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1. Introduction

Glycation is usually referred to as an array of non-enzymatic post-translational modifications of
nucleophylic protein residues with reducing sugars and carbonyl products of their degradation [1]. It is
also known as “Maillard reaction of proteins” [2]. Therefore, the term “glycation” is applicable not
only to the interaction of proteins with reducing sugars, but also covers the whole spectrum of possible
reactions between amino acid residues of proteins and carbonyl compounds. Moreover, currently the
term “glycation” is extended to carbonyl-related modifications of lipids and nucleic acids [3]. Thus, in

this context, glyoxal and methylglyoxal-derived adducts of nucleotides can be considered as glycation
products as well [4].
Based on the chemical nature of glycation agents, early and advanced glycation reactions can

be distinguished [5]. At the early steps (Figure 1), reducing sugars - aldoses and ketoses, interact

reversibly with their amino groups resulting in the formation of relatively stable 1-amino-deoxyketoses
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Figure 1 Overview of glycation pathways. 3-DG, 3-deoxyglucason

and 2-amino-deoxyaldoses, known as Amadori and Heyns compounds, respectively [6,7]. In living
organisms, these first relatively stable early glycation products are readily involved in advanced
glycation, i.e. undergo further oxidation, fragmentation and cross-linking reactions, resulting in the
formation of advanced glycation end products (AGEs) which constitute a heterogeneous and
structurally diverse group of compounds [8]. Besides this route, which is proposed to be the primary

pathway of glycoxidation in mammalian organism [9], advanced glycation can rely on interaction of
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lysyl, arginyl and cysteinyl residues with o-dicarbonyls, which can form via metal-catalyzed
autoxidation of sugars [10], lipid metabolism [11], polyol pathway [12] and non-enzymatic conversion
of triosophosphate intermediates of glycolysis [13,14]. It is necessary to take into account that in vivo
protein glycation is accompanied with lipoxidation, i.e. modification of proteins with reactive carbonyl
compounds (RCCs) — the products of oxidative degradation of lipids and fatty acids [15]. The

biological properties of these adducts are much less studied in comparison to AGEs.

Based on their structure, AGEs can be classified by the residue where modification is localized
(lysine- and arginine-derived), by the number of non-neighboring residues involved (two for cross-
linking and one for non-cross-linking AGEs) and by the presence of fluorescent properties (Figure 2).
Among the lysine-derived AGEs, N°-(carboxymethyl)lysine (CML), N°-(carboxyethyl)lysine (CEL)
and pyrraline are the major representatives [16—18], whereas for arginine-derived products the most
universally found are the glyoxal (GO)-derived (1-(4-amino-4-carboxybutyl)-2-imino-5-oxo-
imidazolidine, Glarg) [19], and the three methylglyoxal (MGO)-derived products hydroimidazolones-
N°~(5-methyl-4-0x0-5-hydroimidazo-linone-2-yl)-L-ornithine (MG-H1, the major adduct) [20], 2-
amino-5-(2-amino-5-hydro-5-methyl-4-imidazolon-1-yl)pentanoic acid (MG-H2) and 2-amino-5-(2-
amino-4-hydro-4-methyl-5-imidazolon-1-yl)pentanoic acid (MG-H3) [21]. Such modifications as
glyoxal/methylglyoxal-derived dimers (GOLD, MOLD) [22], glucosepane [23] and pentosidine [24],

vesperlysines [25] represent non-fluorscent and fluorescent cross-links, respectively.
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Figure 2 AGEs formed by oxidative (green), non-oxidative (blue) or both (black) pathways. CML, N¢-
(carboxymethyl)lysine; CEL, N°-(carboxyethyl)lysine; GOLD, glyoxal-derived dimer; MG-H, methylglyoxal-derived
hydroimidazolone, MOLD, methylglyoxal-derived dimer

