR and RNA reporter preparation

PCR reactions and reporter RNA synthesis were performed
as described in Trainor et al. (2021b) with minor modifications.
Briefly, a sequence corresponding to a reporter gene cloned in
pYes2 as described in the “Plasmids” section was amplified
with DreamTaq polymerase using forward (5′-CGGATCGGA
CTACTAGCAGCTG-3′) and reverse (5′-TTCATTAATGCAGGG
CCGCAAATT-3′) primers that anneal upstream and downstream
from the T7 promoter and the CYC1 terminator elements on
pYes2, respectively. PCR products were concentrated using
ZYMO columns. m7G-capped mRNA was generated using 1 µg
of PCR-generated DNA template and mMESSAGE mMACHINE
T7 Transcription kit, according to the manufacturer’s recommen-
dations. The reaction was carried out at 37°C for 2 h, followed by
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DNase treatment for 15 min at 37°C and RNA precipitation with
LiCl. RNA pellet was washed with 80% EtOH, air-dried, and resus-
pended in 30 µL of H2O. Concentration was determined; RNA
was aliquoted and stored at −80°C.

Ribosome isolation for RSR

One aliquot of CFE (100 µL, RNA concentration∼ 5.6 µg/µL) was
centrifuged at 180,000g for 2 h in a Beckman TLA55 rotor (55,000
rpm) at 4°C. The supernatant was collected, transferred to a new
tube, and stored on ice (S180). The pellet was rinsed with buffer A
[20 mM Hepes–KOH, pH 7.4; 100 mM KOAc; 2 mM Mg(OAc)2;
and 2 mM DTT] (Wu and Sachs 2014), resuspended in 100 µL of
the same buffer by agitation at 21°C for 30 min (or as indicated
in figure legends), centrifuged using a tabletop centrifuge at
21,000g for 15 min at 4°C, and ribosome suspension was trans-
ferred into a new tube. RNA concentration was measured.
Alternatively, we centrifuged 100 µL of complete CFE through
the 20% glycerol cushion (500 µL) prepared in buffer A at
180,000g for 2 h in TLA55 rotor (55,000 rpm) at 4°C. The superna-
tant was carefully discarded; the ribosomal pellet was processed
as described above.

To isolate ribosomes from cells, cells were collected by centri-
fugation using preparative centrifuge at 2200g (we used an
Eppendorf centrifuge 5810R equipped with the A-4-62 rotor set
at 3300 rpm for 3 min at 4°C). Cell pellets were washed twice
with buffer A supplemented with 200 µg/mL of heparin (used as
an RNase inhibitor) and lysed by 10–12 cycles of 30 sec vortexing
followed by a 30 sec incubation on ice in the presence of 425–600
µm glass beads (Sigma, cat# G8772). Cell lysates were cleared by
centrifugations at 3200g for 10 min and at 21,000g for 15 min in a
tabletop centrifuge at 4°C; the supernatant was layered onto 20%
glycerol cushion (500 µL) prepared in buffer A and centrifuged at
180,000g for 2 h in TLA55 rotor (55,000 rpm) at 4°C. Supernatant
was discarded; the ribosomal pellet was processed as described
above for CFE.

Translation reactions using complete CFE

Forone reaction (15µL),weused7.5µLofCFE, 1.5 µLof RNA (200-
400 ng), and 6 µL of 2.5×master mix [50 mM Hepes–KOH (pH
7.4), 25 µM each amino acid, 5 mM Mg(OAc)2, 125 mM KOAc,
50 mM creatine phosphate, 0.15 U creatine kinase, 5 mM DTT,
2.5 mM ATP, 0.25 mM GTP, 1 U RiboLock]. Reactions were incu-
bated at 21°C for 30–180 min (indicated in figure legends).

Translation reactions using RSR format

For RSR translation reactions with mRNA reporters, we applied
the protocol for translation reactions described for complete
CFE (see above), with an exception that instead of 7.5 µL of
CFE, we used 6 µL of ribosome-free supernatant (S180) and 1.5
µL of ribosomes (concentrations are indicated in figure legends
and in text). Reactions were incubated at 21°C for 30–180 min (in-
dicated in figure legends).

