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Abstract. Polyamines and indole are small regulatory molecules that are involved in the adaptation to stress in bac-
teria, including the regulation of gene expression. Genes, the translation of which is under the regulatory effects of
polyamines, form the polyamine modulon. Previously, we showed that polyamines upregulated the transcription of
genes encoding the ribosome hibernation factors RMF, RaiA, SRA, EttA and RsfS in Escherichia coli. At the same time,
indole affected the expression at the transcriptional level of only the raiA and rmf genes. Ribosome hibernation
factors reversibly inhibit translation under stress conditions, including exposure to antibiotics, to avoid resource
waste and to conserve ribosomes for a quick restoration of their functions when favorable conditions occur. In this
work, we have studied the influence of indole on the expression of the raiA and rmf genes at the translational level
and regulatory effects of the polyamines putrescine, cadaverine and spermidine on the translation of the rmf, raiA,
sra, ettA and rsfS genes. We have analyzed the mRNA primary structures of the studied genes and the predicted
mMRNA secondary structures obtained by using the RNAfold program for the availability of polyamine modulon
features. We have found that all of the studied genes contain specific features typical of the polyamine modulon.
Furthermore, to investigate the influence of polyamines and indole on the translation of the studied genes, we have
constructed the translational reporter lacZ-fusions by using the pRS552/ARS45 system. According to the results ob-
tained, polyamines upregulated the expression of the rmf, raiA and sra genes, the highest expression of which was
observed at the stationary phase, but did not affect the translation of the ettA and rsfS genes, the highest expression
of which took place during the exponential phase. The stimulatory effects were polyamine-specific and observed at
the stationary phase, when bacteria are under multiple stresses. In addition, the data obtained demonstrated that
indole significantly inhibited translation of the raiA and rmf genes, despite the stimulatory effect on their transcrip-
tion. This can suggest the activity of a posttranscriptional regulatory mechanism of indole on gene expression.
Key words: polyamines; polyamine modulon; indole; ribosome hibernation factors; reporter gene fusions; gene
expression; adaptation to stress.
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PerynsiTopHble 3(p(peKThI MMOJAMaMUHOB U MHI0/1a
Ha SKcIpeccrio pakTopoB rmdoepHaunuy pumdéocomM
v Escherichia coli Ha ypOBHe TPaHCISLIUN
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WNHCTUTYT 3KONOrMn 1 reHeTUK MUKPOOPTraHN3MOB YPasibCKOro oTaeneHunsa PoccMinckom akagemmnm HayK —
dunman Mepmckoro dpefepanbHOro NCCNefoBaTeNbCKOro LieHTPa Ypanbckoro oTaeneHnsa Poccuinckon akagemun Hayk, Mepmb, Poccua
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AHHoTayua. [NonraMuHbl 1 MHAON — PEryNATOPHbIE MONEKYSIbl, KOTOPbIE YYaCTBYIOT B aganTalmm K cTpeccy y 6ak-
TepUin, BKIKOYAA perynaumio reHHoM aKkcnpeccui. [eHbl, TPaHCALMA KOTOPbIX HAXOAUTCA MO PerynATOPHbIM BANA-
HUeM MoNNaMMHOB, COCTaBAAIOT NOJIMAMUHOBbIN MOAYNOH. PaHee Hamy NoKasaHo, YTO MNOMAMUHbBI CTUMYANPYIOT
TPaHCKPUNLUIO reHoB, Koampyowmx dakTopbl rnbepHauun pubéocom RMF, RaiA, SRA, EttA, RsfS y Escherichia coli,
a 3¢ deKT MHOONA OrPaHNUMBANICA NINLWb ABYMSA 13 HUX — raiA n rmf. ®akTopbl rmbepHaumm pnbocom obpaTrmo
VNHIMOMPYIOT TPAHCAALMIO B YCNIOBUAX CTPeCca C LeNblo SKOHOMUM KNETOUHbIX PECYPCOB, Urpas KoUeByo posib
B BbPKMBaHMM GaKTEPUIA, B TOM YMC/ie MPU BO3LENCTBMU aHTUOMOTNKOB. [JaHHas paboTa NocesleHa N3yUYeHuto
BAVAHMWA NHOO0NA Ha SKCMPECCUIO FreHOB raiA n rmf Ha TPaHCIALMOHHOM YPOBHE, a TakXKe PerynaTopHbix 3¢pdeKTos
NonMaMUHOB NYTPECLMNHA, KajaBeprHa U CNePMUANHA Ha TPAHCNALMIO reHOB rmf, raiA, sra, ettA, rsfS. MpoaHanusn-
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S deKT NnonmamrHoOB 1 nHona
Ha daKTopbl rMbepHaLmm prbocom