In mammals (including humans) AGEs are clearly deleterious, demonstrating well-pronounced
pro-inflammatory properties: these compounds are well-known triggers of sub-clinical systemic

inflammation [26] and often underlie related pathologies. Thus, endogenous accumulation of AGEs
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accompanies ageing and pathogenesis of life-style and neurodegenerative diseases [27]. In particular,
advanced glycation contributes in uremia [28], onset of diabetes mellitus (DM) and development of its
complications [29], pathogenesis of Alzheimer’s and Parkinson’s diseases [30]. It is important to note,
that thermal processing of foods is also accompanied with enhanced production of AGEs. Intestinal
absorption of these dietary glycation products consumed with foods is the principle exogenous source

of AGEs.

The biological effects of AGEs are underlied by two major mechanisms: (i) intra- and inter-
molecular cross-linking and (i7) interaction of free or peptide-/protein-bound AGEs with receptors.
Formation of cross-linking AGEs is characteristic for long-living proteins, like crystallins of eye lens
and collagen of connective tissue. It directly results in functional disturbance of corresponding organs
— development of cataract and stiffening of tendons/ligaments, respectively [31]. On the other hand,
pro-inflammatory effects of AGEs are mediated by a broad range of membrane-associated and soluble
receptors [32,33]. The best-characterized representatives of this group are so-called receptors for
advanced glycation end products (RAGEs), multiligand molecules, belonging to the immunoglobulin
superfamily [34]. The surface ligation of RAGEs by AGEs results in activation of the transcription

factor NF-xB, enhanced expression of adhesion molecules, and development of inflammation [35].

Taking into account the role of glycation in ageing and pathology, glycated proteins are often
considered as prospective biomarkers promising in clinical application. Thereby, due to the key role of
glycation in its pathology, glycation-based biomarkers of diabetes mellitus are critically important in
modern diagnostics and personalized medicine. Thus, such markers as total fructosamines, glycated
hemoglobin and glycated albumin are widely used in clinical practice [36]. However, the existing
biomarkers have some intrinsic limitations. Thus, all established markers rely on multiple glycation
sites of unknown localization and reactivity. Moreover, these markers are not sensitive enough to
distinguish short-term excursions in blood glucose concentration. Therefore, development of new
diabetes biomarkers with well-defined properties and high sensitivity to short-term alterations in blood

glucose levels is desired.

Although the pathways and mechanisms of AGE formation during thermal processing of foods,
ageing and pathogenesis of life-style and neurodegenerative diseases are well investigated, glycation in
plants remains much less understood. Initially, the interest to this problem was attracted by the work of
Krajcovicova-Kudlackova et al [37], which reported higher levels of blood CML in vegetarians in
comparison to omnivorous individuals. This totally unexpected observation indicated that plants might
have high constitutive tissue levels of AGEs. Obviously, upon consumption of plant-derived foods and
their digestion in the gastro-intestinal tract, glycated oligopeptides and individual glycated adducts can

be absorbed and transported in the blood to all organs and tissues of the human organism. The
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hypothesis about high glycation status of plants was experimentally confirmed by the Thornalley’s
group approximately twelve years ago [38]. By means of liquid chromatography coupled on-line to
tandem mass spectrometry (LC-MS/MS) and standard isotope dilution approach, the authors
demonstrated, that Arabidopsis leaves were characterized by high contents of glycation products and
these contents changed dynamically across the circadian cycle. However, despite high sensitivity and
specificity of this method, it could not provide any information about protein targets of glycation and
specific sites therein. The lack of this information makes disclosing mechanistic, functional and

physiological aspects of plant glycation a challenging task

Therefore, the overall goal of the research presented here was to extend the current
understanding of the Maillard chemistry in living systems in the context of its biological role.
Specifically — to characterize the biomarker potential of the early and advanced glycation products in
type 2 diabetes mellitus pathology, and to make a step forward in the understanding of plant protein
glycation in terms of glycation patterns, mechanisms, physiological effects in plants themselves and

their heterotrophic consumers. For this the following specific aims were addressed:

