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Abstract. Under many kinds of stress, eukaryotic cells rapidly decrease the overall translation level of the majority of mRNAs.
However, some molecular mechanisms of protein synthesis inhibition like phosphorylation of eukaryotic elongation fac-
tor 2 (eEF2), which are known to be functional in animals and yeast, are not implemented in plants. We suggest that there
is an alternative mechanism for the inhibition of protein synthesis in plant cells and possibly, in other eukaryotes, which
is based on the discrete fragmentation of 185 rRNA molecules within small ribosomal subunits. We identified four stress-
induced small RNAs, which are 5’- and 3'-terminal fragments of 18S rRNA. In the present work, we studied the induction of
18S rRNA discrete fragmentation and phosphorylation of the a-subunit of eukaryotic initiation factor 2 (elF2a) in germi-
nated wheat embryos in the presence of glyphosate, which imitates the condition of amino acid starvation. Using northern
and western blotting, we have shown that stress-induced 18S rRNA fragments started to accumulate in wheat embryos
at glyphosate concentrations that did not evoke elF2a phosphorylation. It was also found that cleavage of 18S rRNA near
the 5'-terminus began much earlier than elF2a phosphorylation, which became noticeable only at higher concentration
(500 uM) of glyphosate. This result suggests that discrete fragmentation of 185 rRNA may constitute a regulatory mecha-
nism of mRNA translation in response to stress and may occur in plant cells in parallel with and independently of elF2a
phosphorylation. The identified small 5’- and 3’-terminal fragments of 18S rRNA that accumulate during various stresses
may serve as stress resistance markers in the breeding of economically important plant crops.
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AHHoTauusa. [Npy MHOMMX BUAax cTpecca SykapuoTrnyeckume KNeTKy BbICTPO CHIKAKT 00LuniA ypoBeHb TpaHcnAaumuy 60nb-
winHcTBa MPHK. OfHaKo HeKOTOpble MONEKYNAPHbIE MEXaHU3MbI MHIMOUPOBAHUA CMHTE3a 6enka, Takue Kak pochopunu-
poBaHuve 3yKaproTuyeckoro dakTopa 3noHraumm TpaHcnauny (eEF2), GyHKLUMOHMPYIOT Y MMUBOTHBIX 1 APOXKEN, HO He
peanusytoTcay pacteHuid. Mbl npegnonaraem, YTo CyLLecTBYeT afbTePHATVBHbIN MEXaHN3M MHTMOUPOBaHUA CUHTe3a 6efika
B KNeTKax pacTeHUI 1, BO3MOXHO, APYT1X 3yKaprOT, OCHOBaHHbI Ha AUCKPeTHON PpparmeHTaumm monekyn 18S pPHK BHy-
TPY Manbix cyobeanHuL, prubocombl. Mbl naeHTrOULMpPOBanm YeTbipe manble PHK, MHOYLMPOBaHHbIe CTPeCccoM, KoTopble
npencTaBnAlT coboit 5'- n 3'-koHueBble pparmeHTbl 18S pPHK. B HacToAwel paboTe Mbl ccnefoBan MHAYKLUMIO ANCKPET-
Holt dparmeHTauum 18S pPHK n pocdopunupoaHme a-cybbeauHnLbl SyKaproTuniyeckoro dpaktopa nHuymaumm 2 (elF2a) B
NPOPOCLUMX 3aPOAbILIAX MIEHNULbI B TPUCYTCTBUN rMdocaTa, UMUTUPYIOLLErO COCTOAHME aMVHOKMCIOTHOO FofIoAaHuA.
Mcnonb3ysa HO3epH- 1 BECTEPH-ONOTTUHT, Mbl MOKa3anu, YTo MHAYLMPOBaHHbIe CTpeccom dpparmeHTsbl 185 pPHK HaumHatoT
HaKannMBaTbCA B 3apOofblLiax NiIeHWLbl NPU KOHLeHTpauuax rudocaTta, He BbidbiBatoLwmx pochopunupoarms elF2a. Tak-
e ycTaHOBMeHo, uTo pacuiennerve 18S pPHK B6n13M 5'-KoHLa HauMHaeTCA ropasfo paHblue, YemM CTaHOBUTCA 3aMETHbIM
docdopunnposaHue elF2a npu BbicoKo KoHUeHTpauun rmudocata (500 MKM). OTOT pe3ynbTaT yKasbiBaeT Ha TO, YTO AUC-
KpeTHas ¢parmeHTauua 18S pPHK moxeT npefcTaBnaTb OO0 PerynaTopHbI MexaHu3m TpaHcnauum MPHK B oTBeT Ha
CTpecc 1 NPOVCXOANUTb B PAaCTUTESNIbHBIX KNeTKax napannenbHo ¢ dochopunmpoBaHmem elF2a n He3aBUCUMO OT Hero. Bbl-
ABNEHHbIe 5'- 1 3'-KOHLEeBble Manble parmeHTsbl 18S pPHK, HakannmBatowmeca Npy pasfanyHbIX CTPeCcax, MOryT ClyXUTb
MapKepamy CTPeCccoyCTONYMBOCTY B MpoLiecce cenekumm X03ANCTBEHHO BaXKHbIX KYJIbTYp pacTeHuM.

