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Abstract—In response to stress stimuli, eukaryotic cells typically suppress protein synthesis. This leads to the release of
mRNAs from polysomes, their condensation with RNA-binding proteins, and the formation of non-membrane-bound
cytoplasmic compartments called stress granules (SGs). SGs contain 40S but generally lack 60S ribosomal subunits. It is
known that cycloheximide, emetine, and anisomycin, the ribosome inhibitors that block the progression of 80S ribosomes
along mRNA and stabilize polysomes, prevent SG assembly. Conversely, puromycin, which induces premature termination,
releases mRNA from polysomes and stimulates the formation of SGs. The same effect is caused by some translation initia-
tion inhibitors, which lead to polysome disassembly and the accumulation of mRNAs in the form of stalled 48S preinitiation
complexes. Based on these and other data, it is believed that the trigger for SG formation is the presence of mRNA with ex-
tended ribosome-free segments, which tend to form condensates in the cell. In this study, we evaluated the ability of various
small-molecule translation inhibitors to block or stimulate the assembly of SGs under conditions of severe oxidative stress
induced by sodium arsenite. Contrary to expectations, we found that ribosome-targeting elongation inhibitors of a specific
type, which arrest solitary 80S ribosomes at the beginning of the mRNA coding regions but do not interfere with all subse-
quent ribosomes in completing translation and leaving the transcripts (such as harringtonine, lactimidomycin, or T-2 toxin),
completely prevent the formation of arsenite-induced SGs. These observations suggest that the presence of even a single 80S
ribosome on mRNA is sufficient to prevent its recruitment into SGs, and the presence of extended ribosome-free regions
of mRNA is not sufficient for SG formation. We propose that mRNA entry into SGs may be mediated by specific contacts
between RNA-binding proteins and those regions on 40S subunits that remain inaccessible when ribosomes are associated.
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Keywords: stress granules, liquid-liquid phase separation LLPS, small molecule inhibitors of translation, ribosomal inhibi-
tors, elongation, polysomes, harringtonine, lactimidomycin, T-2 toxin, stalled ribosome

* To whom correspondence should be addressed.

# Current affiliation: Department of Genetics, Microbiology and Statistics, Faculty of Biology, University of Barcelona (UB),
08028 Barcelona, Catalonia, Spain.

& Current affiliation: Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen, 9747 AG Gronin-
gen, Netherlands.

1786



MONOSOME-BOUND mRNAs FAIL TO ENTRY INTO SG

INTRODUCTION

The eukaryotic cell has the ability to promptly
respond to sudden changes in environmental condi-
tions through the launching a stress response program.
A crucial component of this program is usually the rap-
id suppression of protein synthesis [1]. In many cases,
the stress-induced suppression of translation is accom-
panied by the formation of specialized cytoplasmic ri-
bonucleoprotein (RNP) condensates known as stress
granules (SGs) [2-5]. It is believed that SGs contribute
to cell survival under stress conditions by facilitating the
optimal spatial distribution of mRNAs and translation
machinery components while protein synthesis is inhib-
ited and when it subsequently resumes, and also play a
role in antiviral innate immunity [3, 5-8].

SGs contain untranslated mRNA molecules, 40S
ribosomal subunits, and a large number of proteins: first
of all, several translation initiation factors, participat-
ing in the 48S preinitiation complex formation under
normal conditions [9], as well as some other translation
factors (see [10] and references therein); they also in-
clude many mRNA-binding proteins (see e.g. [11-14]),
proteins involved in intracellular signaling [15], and
other components of translation machinery (reviewed
in [1-5]). Some of them directly regulate SG formation,
while others are involved through interaction with vari-
ous components of the granules. The repertoire of pro-
teins found in SG has expanded significantly over the
past few years due to the use of proximal labeling ap-
proaches [16-20].

The mechanisms of SG formation are not fully un-
derstood. But a key principle underlying their formation
is the liquid—liquid phase separation (LLPS) associat-
ed with inherent properties of biopolymers: RNA and
RNA-binding proteins that have unstructured or repeti-
tive regions prone to forming excessive contacts [21-30].
It is assumed that intermolecular base pairing of un-
translated mRNAs leads to their aggregation, while in-
teraction with RNA-binding proteins promotes the for-
mation of RNP granules [22, 27, 31]. Protein—protein
interactions involving internally disordered regions also
play an important role in this process [4, 32]. In partic-
ular, the G3BP1/2 proteins, which are crucial for SG
formation, under stress conditions are converted from
a compact inactive state to a partially unfolded con-
formation that promotes cooperative RNA—protein in-
teractions [33, 34]. This leads to the assembly of RNP
clusters, wherein mRNA and protein molecules are
combined into heterogeneous condensates.