1) To probe individual glycation sites in plasma proteins as prospective type 2 diabetes
mellitus (T2DM) biomarkers, to characterize the biomarker potential of the differentially
glycated sites and to develop appropriate methods for their LC-MS-based analysis

2) To establish and to characterize peptide-based glycation models suitable for kinetics and
mechanistic glycation studies both in the human pathology and plant science context

3) To address glycation patterns in plant proteome and to characterize mechanisms and
pathways behind them

4) To address the role of protein glycation in ageing and environmental stress response; to
characterize the accompanying qualitative and quantitative changes

5) To establish the methodology for highly efficient analysis of plant seed proteome and
glycation adducts in seeds

6) To make the first steps to the understanding of the impact of plant protein glycation in the

physiology of the plant/seed itself and heterotrophic consumers of plant derived foods

Answering these questions will essentially extend our current understanding of the Maillard
chemistry in vivo, both in humans and in plants. Thus, characterization of site-specific T2DM-related
glycation profiles of blood plasma proteins will give access to the reactivities of individual residues
within the protein sequence. This, in turn, will allow estimation of their biomarker potential, i.e. the
ability to form Amadori products or specific AGEs under hyperglycemic conditions. The promising
biomarker sites can be further implemented in existing biomarker strategies for T2DM diagnostics and

glycaemic control.
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The knowledge about the pathways and mechanisms behind the protein glycation in plants is
not less important. Indeed, similarly to the reversible cysteine oxidation, glycation, as well as glyco-
and lipoxidation, might represent a class of regulatory modifications, which might underlie new
regulatory mechanisms in plants. Indeed, such events as redox and sugar signaling, protein
degradation, age-related changes in enzymatic activities and properties of sub-cellular structures might
be at least partly controlled by the level of glyco- and lipoxidative modifications at specific sites.
Understanding the role of protein glycation in these events in the context of stress tolerance, ageing,
nutritional value and food safety will give access to higher quality of cultured crops and corresponding

foods. This will positively affect the public health, life duration and quality.
2. Original research contribution

2.1 Individual glycation sites as the markers of diabetes mellitus

Originally, glycation attracted a special interest of researchers due to its impact on pathology of
life style-related diseases. The role of glycation in the onset of T2DM and development of its
complications is well-known, therefore both early and advanced glycation products are universally
recognized as reliable markers of this disease [39]. Thereby, glycation products are usually assessed at
the level of amino acid Amadori and AGE adducts or proteins with a broad array of colorimetric,
fluorometric, immunochemical, chromatographic and (tandem) mass spectrometric methods [40].
Despite efficiency of these techniques they are featured with at least one of the following
disadvantages: low specificity, unclear structure-response relationships, lack of direct connection with
defined physiological processes. Thereby, the presence of multiple glycation sites with unknown
reactivities represents the main limitation in the use of glycated proteins (e.g. serum albumin) as
glycation markers. On the other hand, understanding the spectra of glycation products and kinetics at
individual amino acid residues gives access to highly-reactive glycation sites as a new class of T2DM

markers.

Indeed, individual glycation sites in major blood plasma proteins turned to respond
differentially to hyperglycemia: in our pioneer study we addressed relative site-specific glycation
levels by label-free relative quantification and succeeded to identify 19 highly-responsive glycation
sites [41]. Based on this list we established two biomarker strategies based on early glycation
(Amadori and Heyns) products of blood plasma proteins. The first approach assumed switch to
absolute quantification of selected glycation sites by characteristic Amadori-modified peptides (which
contain a missed cleavage site and typically do not occur as unmodified). This was accomplished with
two alternative techniques — (i) tandem mass spectrometry-based absolute quantification with stable