poBaB nepBuryHble CTPYKTYpbl MPHK, a Takxe nonyuyeHHble ¢ nomoLybto nporpammbl RNAfold moaeny BTopuuHbIx
CcTPyKTYp MPHK, Mbl ycTaHOBUAK, UTO BCe UCCeyeMble reHbl UMeT cneynduryeckme npusHaku nonamMmmHoOBOro
MoAynoHa. [1nA n3yyeHus BAVAHVA NONMAMUHOB U MHAOMA Ha TPAHCIALMIO NCCIeAYEeMbIX FEHOB OblIN CKOHCTPYW-
pOBaHbl TPAHCNALMOHHbIE penopTepHble lacZ-cnnaHuna ¢ ncnonb3oBaHrem pRS552/ARS45 cructembl. CornacHo no-
NyYEHHbIM pe3yibTaTaM, MOfIMaMUHbI CTUMYSIMPYIOT SKCMPECCUIO «CTalMoHapHO-dasHbIX» reHoB rmf, raiA, sra, Ho He
0Ka3blBaloT BNAHUA Ha TPAHCIALMIO FeHOB ettA 1 rsfS, Hanbonbluas 3KCNPeCccus KOTOpbIX HabnohaeTcA B SKCMNO-
HeHumanbHon dase pocTa. Ctumynupyowmin 3¢dekT cneurduyeH ana pasnnyHbIX NOMaMUHOB U BO BCEX CITyYanaX
HabslofaeTCA B CTaLMOHapHON da3e, Korga KneTky nofBep»KeHbl MHOMXeCTBEHHOMY CTPECCOPHOMY BO3AENCTBUIO.
Kpome Toro, nonyuyeHHble faHHble AEMOHCTPUPYIOT 3HAUUTENbHbBIN MHIMOMPYoWMIA 3ddeKT MHAONA Ha SKcnpec-
cuio raiA n rmf Ha ypoBHe TPaHCIALMKN, HECMOTPSA Ha ero CTUMyMpYyHoLLee EeNCTBME Ha TPAHCKPUMLMIO AaHHbIX
reHOB, YTO MOXET ABNATLCA MPU3HaKOM GYHKLMOHNPOBAHMWA NOCTTPAHCKPUMLMOHHOTO MeXaH13Ma X perynauum.
KnioueBble cnoBa: NOIMaMyHbl; MOIMAaMHOBbIA MOAYNOH; MHAOM; GpakTopbl rMbepHaLUmm prubocom; penopTepHble
reHHble C/IMAHWSA; FeHHaA SKCNpeccus; afjanTaumsa K cTpeccy.

Introduction

Being the normal metabolites of bacteria, polyamines and
indole are involved in a variety of cellular processes, including
adaptation to stress, antibiotic resistance, biofilm formation,
quorum sensing and persistence (Rhee et al., 2007; Shah,
Swiatlo, 2008; Tkachenko et al., 2012, 2014; Gaimster et al.,
2014; Lee et al., 2015; Miller-Fleming et al., 2015; Michael,
2018; Kim et al., 2020; Zarkan et al., 2020; Lang et al., 2021).
Biogenic polyamines are aliphatic polycations synthesized from
amino acids and present in almost all biological materials.
Bacteria are able to produce predominantly putrescine, cada-
verine and spermidine (Tabor C.W., Tabor H., 1985; Michael,
2016). In turn, indole is a heterocyclic aromatic compound,
which is produced from tryptophan by many bacterial species
and is involved in interspecies and interkingdom signaling
(Zarkan et al., 2020).