Transcriptome analysis of SGs revealed that almost
all cellular mRNA species are recruited into SGs, yet in

Abbreviations: CDS, coding region; LLPS, liquid—liquid phase
separation; RNP, ribonucleoprotein; SG, stress granules;
UTR, untranslated region.
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varying degrees [35]. Inefficiently translated mRNAs as
well as transcripts with long coding regions (CDSs) or
3" untranslated regions (UTRs) are more abundant in
SGs [35, 36]. This indicates a significant role of RNA—
RNA interactions between long ribosome-free mRNA
regions in SG formation. Interestingly, only a small por-
tion (~10%) of cellular mRNA molecules are found in
SGs at any given moment [35], being dynamically ex-
changed with the cytosolic pool of mRNA [37-39].

According to the classic model, it is untranslated
mRNAs, which are not associated with ribosomes, that
accumulate in SGs [9, 37, 40]. This is consistent with
the fact that, despite the presence of the 40S ribosom-
al subunits, the 60S subunits are not found in SGs, as
evidenced by immunofluorescence methods [9, 41, 42]
and by analysis of 18S and 28S rRNA distribution [43].
However, recent evidence suggests that some actively
translated mRNAs may be transiently associated with
SGs [44] and even likely found inside SGs [45]. Final-
ly, the statement about the complete absence of the 60S
subunits in SGs is not unambiguous [45, 46]. However,
there is still no doubt that mRNAs localized in SGs are
largely not translated [45].

Anyway, the appearance of long mRNA regions de-
void of ribosomes in the cell is considered a key require-
ment for SG formation in all existing models. Although
this condition alone might not always trigger SG assem-
bly, it typically promotes their formation. For instance,
SG assembly can be induced by blocking translation ini-
tiation through various means. Numerous stress stimuli,
leading to the inactivation of the translation initiation
factor eIF2, which delivers Met-tRNA; to the pre-initi-
ation complex [12], or small-molecule inhibitors of the
RNA helicase elF4A, involved in ribosomal scanning
[47-50], serve as inducers for SG formation. SG assem-
bly is also triggered by reducing the levels of elF4B,
elF4H, or PABP, and to a lesser extent, by depleting
the cap-binding protein eIF4E or preventing its incor-
poration into the eIF4F complex [51-53]. Remarkably,
interference with the last step of translation initiation
(60S subunit joining) using a small-molecule inhibitor
MDMP or by depletion of the L28 protein does not in-
duce SG formation or affect their assembly [51].

The formation of SG is also stimulated by the ribo-
some inhibitor puromycin, which induces premature ter-
mination and polysome disassembly [37]. In some cases,
puromycin alone can even trigger SG assembly without
any additional stimuli [37, 54]. In contrast, polysome
stabilization by classic inhibitors of elongation such as
cycloheximide, emetine, and anisomycin prevents SG
assembly under stress conditions [14, 37-39, 51, 55].

The facts above fit into the model that emphasizes
the role of extended ribosome-free mRINA regions as ma-
jor RNA components of SGs that largely determine their
formation. Here, we aimed to probe of this model. Thus,
we analyzed the effects of various small-molecule ribo-
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some inhibitors on SG formation triggered by sodium
arsenite, the classical SG inducer. The diverse properties
of these inhibitors [56] enable us to not only stabilize or
completely disassemble polysomes but also ensure the
presence of only a single 80S ribosome at the beginning
of the mRNA CDS. We found that in this latter case, no
SGs were formed. This suggests that mRNAs associat-
ed with only a solitary ribosome cannot be incorporated
in SGs, despite having extended ribosome-free regions.
Apparently, the 80S ribosome itself prevents the recruit-
ment of mRNA into SG. These findings raise questions
about the active role of the ribosome in excluding trans-
lated mRNAs from SGs and the universality of the clas-
sic model describing the mechanisms of SG assembly.