For RSR translation reactions with endogenous transcripts pre-
sent in CFE, we used 6 µL of ribosome-free supernatant (S180),
1.5 µL of ribosomes (concentrations are indicated in figure leg-

ends and in text), and 7.5 µL of 2×master mix [40 mM Hepes–
KOH (pH 7.6), 20 μM of essential amino acids minus
Methionine and Cysteine, 4 mM Mg(OAc)2, 100 mM KOAc,
40 mM creatine phosphate, 0.12 U creatine kinase, 4 mM DTT,
2 mM ATP, 0.2 mM GTP, 0.8 U RiboLock and 1 mCi EasyTag
EXPRESS[35S]Met/Cys Protein Labelingmix]. Reactions were incu-
bated at 21°C. At 5, 30, and 45min, 4 µL aliquots were taken from
the reaction tube and added to 96 µL of 1M NaOH; tubes were
incubated at 37°C for 10 min (to hydrolyze RNA), mixed with
900 µL of ice-cold 25% TCA supplemented with 2% casamino ac-
ids and incubated on ice for 30 min to precipitate the translation
products. Precipitation mixtures were applied on Whatman GF/A
glass fiber filters, washed six times with 5% TCA, once with 70%
ethanol, air-dried, and placed in a scintillation vial. A total of
2 mL of scintillator was added into each vial and incorporation
of [35S-Met/Cys] into polypeptides was determined by counting
in a scintillation counter.

Cisplatin treatment of ribosomes

Aliquots of CFE were treated with various concentrations of
cisplatin (as indicated in Figure 6E) at 21°C for 2 h. Ribosomes
were next isolated for RSR as described above using centrifu-
gation through the 20% glycerol cushion. Resuspended ribosome
pellets (9 µg of RNA) were added to 15 µL translation reactions
containing 300 ng of the capped TAP mRNA reporter. Reactions
were incubated at 21°C for 90 min and proteins were analyzed by
western blotting using PAP to detect TAP. Antibodies against
Rpl3 were used to control loading.

Luciferase assays and statistical analysis

We used the Renilla Luciferase Assay System from Promega
(cat#E2810) and the Nano-Glo Dual-Luciferase Reporter Assay
System (cat#N1610) according to the manufacturer’s protocol.
The luminescent signal was measured on a GLOMAX 20/20
luminometer. Statistical analysis was performed by one-way
ANOVA with GraphPad PRISM 9.

For RNA and protein extraction from the luciferase reaction,
100 µL of TRI REAGENT-LS reagent were added to 100 µL of
the luciferase reaction. Samples were stored at −80°C prior to
processing according to the manufacturer’s recommendations.
RNA pellets were resuspended in 12 µL of FAE (formamide,
10 mM EDTA) (Shedlovskiy et al. 2017a), and equal volumes of
the dissolved RNA (5 µL) were analyzed by northern hybridizations
using [32P]-labeled probes specific for 18S and 25S rRNAs. The ra-
dioactive signals corresponding to the rRNAs were measured as
phosphorimaging units to obtain RLuc/18S rRNA and RLuc/25S
rRNA ratios, where RLuc is the Renilla luciferase luminescence
units, and 18S rRNA and 25S rRNA represent phosphorimaging
units corresponding to the full length rRNAs in the same reaction.

Western blotting

To analyze in vitro translation reaction products, proteins were
isolated from 15 µL of the translation reactions using TRI
REAGENT-LS according to themanufacturer’s recommendations.
Protein pellets were analyzed as described in Trainor et al.
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(2021a). In brief, protein pellets were resuspended in 50 µL of
1× SDS-PAGE loading dye, 10 µL were resolved by SDS-PAGE us-
ing 10% polyacrylamide gels, transferred onto nitrocellulose
membrane, and blocked with 10% milk in PBS–0.1% Tween
20 (PBST). Membranes were incubated with PAP or anti-Rpl3 pri-
mary antibodies, washedwith PBST, and for Rpl3 blots, incubated
with anti-mouse secondary antibodies. For detection, we used
Crescendo chemiluminescent HRP detection reagent.

Sucrose gradient centrifugation analysis

To analyze CFE, cellular lysate, CFE-derived, or cell-derived solu-
bilized ribosomes by sucrose gradient centrifugation analysis, 150
µg of total RNA was loaded onto 15%–45% (w/v) sucrose gradi-
ents prepared in 70 mM NH4Cl, 4 mM MgCl2, and 10 mM Tris–
HCl (pH 7.4). The volume of each gradient was 11 mL.
Gradients were centrifuged at 188,000g at 4°C for 4 h in a
Beckman SW41Ti rotor (36,000 rpm) and fractionated into 12 frac-
tions (1 mL each) using a Beckman fraction recovery system con-
nected to an EM-1 UV monitor (Bio-Rad).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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