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ABSTRACT. Algae and cyanobacteria synthesize various non-protein amino acids, whose biological
functions and mechanisms of action still remain insufficiently studied. Some non-protein amino acids
synthesized by plants and microalgae such as beta-N-methylamino-L-alanine (BMAA) and meta-tyrosine
(m-tyrosine) exhibit strong allelopathic effects on the growth and development of plants, algae, and
cyanobacteria. The phytotoxicity of these amino acids has attracted attention toward them as potential
bioherbicides. Proteomics, transcriptomics, and biophysical methods used in photosynthesis research
have enabled the identification of key biological effects of BMAA and m-tyrosine on cyanobacterial
and microalgal cells. Both amino acids alter the expression of proteins involved in photosynthesis,
ribosomal proteins, amino acid metabolism enzymes, oxidative stress related proteins, chaperones, cell
division proteins, and numerous other proteins whose function remains unknown. Research on the spe-
cific mechanisms of action of these molecules on various stages of photosynthesis is still in its infancy.
This review aim is to draw attention of algologists, microbiologists, and biophysicists to the phytotoxic
effect of non—protein amino acids on cyanobacteria and microalgae cells in order to encourage further
in-depth experimental study of their mechanisms of action.
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1. Introduction for the synthesis of small bioactive peptides, conferring

) ) ) ) resistance to proteases and providing them with biolog-

NOH'PFOtem amino acids are synthesized by ical activity (Walsh et al., 2013; Nunn and Codd, 2019;
plants and microorganisms (Vranovaetal., 2011, Huang Goettig et al., 2023). These compounds also serve as
et al,, 2011), but unlike the twenty canom?al amino a nitrogen reserve and can perform protective func-
acids which are used by I'l]?OSOIIlGS for protein synthe- tions by binding ammonium that accumulates during
818, they are POt encod.ed 1n.the genome and are not protein degradation in cells (Casagrande and Given,
incorporated into proteins. It is known that non-protein 1980). Algae and cyanobacteria synthesize various
amino acids are biologically active molecules that serve non-protein amino acids (Cox et al., 2005; Jiang et al.
as allelopathic.agents, helping organisms t.hat synthe- 2014; Violi et al., 2019; Tarakhovskaya et al., 2025),
size them to fight competitors and enemles.(Stasgek whose biological functions and mechanisms of action
et al,, 2017). It is also known that non-protein amino require detailed study and systematic investigation. It
acids help organisms adapt to environmental changes. should be noted that the allelopathic effects of some
For example, by acting as phytosiderophores, they bind plant-synthesized non-protein amino acids - includ-
iron and zinc, allowing microbial cells to absorb these ing meta-tyrosine (m-tyrosine), its isomer L-DOPA
metals — which is especially important when these met- (L-3,4-dihydroxyphenylalanine), gamma-aminobutyric

als are deficient (Shenker et al., 2001). In microorgan- acid (GABA), beta-N-methylamino-L-alanine (BMAA)
isms, non-protein amino acids serve as building blocks and its structural isomers 2,4-diaminobutyric acid
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(2,4-DAB) and N-(2-aminoethyl)glycine (AEG), — have
been demonstrated on the growth and development of
plants, algae and cyanobacteria (Brenner et al., 2000;
2009; Matsumoto, 2011; Zer et al., 2020; 2025; Jander
et al., 2020; Li et al., 2021; Balfagén et al., 2022). In
this short review, we will examine examples of the bio-
logical action of two non-protein amino acids, BMAA
and m-tyrosine, on cyanobacterial and algal cells and
discuss possible mechanisms of their toxic effects based
on the few recent proteomic and metabolomic studies.

2. The biological action of
beta-N-methylamino-L-alanine on
cyanobacterial and algal cells

The non-protein amino acid beta-N-methylami-
no-L-alanine (BMAA) (Fig. 1) is synthesized by cyano-
bacteria, microalgae (diatoms and dinoflagellates), and
plants (Cox et al., 2005; Marler et al., 2010; Jiang et al.,
2014; Lage et al., 2014, Violi et al., 2019). This neuro-
toxic amino acid accumulates in food chains, which can
lead to the development of neurodegenerative diseases
in humans and animals. BMAA exhibits pleiotropic
effects, causing damage in the cells of various organisms.
It induces oxidative stress in cyanobacterial, plant, and
animal cells, leads to disturbances in plant morphogen-
esis, inhibits cell differentiation, nitrogen fixation and
photosynthesis in cyanobacterial cells, and possesses
genotoxicity (Lobner et al., 2007; Esterhuizen-Londt et
al., 2011; Nunn, 2017; Geri¢ et al., 2019; Koksharova
and Safronov, 2022b). The neurotoxicity of BMAA for
animals and humans has sparked considerable interest
among researchers in the search for this amino acid in
natural samples, the development of methods for its
detection and identification, and the study of its mech-
anisms of action in animals and humans (for a review,
see Koksharova and Safronov, 2022b).

The question of the physiological significance
of BMAA for cyanobacteria themselves has been
raised and investigated in several experimental stud-
ies (Downing et al., 2011; 2012; 2015; Berntzon et al.,
2013; Popova et al., 2018a; 2018b; Koksharova et al.,
2020a; 2020b; 2021). In pioneering work (Downing
et al., 2011) using the stable nitrogen isotope '°N, lig-
uid chromatography, and mass spectrometry, it was
found that BMAA is formed in cells of the unicellular
non-diazotrophic cyanobacteria Synechocystis sp. J341
and Microcystis sp. PCC7806 during nitrogen starva-
tion and rapidly disappears from cyanobacterial cells
when bound nitrogen is added to them in the form of
ammonium or nitrate. It turned out that the response to
ammonium addition to the growth medium was faster
than to nitrate addition. This allowed the authors to
suggest that ammonium addition is the direct cause of
the observed decrease in BMAA content in cyanobacte-
rial cells. These data indicated a physiological role for
BMAA related to adaptation to nitrogen starvation con-
ditions. In a subsequent study (Downing et al., 2012),
it was found that the addition of exogenous BMAA at
concentrations of 4.2 uM and above caused chlorosis
and reduced the growth rate of Synechocystis sp. at an
illumination intensity of 16 umol m2 s. When cultures
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Fig.1. Non-protein amino acids: (a) beta-(N-Methylami-
no)-L-alanine (BMAA); (b) L-m-tyrosine.
experiencing chlorosis were transferred to conditions
of lower light intensity (10 pumol m2 s1), they resumed
growth and restored pigmentation after one week
(Downing et al., 2012). These data indicate reversible
inhibition of photosynthesis by disrupting the function
or integrity of the photosystems. In a subsequent brief
study, Downing et al. (2015), used biophysical methods
to study chlorophyll fluorescence, and examined the
effect of exogenous microcystin and BMAA on photo-
synthesis in Synechocystis sp. PCC 6803 cells was stud-
ied. By analyzing the parameters of variable chlorophyll
fluorescence, the authors of the study suggested that
the addition of BMAA to cyanobacteria cells reduces
the flow of electrons through PSII, inhibiting electron
transport within the plastoquinone pool, whereas the
action of microcystin inhibits oxygen release. Based
on these results, the authors proposed a hypothetical
model of the possible physiological roles of microcystin
and BMAA in preventing damage caused by high light
intensity, both in the absence and in the presence of
sufficient nitrogen, given that microcystins are synthe-
sized naturally in cyanobacterial cells under conditions
of nitrogen excess, and BMAA under conditions of nitro-
gen deficiency (Scott et al., 2014). According to this
model, under conditions of nitrogen excess, microcys-
tins are synthesized and provide protection against the
sudden occurrence of oxidative stress caused by high
light intensity, suppressing excessive oxygen release.
Under conditions of nitrogen deficiency, BMAA is syn-
thesized, which protects the cell from oxidative stress
in the absence of microcystins, probably by inhibiting
photosynthesis at the plastoquinone level. The authors
note that this can occur, for example, when cells dry
out, when the lack of sufficient nitrogen prevents the
maintenance of cellular components damaged by reac-
tive oxygen species (Downing et al., 2015). During
drying, cells are unable to synthesize new proteins,
and enzymes involved in nitrogen metabolism can be
destroyed. However, these hypothetical models need
careful experimental verification.

The work of Berntzon et al. (2013) was the first
to show inhibition of nitrogenase (nitrogen-fixing
enzyme) activity upon addition of BMAA to cells of
the nitrogen-fixing filamentous cyanobacterium Nostoc
(Anabaena) sp. PCC 7120. In our studies (Popova et
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al., 2018a; 2018b), we confirmed the inhibitory effect
of BMAA on nitrogenase activity of this cyanobacte-
rium and investigated the biological action of BMAA
on Nostoc sp. PCC 7120 cells in more detail using flu-
orescence microscopy and transcriptomics. At first, an
unusual regulatory effect of BMAA on the formation of
specialized cells (heterocysts), which are necessary for
atmospheric nitrogen fixation in this cyanobacterium,
was discovered (Popova et al.,, 2018a). It turned out
that the addition of micromolar amounts of this amino
acid to nitrogen-starved cyanobacterial cells led to the
abolition of heterocyst differentiation, which was a
consequence of blocking the expression of genes spe-
cific to this process (Popova et al., 2018b). Subsequent
proteomic studies revealed that this amino acid at
micromolar concentration (20 uM) exerts a pleiotropic
effect on major physiological processes in Nostoc sp.
PCC 7120 cells (Koksharova et al., 2020a; 2020b;
2021). These include protein translation, nitrogen fix-
ation, photosynthesis, DNA repair, iron and bicarbon-
ate transport, glycolysis, and amino acid metabolism
(Fig. 2). Various biosynthetic processes can probably be
considered as primary targets for the action of BMAA,
the regulation of which involves 2-oxoglutarate, gluta-
mate, regulatory proteins PII and NtcA (Koksharova et
al., 2021).

We will focus our attention on the changes that
occur under the influence of BMAA in the expression
of proteins involved in the light and dark reactions of
photosynthesis. It should be noted that this amino acid
strongly influences the composition of protein com-
plexes of both photosystems and of the electron trans-
port complexes between photosystems in Nostoc sp.
PCC 7120 cells incubated under three different growth
conditions (Koksharova et al., 2020a; 2020b; 2021).
The effect of BMAA on the cyanobacterial photosys-
tems differed depending on the nitrogen supply to the
cells (Koksharova and Safronov, 2022a).