MATERIALS AND METHODS

Cell culture, stress induction and treatment with
translation inhibitors. HelLa cells were grown in DMEM
(Gibco, USA) with alanyl-glutamine (Paneco, Russia)
supplemented with 10% FBS (HyClone, USA) in the
presence of penicillin and streptomycin (Paneco) in a
humidified 5% CO, atmosphere at 37°C. The following
translation inhibitors were used (manufacturers, concen-
trations of stock solutions, and solvents are indicated):
cycloheximide (Sigma-Aldrich, USA, 10 mg/ml in wa-
ter), cephaeline (Cayman Chemical, USA, 10 mM in
ethanol), anisomycin (Sigma-Aldrich, 50 mM 8 DMSO),
puromycin (Santa Cruz Biotechnology, USA, 100 mM
in water), lactimidomycin (Sigma-Aldrich, 2 mM in
DMSO), harringtonine (Santa Cruz Biotechnology,
10 mg/ml in DMSO), T-2 toxin (Cayman Chemical,
10 mM in DMSO), pactamycin (Sigma-Aldrich, 10 mM
in DMSO), Torin-1 (Tocris Bioscience, UK, 10 mM in
DMSO). Before use, stock solutions were diluted with
water or PBS to appropriate concentrations (see below).
To induce SG formation, cells were exposed to 100 uM
sodium arsenite (NaH»AsQOs;, Sigma-Aldrich) for the in-
dicated time.

mRNA transfection. One day before transfection,
HeLa cells were transferred into the white FB/HB
96-well microplates (Greiner, Austria) in a volume of
75 ul per well, the space between the wells was filled with
sterile water. m’G-capped polyadenylated mRNA encod-
ing firefly luciferase (Fluc) and containing the 5 UTR
of the human B-actin mRNA and 3' UTR of an SV40
virus mRNA, obtained according to the previously de-
scribed protocol [57], was kindly provided by E. A. Panova
(Moscow State University). The cells were transfected
with reporter mRNAs using GenlJect-U (Molecta, Rus-
sia) at a cell density of ~75% as described [58]. When pre-
paring the transfection mixtures, D-luciferin (Promega,
USA) was added into PBS, mRNA, and GenJect-U mix
in such a way that its final concentration per microplate
well would be 0.4 mM. To examine the effect of arsenite
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on mRNA translation, it was added to the indicated con-
centrations 1 h before transfection. Translation inhibitors
were added into the wells in the form of 10X solutions
immediately before transfection. Then the microplate
was placed in the CLARIOstar multimodal plate read-
er (BMG Labtech, Germany) and luciferase activity
was measured in living cells for 24 h as described [59].
For further analysis, values at the 10 h post-transfection
were taken, approximately corresponding to the midpoint
of the linear phase of the curve (except for sodium arse-
nite, for which the 2 h post-transfection time point was
used). All transfections were performed at least twice on
different cell passages, each in triplicate, and then the
mean values and standard deviation were calculated.

Polysome analysis. HeLa cells were cultured to ~75%
confluence on 10-cm dishes and then were treated with
either the indicated concentrations of ribosome inhibi-
tors followed by 30-min incubation, or with 100 uM so-
dium arsenite followed by 60-min incubation. The sub-
sequent steps were performed according to the protocol
described in [60] with the following minor changes.
Cells were washed with ice-cold PBS and lysed in 200 ul
of buffer containing 20 mM Tris-HCI (pH 7.5), 250 mM
NaCl, 1.5 mM MgCl,, 1 mM DTT, 0.5% Triton X-100,
0.1 mg/ml cycloheximide, and 20 U/ml DNase TURBO
(Ambion-Invitrogen, USA). Lysates were incubated
on ice for 10 min, centrifuged at 16,000¢ for 10 min
at 4°C, and the supernatant was carefully loaded onto
a 10-60% (m/v) sucrose gradient (11 ml), contain-
ing 20 mM Tris—HCI (pH 7.5), 250 mM NaCl, 15 mM
MgCl,, 0.5 mM EDTA, | mM DTT, and 0.1 mg/ml
cycloheximide, followed by centrifugation in an SW-41
rotor at 35,000 rpm for 3 h. The gradient was then man-
ually fractionated into 300-ul aliquots and the A
was measured in 96-well UV-Transparent microplates
(Corning, USA) using the Infinite 200 PRO plate read-
er (TECAN, Switzerland). The obtained values were
normalized to the sum of the Ay values for all aliquots
from the same tube.