KnioueBble cnosa: 3apoapiwy nweHuubl; 18S pPHK; anckpetHas ¢parmeHTtaums; 40S prboCcoMHble CyObeanHNLLbI;
rnudocat; docdopunuposaHume elF2a; cTpecc; ronopaHue.
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Introduction

Protein biosynthesis is a very energy-intensive process,
so under stress conditions, the translation of most cellular
mRNAs is inhibited in order to save energy and resources and
to ensure preferential synthesis of stress proteins. Several mo-
lecular mechanisms of protein synthesis inhibition have been
described in mammalian and yeast cells. One of these mecha-
nisms is the eukaryotic translation elongation factor 2 (eEF2)
phosphorylation, which is carried out by a highly specific pro-
tein kinase in response to a sharp decrease in cytosolic ATP
concentration levels. Phosphorylation inactivates mammalian
eEF2 by preventing it from binding to the ribosome (Ballard et
al.,2021). However, plants do not exhibit endogenous kinase
activity for eEF2 either under normal conditions (Smailov et
al., 1993), or under stress (Gallie et al., 1998).

The second mechanism known in animals to reduce the level
of mRNA translation is triggered under conditions of amino
acid starvation and is mediated by elF4E-binding proteins
(4E-BPs), which prevent eIF4E from binding to the m’G-
cap structure of mRNA (Hernandez et al., 2010). However,
no clear homologs of these eI[F4E-BPs have yet been found
in plants (Echevarria-Zomeno et al., 2013), nor were any
orthologues of the 4E-BPs genes found in plant genomes
(Browning, Bailey-Serres, 2015).

Another important mechanism of eukaryotic protein syn-
thesis inhibition is the phosphorylation of the a-subunit of
eukaryotic initiation factor 2 (elF2a) by specific protein ki-
nases. This process in mammalian and yeast cells leads to
the blocking of GDP — GTP exchange protein elF2B and to
a sharp inhibition of the mRNA translation initiation (Baird,
Wek, 2012). However, recycling of the ternary complex in
plant cells can occur without the participation of e[F2B (Shai-
khin et al., 1992), and elF2a phosphorylation in plant systems
in vitro does not lead to strong inhibition of protein synthesis
(Zhigailov etal., 2020). In addition, of the four protein kinases
(mPKR, mHCR, mPERK, mGCN2) that phosphorylate the
elF2a in mammalian cells, only pGCN2-kinase was found
in plants, and the phosphorylation of elF2a in plants is not a
universal response to all stress types (Immanuel et al., 2012;
Zhigailov et al., 2020).