One of the ways to realize the regulatory effects of these
metabolites is the modulation of gene expression (Igarashi,
Kashiwagi, 2006, 2018; Kusano et al., 2008; Shah, Swiatlo,
2008; Miller-Fleming et al., 2015; Zarkan et al., 2020; Lang
etal., 2021). Intracellular polyamines are mainly presented by
complexes with RNA, including mRNA. Genes, the expres-
sion of which is upregulated by polyamines at the translational
level, form the polyamine modulon (Igarashi, Kashiwagi,
2006, 2018). At the same time, there are data indicating that
the regulatory activity of both polyamines and indole can be
displayed on different levels of gene expression (Miller-Fle-
ming et al., 2015; Lang et al., 2021; Khaova et al., 2022).
Signaling molecules are able to form the regulatory networks
that can form responses to various stresses (Tkachenko, 2012).
Recently, data were produced about the mutual influence of
polyamines and indole on Escherichia coli metabolism. In par-
ticular, exogenous indole was able to increase the intracellular
content of putrescine and spermidine, whereas the addition of
spermine, which is the predominant product of eukaryotes,
was capable of increasing the indole content in the cultural
medium (Nesterova et al., 2021). The functioning of regulatory
networks is aimed at optimizing responses of bacterial cells
to changes in environmental conditions (Tkachenko, 2012).
Polyamines and indole are known to have many different
effects on cellular processes, but their molecular targets and
mechanisms of action are still not fully understood (Rhee et
al., 2007; Kusano et al., 2008; Shah, Swiatlo, 2008; Lee et

al., 2015; Miller-Fleming et al., 2015; Michael, 2018; Zarkan
et al., 2020).

Previously, we studied the influence of polyamines and
indole on transcription of the rmf, raid, sra, ettA, rsfS genes,
encoding ribosome hibernation factors, in E. coli (Khaova et
al., 2022). These factors are able to reversibly inhibit ribo-
somes under the conditions of nutrient depletion and other
stresses in order to save cell resources and conserve ribosomes
for the following rapid restoration of their functioning as soon
as normal growth conditions are restored. The functioning
of ribosome hibernation factors can lead to the formation
of a dormant state in a bacterial cell. The dormant state is a
metabolically inactive state characterized by growth arrest
(Prossliner et al., 2018; Trosch, Willmund, 2019; Usachev
et al., 2020).

The formation of persistence is associated with dormancy.
Persisters are rare variants of regular cells that have multidrug
tolerance and are one of the reasons for the recalcitrance
of chronic infectious diseases (Lewis, 2010; Zhang, 2014;
Balaban et al., 2019). In addition, persisters are capable of
mutating and surviving during exposure to high concentrations
of antibiotics and, therefore, can be considered as a “reser-
voir” for the emergence of resistant mutants (Zhang, 2014;
Tkachenko, 2018). Although the molecular mechanisms of
persistence are still poorly understood, recently a model for
the formation of persisters as a result of ribosome hibernation
factors’ activity has been suggested (Song, Wood, 2020). There
are also data on the involvement of polyamines and indole
in persistence (Tkachenko et al., 2014, 2017; Zarkan et al.,
2020; Lang et al., 2021). It can be assumed that these signaling
molecules are involved in the formation of persistence through
modulation of the expression of genes encoding ribosome
hibernation factors. This is due to an ability of polyamines
to stimulate the transcription of the rmf, raid, sra, ettA, rsfS
genes encoding ribosome hibernation factors, whereas indole
is able to increase the transcription of two of them, raid and
rmf (Khaova et al., 2022).

These factors have different mechanisms of action. RMF (al-
ternative names — Res, RimF) together with the HPF factor
(alternative name — YhbH) can form inactive 100S dimers of
ribosomes. RaiA (alternative names — YfiA, pY, Urfl) is able
to block the active centers of 70S ribosomes, whereas SRA
(alternative names — RpsV, Protein D) inhibits the translation
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Table 1. E. coli strains used in this work

Effects of polyamines and indole
on ribosome hibernation factors

E. coli strain Relevant characteristics

F-, AlaraD-araB)567, AlacZ4787(::rrnB-3), A(phoBphoR)580, \-galU95, AuidA3::pir+,

Source or reference

recA1, endA9(del-ins)::FRT, rph1, A(rhaD-rhaB)568, hsdR514

by interacting with the 30S subunit, and EttA (alternative
name — Y]jK) inactivates ribosomes in response to low in-
tracellular levels of ATP. Finally, RsfS (alternative names —
YbeB, RsfA) prevents the interaction of 50S and 30S subunits
(Prossliner et al., 2018).