Immunocytochemistry and microscopy. For immu-
nostaining, HeLa cells were cultured to ~70% conflu-
ence on coverslips and treated with ribosome inhibitors
at the indicated concentrations for 30 min. Then oxida-
tive stress was induced by exposing the cells to 100 uM
sodium arsenite. After incubation for 1 h, the cells were
fixed with anhydrous methanol at —20°C for 7 min,
then post-fixed with freshly prepared 3% paraformalde-
hyde in PBS at 4°C for 30 min, and washed with PBS
at room temperature twice for 15 min. This was followed
by permeabilization with 0.5% Triton X-100 for 2 min,
blocking by 3% BSA for 15 min, and washing with PBS
for 15 min. Cells were then incubated in primary mouse
anti-G3BP1 (H-10) antibodies (Santa Cruz Biotechnol-
ogy) at room temperature for 1 h, followed by washing
with PBS (3 X 5 min) and incubation with secondary
anti-mouse IgG-specific antibodies conjugated with

BIOCHEMISTRY (Moscow) Vol. 88 No. 11 2023
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Alexa Fluor 488 (Invitrogen) under the same conditions,
and similar washing. After that, the nuclei were stained
with Hoechst 33342 (Thermo Fisher Scientific, USA)
and coverslips were mounted using Aqua-Poly/Mount
polyvinyl embedding medium (Polysciences Inc, USA).
Microscopy was performed using a Zeiss LSM900 con-
focal microscope (provided by the Moscow State Uni-
versity Development Program). The figures represent
the sum of all frames from the corresponding Z-stack.

RESULTS

Selection of small-molecule inhibitors. The following
ribosome inhibitors were chosen for analysis: cyclohex-
imide, cephacline (an analog of emetine), anisomycin,
puromycin, lactimidomycin, harringtonine, T-2 toxin,
and pactamycin, as well as the mTOR kinase inhibitor
torin-1 [56]. Their structures and essential features are
summarized in the table.

Cycloheximide binds to the E site of the 60S ribo-
somal subunit, blocks translocation, and stabilizes poly-
somes. Cephaeline (6'-O-demethylemetine) also blocks
translocation but interacts with the small subunit rather
than the large one. Anisomycin binds to the A site of the
60S subunit and inhibits the peptidyl transferase reaction.
Finally, puromycin mimics the aminoacylated CCA end
of tRNA and, by entering the A site of the ribosome,
induces premature termination, peptide release, and
polysome disassembly. These compounds were chosen
as controls due to their well-documented effects on SG
formation: polysome stabilizing drugs (such as cyclohexi-
mide, emetine, and anisomycin) are expected to prevent
SG assembly [14, 37-39, 51, 55], while puromycin, which
disassembles polysomes, on the contrary, is expected to
promote granule formation [37, 54].

In our study we aimed to uncover how the assem-
bly of SGs is affected by “non-canonical” elongation
inhibitors, which paradoxically lead to the disassem-
bly of polysome [56]. For example, pactamycin, which
binds to approximately the same site as emetine, has
long been considered an inhibitor of translation initia-
tion [64], but it is now known to actually block trans-
location, although its mechanism of action is still poor-
ly understood [65, 66]. Lactimidomycin belongs to
the same group of compounds (glutarimides) as cyclo-
heximide [67] and interacts with the same site of the
60S subunit but, due to its larger size, cannot effectively
compete with deacylated tRNA on an actively translat-
ing ribosome [68]. This is probably why it binds exclu-
sively to the 60S subunit that has just recruited at the
start codon during translation initiation and has a vacant
E site. Therefore, it arrests only one (5'-proximal) ribo-
some across the entire CDS, resulting in disassembly of
polysomes into monosomes rather than polysome stabi-
lization [67, 69]. Harringtonine and T-2 toxin are inhib-
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itors of the peptidyl transferase center, but their binding
also shares the same characteristic as lactimidomycin:
they selectively block newly initiated ribosomes. There-
fore, their addition also leads to polysome disassembly,
while only a solitary 80S ribosome remains bound to
each mRNA molecule [64, 70-72].

In addition to the ribosome-targeting drugs, we
also included torin-1, an inhibitor of the protein kinase
mTOR that inactivates the cap-binding machinery of the
cell [73], in our analysis. The reduced efficiency of trans-
lation initiation releases mRNA from polysomes and,
according to the model described above, should stimu-
late SG assembly. However, torin-1 has previously been
shown to slightly inhibit SG formation in two different
models instead [61, 62], so we decided to investigate its
effect in our system as well.

For the experiments, we chose a classical model
widely used for studying SGs in cultured mammalian
cells — severe oxidative stress induced by sodium arse-
nite (NaH,AsQOs), whose effects on translation has been
well studied [9, 58, 60, 74-76]. We also used a classic
object, the human cervical cancer cell line HeLa.