Thus, the mechanisms of protein biosynthesis suppression
due to the phosphorylation of translational factors, which are
well described for mammals and yeast, are either used to a
limited extent or are not realized at all in plant cells. We sug-
gest that another mechanism of protein synthesis inhibition
can function in plants, which is triggered by certain abiotic and
biotic stresses. In our understanding, this mechanism is associ-
ated with the cleavage at certain sites of the 18S rRNA as part
0f'40S ribosomal subunits (40S RS). Previously, we described
the process of 18S rRNA cleavage, leading to 5'-terminal frag-
ments formation of 132—134 nt. (Zhanybekova et al., 1996)
and of 54-57 nt. (Zhigailov et al., 2014), as well as a 3'-termi-
nal fragment of 100 nt. (Zhigailov et al., 2013). Our data are
quite consistent with the data of full-transcriptome analysis,
which showed that breaks in 28S-, 18S-, and 5.8S-rRNA do
not occur randomly, but discretely, which leads to the fact that
some fragments of ribosomal RNA are detected in the cell sig-
nificantly more often than other fragments (Chen et al., 2017).

The process of RNA cleavage is widely used by cells during
the processing of ribosomal RNA from their precursor during
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ribosome biogenesis (Henras et al., 2015). In addition, in pro-
and eukaryotic organisms, the mechanism of protein biosyn-
thesis suppression is realized due to the cleavage of the 28S
rRNA molecule from the large (60S) ribosomal subunit along
the sarcin-ricin loop with the cleavage of the 3'-terminal Endo-
rRNA-fragment (Endo, 1988). Toxins of plants (ricin, abrin,
and modecin), fungi (a-sarcin) and bacteria (Shiga toxin) act
this way (Kast et al., 2014). Possibly similar endonucleases
and/or glycosylases (that mediate abasic site formation as in
the case of ribosome inactivating proteins, RIPs) are activated
in plant cells during stress, but targeting 18S rRNA in 40S RS
instead of 28S rRNA in 60S RS, and thus leading to temporary
or permanent suppression of mRNA translation.

In this work, we have shown that in the case of glyphosate-
mediated amino acid starvation, when the only specific elF2a
kinase of plants (pGCN2-kinase) is activated, in addition to
plant elF2a phosphorylation, another protective mechanism
is triggered in plant cells, namely, discrete fragmentation of
18S rRNA. It was shown that the accumulation in plants of
18S rRNA 5'-terminal fragments of 75 nucleotides (75nt-
5'18S) and 134 nucleotides (134nt-5'18S) begins earlier than
the activation of pGCN2 kinase and becomes noticeable at
relatively low concentrations of glyphosate when plant e[F2a
phosphorylation does not occur at all.

Materials and methods
Plant material and treatment. Wheat (7riticum aestivum L.
cv. Kazakhstanskaya 10) seeds were sterilized in 70 % (v/v)
ethanol for 2 min, then in 2 % (w/v) NaOClI for 20 min, and
washed thoroughly with sterile water. Seeds were germinated
at 26 °C on sterile filter paper soaked in water. After 18 hours,
viable embryos were isolated by spatula from swollen seeds
and placed in 1 % glucose solution containing 50 U/ml penicil-
lin, 50 pg/ml chloramphenicol, and 50 pg/ml nystatin. After
this, embryos were divided into equal portions (1 g), which
were subjected to treatment with glyphosate (simulation of
amino acid starvation) or without any additives (control).
Synthesis of probes. DIG-labeling of de novo synthetized
oligodeoxyribonucleotides 5'18S (5'-ACAAGCATATGA
CTACTGGCAGGATCAACCAGGTA)and 3'18S (5'-CAA
TGATCCTTCCGCAGGTTCACCTACGGAAACCT)
was carried out using DIG Oligonucleotide 3'-End Labeling
Kit (Roche) according to the manufacturer’s manual. Probes
(5'18S-DIG and 3'18S-DIG) were used for northern blotting.
Northern blotting. Total RNA was extracted from plant
tissues with Tri-reagent (Sigma Aldridge) and analyzed on
10 % PAGE with 8 M urea in Tris-borate buffer (1xTBE:
89 mM Tris-borate, 2 mM EDTA, pH 8.3). RNAs were blot-
ted to a nylon membrane (Roche) equilibrated in 0.1x TBE
using a semi-dry blotter (Sci-Plas) at 250 mA for 30 min.
The membrane was dried and irradiated with UV light for
2 min at 10 mJ/cm? in a crosslinker (UVP). Hybridization of
DIG-labeled probes and subsequent chemiluminescent band
detection was performed with DIG Luminescent Detection
Kit for Nucleic Acids (Roche) according to the manufac-
turer’s procedure. The hybridization temperature was 55 °C.
Anti-Digoxigenin-AP Fab fragment conjugates (Roche) were
used to detect bound DIG-labeled probes. The blots were
developed using a commercial alkaline phosphatase substrate
CSPD (Roche).
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and immunoblotting. Frozen embryos were ground to
a powder in a mortar and then homogenized in Laemmli
sample buffer (Laemmli, 1970). Proteins were separated by
12.5 % SDS-PAGE with 0.1 % SDS. The separated proteins
were transferred to a nitrocellulose membrane (GVS) that
was afterwards stained with Ponceau S (Sigma-Aldrich). The
antibodies against human phospho-elF2a (S51) produced in
rabbit (CellSignaling Technology, 1:1000) were used for the
immune-detection of phosphorylated 7. aestivum (1a) elF2a
(TaelF2(aP)). Then horseradish peroxidase-conjugated anti-
rabbit secondary antibodies produced in donkey (ECL, 1:2000
dilution) were used.