Under nitrogen-starvation conditions, when cya-
nobacterial filaments consisting only of vegetative cells
were washed from nitrogen-rich medium and trans-
ferred for 48 h to nitrogen-free growth medium, photo-
system I proved to be the most vulnerable. Under these
conditions, the expression of key components of photo-

8%

4%

15%

system I (PsaA, PsaB, and PsaF proteins), plastocyanin
(PetE), and some pigment complex proteins was mark-
edly reduced (Table 1). The expression of PsaA protein
(photosystem I P700 chlorophyll a apoprotein A1) was
reduced almost three-fold, and the expression of PsaB
protein (photosystem I P700 chlorophylla apopro-
tein A2) was reduced almost four-fold. These two pro-
teins are encoded by two adjacent co-expressed genes,
alr5154 and alr5155. At the same time, the expression
of one photosystem II protein (13 kDa protein, PsbW)
and the PetC protein (iron-sulfur subunit of the cyto-
chrome b6f complex) was increased (Table 1). This
is likely a manifestation of a possible compensatory
mechanism in cyanobacterial cells under the action
of BMAA. In Arabidopsis plants, it was shown (Garcia-
Cerdan et al., 2010) that PsbW protein is necessary for
the formation of a stable structure of the PSII protein
complex. In the absence of PsbW protein in a plant
mutant for this gene, ordered arrays of semicrystalline
macrodimains of PSII-LHCII supercomplexes cannot be
formed. This, in turn, leads to reduced energy trans-
fer efficiency between PSII subunits and a delayed PSII
response to light stress (Garcia-Cerdan et al., 2010).
It can be assumed that the increase in PsbW protein
to a detectable level in the proteome of BMAA-treated
Nostoc sp. PCC 7120 cells serves to stabilize PSII protein
complexes, which likely explains why no substantial
changes in proteins of this photosystem were detected
in the cyanobacterial proteome under these conditions
(Table 1). Discussing the results of proteomic analysis
of BMAA action under nitrogen starvation of Nostoc
cyanobacteria, it should be noted that there were not
only significant changes in the abundance of proteins
representing key components of the photosynthetic
apparatus, but also a decrease in the level of the reg-
ulatory protein PII (GInB, all2319) (Koksharova et al.,
2020a), whose functioning determines the cellular
balance between nitrogen and carbon metabolism in
cyanobacteria (Forchhammer and Selim, 2019). In this
regard, it is noteworthy that the regulatory protein PII
is covalently modified under conditions of unbalanced
photosynthetic electron transport in the cyanobacte-
rium Synechococcus sp. PCC 7942, when PSII predom-
inates over PSI (Tsinoremas et al., 1991). In that work,
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B The Stress Response

B Synthesis of amino acids
B Secondary metabolites
OProteases
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Fig.2. Functional categories of proteins with altered expression in the proteome of the cyanobacterium Nostoc sp. PCC 7120
under the action of BMAA. The diagram is based on data from (Koksharova et al., 2021).
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Table 1. Phytotoxic effect of BMAA on the protein content in the proteome of cyanobacterium Nostoc sp. PCC 7120*

Protein complex/process Cell growing conditions
Nitrogen-free | Medium with Nitrogen
growth medium nitrogen starvation (48
Diazotrophic [(sodium nitrate)| hours without
growth nitrogen)
PS1
PsaE 65% 69%
Photosystem I reaction center subunit IV, asr4319
PsaL. 69%
Photosystem I reaction center subunit XI, all0107
PsaA 38%
Photosystem I P700 chlorophyll a apoprotein Al, alr5154
PsaB 26%
Photosystem I P700 chlorophyll a apoprotein A2, alr5155
PsaF 61%
Photosystem I subunit III precursor, all0109
PS2
Protein D1, psbA1l 56%
alr4866,alr4592, alr3727,alr3742, all3572
CP47, psbB 75% 82%
allo138
Protein D2, psbD 62%
alr4548, alr4290
PsbO 81%
protein stabilizer of the manganese cluster, all3854
Protein 13 kDa, PsbW tafd
allo8o1
Cytochrome c-550 71%
PsbV, all0259
PetB 62%
(Rieske iron-sulfur protein), as part of the cytochrome complex b6f,
alr3421
PetC 43% 175%
Cytochrome b6-f complex iron-sulfur subunit 1, all2453
CytA 169%
cytochrome c6, alr4251
Pet E 58%
Plastocyanin, all0258
PetH 72%
Ferredoxin--NADP(+ ) reductase, all4121
NdhH 60%

NADH dehydrogenase subunit 7, alr3355
Enzymes of porphyrin and chlorophyll synthesis

HemB, [EC:4.2.1.24] 51%
Porphobilinogen synthase, alr4380
HemC, [EC:2.5.1.61 47%
Porphobilinogen deaminase, alr1878
HemH, [EC:4.99.1.1] 53%
ferrochelatase, alr3751

light-dependent protochlorophyllide reductase 61%
[EC:1.3.1.33], all1743

Mg-protoporphyrin IX monomethyl ester (oxidative) cyclase 52%
[EC:1.14.13.81], alr3300

Note:

*The relative content of photosynthetic proteins in the proteomes of BMAA-treated (20 micromoles) cells compared with the
proteomes of untreated (control) cyanobacteria cells is shown. The protein content in the control is assumed to be 100%. The
table is based on the results obtained in the works (Koksharova et al., 2020a,b; 2021).

** The PsbW protein is identified to detectable values only in BMAA-treated cells of Nostoc sp. PCC 7120 (Koksharova et al.,
2021).

244



Safronova N.A. et al. / Limnology and Freshwater Biology 2026 (4): 241-257

Algae: Problems of Taxonomy and Ecology,
Use in Monitoring and Biotechnology

the authors suggested that the photosynthetic electron
transport chain may regulate the nitrogen assimilation
pathway in cyanobacterial cells via post-translational
modification of the PII protein. Thus, as can be seen
from the results of the proteomic study (Koksharova et
al., 2020a), under nitrogen-starvation conditions pho-
tosystem I is the most vulnerable to BMAA (Table 1).

Under diazotrophic growth conditions, where
the cyanobacterium Nostoc sp. PCC 7120 grows in
nitrogen-free medium and atmospheric nitrogen fix-
ation occurs in its specialized heterocyst cells, it was
found that the addition of a micromolar concentration
of BMAA to cyanobacterial cells altered the abundance
of nineteen photosynthetic proteins and six proteins
functioning in oxidative phosphorylation (Koksharova
et al., 2021). In the presence of BMAA, a sharp decrease
was observed in the expression of proteins function-
ing in both photosystems — PSI and PSII complexes —
as well as in the cytochrome b6f complex and in the
antenna pigment complexes (Table 1). The addition of
BMAA to cyanobacterial cells led to reduced expression
of two proteins of the PSI reaction center (subunits IV
and XI), four key proteins of PSII (D1, D2, CP47, and
PsbO), and five protein components of the phycobili-
some light-harvesting antennas of PSII. The abundance
of enzyme proteins (HemC, HemH, protochlorophyl-
lide oxidoreductase, and magnesium-protoporphy-
rin IX monomethyl ester (oxidative) cyclase) involved
in porphyrin and chlorophyll synthesis was markedly
reduced. Thus, the phytotoxicity of BMAA is particu-
larly pronounced under diazotrophic growth conditions
of cyanobacteria.

In Nostoc cells grown on nitrogen-rich medium,
photosynthetic proteins were only slightly affected by
BMAA. In cells grown in nitrogen-excess medium, the
expression of five proteins involved in photosynthesis
was reduced by approximately 70-80%, whereas two
proteins (CpcB and CpcG4) of the light-harvesting com-
plexes showed increased expression in the presence of
BMAA. Among the downregulated proteins were cyto-
chrome ¢-550 (PsbV, all0259), PSI subunit IV (PsaE,
asr4319), PSII protein CP47 (PsbB, all0138), phyco-
bilisome core component ApcF (all2327) and the beta
subunit of FOF1 ATP synthase (all5039) (Koksharova et
al., 2020b).

These results demonstrate a significant effect of
BMAA, under conditions of nitrogen deficiency in the
growth medium, on cyanobacterial protein complexes
functioning in the light reactions of photosynthesis.
Furthermore, BMAA also reduces the level of pro-
teins involved in the dark reactions of photosynthesis,
namely in CO, fixation and other carbon metabolism
processes (Koksharova et al., 2020a). This points to an
important functional role for BMAA in the life of cya-
nobacteria, which is consistent with the hypothesis that
this amino acid may be used by microalgae in various
ecosystems as an allelopathic tool to control cyanobac-
terial populations during periods of intense competition
for nitrogen sources and other resources (Koksharova et
al., 2020a; 2021).

Diatoms, like cyanobacteria, produce BMAA
(Jiang et al., 2014). Synthesis of this amino acid in dia-

245

toms is induced by iron deficiency (Zheng et al., 2025),
biotic stresses (Kim et al., 2026) and decreased incuba-
tion temperature (Zheng et al., 2026a). It was shown
that the addition of exogenous BMAA to cells of the
diatoms Phaeodactylum tricornutum and Thalassiosira
weissflogii leads to ammonium secretion from cells into
the growth medium (Lage et al., 2016), indicating the
vulnerability of nitrogen metabolism to the action of
BMAA. This amino acid, when added to cells of the
diatom Phaeodactylum tricornutum, induces oxidative
stress and affects photosynthesis and nitrogen metabo-
lism (Kim et al., 2022). Notably, BMAA also suppresses
expression of the rbcL gene encoding the large subunit
of RuBisCO in the diatom Phaeodactylum tricornutum
(Kim et al., 2022). BMAA exposure led to growth inhibi-
tion of the marine microalga Isochrysis galbana, reduced
chlorophyll a synthesis, reduced photosystem II activ-
ity, decreased transcription of genes responsible for
proteins of both photosystems, the enzyme glutamine
synthetase and nitrate transporters, and inhibited the
cell cycle of this alga (Li et al., 2023). The use of tran-
scriptomics methods in this study revealed changes in
the transcription of genes encoding various proteins
related to the functioning of the oxygen-releasing com-
plex PSII, the core of the complex and subunit IV PSI,
the cytochrome b6f complex, ferredoxin and the F-type
ATPase subunit under the influence of BMAA, which
reduced the quantum yield of PSII and the rate of elec-
tron transfer. The transcriptomic data obtained for dia-
toms are in good agreement with the proteomics data
previously obtained for the cyanobacterium Nostoc sp.
PCC7120 (Koksharova et al., 2020a; 2021). Together,
all these studies show that BMAA exhibits phytotoxicity
and inhibits the growth of various groups of microal-
gae, negatively affecting the activity of nitrogen metab-
olism, photosynthesis, and increasing oxidative stress.