isotopically labeled glycated peptides and (ii) targeted HR-MS-based quantification with dabsyl-
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containing bi-labeled peptides used as internal standards [42]. The alternative strategy brought us to
the establishment of an integrated biomarker, comprising multiple glycation sites representing multiple
proteins with different half-lives. Besides efficient prediction of T2DM, this approach might bring
time dimension flexibility in glycaemic control [43]. Thus, the biomarker potential of individual
glycation sites could be confirmed and appropriate methods for their absolute quantification could be

established.
2.2 Peptide-based glycation models

The next logical step would be extension of the described approaches to advanced glycated
(AGE-modified) sites in plasma and tissue proteins. Therefore we addressed the effect of diabetic
hyperglycemia on AGE patterns of plasma proteins [44]. Thereby, several AGE-modification sites
could be identified as prospective T2DM biomarkers [45]. However, each glycation site yields a
complex pattern of AGEs and, unfortunately, the mechanistic and kinetic aspects behind their
formation still need to be understood. This task can be efficiently solved using peptide-based glycation
models, which, on one hand, in contrast to individual amino acids, mimic real protein environment, on
the other — are much less complex in interpretation of analytical data and give direct access to kinetics

studies.

At the first step, we probed the patterns of AGE formation in the peptide-glucose incubations
and formation/degradation kinetics of individual products [46]. For efficient identification of the
glycation products, model AGE-modified peptides were synthesized and used for development of
appropriate tandem mass spectrometry-based analytical techniques [47]. This approach was
successfully extended to Amadori degradation experiments, i.e. formation of AGEs from early
glycation products [48]. Further, the peptide analytics was complemented with profiling of small
molecules that was accomplished in two sequential steps. First, monosaccharide analysis was
established [49] along with the method for efficient removal of phosphate buffer from the samples
[50]. Our methodology relied on sequential derivatization with methoxyamine hydrochloride and N-
methyl-N-trimethylsilyltrifluoroacetamide with subsequent analysis of resulted trimethylsilyl
derivatives with gas chromatography coupled on-line to mass spectrometry with electron ionization.
Secondly, sugar profiling was combined with a-dicarbonyl analysis [51]. Recently, this integrated
analytical platform was successfully applied to probing the glycation potential of individual sugars
present in foods and blood [52]. We have shown that, despite its low in vivo contents, ascorbic acid
demonstrated much higher glycoxidative potential in comparison to glucose and fructose. It was in
agreement with the known pro-oxidative properties of this molecule. The established methodology
proved to be applicable to the glycation models relevant for human glycation-related pathology and

glycation in plants.



2.3 Protein glycation in plants

The experiments with peptide-based glycation models clearly indicated that formation of AGEs
ultimately occurs in the presence of even trace amounts of highly-reactive carbonyl compounds and
transition metal ions in neutral oxygenated solutions. This knowledge is not new, but it brings one to
the conclusion that protein glycation might be characteristic not only for mammalian tissues and food
processing systems (which are well-studied in this respect to date), but also for plants. Moreover, due
to their high redox status and high contents of diverse and highly reactive sugars (e.g. intermediates of
glycolysis and Calvin cycle), plants can be expected to have rich and complex patterns of protein
glycation, which were completely unknown at the beginning of the last decade. In particular, such
organelles as chloroplast, where Calvin cycle is active, might be highly amenable to glycation, and the

proteins of electron transport chains

Therefore, being inspired by the pioneer work of the Thornalley’s group, who proved the
presence of protein glycation in planta at the level of individual amino acid glycation adducts [38], we
focused on plant glycation and addressed it in more detail. Thereby we addressed several aspects of
protein Maillard reaction in plants: (i) mechanisms — with a special emphasis on the glycation agents,
their reactivity and glycation pathways, (i7) relation of plant glycation to ageing and stress, (iii) effect
of glycated plant proteins on heterotrophic consumers (particularly mammalians and humans), (iv)
impact of protein glycation in plant physiology and (v) methodology, which is required for appropriate

addressing all these aspects.