Results

The effect of glyphosate concentration on 18S rRNA frag-
mentation in wheat embryos. Since the mechanisms of
mRNA translation inhibition mediated by 4E-BPs and eEF2K
are not implemented in plants, it is believed that the main
response in plants to amino acid starvation is elF2a phos-
phorylation with pGCN2 kinase (Zhang et al., 2008). To test
whether the process of discrete fragmentation of 18S rRNA
is also induced under these conditions, the herbicide glypho-
sate was used. Glyphosate targets 5-enolpyruvoylshikimate
3-phosphate synthase, which catalyzes the key penultimate
reaction in the shikimate pathway (Padgette et al., 1995).
Therefore, it inhibits the synthesis of many aromatic plant
metabolites including the amino acids tryptophan, tyrosine,
and phenylalanine and leads to pGCN2 kinase activation
and phosphorylation of the plant eIF2a (Zhang et al., 2008).
Germinated wheat embryos were treated with glyphosate at
various concentrations, after which the content of 18S rRNA
small fragments and the phosphorylation status of 7uelF2a
were assessed in their cells. The results are present in Figure 1.

Phosphorylation of 7aelF2a becomes noticeable only at
relatively high concentrations (0.5 and 5 uM) of glyphosate
(tracks 4 and 5 on Fig. 1, d; right panel), at which wheat
embryos stopped to grow (variants 4 and 5 on Fig. 1, a). The
appearance of 3'-terminal fragments 100nt-3'18S and 70nt-
3'18S was observed at the same concentrations of glyphosate
(tracks 4 and 5 on Fig. 1, ¢; right panel). At the same time,
5'-terminal fragments of 18S rRNA, 134nt-5'18S and 75nt-
5'18S, began to accumulate in noticeable amounts even at
very low concentrations (5 pM) of glyphosate (see Fig. 1, b).
The results of semi-quantitative optical densitometry analysis
for this experiment are presented in Table 1. Since the 134nt-
5'18S fragment can be a precursor of 75nt-5'18S, and the
100nt-3'18S fragment can act as a precursor for 70nt-3'18S,
it is reasonable to estimate the sum of these small 18S rRNA
fragments.

The dynamics of glyphosate influence on 18S rRNA frag-
mentation in wheat embryos. Then, we assessed how quickly
wheat embryos respond to glyphosate treatment by measuring
the time dependence of TaelF2a phosphorylation and of dis-
crete fragmentation of 18S rRNA. For this, a glyphosate con-
centration of 500 pM was chosen, which induced quite ef-
fective phosphorylation of 7aelF2a, as well as a significant
increase in the content of 18S rRNA small fragments: 134nt-
5'18S, 75nt-5'18S, 100nt-3'18S and 70nt-3'18S (see Fig. 1,
Table 1). The results of the experiment are shown in Figure 2.
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The results of semi-quantitative optical densitometry analy-
sis of the data presented in Figure 2 are shown in Table 2.