The aim of this work is to study the effects of indole on the
expression of the rai4 and rmf genes at the translational level,
as well as the regulatory effects of the polyamines putrescine,
cadaverine and spermidine on the translation of the rmf, raiA,
sra, ettA and rsfS genes.

Materials and methods

Strains and growth conditions. E. coli strains used in this
work are listed in Table 1. The cells of strains were grown in
LB broth (Sigma) or defined medium M9 (+0.4 % glucose) in
thermoshaker GFL-1092 (GFL) at 37 °C and 120 rpm. Media
were supplemented with kanamycin 25 pg/ml (AppliChem)
and/or ampicillin 50 pg/ml (AppliChem) when required.
LB broth was used for strain constructions and routine cell
growth.

For experiments studying the gene expression, cells of
strains harboring lacZ-fusions were grown in defined me-
dium M9 (+0.4 % glucose). Putrescine, cadaverine, and sper-
midine hydrochlorides (Sigma) were added to the medium for
2 h of cultivation at the concentrations indicated in the figures.
Tryptophan (AppliChem) at 2 mM was added as previously
described (Khaova et al., 2022).

Construction of the translational lacZ-fusions.
BW252141 strains with the chromosomal /acZ-fusions were
obtained by using the pRS552/ARS45 system (Simons et al.,
1987). Primers used in this work are listed in Table 2.

The in-between and resulting genetic constructs were veri-
fied by PCR and sequenced. Sequencing was performed by
Evrogen (Moscow, Russia). All of the enzymes used were
purchased from Thermo Fisher Scientific.

B-galactosidase assay. Gene expression was detected
by the B-galactosidase activity by Miller’s method (Miller,
1972).

mRNA secondary structure prediction. mRNA second-
ary structures were predicted using the RNAfold program
(Lorenz et al., 2011).

Statistical analysis. Statistica for Windows 5.0 (StatSoft,
Inc., 1995) software was used in the processing of experi-

Table 2. Primers used for construction
of the translational lacZ-fusions

Gene Sequence

rmf 5-CGAATTCCGTATGTTGCCTGAG-3’
5'- GTGGATCCTGTGCCCGTTC-3'

raiA 5'-ATAATCGGATCCCGTTTGGTCCGTATT-3’
5'-ACCAGAGGATCCTTAGGTGTATTGAT-3'

sra 5-ATGGATTGGAATTCTTGCTCT-3'
5-GGTTGGATCCTTTACTACGCT-3’

ettA 5 -TTTTGAATTCTACTGCGAGGGTGAT-3’
5-CGGGATCCAGGAAGTAACGGT-3'

rsfS 5'-ATATTGAATTCGTCAGCCATCAGGGTGTA-3’

5-TTGGGATCCACGTCTAAGGCGATG-3'

mental data, presented as mean values of 3—5 independent
experiments + standard deviation (Mean + SD).

Results

Polyamines are known to be able to regulate the gene ex-
pression. Genes, the expression of which is upregulated by
polyamines at the translational level, are structured into the
polyamine modulon. There are several mechanisms by which
polyamines are able to modulate gene expression at the trans-
lational level, and, accordingly, specific features in the mRNA
structure of such genes. Currently, there are data that mostly
indicate the involvement of polyamines in the regulation of
gene expression at the level of translational initiation. Firstly,
these metabolites contribute to the initiation of the translation
of genes, the mRNA structure of which contains the minor
(ineffective) start codon. Secondly, polyamines stimulate the
initiation of translation of genes, the mRNA structure of which
has an unusually long distance between the Shine—Dalgarno
sequence and the start codon. By introducing a bend in the
mRNA at this region, polyamines are able to reduce this dis-
tance (Igarashi, Kashiwagi, 2006, 2018). Thirdly, polyamines
are able to relax secondary structures such as “bulged-out”
regions, which, being located between the Shine—Dalgarno
sequence and the start codon, prevent the initiation of transla-
tion (Lightfoot, Hall, 2014).
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Fig. 1. Models of mRNA secondary structures of the raiA (a) and sra (b) genes obtained using the RNAfold program (Lorenz et al., 2011).
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Fig. 2. The influence of polyamine additions — putrescine (Pt), cadaverine (Cd) and spermidine (Sd) - at different concentrations on the expression of

the rmf gene at the translational level.