3. Phytotoxicity of meta-tyrosine

Meta-tyrosine (m-Tyr) (Fig. 1), an analogue of
the aromatic amino acids tyrosine and phenylalanine,
exhibits strong but selective phytotoxicity (Zer et al.,
2020; 2025). Its toxicity has been demonstrated for
plants (Bertin et al., 2007; 2009; Matsumoto, 2011;
Andrzejczak et al., 2018; Staszek and Gniazdowska,
2020; Zer et al., 2020), and for the cyanobacteria
Synechocystis sp. PCC 6803 and M. aeruginosa, but was
not found, for example, for the heterotrophic bacteria
Escherichia coli and Bacillus subtilis (Zer et al., 2025).
Some terrestrial plants, such as Euphorbia myrsinites
or Festuca rubra, can produce high levels of m-Tyr in
their root tissues and excrete it, suppressing the growth
of other plants nearby (Bertin et al., 2007; Zer et al.,
2020). In addition to plants, m-Tyr can also be pro-
duced enzymatically by phenylalanine meta-hydroxy-
lase in cells of the bacterium Streptomyces coeruleoru-
bidus and, presumably, by other bacteria that may
contain this enzyme (Gruschow et al., 2020). Notably,
Streptomyces coeruleorubidus is a bacterial species from
the genus Streptomyces that was isolated from marine
sediments (Kumar et al., 2012).
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Cyanobacterial cells are highly sensitive to
micromolar concentrations of m-Tyr (Zer et al., 2025).
In m-Tyr-treated cyanobacterial cells, amino acid
homeostasis is altered. Proteomic studies have revealed
that phenylalanyl-tRNA synthetase (PheRS) mistakenly
incorporates m-Tyr into proteins of the unicellular cya-
nobacterium Synechocystis sp. PCC 6803. Such substi-
tutions likely lead to protein aggregation and impaired
function. This effect is particularly pronounced for
ribosomal proteins (27%) and proteins involved in pho-
tosynthesis (21.9%) (Fig. 3).

Synechocystis PCC 6803 cells treated with m-Tyr
exhibit changes in photosynthetic activity and in the
process of protein synthesis. These changes correlate
with growth retardation of the cyanobacterium and
with morphological changes in cells upon the addi-
tion of micromolar concentrations of m-Tyr. At higher
amino acid concentrations, increased cell death of
Synechocystis PCC 6803 is observed. It is likely that cya-
nobacteria cannot metabolize m-Tyr into a non-toxic
metabolite (Zer et al., 2025). The functional role of this
non-protein amino acid in cyanobacteria and microal-
gae cells has so far been studied to a lesser extent than
the role of BMAA. Nevertheless, proteomic studies of
the biological effects of each amino acid on cyanobac-
terial cells have revealed analogies. Both amino acids
alter the expression of proteins involved in photosyn-
thesis, ribosomal proteins, amino acid metabolism
enzymes, oxidative stress proteins, chaperone proteins,
cell division proteins, and numerous proteins with
unknown functions. A deeper understanding of the
mechanisms of action of m-Tyr and BMAA on photo-
synthesis and other metabolic processes in cyanobac-
terial and microalgal cells requires additional studies
using molecular-genetic, biochemical and biophysical
methods.

4. Conclusions

The non-protein amino acids meta-tyrosine and
BMAA exhibit pronounced phytotoxicity towards cya-
nobacterial and microalgal cells. Both amino acids
alter cyanobacterial proteomes, changing the amounts
of photosynthetic proteins, and affect carbon metabo-
lism and translation processes. The study of the spe-
cific mechanisms of action of these molecules on vari-
ous stages of photosynthesis is still in its early stages.
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Much remains to be done using various experimental
approaches. The identification of the targets of phyto-
toxic non-protein amino acids in cyanobacterial and
algal cells is needed both for fundamental research on
primary photosynthetic processes and possible future
practical applications. The use of various biophysical
methods (spectrophotometric methods, EPR and oth-
ers), as well as mutagenesis, transcriptomics and pro-
teomics in further studies will contribute to a deeper
understanding of the mechanisms of allelopathic action
of non-protein amino acids on primary metabolic pro-
cesses in microalgal cells.
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OUTOTOKCHYHOCTbL HebenKoBbIX [ IMNOLOGY
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! HayuHo-uccsredosamestbckutl uHcmumym ¢usuko-xumuueckoti ouostoeuu umeru A.H. Betosepckoeo, MI'Y um. M.B. JlomoHOC0Gq,
JleHurckue eopwl, 0om 1, cmpoerue 40, Mockaa, 119992, Poccuiickas ®@edepayus
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AHHOTAILIUS. Bopopociu W LIMaHOOAKTEpPUU CUHTE3UPYIOT pa3HOOOpa3Hble HeOeJIKOBble aMUHO-
KHUCJIOTHI, Grosorndyeckrie GyHKINY U MeXaHW3MbI JeHCTBUS KOTOPHIX ellle HEJOCTATOYHO U3yYeHHI.
HexoToprle HeGeTKOBBIE AMUHOKHCIIOTH, CHHTE3UpPyeMBle paCTeHUsMU U MUKPOBOAOPOCJIAMHE, TaKue,
6era-N-meTunamuH-L-ananuH (BMAA) 1 Kak MeTa-TUPO3UH (M-TUPO3UH), IPOSABJIAIOT CUJIBHOE aJljesio-
MaTu4yecKoe AefCTBHE Ha POCT U Pa3BUTUE PACTEHUI, BOOPOCIel 1 InaHoOakTepuil. ®DUTOTOKCUYHOCTD
3TUX aMUHOKUCJIOT MIPUBJIEKaeT K HUM BHHUMaHUe HcCcJie[joBaTesIell KaK K MOTeHIUaIbHbIM 61orepou-
nuaaM. Mcrnosp3oBaHue MeTOH0B MPOTEOMUKY, TPAHCKPUIITOMUKY, a Takxe 61odU3NIecKuX METOOB
vccaefqoBanusa (HOTOCUHTe3a MMO3BOJIMIIO HAYaTh BHIABJIATHE OCOOEHHOCTH OMOJIOTMYECKOro NelCTBUS
BMAA u M-THMpO3MHA Ha KJIETKU IMaHOOAKTepuil U MUKPOBoiopociieii. Ob6e aMHUHOKHUCJIOTH N3MEHSAIOT
JKcmpeccuio 6eJIKoB, yYacTBYIOIUX B (oTocuHTe3e, pubocoMasibHBIX 0esikoB, (pepMeHTOB MeTabo-
JIU3Ma aMUHOKHUCJIOT, 6eJIKOB OKHCJIMTEJIBHOTO CTpecca, IIanepoHOB, 6eJIKOB KJIETOYHOTO JeJIeHUs U
60JIBIIOr0 KoJIMYecTBa OeJIKOB C HeM3BeCTHBIMU Ioka GyHKIuAMHU. [Iponecc mM3ydeHUs] KOHKPETHBIX
MeXaHM3MOB AEHCTBUA 3TUX MOJIEKYJI Ha pa3jINyHble dTambl GOTOCHHTE3a HAXOQUTCA IOKAa B CaMOM
HayaJie. Llesib 0630pa — MpUBJieYb BHUMAHUE aJIbI'0JIOTOB, MUKPOOHOJIOrOB U OMO(PU3UKOB K (DUTOTOK-
CUYHOMY JeMCTBHI0 HeOeJIKOBBIX aMUHOKHMCIIOT Ha KJIEeTKU HUaHOOAKTepui U MUKPOBOJIOPOCIIEN IJis
nocJiegyioiero 6oJjiee riyo0KOro S3KCIepUMEHTAIBHOTO U3YYeHUsT MEXaHU3MOB UX IeACTBUS.

Kitiouegsie citoga: LlnaHobakTepun, MUKPOBOLOPOCIIH, HeOeJIKOBble aMUHOKMCJIOTEL, GUTOTOKCUYHOCTb,
ansesnonaTtys, GoTOCUHTE3

Juia mutupoBaHusa: CadponoBa H.A., BopoOweBa E.A., Kokmapoa O.A. ®OUTOTOKCHYHOCTb HEOEJIKOBBIX AMUHOKHCIIOT
Oera-N-MeTminamMuH-L-aaHMHA ¥ MeTa-THUPO3VHA B OTHOLIEHWM LMAHOOAKTepuil U MHKpoBojopocieil // Limnology and
Freshwater Biology. 2026. - Ne 4. - C. 241-257. DOI: 10.31951/2658-3518-2026-A-4-241

1. Beepenue durtocuaepodopoB OHU CBA3BIBAIOT XKeJIe30 U LUHK U

IMMO3BOJIAIOT KJIETKaM MHMKPOOPTraHM3MOB IIOTJIOLIATh

HeGekoBEle  aMUHOKHCTIOTEl  CHHTE3HUPYIOTCS 3TU METaJIJIbl, 9YTO 0COOEHHO BaXHO NpH UX AeduIuTe
pacTeHHMAMH M MHKpoopranusmamu (Vranova et al., (Shenker et al., 2001)
. .