Thus, the first step was to characterize constitutive glycation patterns, i.e. identify glycated
proteins and individual glycation sites therein. This was successfully accomplished both in the model
(Arabidopsis thaliana (L.) Heynh.) and crop (Brassica napus L.) plants [53]. We have found principal
differences of the glycation in plants from this process in mammalians. Thus, in plants early glycation
products (Amadori and Heynes compounds) represent just a minor part of the whole glycation adduct
pool, AGEs form mostly at arginine residues, dicarbonyl-mediated pathways strongly dominate and

the impact of the non-oxidative mechanisms is minimal.

At the next step, we addressed the role of glycation in the ageing of tissue proteins. Using the
leaves of A. thaliana grown under short day conditions (8 h light : 16 h dark) we showed that age-
related glycation occurs only at specific sites, which we defined as glycation hotspots [54]. The
existence of age-related glycation hotspots seems to be a universal phenomenon, as it was also shown
to accompany ontogenesis of root nodules in legumes [55], that opens a question about the
physiological role of glycation and glycoxidation in legume-rhizobial symbiosis. In this context,

lipoxidation (i.e. modification of proteins with lipid and fatty acid peroxidation products - reactive
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carbonyl compounds, RCCs) needs to be considered as well. To address the dynamics of RCCs, new
analytical techniques to probe carbonyl and fatty acid metabolomes were established and successfully

applied to legume root nodules and rhizobia [56].

When considering ageing in plants, seeds attract a special attention. Indeed, changes in seed
proteome and metabolome due to their ageing during prolonged storage might directly affect seed
viability, quality and nutritional value. Therefore, the impact of protein glycation on physiological
changes accompanying prolonged seed storage needs to be assessed. For this, the whole methodology
for seed proteomics was established [57]. Our workflow proved to be efficient: it was able to disclose
the differences in the seed proteome associated with incomplete degradation of embryonic
chlorophylls [58] and pea genotype variations associated with high and low responsivity to combined
inoculation with nodule bacteria and arbuscular mycorrhizal fungi [59]. To address the effect of seed
protein glycation on mammalian food consumers, we developed an efficient method of exhaustive
enzymatic hydrolysis, compatible with biological assays [60]. This method relied on complete
reconstitution of the protein isolate in aqueous solution of sodium dodecyl sulfate (SDS), dilution and
digestion with subsequent removal of the detergent after the completion of the hydrolysis. This
workflow yielded purified preparation free of detergent and other contaminants. The applicability of
the method was demonstrated with pea and oilseed rape seeds subjected to assessment of AGE
formation during accelerated or natural ageing. Thus, now the whole methodology, required for

efficient analysis of protein glycation in seeds is available.

In parallel we addressed the role of glycation in the plant response to environmental stress, with
a special emphasis on osmotic stress. For this, adequate stress models yielding sufficient amounts of
plant material were established and comprehensively characterized. Thereby, osmotic stress and
drought were the main focus, although the models of light, drought and gravitational stress were
established and characterized during the last decade [61]. To obtain an appropriate model of osmotic
stress, we extended the well-known agar-based polyethylene glycol (PEG) infusion model [62] to
mature Arabidopsis plants and developed a comprehensive platform of physiological and biochemical
tests [63], including a high-throughput method for analysis of drought-related phytohormones -
abscisic acid (ABA), salicylic acid and jasmonates [64]. Having this model in hand, we succeeded to
characterize the patterns of drought-specific changes in plant glycated proteome [65]. Thus, drought-
related glycation was associated with increase of tissue glyoxal contents and was manifested by up-
regulation of glyoxal-derived modifications in leaf proteins. Recently we established a pea (Pisum
sativum) model of short-term moderate drought, based on vermiculite and watering-interruption
approach [66]. We have shown that even minimal short-term drought, applied during seed maturation,