Here and elsewhere: gray curves - optical density, black curves — gene expression. ODgq — optical density at 600 nm.

We have analyzed the mRNA structures of the rmf, raid,
sra, ettd, rsfS genes for the presence of the specific features
of polyamine modulon genes using the GenBank and EcoCyc
databases (Keseler et al., 2021) and published data, as well
as the obtained models of mRNA secondary structures using
the RNAfold program (Lorenz et al., 2011). According to
published data, the rmf mRNA is characterized by an unusu-
ally long distance between the Shine-Dalgarno sequence and
the start codon and the presence of a bulged-out structure in
this region (Sakamoto et al., 2020). However, there is no in-
formation in the literature on the effect of polyamines on the
expression of the remaining genes. According to the mRNA
sequence of the genes, etf4 mRNA and rsfS mRNA contain
minor start codons GUG and UUG, respectively. The obtained
models of mRNA secondary structures showed that for two
genes, raid and sra, the bulged-out structure can occur in the
region of interest with a high probability (Fig. 1). The model of
the raiA mRNA secondary structure demonstrates the presence
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of a bulged-out structure at a distance of 3 nucleotides from
the start codon. According to the model obtained for the sra
mRNA secondary structure, the bulged-out region comprises
a part of the Shine—Dalgarno sequence. Thus, the studied genes
have properties specific for polyamine modulon.

Using obtained strains harboring /acZ-fusions, we studied
the effects of polyamine additions at different concentrations —
putrescine, cadaverine, and spermidine — on the expression
of the rmf, raid, sra, ett4, and rsfS genes at the translational
level. The obtained results demonstrate that rmf'gene expres-
sion is significantly stimulated by the addition of putrescine
at 2 mM and cadaverine at | mM (Fig. 2). The maximal
stimulatory effect is observed at 48 h of cultivation, when
the bacterial cells are at the stationary phase. In contrast,
spermidine inhibits rmf expression in proportion to the con-
centration of the supplement. Native rmf gene expression
without additions remains at a consistently high level during
the stationary phase.
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Fig. 3. The influence of polyamine additions — putrescine (Pt), cadaverine (Cd) and spermidine (Sd) - at different concentra-

tions on the expression of the raiA gene at the translational level.
ODgq( - optical density at 600 nm.

According to the results obtained, the expression of the raid
gene is at a low level during exponential growth and increases
at the stationary phase (Fig. 3). Supplements of putrescine at
2 mM and cadaverine at 1 mM insignificantly increase the
expression of 7ai4 in the stationary phase, whereas spermidine
has no effect.

According to the obtained data, the expression of the sra
gene is also at a constantly high level at the stationary phase
(Fig. 4). The expression of sra is noticeably increased by the
addition of cadaverine at 1 mM and 2 mM. In this case, the
maximal effect is observed at the stationary phase (48 h of
cultivation). Additions of putrescine and spermidine have no
effect on the sra expression.

In contrast to the above-mentioned genes, the maximal
expression of the ett4 and rsfS genes is observed at the
exponential phase (Fig. 5). The highest expression for ett4
occurs at 4 h of cultivation, and for rsfS, at 1-3 h. Poly-
amine supplements have no effect on the expression of these
genes.