2011; Huang et al., 2011), XOTA OHU He KOOUPYIOTCSA
B TeHOMe U He BXOIAT B cocTaB OeJIKOB, B OTJIMYHE OT
ABaAlaTU KaHOHUYECKUX aMHUHOKMCJIIOT, WUCHOJIb3ye-

MBIX pI/IGOCOMaMI/I AJIA 0eJIKOBOTO CHHTe3a. H3BecTHO, YCTOIZQHBOCTB K }Z[efICTBI/I}O npoTteas U Hafessas 6u0-
YTO HeOeJKOBble aMHHOKUCJIOTH SABJIAIOTCA OMOJIOTU- JIOTUYECKOI aKTUBHOCTBIO (Walsh et al.. 2013: Nunn
. B

1€CKM aKTUBHBIMM MOJIEKyJlaMU M CJIIyXaT CHHTE3N- and Codd, 2019; Goettig et al., 2023). OTu coeJUHEHNsA
PYIOIIAM HX OpraHu3Mam aJIJIeJIONaTHIeCKUMHU CpEa- ABJIAIOTCS Pe3epBOM a30Ta, a TakKe MOTYT BBIOJIHATh

cTBaMu B 6opb0e ¢ KOHKypeHTaMu U Bparamu (Staszek 3amUTHble (bYHKIUHM, CBA3BIBASA AMMOHMIL, KOTOPBIit
et al., 2017). U3BecTHO TakXe, YTO HeEGEJIKOBbIe aMUHO- HAaKATUIUBAETCA TIPU PAaspylleHNN GeJKOB B KJIETKax

KHCJIOTHl IOMOTal0T OpPraHu3MaM HpHCIOCcabIuBaThCA (Casagrande and Given, 1980). Bo/iopOCH 1 [UaHO-
K M3MEHEHWUAM B OKpyXatoleil cpefie. Tak, B kauecTse GaKTepuM CHUHTE3UPYIT PasHOOOpasHble HeOeJIKOBhIe

HebenkoBble aMUHOKUCJIOTH B MUHKPOOpPraHus-
Max CJIyXaT CTpOHUTEJIbHbBIMU OJ10KaMu AJIA CHMHTE3a
HeOOoIbIINX OMOAKTUBHBIX nenTuaoB, npuaaBasd WM
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amuHokucaote (Cox et al.,2005; Jiang et al., 2014,
Violi et al., 2019; Tarakhovskaya et al., 2025), 6uoJio-
rudeckve GYHKIUU WM MEXaHU3MBI IeACTBUA KOTOPBIX
TpeOyIT AETaJIbHOTO U CUCTEMATHYECKOTO U3yYeHU.
OTMeTUM, YTO AJ1A HEKOTOPHIX HEGEJIKOBBIX aMHUHOKHC-
JIOT, CHHTE3UPYEMBIX PaCTEHUSMHU, TAKUX, HaNpUMeED,
Kak MeTa-TUpo3uH (M-TUpo3uH, m-Tyr), ero mzomep
L-DOPA (L-3,4-dihydroxyphenylalanine), ramma-a-
MuHOMacassHass kuciaora (GABA), Oera-N-Meruna-
MuH-L-ananuH (BMAA) u ero CTpyKTypHble M30Mephl
2,4-nuamuHoOyTaHoBass kucjora (2,4-DAB) u N-(2-
aMuHO>THA) TauliuH (AEG), OBLIIO BHIABJIEHO aJijiesio-
MaTuveckoe AeHCTBUE HA POCT U PAa3BUTHE PACTEHUH,
BoJIopocJiel u 1uaHobakTepuii (Brenner et al., 2000;
2009; Matsumoto, 2011; Zer et al., 2020; 2025; Jander
et al., 2020; Li et al., 2021; Balfagén et al., 2022).

B 3TOM KpaTkoMm 0630pe MbI PacCMOTPUM IpU-
Mephl OMOJIOTUYECKOTO MAeHCTBUA ABYX HeOeJIKOBBIX
aMuHOKHUCJI0T BMAA ¥ M-THpO3WHA Ha KJIETKH [UAHO-
OakTepuil 1 BoAOpoOcCJiel U 00CyAM BO3MOXHbBIE MeXa-
HU3MBI X TOKCUYHOTO JIENCTBUA, OMUPAsACh Ha Pe3yJIb-
TaThl HEJABHUX TIOKAa HEMHOT'OYHCJIEHHBIX TIPOTEOMHBIX
1 MeTabOJIOMHBIX MCCJIeJOBAaHUI.

Llestb 0630pa — MpUBJIEYb BHUMAHHE aJIbI'0JIOTOB,
MHUKPOOHMOJIOTOB U OGUOPU3MKOB K (DUTOTOKCUYHOMY
NelCTBHI0 HeOEeIKOBBIX aMHHOKHCJIOT Ha KJIETKU IHa-
HOOAKTEpPUH U MUKPOBOLOPOCJIIE IS MOCJIEAYIONIETO
OoJiee TJIyOOKOTO 3KCHEPUMEHTAJIBHOTO U3yYeHUs
MEXaHU3MOB WX JIeHCTBUSA, B YaCTHOCTH, Ha MpoIlecc
doTocuHTe3a.

2. Buonornueckoe aeictesue BMAA Ha
KAETKM uMaHo6aKTepuM U BoAOpOCAEH

He6enkoBasg amuHokucyiiora, BMAA (Puc. 1),
CUHTe3upyeTcs LHaHOOAaKTepusiMH, MUKPOBOJIOPOC-
aAMU  (AUATOMOBBIMU BOIOPOCAMU UM AUHOPIIA-
reyuiAaTaMu) U pacreHusamu (Cox et al., 2005; Marler
et al., 2010; Jiang et al., 2014; Lage et al., 2014; Violi
et al.,, 2019). DTa HeHPOTOKCHMYHAsA AMHUHOKHCJIOTA
HaKallJIMBAeTCs B MUIEBBIX LIeNAX, YTO MOXeT IPUBO-
JOUTh K Pa3BUTUI0 HelipojereHepaTUBHbIX 3aboJieBa-
HUI y 4yeJioBeKa U XUBOTHBIX. BMAA obnanaer rie-
OTPONIHBIM JielicTBUEM, NMPUBOASA K MHOT'OYHCJIEHHBIM
MOBpPeXJeHUsAM B KJIeTKaX pa3/IMYHBIX OPraHHU3MOB.
OHa BBbI3bIBaeT MHAYKI[UI0 OKUCJIMTEBHOIO CTpecca B
KJIeTKax [[uaHOOaKTepul, pacTeHUN U )XUBOTHBIX, IIPU-
BOAUT K HapylleHUsAM MopdoreHesa pacTeHUN, BBI3bI-
BaeT MHIMOMpOBaHUe KJIeTOUYHOU nuddepeHIpPOBKY,
aszoTduxcanuy u GoTocuHTe3a B KJeTKax I[HhaHOOaK-
Tepud, obJyiafaeT reHoTokcuyHOCThI0 (Lobner et al.,
2007; Esterhuizen-Londt et al.,, 2011; Nunn, 2017;
Geri¢ et al., 2019; Koksharova and Safronov, 2022b).
HeiipoTokcuuHocts BMAA [111 )KMBOTHBIX U YeJiOBeKa
BBI3BaJIa XXUBOW UHTepeC HccjiefjoBaTesieil K IMOUCKY
3TOM aMHHOKMCJIOTH B IPUPOAHBIX 00beKTaX, K pa3pa-
060TKe MeTOJI0B ee uAeHTU(PUKALUY, K U3YIEHUI0 MeXa-
HU3MOB [IeHCTBUs Ha OpPraHU3MBbl XUBOTHBIX U YeJio-
Beka (1 o63opa Koksharova and Safronov, 2022b).

Bonpoc o ¢usuosniornueckom 3HaueHurn BMAA
A7A caMuX IMaHoOAaKTepuil MOJAHUMAJICA U HCCJIefo-
BaJicsi B HECKOJIbKMX SKCIlepUMeHTaJIbHbIX paboTax

250

o)
H.C
SN OH
H
NH,

(a)

HO CO,H

NH,

©

Puc.1. HeGesikoBble aMUHOKUCJIOTHL: (a) GeTa-(N-meTH-
samuH)-L-anaauH (BMAA); (6) L-m-TUpO3UH.

(Downing et al., 2011; 2012; 2015; Berntzon et al.,
2013; Popova et al., 2018a; 2018b; Koksharova et al.,
2020a; 2020b; 2021). B mroHepckoi padote (Downing
et al., 2011) ¢ mpuMeHeHHEM CTaOWJIBHOTO H30TOMNA
azota >N 1 XUJIKOCTHOU XpoMaTorpaduu U Macc CIek-
TpOMeTpHUU ObLJIO OOHapyXkeHo, uTo BMAA cuHTe3upy-
eTcs B KJIeTKaX OJTHOKJIETOUHBIX HeIMa30TPOdHBIX I[1a-
HoGakTepuii Synechocystis J341 u Microcystis PCC7806
MpU a30THOM ToJIOAaHUU U OBICTPO HcuYe3aeT U3 Kile-
TOK IpU JJo6aBJIeHU! K HUM CBA3aHHOI0 a30Ta B (popme
aMMoHUuA uiu Hutparta. OKazasoch, 4TO peakius Ha
nosiBJieHre B cpejle aMMOHUA IPOMCXOOUT OBICTpee,
YyeM MpU BHECEHUU HUTPATa. JTO MO3BOJIMJIO aBTOpaM
MpeNoJIOKUTh, YTO MMEHHO BKJIIOUeHHEe aMMOHUS B
COCTaB Ccpebl SIBJIsIETCSI HellOCpeICTBEHHOU MPUYNHON
HabJTI0JaeMoro CHUXeHUs cofiepxaHusa BMAA B kiert-
Kax nuaHobaKTepuil. DTU JaHHbIe YKa3blBaJil Ha Ppusu-
oJiorudeckyio pojib BMAA, cBsA3aHHy10 ¢ afanTanueil K
yCJIOBUAM a30THOTO rojofanusd. B cienyiomeii pabote
(Downing et al., 2012) 6pu10 06GHApPYXEHO, YTO AOOaB-
JIeHUe K KJIeTKaM 3K30reHHoro BMAA B KOHIleHTpaIuu
4,2 MxMoJisi 1 BbIllle BHI3BIBAJIO XJIOPO3 U CHUXEHUe
CKOpPOCTH pocTta Synechocystis sp. Ipy UHTEHCUBHOCTHU
ocBemjeHusa 16 mMkmosb M2 ¢!, Eciid UCHBITHIBAIOIITE
XJIOPO3 KYJIBTYpHl TlepeMelllajii B ycJoBUs ¢ OoJiee
HU3KOH MHTEHCHBHOCTHIO cBeTa (10 MxMoibp M2 c¢l),
TO 4epe3 HeJeJI0 OHU BO30OHOBJIAJIA POCT U BOCCTa-
HaB/iuBasiu nurMeHrtanuio (Downing et al., 2012).
OTU [aHHBIE yKa3bIBAalOT HAa oOpaTuMoe WUHruOHpOBa-
HUe (GOTOCHUHTe3a IMyTeM HapylleHusA (QyHKINUU WU
esioctHOcTU doTocucteM. B cienyiomeii He6OIbIION
pabdote Downing et al., (2015) ¢ nmpuMeHeHUEeM OHO-
$pusnyeckrx MeTOHOB UCCJeoBaHUA (JIyopeclieHInn
xJI0podUIiia U3ydasaoch AelcTBHe 5K30TeHHbIX MUKPO-
nuctrHa U1 BMAA Ha mporiecc ¢oTOCHHTe3a B KJIETKax
Synechocystis sp. PCC 6803. AHaiu3upys mapamMeTphl
nepeMeHHOHN JiyopeciieHIIMHd XJIopo(dusia, aBTOPHI
HccyeJOBaHUA MPeANoJIOKIIIN, YTo fobaBieHre BMAA
K KJIeTKaM [IaHo0aKTepuu yMeHbIIaeT IIOTOK 3JIEKTPO-
HOB 4yepe3 ®C2, MHrUOUPYs 3JIEKTPOHHBIN TPAHCIOPT
BHYTpU ITyJia IJIACTOXWHOHOB, a JlelicTBUe MHKPOLU-
CTUHA MHrUOUpyeT BhiAeJieHue Kucjaopoaa. Omupasch
Ha 3TU pe3yJIbTaThl, aBTOPHI IMPeJIOXKUIN TUIOTETHU-
YeCKyI0 MO/JIeJIb BO3MOXHBIX (PU3NOJIOTUUECKUX poJie