triggers dynamic changes in seed primary metabolome and affects pro-inflammatory signaling
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pathways when seed protein hydrolysates were applied to human neuroblastoma SH-SY5Y cells. To
address these signaling pathways in more detail, we established a new highly efficient
phosphoproteomics approach based on Langmuir-Blodgett iron (III) stearate films [67]. Another
important direction of the ongoing work is the role of protein glycation in legume-rhizobial symbiosis.
On one hand, glycation patterns are affected by experimental drought, on the other — ontogenesis of
legume root nodules is accompanied with formation of glycation hot spots [55]. Site-specific
carboxymethylation of glutamine synthase might indicate involvement of glycation in decrease of

nitrogen fixation efficiency with age of the symbiosis.
3. Conclusions

The results of this work allowed making the following conclusions:

1. Individual glycation sites in human serum albumin and several other proteins proved to be
promising biomarkers of T2DM. Their biomarker potential varied depending on their
individual reactivities. The absolute quantification of the biomarkers could be accomplished by
LC-MS and LC-MS/MS using two protocols based on the stable isotope dilution approach.
Alternatively, an integrated biomarker comprising multiple glycation sites in several proteins
was proposed.

2. The concept of the peptide-based glycation model was successfully established. The design
relied on synthetic peptides, and it was efficiently complemented by analysis of
monosaccharides and a-dicarbonyls. The model was successfully applied to analysis of relative
reactivities of individual plant carbohydrates and in assessment of their glycation potential.
Thereby, ascorbic acid demonstrated the highest glycation potential among the major dietary
sugars, whereas glyceraldehyde-3-phosphate, dihydroxyacetone phosphate and glucose-6-
phosphate proved to be the most reactive plant sugar metabolites.

3. The plant glycated proteomes of the model (4Arabidopsis thaliana) and crop (Brassica napus,
Phaseolus vulgaris and Pisum sativum) plants were successfully characterized. Thereby, clear
differences in comparison to mammals were observed. Thus in plants early glycation products
(Amadori and Heynes compounds) represent just a minor part of the glycation adducts, AGEs
form mostly at arginine residues, dicarbonyl-mediated pathways strongly dominate and the
impact of the non-oxidative mechanisms is minimal.

4. Protein glycation impacts on the ageing of plant tissues and plant response to environmental
stress that was most comprehensively shown for osmotic stress, which is characteristic for
drought conditions. Thereby, modification patterns dominated with so-called glycation hot

spots, i.e. positions in cellular proteins where glycation occurred site-specifically. The
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existence of these hotspots was demonstrated not only in leaf, but also in so specialized
structures as legume root nodules.

5. The whole methodology required for glycation analysis in seeds was established. Specifically,
the proteomics workflow was optimized and the protocol for analysis of plant protein glycation
adducts was developed.

6. The first steps in understanding the role of protein glycation in plant physiology are done. The
obtained results indicate that plant glycation can affect enzymatic activity, degradation of
proteins in proteasome, as well as sugar and redox signaling.

The personal contribution of the applicant is essential. He proposed the concepts — “individual
glycation sites as prospective biomarkers” and “plant glycation as a physiological modulator in
plants. During the last decade he established the group, which is currently busy with
development of these concepts. In 24 among the 30 papers presented for the defense, the
applicant acts as the first, last or correspondent author (that corresponds to the major

contribution in each of them).