Analysis of the effect of small-molecule inhibitors
on translation in cultured human cells. Determining the
effect of ribosome inhibitors on SG assembly implies
complete translation arrest by adding the compounds in
a certain excess. To determine the required drug con-
centrations, we analyzed their inhibitory effect on pro-
tein synthesis in our system. Translation suppression
in living cells can be readily assessed using the fleeting
mRNA transfection (FLERT), which we previously de-
veloped to study the effect of stress response [58, 77, 78]
and small-molecule drugs [79, 80] on protein biosyn-
thesis. A capped polyadenylated transcript containing
the 5" UTR of the human (3-actin mRNA, the firefly lu-
ciferase CDS, and the 3' UTR of an SV40 virus mRNA
was used as a reporter since its translation level corre-
sponds well to that of a typical cellular mRNA [57].
To obtain more reliable results, we used the method of
real-time monitoring of luciferase activity in living cells
[59, 79] and took the values at 10 h post-transfection as
the final ones, although a similar pattern of suppression
was observed at other time points as well (for details, see
Materials and Methods).

As expected, increasing the concentration of inhib-
itors resulted in a decrease in luciferase activity in the
cells (Fig. 1). In all cases, except for torin-1, we were
able to achieve complete suppression of translation of
the reporter mRNA. The result obtained with torin-1
(Fig. 1i) was expected, as inactivation of the cap-bind-
ing protein eIF4E does not lead to complete block of the
translation of most cellular mRNAs, but instead has dif-
ferential effects on different transcripts [81, 82]. For fur-
ther experiments, we used concentrations of inhibitors
that were five times higher than the minimum concen-
trations at which complete suppression of luciferase
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Structural and functional properties of small-molecule translation inhibitors used in this study

Inhibitor Structural formula Target Mechanism of action Effect Effect on SG
(PubChem CID) (binding site) on polysomes assembly
inhibits translocation
Cycloheximide 60S by impeding the movement . prevents
(6197) (Esite) | ofthe CCA end of deacylated | StA0iiZes f‘f";gb;yl
tRNA to the E site [14, 38, 31]
. prevents
C(Zig?glsl;le 40S assembly
an analoé (in frgnt inhibits translocation stabilizes (knowp
of emetine of E site) for emetine)
[37, 39]
H inhibits the peptidyl
Anisomycin m 60S transferas.e.c.enter o - prevents
(253602) ~0 o o (A site) by destabilizing the binding stabilizes assembly
O)\ of aminoacyl-tRNA [55]
in the A site
\N/
N7 S ~o induces premature promotes
Puromycin k\N N 60S termination by mimicking disassembles assembl
(439530) 417 (Asite) | the aminoacylated CCA end (37,5 4]y
NN of tRNA ’
HO L
0
Pactamycin . 408 . . .
(5289124) ) (in ernt inhibits translocation disassembles unknown
N of E site)
inhibits translocation
by impeding the movement
Lactimidomycin 60S of the CCA end of deacylated disassembles unknown
(11669726) (E site) tRNA to the E site;
can only bind
to a vacant ribosome
BIOCHEMISTRY (Moscow) Vol. 88 No. 11 2023
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Table (cont.)

0
o/
. . L_o
Harringtonine HO %) 0~ 60S
(276389) O@j (Assite)
<o o
(0]
HO R
PO
—o
T-2 toxin o 60S
(5284461) 0u_0 (A site)
Y Of(
Torin-1 mTOR
(49836027) (active site)

inhibits the peptidyl
transferase center

by preventing

the accommodation

of the aminoacyl residue
of aminoacyl-tRNA

in the A site;

can only bind

to a vacant ribosome

disassembles unknown

inhibits the peptidyl
transferase center

by preventing

the accommodation

of the aminoacyl residue
of aminoacyl-tRNA

in the A site;

can only bind to

a vacant ribosome

disassembles unknown

mTOR inactivation leads
to dephosphorylation

of 4E-BP1 and disruption
of the interaction between
the cap-binding protein
elF4E and elF4G,

thus inhibiting
cap-dependent translation

slightly

inhibits
assembly

[61, 62]

disassembles

Note. The structural formulas are obtained from the PubChem database [63]. Information about their mechanisms of action is derived from

the review [56].

production was observed in this experiment (for torin-1,
the maximum concentration tested was used).

In a separate experiment, we examined the effect of
sodium arsenite on luciferase production by the trans-
fected cells (Fig. 1j) in order to assess the degree of
translation suppression under the conditions we were
going to use to analyze SG formation. Arsenite was add-
ed 1 h before transfection; in this case, the values pre-
sented in the figure correspond to the time point 2 h
after transfection (since during the multi-hour incuba-
tion, the cells adapted to this type of stress and resumed
translation, data not shown).