CagppoHosa H.A. u dp. / Limnology and Freshwater Biology 2026 (4): 241-257

Bodopocnu: ﬂpOﬁﬂeMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

MuKponucTuHa 1 BMAA B mpenoTBpalleHUu MOBpPeEX-
JEeHUl, BBI3BAaHHBIX BBICOKON HMHTEHCHBHOCTBIO CBETa,
KakK IpU OTCYTCTBUHU, TaK U NPU HAJIMYUM JOCTATOY-
HOT'0 KOJIMYeCTBa a30Ta, yUUTHIBasl, YTO MUKPOIL[UCTUHBI
CHUHTEe3UPYIOTCA B MPUPO/JIe B KJIeTKax uaHoOaKTepuit
B yCJIOBUAX U30BITKA a30Ta, a BMAA B ycioBUSX ero
nedunuTa (Scott et al., 2014). CorJyracHO 3TOH MOJEJIH,
npu U30BITKE a30Ta MUKPOIUCTHUHBI CUHTE3UPYIOTCS
U obecrieurBalOT 3alIUTy OT BHE3aMHOTO BO3HUKHOBeE-
HUsA OKHCJINTEJIbHOTO CTpecca, BBI3BAHHOI'O BBICOKOII
MHTEHCUBHOCTBIO CBeTa, IIOJIaBJisAs W3JIMIIHEe BhIfe-
JeHUe Kucjaopoja. B ycinoBusx geduinura azora cUH-
Te3upyerci BMAA, KOTOpHII 3amuiiaer KJeTKy OT
OKUCJIUTEJIBHOTO CTpecca B OTCYTCTBHE MHUKPOIMCTU-
HOB, BEpOATHO, MHruoupys ¢OTOCHHTE3 Ha YpOBHe
IJTACTOXWHOHOB. ABTOPBl OTMEYAIOT, YTO 3TO MOXET
MPOUCXOAWTh, HANpHUMep, NPU BHICBIXaHUM KJIETOK,
KOrjja OTCyTCTBHE JIOCTAaTOYHOrO KOJIMYecTBa a30Ta
MPENATCTBYeT MOJJEPXaHUI0 KJIEeTOYHBIX KOMIIOHEH-
TOB, IOBpeXJaeMbIX aKTUBHBIMU (OopMaMH KHCJI0poJa
(Downing et al., 2015). B xofe BBICBIXaHUA KJIETKA He
CIIOCOOHBI CMHTE3MpPOBaTh HOBhIE Oeslky, a pepMeHTHI,
y4acTBYyIOIliie B a30THOM MeTaboJiiu3Me, MOTYT pa3py-
martbcsa. OIHaKo, TUMIOTeTUYeCKre TeOPUU HYyXAAl0TCs
B TIATeJIbHOM 3KCIepHMeHTaJIbHOH MpoBepKe.

B pab6ore (Berntzon et al., 2013) BnepBsie 6bLIO0
MpOJEeMOHCTPUPOBAHO yTrHETeHHe aKTHUBHOCTU dep-
MeHTa a30T(uKcaluy HUTPOTeHa3bl IpU BHECEHUU
sk3oreHHOoro BMAA k kJieTKaM a30TQUKCUpYIOien
HUTYATOH IMaHobakTepuu Nostoc (Anabaena) sp. PCC
7120. B Hamux pabortax (Popova et al., 2018a; 2018b)
MBI MIOATBEPANJIM MHrubupymwommil s¢pdekr BMAA Ha
HUTPOT€Ha3HYI0 aKTUBHOCTh 3TOU LMAHOOAKTEpUU U
0oJjiee [eTaJIbHO MCCJeQOBaI OHMOJIOTMYECKOE [eli-
ctBue BMAA Ha xitetku Nostoc sp. PCC 7120 ¢ npu-
MeHeHHeM MeTO0B (GJIyopecieHTHON MUKPOCKOIIUU U
TpaHckpuntoMuku. CHavasia 6pl1 06HapyxeH HeoObIu-
HBIN peryJsaTopHsbIi addekt BMAA Ha nporijecc hopmu-
pOBaHUs CllelaIn3UPOBaHHBIX KJIETOK (TeTepolucT),
HeoOXOAUMBIX [AJIA OCYIIEeCTBJIEHUsA Mpolecca (ukca-
uuM atMocdepHOro azora B KJIeTKaxX 3TOH LIMaHOOaK-

8%

4%

15%

5%

7%
O CwuHTEe3 aMUHOKUCTOT
B BTopuyHble MeTabonuTbI
13%
OlpoTeasbl
B MeTtabonuam

tepun (Popova et al., 2018a). Oka3ajioch, 4TO J006aB-
JIeHe MHWKPOMOJIAPHBIX KOJIMYECTB aMHHOKUCJIOTHI
K TOJIOJAIONIMM IO a30Ty KJeTKaM I[MaHoOaKTepuu
MPUBOIWJIO K OTMeHe nuddepeHINPOBKY reTepoIiCT
BCJIEICTBUE OJIOKUPOBKU JSKCIPECCUM CHEUPUIHBIX
Ui aToro mpolecca reHoB (Popova et al.,, 2018b).
[MocJiegyonye TPOTEOMHBIE UCCJIEAOBAHUSA TO3BOJIMIIN
BBISIBUTH, 4TO BMAA (20 MkMoJib) OKa3biBaeT IJjieH-
OTPOITHOE [EHCTBUE HAa OCHOBHBIE (U3HOJIOTHYECKHE
mpotecch B kietkax Nostoc sp. PCC 7120 (Koksharova
et al., 2020a; 2020b; 2021). Cpeau HUX TPaHCJIALUA
6esikoB, azoTdukcanus, GorocuHTes, penapauusa JHK,
TPaHCIIOPT XeJie3a U OukapboHATa, TJIMKOJIU3, aMU-
HOKHUCJIOTHBIM MeTabonuam (Puc. 2). B xauecTBe mep-
BUYHBIX MUIIEHeH i neidictBusa BMAA, BeposTHO,
MOXHO pacCMaTpUBaTh pa3jInyHbie OOCUHTETHYECKHIE
MIPOLIECCHI, B PETYJIAILNI0 KOTOPBIX BOBJIEYEHBI 2-OKCO-
rJyTapar, IJyTamar, peryjatopHble 6esku PII u NtcA
(Koksharova et al., 2021).

Msbi choKycupyeM Haile BHUMaHUE Ha HU3MeHe-
HUSAX, TMPOUCXOAAMNX ToA neiictBueM BMAA B 3Kc-
npeccuy GeJIKOB, YYacCTBYIOIIUX B CBETOBBIX U B TE€M-
HOBBIX peakiuax (orocuHTe3a. OTMETUM, YTO 3Ta
aMMHOKICJIOTa CUJIBHO BJIMAET Ha COCTaB OeJIKOBBIX
KOMILJIEKCOB 06enx (POTOCUCTEM M KOMILJIEKCOB Tepe-
HOCA 3JIEKTPOHOB MeXAy (orocrucTeMaMy B KJIETKaxX
Nostoc sp. PCC 7120, uHKyOHUpyeMBIX B TpeX pasjiny-
HbIX ycsioBusx pocta (Koksharova et al., 2020a; 2020b;
2021). Oka3zanoch, uto AeiictBue BMAA Ha ¢doTtocu-
CTeMBl [MAaHOOAKTEPUM OTJIMYAJIOCh B 3aBUCHUMOCTH
oT obecrnieueHusa eé xietok asoroMm (Koksharova and
Safronov, 2022a).