Data presented in Figure 2 and Table 2 show that 7aelF2a
phosphorylation begins 45 min after the start of glyphosate
treatment (a faintly visible band on track 4 on Fig. 2, ¢; right
panel), and 7aelF2aP becomes quite noticeable after 60 min
of such treatment (track 5 in Fig. 2, ¢; immunoblot).

The 3'-terminal fragmentation of 18S rRNA is observed
after 3 hours after the start of glyphosate treatment: fragments
100nt-3'18S and 70nt-3'18S become detectable as faintly
visible bands on track 7 of Figure 2, b (right panel). The
amount of these 3'-coterminal fragments is significantly lower
than after 10 hours of the same treatment with glyphosate
(compare with track 4 on Fig. 1, c; right panel).

As for fragmentation from the 5’-terminus of 18S rRNA,
the amount of both 5'-coterminal fragments, 134nt-5'18S
and 75nt-5'188S, is significantly increased as early as by the
15th min after the start of treatment of wheat embryos with
glyphosate (see Fig. 2, a; right panel). Notably, the amount
of the fragment 134nt-5'18S is higher than that of 75nt-5'18S
fragment during 30—45 min of incubation with glyphosate.
By 60 min of incubation their amounts become almost equal
and after that, the amount of 75nt-5'18S fragment becomes
higher (by 90 min) and even obviously prevalent by 180 min
(see Fig. 2, a; right panel). Similar interrelation can be seen
in Figure 1, b (right panel) regarding the applied concentra-
tions of glyphosate.

These observations suggest that cleavage at 134th nucleo-
tide may happen more quickly and this site is more susceptible
at the beginning of stress. The cleavage site at 75th nucleotide
becomes more prevalent with an increase of stress duration
and severity. The cleavage sites at the 3'-terminal segment
of 18S rRNA occur only at very high severity and duration
of stress. Therefore, there seemingly exist several different
mechanisms for the cleavage at 5'- and 3'-termini of 18S
rRNA, which may result in several different consequences
for the functioning of 40S RS.

Discussion
No phosphorylation of elF2a was observed in plants under
osmotic and oxidative stresses (Lageix et al., 2008), heat
shock (Gallie et al., 1997; Echevarria-Zomeno et al., 2013)
and during unfolded protein response in plants (Kamauchi et
al., 2005). At the same time, during these stresses a significant
decrease in the translation level of most mRNAs is observed
with exception only for those templates that are responsible
for the synthesis of stress proteins (Altschuler, Mascarenhas,
1982; Ruberti et al., 2015). Most likely, in plants, other me-
chanisms of protein biosynthesis suppression are realized,
than elF2a phosphorylation (Yu et al., 2021). In addition,
elF2a phosphorylation is not the only possible mechanism of
response to some types of stress in different eukaryotic cells.
For example, when yeast cells are exposed to harsh ultraviolet
light, phosphorylation of elF2a is observed, as well as a sup-
pression of the overall level of protein synthesis. However,
inhibition of mRNA translation upon exposure to UV light
occurs even in cells containing a mutant form of elF2a that is
not capable of phosphorylation (Knutsen et al., 2015).

We postulate that the process of discrete fragmentation
of 18S rRNA observed under glyphosate mediated amino
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Fig. 1. The effect of glyphosate on TaelF2a phosphorylation and 185 rRNA fragmentation in germinated wheat embryos.
a, The appearance of wheat embryos exposed to different concentration of glyphosate; b, Northern blot analysis using
5'18S-DIG probe (right panel). Left panel — ethidium bromide stained PAA-gel; ¢, Northern blot analysis using 3'18S-DIG
probe (right panel). Left panel - ethidium bromide stained PAA-gel; d, Phosphorylation status of TaelF2a in wheat embryos.
Presented are the membrane stained with Ponceau S (left panel) and blot-membrane developed using anti-HselF2(aP) anti-

bodies (right panel).

For all variants, embryos were first germinated at 26 °C for 18 h and then incubated at 26 °C for 10 h in the absence or presence of
glyphosate at the following concentration: 7 - 0 uM (control); 2 - 5 pM; 3 - 50 uM; 4 - 0.5 uM; 5 — 5 pM. L — Low Range ssRNA ladder;

M - PageRuler Plus Protein Ladder.