We have previously shown that the addition of 2 mM trypto-
phan at 0 h of cultivation is equivalently converted into indole
at 24 h. In this case, the indole content during 7 h was detected
to be at a low level, similar to the control, and increased dra-
matically at 24 h (Khaova et al., 2022), because the gene of
the tryptophanase TnaA, catalyzing the formation of indole
from tryptophan, is expressed in a RpoS-dependent manner
(Li, Young, 2013; Gaimster et al., 2014). Under these condi-
tions, we have previously studied the expression of a number
of genes responsible for adaptation of stress in E. coli at the
transcriptional level. The expression of only two genes, raid
and rmf, was elevated in response to an increase in indole
content (Khaova et al., 2022). In this regard, we investigated
the effect of indole on the expression of these genes at the
translational level under the same conditions (Fig. 6). The
results demonstrate that despite the stimulatory effect at the
transcriptional level, the expression of both of these genes at
the translational level dropped with the increase in the indole
content, starting from 24 h of observation.
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Fig. 4. The influence of polyamine additions — putrescine (Pt), cadaverine (Cd) and spermidine (Sd) - at different concentrations
on the expression of the sra gene at the translational level.

ODgqq - optical density at 600 nm.

Discussion

The functions of ribosome hibernation factors are to reversibly
inhibit such a resource intensive process as translation under
starvation and other stresses. These factors are known be under
the control of master regulators (p)ppGpp, RpoS, CRP-cAMP
responsible for the adaption of bacteria to multiple stressors
at the stationary phase. Due to this, ribosome hibernation fac-
tors predominantly function at this period. However, during
exponential growth, these factors are also able to maintain
a base level of inactive ribosomes (Prossliner et al., 2018).
The results we obtained show that most expression of the rmf,
raiA and sra genes is observed exactly at the stationary phase
(Table 3). In contrast, the eft4 and rsfS genes demonstrate
the maximal expression during exponential growth. The ob-
tained results show that polyamines affect the expression of
the “stationary-phase genes” rmf, raid and sra, but not ettA
and 7sfS. In all cases, the stimulatory effect of polyamines is
observed at the stationary phase. Thus, polyamines are able to
induce the expression of genes responsible for the adaptation
to stress, and thereby contribute to the formation of an adaptive
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state of a bacterial cell for the stationary phase. Moreover, the
stimulatory effect is specific for the type of polyamine. The
expression of each gene we studied depends on certain poly-
amines. The gene expression was predominantly positively
modulated by putrescine and cadaverine.

Although indole stimulated the expression of the rmf and
raiA genes at the transcriptional level (Khaova et al., 2022),
the results obtained in this work show its significant inhibi-
tory effect at the translational level under the same conditions.
This may indicate the possibility of a post-transcriptional
mechanism for regulation of gene expression.

Conclusion

The analysis of the mRNA primary structure of the rmf, raiA,
sra, ettA, rsfS genes, encoding ribosome hibernation factors,
as well as the obtained models of mRNA secondary structures
showed that the studied genes have features of the polyamine
modulon. We constructed strains harboring the translational
lacZ-fusions and studied gene expression upon addition of the
polyamines putrescine, cadaverine, and spermidine at differ-
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Fig. 6. The influence of indole on the expression of the raiA (a) and rmf (b) genes at the translational level.

ent concentrations. These genes, with the exception of rmf,
were studied for the effect of polyamines on their expression
for the first time. The stimulatory effect of polyamines was
observed at the stationary phase and was specific to the type
of polyamine. Polyamines affected the expression of the rmf,

raid and sra genes, active at the stationary phase, but not e#t4
and 7:sfS, in which the highest expression was observed during
exponential growth. Moreover, it was found that indole in-
hibits the expression of the raid and rmf genes at the transla-
tional level, despite positive modulation at the transcriptional
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Table 3. Effects of polyamines on the expression of the rmf, raiA, sra, ettA, rsfS genes at the translational level

Parameter rmf raiA
Pt ............ Cd ........... Sd ........... Pt ........... Cd .......... Sd
. Eﬁect Of PA .................... + ............. + ............. _ ............. + ............ + ............ No .
Periodof maximal  Stationaryphase Stationary phase
expression
Features Bulged-outregion,  Bulged-outregion

of PA modulon unusually long distance
between SD and start

codon

Note.“+" - stimulating effect, “-" - inhibitory effect, “no” - no effect. PA — polyamine, Pt - putrescine, Cd - cadaverine, Sd - spermidine, SD - Shine-Dalgarno

sequence.

level, which may indicate the possibility of a post-transcrip-
tional regulation of the gene expression. The results obtained
open up prospects for further research in this direction.
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