[Tpu a30THOM rOJIOAAaHUM, KOT1a HUTU INaHOOaK-
TEepU, COCTOAIINE TOJBKO U3 BEreTaTHUBHBIX KJIETOK,
OTMBIBAJIA OT 6OTATOM a30TOM CPeABl Y IEPEHOCUIIH Ha
48 yacoB B cpefy pocta 6e3 a3zorta, Haubojiee yA3BU-
MoO# okasbiBaeTcs porocuctema 1. I[Ipu 3TOM 3aMeETHO
CHIXXAJIach TPEACTaBJIEHHOCTh KJIFOUEBBIX KOMIIOHEH-
ToB (otocucremsl 1 (OC1) (6enkor PsaA, PsaB, PsaF),
wiacronuanuHa (PetE) 1 HekoTOphIX 6€/IKOB MUTMEHT-
HbIX KoMIUTekcoB (Tabauna 1). Sxcnpeccus 6eska PsaA

OdoTocuHTES

B OkucnutensHoe
cdocchopunmpoBaHune

OTpaHcnsaumsa

OYrnepogHbii MeTabonuam

B OTBET Ha cTpecc

Bl vnotetTnyeckme benku

Puc.2. OyHKI[MOHAIbHBIE KaTeropuu 6eJIKOB, SKCIpeccus KOTOPHEIX MeHsAeTcs B npoTeoMe IfnaHob6akTepunt Nostoc sp. PCC
7120 npu gerictBuu BMAA. /TuarpaMMa BBIIIOJIHEHA 110 pe3yJjbTaTaM, MoJIy4eHHbIM B pabote (Koksharova et al., 2021).
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Ta6suna 1. dutotokcuuHoe AetictBue BMAA Ha conepxxaHue GejIkoB B mpoTeoMe IfnaHob6akTepun Nostoc sp. PCC 7120*

BeJIKOBbIi KOMILJIEKC/TIPOLIECC YciioBusA BeIpaliUBaHUsA KJIETOK

Cpena 6e3 asoTa Cpena c azoroM |TCosomaHue mo a3oTy
JuasorpodHsiii poct| (HuTpar Hatpusa) |(48 yacoB 6e3 a3oTa)

@C1

Cyopeqununa IV 65% 69%
psak, asr4319

Cy6peqununa XI 69%
psal, allo107

PsaA 38%
P700 xsopodusui a anonporeuH Al, alr5154

PsaB 26%
P700 xnopodwiut a anonporenH A2, alr5155

PsaF 61%
Cy6penuunna III, all0109

DC2

Besok D1, psbAl 56%
alr4866, alr4592, alr3727, alr3742, all3572

CP47, psbB 75% 82%
all0138

psbD Bestok D2 62%
alr4548, alr4290

PsbO 81%
6eIoK-cTabuIM3aToOp MapraHijoBoro kjacrepa, all3854

6estok 13 k/la, PsbW ok
allo8o1
[MutpoxpoM c-550 71%
psbV, all0259
PetB 62%

xKeJre30-cepHbIN 6estok (Rieske iron-sulfur protein), B
cocTaBe KOMILIeKca uToxpoma bbf, alr3421

PetC 43% 175%
uroxpoM b6f kommtekc, all2453

CytA 169%
Lutoxpom c6, alr4251

Pet E 58%
ITnacronuanuy, all0258

PetH 72%
®eppenokcud-HAID + penykrasa, all4121

HAJTH X1HOH OKCHAOpeAyKTa3a 60%
Cy6pequuuna H ndhH, alr3355

®epMeHTHI cHTEe3a TopGUPUHOB U XJIopoduiLIa

HemB, [EC:4.2.1.24] 51%
IMopdobummHoreH cuHTasza hemB, alr4380

HemC, [EC:2.5.1.61], 47%
IMopdobunuHoreH fezamMuHasa, alr1878

HemH, [EC:4.99.1.1], 53%
deppoxenatasa, alr3751

[TpoToxyiopodunna-okcugopeayKTasa 61%
[EC:1.3.1.33], all1743

Marsnuii-nporonopdupus IX MOHOMeTHIOBbIH 3dup 52%
[oxucauTenpHas] nukiasa [EC:1.14.13.81], alr3300

IIpumeuanue: *[lokazaHO OTHOCUTEJIBHOE cojiepxaHue (PoToCMHTeTU4YecKux OesIKOB B IpoTeoMax oOpaboTaHHBIx BMAA
(20 mxMouJteil) KJIETOK [0 CPaBHEHMIO C IIpOoTeoMaMu HeoOpaboTaHHBIX (KOHTPOJIbHBIX) KJIETOK IfMaHobakTepuu. CoaepxaHue
6eJsika B KOHTpOJIe MpuHATO 3a 100 %. Tabiuma BHITOJIHEHA IO pe3yJIbTaTaM, [oJydeHHBIM B pabotax (Koksharova et al., 2020a;
2020b; 2021)

** Besiok PsbW ugeHTUdUIMpyeTCcsa 10 AeTEKTUPYEMbBIX 3HAaYeHUI TOJIBKO B 06pabGoTaHHbx BMAA kiietkax Nostoc sp. PCC
7120 (Koksharova et al., 2021).
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(dbotocucrema 1 P700 xmopodusin a anonporeuH Al)
Obl1a CHIKEHa [OYTU B TPU pasa, a sKcrpeccus Oesika
PsaB (¢dotocucrema 1 P700 xyopoduyin a anompo-
TeuH A2) OblsIa CHMXXEHA IOYTU B YeThIpe pasza. JTU
ABa OeJyika KOAUPYIOTCA ABYMA COCEOHUMHU TeHaMu,
KOTOpble Ko3Kcnpeccupyiores, alr5154 u alr5155. B
TO Xe BpeMs dKcIpeccus oJHOro 6eska GOTOCUCTEMBI
2 (®C2) (6enok 13 kMa, PsbW) u Gesnka PetC (xese-
3ocepHasn cyObeAUHHIIA KOMIUIeKca HuToxpoma b6f)
6buta mosbimeHa (Ta6yunma 1). BeposATHO, 3TO ABJSA-
eTcd MposBJIeHNEeM BO3MOXHOIO KOMIIEHCAaTOPHOTO
MeXaHHu3Ma B KJleTKax NuaHoOaKTepuu IIpu JeliCTBUU
BMAA. Tak, B ciyuyae pactenus Arabidopsis GbL10 OKa-
3aHo (Garcia-Cerdan et al., 2010), uro Gesok PsbW
HeoOxoouM i GOpMUPOBaHUA CTAaOUJIBHON CTPYK-
TypHl 6esikoBoro komisiekca @C2. B orcyTcTBUe Oeska
PsbW B kJieTkax pacTeHUIl, MyTaHTHBIX I10 9TOMY I'eHY,
He MOTyT OBITb c()OPMUPOBAHEI YNIOPAJOYEHHBIE PAJBI
MOJIYyKPUCTAJUIMYECKUX  MAaKpOAOMEHOB  CyNepKOM-
miekcoB @C2 u eé cBerocoOupaloliero KoMILiekca
(PSII-LHCII). 3To, B CBOIO OUepeb, IPUBOJUT K CHIXe-
HUI0 3P PeKTUBHOCTU Nlepejaur SJHEePruu Mexay cyobe-
auHuniamu @C2 U K 3aMe/IJIeHHO peakuu 3ToH poTo-
CHUCTEMBI B OTBET Ha cBeToBOU cTpecc (Garcia-Cerdan
et al., 2010). MOXHO MPeMOJIOXUTD, YTO YBEJIMUEHHE
koJinyecTBa 6esika PsbW mo netektupyemoro ypoBH:A B
nporeoMe kJieTok Nostoc sp. PCC 7120, o6paboTaHHBIX
BMAA, ciyxut crabunmsanuy 0ejIKOBBIX KOMILJIEKCOB
@®C2. BeposaTHO, 3TO MOXeT OBITh OJHOW U3 IPUYMH,
noyeMy He ObIJIO OOHapyXeHO CYIIeCTBEHHOIO CHHU-
JKeHUsA dKcIpeccuu 6esKoB 3TOH HoTocHucTeMBI B IIPO-
TeoMe IMaHoOaKTepuu B 3THUX CTPECCOBBIX YCJIOBHAX
pocra (Tabnuma 1). O6cyxaas pe3yJsbTaTsel IPOTEOM-
Horo aHaau3sa Aelictsus BMAA npu ronoganuu Nostoc
10 a30Ty, cJielyeT OTMETUTh He TOJIbKO 3HaUHUTeJIbHbIe
M3MeHeHUs B KoJjindecTBe OeJIKOB, NpeAcTaBJIAIIINX
KJIl0UeBble KOMIIOHEHTH (POTOCHMHTETUYECKOro arra-
paTa, HO U CHIXeHHe YPOBHsA peryaaTopHoro 6emka PII
(GInB, ali2319) (Koksharova et al., 2020a), ¢yHKuMO-
HUPOBaHUe KOTOPOIo oIlpefesigeT KJIeTOYHHIH OajaHc
MeXJy a30THBIM U YTJIEepOAHBIM MeTaboJIM3MOM Liua-
HoGakTepuu (Forchhammer and Selim, 2019). B atoii
CBAI3W MOXHO OTMETUTH, YTO peryATopHbi 6esok PII
KOBaJIGHTHO MoAuuIupyercsa B ycJI0OBUAX HecOasaH-
CHpOBaHHOro (OTOCUHTETUYECKOIO IlepeHoca 3JIeK-
TPOHOB y nuaHob6aktepun Synechococcus sp. PCC 7942,
Kor[Ja 3JIeKTpOHHBIN TpaHcropT ®C2 npeobafaeT Hax
aneKTpoHHBIM TpaHcnopToM ®PC1 (Tsinoremas et al.,
1991). B aTol1 paboTe aBTOPHI BBICKA3aJIM IPELIOJIO-
J)KeHHe O TOM, 4yTO (POTOCHMHTeTHYecKas Iellb epeHoca
3JIEKTPOHOB MOXET PeryJjupoBaTh MyThb aCCUMUJIALNUI
asoTa B KJIETKax IuaHOOaKTepuil MOCPeACTBOM IIOCT-
TpaHCJIAMOHHON Moaudukanuu 6enka PII. Kak Mbl
BUAUM IO pe3yJibTaTaM IIPOTEOMHOIO HCCJIeJOBAaHUA
(Koksharova et al., 2020a), B ycJI0BUAX a30THOT'O I'0JIO-
nanusa HauboJiee yassuma 111 BMAA nmenHo ¢oTtocu-
crtema 1 (Tabsmna 1).