Table 1. Optical densitometry analysis for assessing the 18S rRNA fragments in wheat embryos

following treatment with glyphosate at various concentrations

Glyphosate Normalized signal
COncentratiOn, S(134nt—5’185) / S(75nt-5'1 8S) / S(134nt-5'185 + 75nt-5'18S) / S(100nt-3'1 89) / S(70nt-3’185) / S(100nt-3'185 +70nt-3'18S) /
L SeSRNA SSRNAL SSSRNAL SGSRNAL SesRN. SSSRNAL
0 0.14+0.01 0284007 0424007 0.15+0.01 0.17 +0.03 0.33+0.03

""""""""""""""""" 0294004  08+0.15% 114015 0194003  019+002 038+005
50 044+01% 078+012%  12%01% 0254004 0274003 0524006
500 024002 09+019% 11019 08+0.1% 058+009%  14+02%
5000 024002  118+021*  14%02%  12%01% 086+015% 201+018%

Here and in Table 2: * p < 0.05; ** p < 0.001 (when compared with control). Densitometry analysis was performed using “ImageJ 1.42q" software.

acid starvation may lead to a decrease in the level of mMRNA
translation. This molecular mechanism can be realized in
parallel with the known mechanism of translational re-
gulation mediated by elF2a phosphorylation and indepen-
dently of it.

Understanding the molecular mechanisms of plant adap-
tation to stresses can make it possible to increase the efficien-
cy of breeding work to obtain genetic lines and varieties of
economically important plant species that are characterized
by increased resistance to certain stresses.
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Fig. 2. The dynamics of glyphosate action on the TaelF2a phosphorylation and 18S rRNA fragmentation in ger-
minated wheat embryos. a, Northern blotting analysis (right panel) using 5'18S-DIG probe. Left panel - ethidium
bromide stained PAA-gel; b, Northern blotting analysis (right panel) using 3'18S-DIG probe. Left panel - ethidium
bromide stained PAA-gel; ¢, Phosphorylation status of TaelF2a in wheat embryos exposed to glyphosate treat-
ment. Presented are the membrane stained with Ponceau S (left panel) and blot-membrane developed using
anti-HselF2(aP) antibodies (right panel).

The embryos were first germinated at 26 °C for 18 h and then incubated at 26 °C in the presence of 0.5 uM glyphosate
during the following periods: 7 — 0 min; 2 - 15 min; 3 — 30 min; 4 - 45 min; 5 - 60 min; 6 — 90 min; 7 - 180 min. L - Low
Range ssRNA ladder; M — PageRuler Plus Protein Ladder.

Table 2. Densitometry analysis for assessing the 185 rRNA fragments in wheat embryos
treated with 500 uM glyphosate for different time periods

Time, min Normalized signal
Sqizantsss) / Sasntsss)/ S(i3ant-5185 + 75nt-518s)/  S(100nt-3185)/ Sgont-318s)/ S(100nt-3185 + 70nt-3185) /
S(ss RNA) S(ss RNA) S(ss RNA) S(ss RNA) S(ss RNA) S(ss RNA)
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Conclusion

This paper presents data indicating that in plant cells the imi-
tation of amino acid starvation induces, in addition to elF2a
phosphorylation, another cellular response that involves the
cleavage of the 18S rRNA molecule with the formation of
discrete 5'- and 3'-terminal fragments. At the same time,
3'-terminal fragments of 18S rRNA appear only at lethal
concentrations of glyphosate and after a prolonged period of
stress (3 hours or more). In contrast, 5'-terminal fragments of
18S rRNA began to accumulate in wheat embryos at relatively
low glyphosate concentrations, at which wheat embryos could
continue development, and already 15 min after the start of
glyphosate treatment. Thus, the process of 18S rRNA frag-
mentation in wheat embryo 40S RS is triggered even under
conditions where eIlF2a phosphorylation does not occur. We
suggest that such cleavage of the 18S rRNA molecule, which
is activated during amino acid starvation, may result in either
global or selective suppression of mRNA translation.
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