Analysis of the effects of small-molecule inhibitors
on polysomes. To evaluate the effect of compounds on
overall cellular translation and confirm that their effects
on polysomes in our model are consistent with those de-
scribed in the literature, we analyzed the polysome pro-
file of HeLa cells treated with the inhibitors at selected
concentrations for 30 min (Fig. 2). As expected, cyclo-
heximide, emetine, and anisomycin caused the accumu-
lation of the heavy fractions (indicating stabilization of
polysomes), while puromycin, pactamycin, lactimido-
mycin, harringtonine, T-2 toxin, and torin-1 shifted the
optical density towards the monosome and upper frac-
tions (i.e., induced polysome disassembly). In the case

BIOCHEMISTRY (Moscow) Vol. 88 No. 11 2023

of pactamycin and torin-1, complete polysome disassem-
bly was not observed, but cells treated with puromycin,
lactimidomycin, harringtonine, and T-2 toxin showed
very similar changes in the polysome profile, indicating
a complete transition of optical density from the poly-
some fractions to the monosome area. It is well known
however (for review, see [56]) that puromycin produces
monosomes that mainly consist of “empty” 80S ribo-
somes (containing no mRNA), whereas in the case of
lactimidomycin, harringtonine, T-2 toxin, and pactamy-
cin, the monosome peak mainly corresponds to single
80S ribosomes stopped at the mRNA start codons [56,
65, 69, 83, 84]. Thus, we were able to identify condi-
tions in which mRNAs with extended ribosome-free
regions accumulate in the cell, each carrying a solitary
80S ribosome.

Analysis of the effects of ribosome inhibitors on
the assembly of arsenite-induced stress granules. After
identifying the appropriate conditions and ensuring
that the inhibitors were exerting the expected effects,
we proceeded to analyze their impacts on SG assem-
bly. As mentioned earlier, sodium arsenite is a classic
inducer of SG formation in cultured mammalian cells
that causes severe oxidative stress [9, 74-76]. HeLa cells
were incubated for 30 min with the same concentrations
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of translation inhibitors that we previously used in poly-
some profiling. Then 100 uM arsenite was applied and
the cells were further incubated for 1 h, followed by
fixation and staining (Fig. 3). Antibodies against the

a Cycloheximide b

Cephaeline

[ R

1M 100 pM 1nM 10nM 100nM 1pM
c Anisomycin d Puromycin
1 =
=2
<
£
=
-l
0 -
il il il il
100nM 1pM  10pM 100 uM
e Pactamycin f Lactimidomycin
1
2
<
£
=
-l
0 -
1 1] ] 1
1nM  10nM 100nM  1uM
g Harringtonine
o
<
£
=
-
[
2
<
£
=
-
il b il il il L] T
1nM  10nM 100nM 1puM 1uM 10uM 100 uM

Inhibitor concentration

Fig. 1. Effects of selected small-molecule inhibitors on reporter mMRNA
translation in HeLa cells. Cells were transfected with a capped poly-
adenylated transcript containing the 5' UTR of the human fB-actin
mRNA, the firefly luciferase CDS, and the 3' UTR of an SV40 virus
mRNA. Prior to transfection, the indicated compounds were add-
ed to the cells at different concentrations, then luciferase activity was
measured in living cells in real-time for 24 h, and the values at 10 h
post-transfection (2 h for sodium arsenite) were taken for analysis.
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G3BP1 protein, a classic marker for SGs, were used
to visualize the granules.

As expected, in the absence of ribosome inhibitors,
arsenite stress led to the appearance of microscopically
visible SGs in cells. Similar granules were also observed
in cells pretreated with puromycin, but were absent
when cycloheximide, cephaeline, or anisomycin were
added, which is fully consistent with the previously de-
scribed effects of these drugs on SG assembly [14, 37-
39, 51, 54, 55]. Pactamycin prevented granule formation;
however, this result is difficult to interpret due to its
dual effect on polysomes in our model (Fig. 2g). Treat-
ment with torin-1 did not interfere with SG assem-
bly, which generally corresponds to earlier observations
[61, 62]; although this does not correlate well with the
above-described model of SG assembly (see Introduc-
tion), in which extended mRNA regions devoid of ribo-
somes play a key role (as their quantity should obviously
increase with partial polysome disassembly), this can be
explained either by incomplete polysome disassembly
(Fig. 2k) or by the important role of eIF4E-eIF4G in-
teraction in SG formation [61].