B ycioBuax qra3oTpodHOro pocTa, Ipyu KOTOPOM
nuaHobakrepus Nostoc sp. PCC 7120 pacret B 6e3a30-
TUCTOU cpefie, U puKcalus aTMochepHOro asora Mpo-
HCXOJUT B e€ crelaJIn3UpOBaHHBIX KJIeTKaxX — reTepo-
nucrax, gobasjieHHe MHUKPOMOJIAPHOU KOHILIEHTpaluu
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BMAA x kJIeTKaM I[aHOOAKTepHUu M3MeHseT Kojude-
CTBO JeBATHaALATH (OTOCMHTETHYEeCKUX OesIKOB, U
mecty 6eJIKoB, GyHKIMOHUPYIOIINUX B OKHUCJIUTEIbHOM
dochopunuposanum (Koksharova et al., 2021). B npu-
cyrcrBur BMAA Ha604aioch pe3Koe CHIDKEHHe DKC-
npeccuy 6esikoB, GYHKLIHOHUPYIOIKX B cOCTaBe ob6enx
dortocucrem — xkommiaekcoB ®C1 unu ®C2, a Takxe B
KOMILJIEKCe IIUTOXPOMOB b6f 1 B aHTEHHBIX NMUTMEHT-
HBIX Kowmiuiekcax (TaGmuma 1). lo6aBieHue BMAA
K KJIeTKaM [uaHoOakTepuu NPUBOAUT K CHIKEHUIO
JKCIIpeccuy ABYX OeJIKoB peakmuoHHoOro neHrpa ®Cl1
(cyowvenunur IV u XI), yeThIp€x KiTi0UeBBIX OeikoB DC2
(D1, D2, CP47, PsbO) u natu GEJIKOBBIX KOMIIOHEHTOB
(pUKOOUIIMCOMHBIX CcBeTocoOMpawmux aHTeHH OC2.
3aMeTHO CHHXaeTcA Ipe[CTaBJIeHHOCTb B IpOTeoMe
6esnkoB-pepmenToB (HemC, HemH, nportoxiopodu-
JMA-OKCUAOpeayKTasa, Mar"uii-nporonopdupus IX
MOHOMETUJIOBHIN 3(Qup (OKucIUTeNbHAsA) ILMKJIa3a),
y4acTBYIOIIMX B CHHTe3e Nop(pHUPHUHOB U xjJopodusiia.
Takum ob6paszom, ¢uroToKcMuHOCTH BMAA ocobeHHO
SIPKO IIPOSABJIAETCA B YCJIOBHUAX AUA30TPOMHOro pocTa
I[aHOOaKTepUH.

B kmetkax Nostoc, pactymux Ha OoraToil aso-
TOM cpefie, poTocHHTeTHYecKHe OeJIKU MOoABeprajnch
JIVIIb He3HaYnTeJIbHOMY Bo3AelicTBruio BMAA. B kiert-
Kax, BBIpallleHHBIX B cpefie ¢ M30BITKOM a30Ta, IpU-
MepHO 110 70%-80% cHuxasnach skcnpeccus Aty 6ei-
KOB, y4acTBywImux B ¢poTtocuHTe3e. Cpequ HUX ObLIU
obHapyXxeHbl 1UTOXpoM c-550 (PsbV, all0259), cy6b-
equuuiia IV ®C1 (PsaE, asr4319), 6enok ®C2 CP47
(PsbB, all0138), xkoMroHeHT AApa GpukodurcoMsl apcF
(all2327) n Gera-cyopeaununa AT®-cuHTassl FOF1
(all5039). Ipu sToM akcnpeccus Byx 6enkos (CpcB u
CpcG4) cBeToCcOOHpaIOIUX KOMILJIEKCOB MOBHIIIAIACH B
npucytctBuu BMAA. (Koksharova et al., 2020b).

[TosyueHHBle pe3yJbTaThl CBUAETEJIBCTBYIOT O
CyILl[eCTBeHHOM BJIMAHUN BMAA B yCJIOBHUAX HeXBaTKU
a3oTa Ha 6eJIKOBble KOMILIEKCHI I{laHOOaKTepuii, GyHK-
I[MOHUpYIOL[ie B CBETOBBIX peakiuax (OTOCUHTe3a.
Kpome toro, BMAA Takxe cHuXxaeT cofepxaHue OeJi-
KOB, y4YaCTBYIOIIMX B TEMHOBBIX peaknuax (poToCHH-
Te3a, a UMeHHO B pukcanuu CO, 1 B APYIUX Ipoleccax
yriepogHoro Metabonuama (Koksharova et al., 2020a).
OT0 00ycJIOBJIMBaeT BaxHoOe (yHKIMOHAJIbHOE 3Haue-
Hue BMAA B u3HU IMaHOOAKTepUi, 4yTo corjacyercs
C TUIMOTE30H, COIJIaCHO KOTOPOM 3Ta aMHHOKHCJIOTa
MOXeT OBITh MCI0JIb30BaHa MUKPOBOAOPOC/IAMU B pas-
JINYHBIX 3KOCHCTEeMaxX KakK MHCTPYMEHT aJulesonaTuu
JUIA KOHTPOJIA YHCJIEHHOCTH IMaHoOaKTepHasbHBIX
NOMyJIALME B TeUeHNe Ieprojia XXecTKON KOHKYpeHINU
3a MCTOYHUKU a3oTa u apyrue pecypchl (Koksharova
et al., 2020a; 2021).

JluatoMoBEIe BOJOPOCJIY, KaK U IMaHOOaKTepuH,
npoayuupyior BMAA (Jiang et al., 2014). UHOyKIU0
CHHTEe3a 3TOM aMHUHOKUCJIOTH JUaTOMOBBEIMU BOAOPOC-
JIAMU BBI3BIBAIOT AebunuT xesie3a (Zheng et al., 2025),
ouoTtuueckue crpecchl (Kim et al., 2026) u moHMXe-
HHE TeMIlepaTypsl WHKybOauuu Bopopociell (Zheng
et al., 2026). BpuT0 MOKa3aHO, 4YTO JoOaBJIEHHE 3K30-
reHHoro BMAA k KJleTkaM AWaTOMOBBIX BOAOpOCJIel
Phaeodactylum tricornutum w Thalassiosira weissflogii
IIPUBOAUT K BBbIJIeJIEHHI0 aMMOHUSA U3 KJIETOK B OKpY-



CagppoHosa H.A. u dp. / Limnology and Freshwater Biology 2026 (4): 241-257

Bodopocnu: ﬂpOﬁﬂeMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

xatomyro cpeny (Lage et al., 2016), yTo ykasbiBaeT Ha
yA3BHMOCTb a30THOro MeTabojyM3Ma IpU JeliCTBUU
BMAA. DTa aMHMHOKHCJIOTa, Ao0OaBjeHHasA K KJeTKaM
AaToMOBOI Bodopociu Phaeodactylum tricornutum,
BBI3bIBaeT OKHCJIUTEJIbHBIN CTpecc, BauAeT Ha (oro-
cuHTe3 u MetabosmsMm asora (Kim et al.,, 2022).
OtMmerumM, uTo BMAA Takxe noaaBsigeT 3KCIIPeCCHI0
reHa rbcL, xopupyomero O60JbIIYI0 CYyObeIUHUITY
Pybucko y AMaTOMOBHIX BojiopocJieri Phaeodactylum
tricornutum (Kim et al., 2022). BosgerictBue BMAA
IIPMBOJWJIO K NTOAABJIEHUIO POCTa U MOPCKOM MUKPOBO-
nopociu Isochrysis galbana, Kk CHUXXEHUIO CUHTE3a XJIO-
podusia B ee KJIeTKax, CHUXKEHUI0 akTUBHOCTU DC2,
CHIDXEHUI0 TPaHCKPUIIMU I'e€HOB, OTBETCTBEHHBIX 3a
6enku obeux goTocucreM, pepMeHTa IrITyTaMUHCHUHTe-
Tasbl ¥ TPAHCIIOPTEPOB HUTPATAa, a Takke K MHTMOHUpO-
BaHUIO KJIETOYHOIO IMKJIa 3TOoN Bomopocym (Li et al.,
2023). Hcnosb3oBaHUE MeETOJIOB TPAaHCKPUIITOMUKU
B 3TOM HCCJIEJOBAHUHU IO3BOJIWJIO BBIABUTH H3MeHe-
HUA B TPaCKpUINLNM TeHOB, KOAUPYIOUUX pa3jIdyHble
O6enky, cBA3aHHBE C (QYHKIWMOHUPOBAHHWEM KHCJIO-
poa-BeiAesAomero koMiiekca ®C2, anpa KoMiuiekca
u cyopequuanilpl IV @C1, koMIUiekca UTOXpOMOB b6f,
deppenokcuHa u cyovenuHunbl ATdaszsl F-runa nopn
BausAHueM BMAA, 4TO CHMXaJ0 KBaHTOBBIN BBHIXO[
@®C2 u ckopocTh IepeHoca 3JIeKTPOHOB. IlosTydyeHHBIE
TPaHCKPUIITOMHEIE JaHHBIE JJI AUAaTOMOBBIX BOAOPO-
cJlell XOpoOIIO COIJIacyloTca ¢ JaHHBIMU ITPOTEOMUKH,
MOJIyuYeHHBIMHU paHee AJiA LuaHoOakTepuu Nostoc sp.
PCC7120 (Koksharova et al., 2020a; 2021). B coBo-
KYIHOCTH BCe 3TU UCCJIeA0BaHUA AEMOHCTPUPYIOT, 9YTO
BMAA obGsafgaeT GUTOTOKCUYHOCTBIO, UHTUOUPYS POCT
Pa3HBIX TpPyNnn MHKPOBOAOPOCJIEel, HEraTUBHO BJINUAA
Ha aKTHMBHOCTb a30THOI'0 MeTab0s13Ma, GOTOCUHTE3 U
OKHCJIMTEJIbHBIH CTpecc.

3. DUTOTOKCUYHOCTb MeTa-THPO3HUHA

AHaJjior apoMaTM4ecKuXx aMHHOKUCJIOT THUPO-
3uHa U ¢eHwIaJaHuHa - Merta-Tupo3uH (m-Tyr)
(PucyHok 1) — obGiyafgaeT BBICOKOW, HO CeJIEKTHMBHOU
duToTokcuuyHOCTBIO (Zer et al., 2020; 2025). Ero Tok-
CUYHOCTh ObLJIa BbIsIBJIEHA [JiA pacTeHuil (Bertin et
al., 2007; 2009; Matsumoto, 2011; Andrzejczak et
al., 2018; Staszek and Gniazdowska, 2020; Zer et al.,

13%

27%

5%

1%

2020), uanobakrepuii Synechocystis sp. PCC 6803 u
M. aeruginosa, Ho He oOHapyXeHa, HalpuMep, AJ1A rere-
poTpodHbix Gaktepuii Escherichia coli wu Bacillus subtilis
(Zer et al., 2025). HexkoTopsle Ha3eMHBIE paCTEHUS,
tTakue kak Euphorbia myrsinites (MoJioyaili MUPTOJIUCT-
HbIi) wm Festuca rubra (OBcsHUIA KpacHas), MOTYT
BbIpabaTHIBaTh BEICOKHE YPOBHU M-Tyr B TKaHAX CBOUX
KOpHeH U BBIAEJIATH ero, nojasjAs BOJIM3U cebs Xu3-
HeZlesATeJIbHOCTD Ipyrux pacteHud (Bertin et al., 2007;
Zer et al.,, 2020). ITomuMmo pacteHud, m-Tyr Takxe
MoOXeT BblpabaTbiBaThca (GepMeHTaTUBHO (deHuUsIala-
HUHOBOM MeTa-TMJIpOKCIJIa30i B KJleTKax OakTepuu
Streptomyces coeruleorubidus ¥, TpPeANOJIOKUTETHHO,
JpyruMmu OakTepusMH, KOTOpble MOTYT COAepXKaTb
aTOoT pepmeHT (Gruschow et al., 2020). OT™MeTHUM, YTO
Streptomyces coeruleorubidus — 3T0 BUZ OGaKTepuil U3
poaa Streptomyces, KOTOpbII OB BBIAEJIEH U3 MOp-
ckux oraoxenuii (Kumar et al., 2012).

KneTtku nuaHo6akTepuii BBICOKO 4yBCTBUTEJIBHEI
K JeHCTBUI0 MHKPOMOJIADHBIX KOHIleHTpauuii m-Tyr
(Zer et al., 2025). B nuaHo6aKTepUasIbHBIX KJIETKAX,
obpaboTaHHBIX m-Tyr, U3MeHseTcA roMeocTas aMHHO-
KucJoT. IIpoTeoMHbIe nccie0BaHNA TO3BOJINIIN BBLAC-
HUTh, uTO GeHmnatanwiI-TPHK-cuareraza (PheRS)
omnboYHO BrIOYaeT m-Tyr B GeJIKM OJHOKJIETOYHOM
uaHobakrepuu Synechocystis sp. PCC 6803. Takwue
3aMeHBl, BEPOATHO, NIPUBOJAT K arperanuu 0esKOB U
HapyleHuo ux (QyHKIMoOHMpoBaHUA. OCOOEHHO 3TO
BJIUSIHNE IIPOSABJIAETCA B OTHOUIEHHMH pUO0COMAaIbHBIX
6enikoB (27%) u GeJikOB, y4acCTBYIOIIUX B Ipollecce
dotocunresa (21.9%) (Puc. 3).

Knetku Synechocystis PCC 6803 mocyie 06paboTKu
m-Tyr JeMOHCTpUPYIOT U3MeHeHHA B GOTOCUHTeTHYe-
CKOM aKTHMBHOCTU W B Ipoliecce CHUHTe3a 6esIKOB. DTU
M3MeHeHUs KOPPeJIupyIoT C 3aJepXKOH pocTa LHaHo-
6axTepuu U ¢ MOPGOJIOTNYECKUMH U3MeHEeHUAMHU KJle-
TOK NpY A00aBJIeHuH K HUM MHKPOMOJIAPHBIX KOHIIeH-
Tpauuii m-Tyr. IIpu Gosiee BBICOKMX KOHIIEHTpaLHAX
aMHHOKMCJIOTH HabjlofaeTcsA MOBBHIIIeHHas Trubesb
kieTok Synechocystis PCC 6803. BeposATHO, 1naHo6aK-
Tepuu He MoOryT MerTabosmsupoBaTb m-Tyr, mpespa-
I[asg ero B HeTOKCUYHBINA MeTabout (Zer et al., 2025).
OyHKIMOHAJIBHASA POJIb 3TOM HeOeJIKOBOW aMHHOKMUC-
JIOTHI B KJIeTKax UAaHOOAKTEPUU U MUKPOBOJIOPOCIIei
M3ydyeHa IIOKa B MeHbIllell cTelleHH, yeM poJib BMAA.
Tem He MeHee, [TpoBefleHHbIE IPOTEOMHEBIE HCCJIe0Ba-

O doTOCKHTE3

B OkucnuTenbHbIA CTpecc
OllanepoHsl
OPuGocombl

B CuHTe3 PHK

O CuHTE3 aMUHOKMCIOT

B CuHtes OHK

O TpaHcnokauus 6enkos
B MeTtabonumam

B HeunsBecTHble 6enku

Puc.3. OyHKI[MOHAJIbHBIE KATETOPUM OEJIKOB, SKCIIPECCUS KOTOPBIX MEHSETCA B MPOTeOMe IuaHobakTepuu Synechocystis sp.
PCC 6803 mpu gerictBuu m-Tyr. Jluarpamma BHIIIOJTHEHA IO pe3yJibTaTaM, MOJyyeHHbIM B pabote (Zer et al., 2025).
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HUA OHUOJIOTMYeCcKOoro AelCcTBUA KaXA0HU U3 aMHUHOKHC-
JIOT Ha KJIETKH IMaHoOaKTepuil BBHIABUJIA aHAJIOTHU.
O0Oe aMMHOKHCJIOTHL HM3MEHSIOT 3KCIIpeccuio OeJsIKOB,
yJacTByloImuxX B (OTOCHHTe3e, pUOOCOMAJIbHBIX OeJl-
KOB, (bepMeHTOB MeTaboJM3Ma aMUHOKHUCIIOT, OeJIKOB
OKHCJIMTEJIBHOTO cTpecca, 0eJIKoB IIallepOHOB, 6eJIKOB
KJIETOYHOI'O fleJIeHUA U OOJIbIIOro KOoJnyecTBa OesIKoB
C Heu3BeCTHBIMM IoKa (GyHKOuAMU. Bosee riybokoe
MOHUMaHUe MeXaHM3MOB JeiicTBua m-Tyr u BMAA
Ha (oTocuHTe3 U Apyrue MeTabojaudecKre IpoLecChl
B KJIeTKaxX I[MaHOOaKTepuil 1 MHKPOBOAOPOCJIEN Tpe-
OyeT JONOJIHUTEJIbHBIX HCCeJOBaHUH C IpUMeHeHleM
MOJIEKYJIAPHO-TeHeTUYeCKnX, OMOXUMHUYEecKUx 1 Ouo-
dusnyeckux MeTOA0B.

4. BoiBOADI

HeGenkoBble aMUHOKHUCJIOTH METa-TUPO3UH U
BMAA 006Jy1afjaloT BBIpaXEHHOH (UTOTOKCHUYHOCTHIO
B OTHOLIEHUM KJIETOK IMaHOOAKTEpUiIl U MUKPOBO-
nopociieil. O6e aMUHOKUCJIOTHI MEHSIOT MPOTEOMBI
[[MaHOGAKTEpUI, U3MeHsAA KoJmuecTBa OejikoB GoTo-
CUHTE3a, BO3JENCTBYA Ha IMPOLECCH YTrJIEPOAHOTO
MeTabosm3Ma, TpaHcanuu. [Iponecc M3ydeHUsA KOH-
KPETHBIX MEXaHM3MOB JEMCTBUA 3TUX MOJIEKYJI Ha pa3-
JInYHbIe 3Tanbl GOTOCHHTE3a HAXOAUTCSA MOKa B CAaMOM
Hayasje. MHoroe ele NpeACTOUT CAeNaTh C MpUMe-
HEHUEM pa3/INYHBIX JKCIePUMEHTAJIBHBIX MOAXOOB.
Wpentudukanus MuleHei qeicTBus GUTOTOKCUYHBIX
He(eJIKOBBIX aMUHOKHCJIOT B KJIETKaX HUAaHOOAKTepuil
U BoJopocJieil BocTpeGoBaHa Kak [JiA GyHJaMeHTaslb-
HBIX KICCJIEJOBAaHUI MEpPBUYHBIX HPOLEccOB (HOTOCHH-
Te3a, Tak, BO3MOXHO, U JJIA pelleHUs MPaKTHYeCKUX
3amau B OynaymieMm. Hcrmosib3oBaHve B JaJIbHEHIINX
HCCIeJOBAaHUAX Pa3IMYHBIX OMOGMU3NYECKUX METOOB
(cmexTpodoToMeTpuueckux, Metoga DIIP u Apyrux),
a Takke METOHOB MyTareHes3a, TPAHCKPUNTOMUKU U
MIPOTEOMUKH OGYAET CocobCTBOBATh GoJiee TiIyGOKOMY
MOHMMAHHUI0 MEXaHU3MOB aJLIEJIONAaTU4YeCKOro Jeki-
CTBUS HEOEIKOBHIX AMUHOKUCIIOT HA MEPBUYHEBIE MeTa-
GoIrYecKye MPOLECCH B KJIETKaX MUKPOBOIOPOCIIEL.

bAaaropapHoCTH

Ha nHanucanue manHoro o63opa aBTOPOB BIIOX-
HoBmJia pabora VIII Bcepoccuiickoil Hay4HOUI KOH(pe-
peHLIMM C MeXJOyHapoAHBIM ydacTueM «Bomopociu:
po0JieMBbl TAKCOHOMUHU U 3KOJIOTHUHY, MCII0JIb30BaHNE B
MOHUTOPUHTe U buoTexHoaorun» 7-11 centsadpsa 2026
r., pkyTcK, 1. JIucTBaHKa. ABTOpH BhIpakaloT OJiaro-
napHocth npodeccopy HO.A. KokiapoBy 3a obcyx/e-
HUe TeKCTa CTaTb{ U MOJIe3Hble BOIPOCH 1 KOMMEHTa-
pun. brarogapyuM aHOHUMHEBIX pelleH3eHTOB 3a I[ieHHbIe
3aMevaHNsA, KOTOphle [TO3BOJINJIN aBTOpaM JOIOJIHUTH
u gopaborath TekcT. McciemoBaHue BEHIIIOJHEHO B
pamMkax rocygapcrseHHoro saganua MI'Y nmenu M.B.
JIomoHOCOBaA.

KoHpAUKT UHTEpecoB

ABTOpHl AEKJIapUpYIOT OTCYTCTBHUE KOHQIIMKTA
HWHTEPECOB.
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