Finally, in cells pre-incubated with lactimidomycin,
harringtonine, or T-2 toxin (which also lead to disas-
sembly of polysomes, but leave a single 80S ribosome on
the mRNA in the coding region), arsenite did not induce
SG formation. These data suggest that under conditions
where the majority of mRNAs in the cell are released
from polysomes but remain associated with solitary
80S ribosomes, SG formation is impossible. The sim-
plest explanation for this fact is that mRNA-mono-
some complexes are unable to be recruited into SGs
and therefore cannot contribute to LLPS-mediated
condensation despite having extended ribosome-free
regions.

DISCUSSION

Cytoplasmic RNA-—protein condensates (SGs,
P-bodies, germinal and neuronal granules, and other
RNP-containing non-membrane-bound organelles and
compartments) play important roles in RNA metabo-
lism in eukaryotic cells [3, 5, 7, 85]. The physicochem-
ical principles underlying their formation are associat-
ed with LLPS [21, 22, 24-26, 28-30], but the molecular
mechanisms that drive these processes are still not fully
understood.

It is widely believed that specific modifications of
RNA-binding proteins (e.g., G3BP1/2) along with the
appearance of extended ribosome-free mRNA in the cell
serve as triggers for LLPS and subsequent SG assembly
[27, 31, 33, 34]. The aggregation of these RNA regions
can lead to the formation of condensates, similar to the
aggregation of partially denatured proteins that accumu-
late in the cell during heat shock [86], while ribosomes,
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Fig. 2. Polysome profiles of HeLa cells treated with translation inhibitors. a) Scheme illustrating the distribution of monosomes and polysomes
in sucrose gradient fractions. b) Polysome profile of untreated cells. c-k) Cells were treated for 30 min with an excess of translational inhibi-
tors: 350 uM cycloheximide, 10 uM cephaeline, 10 uM anisomycin, I mM puromycin, 10 uM pactamycin, 10 uM lactimidomycin, 10 uM har-
ringtonine, 10 uM T-2 toxin, or 1 uM torin-1. I) Cells were treated with 100 uM sodium arsenite for 1 h. 80S, monosome fraction; PS, polysome
fraction.

—— |CHX+Ars CPH+Ars

PAC+Ars

LTM+Ars

Fig. 3. Effects of translational inhibitors on arsenite-induced stress granule formation. Confocal microscopy images of HeLa cells treated sequen-
tially with the indicated ribosome inhibitors (CHX — 350 uM cycloheximide, CPH — 10 uM cephaeline, ANM — 10 uM anisomycin, PUR —
1 mM puromycin, PAC — 10 uM pactamycin, LTM — 10 uM lactimidomycin, HT — 10 uM harringtonine, T2T — 10 uM T-2 toxin, TOR — 1 uM
torin-1) for 30 min, followed by 100 uM sodium arsenite (Ars) treatment for 60 min. The cells were fixed and stained with antibodies to G3BP1 (an
SG marker, green channel) and Hoechst 33342 stain (nuclei, blue channel). Representative fields from several dozen analyzed samples are shown.
All images were acquired at the same magnification (scale bar, 10 um) and laser excitation power. Each panel represents the sum of all frames
in the corresponding Z-stack.

RNA helicases, and certain RNA-binding proteins act
as RNA chaperones that regulate RNA—RNA interac-
tions. With a sharp increase in mRNA regions available
for base-pairing (as observed during massive mRNA
release from polysomes), this machinery becomes over-
loaded, similar to how the amount of protein chap-
erones becomes insufficient to maintain proteostasis
during heat shock [86].
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In full accordance with this model, classic ribo-
some inhibitors that block elongation and stabilize poly-
somes (such as cycloheximide, emetine, and anisomy-
cin) prevent SG assembly, while complete disassembly
of polysomes triggered by puromycin, the premature
termination inducer, on the contrary, promotes or even
provokes their formation [10, 14, 37-39, 51, 55]. Here
we further confirmed these findings.
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However, in this study, we for the first time exam-
ined the effect of another type of elongation inhibitors:
lactimidomycin, harringtonine, and T-2 toxin, on SG
formation. They also target the ribosome (specifically
the E site of the 60S subunit, similar to cyclohexim-
ide, or the peptidyl transferase center, similar to aniso-
mycin); but due to some structural peculiarities [68],
they are incapable of competing with tRNA on active-
ly translating ribosomes and therefore only bind to va-
cant 60S subunits. As a result, on each mRNA they
arrest only a single 80S ribosome that has just initiated
elongation at the start of CDS (thoroughly discussed in
the review [56]). The remaining mRNA-bound ribo-
somes continue elongation, successfully terminate, and
eventually dissociate from the mRNA. In the case of
harringtonine and lactimidomycin, this property is ex-
ploited for mapping translation start sites using ribo-
some profiling [69, 83, 84]. These drugs intrigued us
because, although they produce an excess of extended
ribosome-free mRNA regions in cells similarly to puro-
mycin, they simultaneously lock an 80S ribosome at the
5' proximal region of each polysome-released mRNA.
At first glance, massive polysome disassembly and the
appearance of long “naked” mRNA regions should pro-
mote SG formation. But instead, we unexpectedly ob-
served an inhibition of their assembly. Thus, we have
shown that polysome disassembly per se does not always
promote SG formation. Moreover, our data suggest that
if at least one 80S ribosome remains associated with
mRNA, even when the rest of the CDS is free of ribo-
somes, the recruitment of this mRNA into SGs is im-
possible.

We could find no other explanation for our obser-
vation. Since all procedures for treating cells with differ-
ent inhibitors were performed using the same protocol,
we can hardly assume any artifacts of cell fixation. To be
on the safe side, we repeated the microscopy experiments
with some of the inhibitors in a live-cell format with-
out fixation using the fusion protein PABP-mCherry,
another SG marker, for granule visualization, and ob-
tained the same results (data not shown). The chemicals
we used were commercially available products of similar
purity and exhibited the expected inhibitory effects on
translation, making non-specific effects of “non-canon-
ical” inhibitors highly unlikely. Furthermore, treatment
with combination of “classic” inhibitors puromycin
and cycloheximide, which also leads to the selective
accumulation of solitary ribosomes at mRNA start co-
dons, according to ribosome profiling data [87], had
the same effect as lactimidomycin, harringtonine, or
T-2 toxins (data not shown). Taking all these facts to-
gether, we consider the most plausible assumption that
mRNA bound to a single 80S ribosome cannot be re-
cruited into SGs.

This result is particularly interesting in the context
of well-documented observations that SG formation
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can be induced by inhibiting the RNA helicase elF4A
by specific drugs like pateamine A, hippuristanol, and
rocaglates such as silvestrol, that arrest 43S scanning
ribosomal complexes within the mRNA 5' leaders [47-
50]. A similar effect was also described for edeine [88],
which leads to the accumulation of 40S subunits on
mRNA (however, it should be noted that this drug is
unable to penetrate into mammalian cells under normal
conditions [89] — in accordance with that, in our hands
edeine did not inhibit translation in living cells, data
not shown). Furthermore, inhibition of 60S subunit
joining to the 48S preinitiation complex by another
compound, MDMP, although did not induce SG for-
mation, did not impede their assembly either [51]. Thus,
the association of an mRNA with small ribosomal sub-
units, in contrast to 80S ribosomes, does not prevent its
recruitment into SGs.

There may be several explanations why the presence
of 80S ribosome on mRNA interferes with its localiza-
tion in SGs. This could be due to some properties of the
60S ribosomal subunits, which may be actively excluded
from SGs. Alternatively, proteins recognizing stalled 80S
ribosomes [90] could prevent the recruitment of such
complexes into the granules. It is also possible that the
topology of mRNA in the state associated with 80S ribo-
somes, but not with 40S subunits, does not favor RNA—
RNA interactions or the incorporation of mRNA into
condensates (for example, it is well known that trans-
lated mRNAs have a specific topology in both structural
and functional terms — see discussion in [91, 92] and ref-
erences therein). Lastly, perhaps the most intriguing ex-
planation for our results is that mRNA recruitment into
SGs may require direct interaction of some RNA-bind-
ing protein(s) with the intersubunit interface of the 40S
subunit or some other regions that are inaccessible in
the 80S ribosome. One such protein could be G3BP1/2,
a key SG component, which has been previously shown
to directly bind to the 40S ribosomal subunit [93, 94].

CONCLUSIONS

Thus, our data lead us to conclude that the presence
of large amount of mRNA with extended regions devoid
of ribosomes in the cell is insufficient for the formation
of stress granules. In addition to that, it is required that
at least a portion of the transcripts be free of 60S ribo-
somal subunits. This may be related to the association of
RNA-binding proteins responsible for recruiting mRNA
into stress granules with specific regions of the 40S sub-
unit that are inaccessible within the 80S ribosome.
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