4. Further perspectives

The ongoing research is mostly focused on plant glycation and accompanying non-enzymatic
modifications of plant proteins. In this context, the absence of structural and physiological information
on plant-specific AGEs (i.e. those, characteristic only for plant organisms and not described in clinics
and food processing systems) represents the most prominent knowledge gap which needs to be filled in
the highest priority. Due to higher diversity of carbonyl metabolites and higher abundance of reactive
carbonyl species, plants can be expected to form rich patterns of plant-specific AGEs. Moreover, due
to high levels of phenolic secondary metabolism, plant-derived glycation products can be structurally
associated with phenolics, forming unique products. Currently we are working on the effect of
environmental stress, ageing and genetic background on non-enzymatic modifications of seed proteins.
The prospective products of interest are annotated and will be isolated and structurally characterized.
The second opene question is the effect of plant glycation products on heterotrophic consumers of
plant foods — what responses are triggered and by what structures. Importantly, the responses triggered
by glycation products need to be distinguished from the effects related to products with other
structures, like, for example, phenolic adducts. Finally, the role of the plant AGEs in plant physiology
needs to be addressed in more detail and the corresponding mechanisms need to be characterized.
Currently we assume strong involvement of glycation and lipoxidation in regulation of basic plant
responses. We propose that these effects of glycation might be mediated by its contribution in protein
degradation and sugar signaling [68]. However, detailed mechanisms are on study in our group

currently.
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1. BBenenue

I[lon  rMkupoBaHWEM  OOBIYHO  TMOHUMAIOT  COBOKYIMHOCTh  He(epMEHTaTUBHBIX
MOCTTPAHCIISALMOHHBIX ~ MOAM(PUKAIUN  HYKICOPWIBHBIX  OCTaTKOB  OEIKOB, OOpa30BaHHBIX
BOCCTaHABJIMBAIOIIMMHU CaXapaMy U KapOOHWILHBIMH MPOIyKTaMu uXx aerpananui [1]. CoBOKymHOCTh
9TUX TPOIIECCOB M3BECTHA TaKke Kak "peakuus Maiispa 6enkos" [2]. [ToaToMy, naHHOE MOHSATHE
OXBAaTbhIBACT HE TOJBKO MPOLIECCHI B3aUMOJCHCTBUS OEIKOB C BOCCTAHABIMBAIOIIMMU CaXxapamu, HO U
BECh CIICKTP BO3MOXKHBIX PEAKIIUN MEXKIYy aMUHOKHCIOTHBIMU OCTaTKaMU OEJIKOB M KapOOHUIHLHBIMHU
COCMHEHUSIMH CaMOW pas3JIM4HOM mnpuponsl. boiiee TOro, B HACTOsIIEE BpPEMA TEPMHH
"rIuKupoBaHue" PaclpoCTpaHsIeTcs TaKKe Ha CBA3aHHBIE C KapOOHMIAMU MOIU(MUKAIMU JTUIHIOB U
HYKJIEMHOBBIX KHCHOT [3]. Takum oOpa3oM, B 3ToM KOHTeKcTe aanykTsl HykiaeotuaoB JJHK u PHK,
00pa3oBaHHBIC TJIMOKCAJIEM M METHJITJIHOKCATIEM TakKe MOTYT paccMaTpUBaThCi B KadecTBE

IPOAYKTOB INIMKUPOBaHUS [4].

B 3aBuCcHMOCTH OT XMMHUYECKOM MMpUPOALI TVIMKUPYIOIHUX arcHTOB, MOYXHO BBIACIUTL PCAKIUU

paHHero  u  TAyOOKOro  TJIMKHPOBAHUS [5]. Ha  pamnux  sramax  (Puc. 1)

CH=0
H———OH fnukonus Tpuosodocdatbl
» Ry 0
HO——H H,6—0—R,
| MepeKkucHoe OKMCNeHUe NUNUZ0B
H———t——0H H(.l':—O—Rz N
R; )
H——0H H,C—0—R, AyTOOKMCNEHME MOHOCAXapoB
CH,OH > o-flukap6o-
e Lys-NH, HC—NH-Lys s MyTo Hamukm HUNbHblE
: - » COEAMHEHUA
——OH
eHoNM3AUUA | Aerpapauna Uil Lys
HO H Nenecal 2
epecrpoiika
= = Arg-N;H Lys-NH
i H et OH Amagopu 9 g-N3H;  Llys-NH,
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CHeoH [erpagaums
e H—1—O0H Rnrr
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CH,0H HeoKucanTenbHbId NyTh Amadori product Arg-NsH; or Lys-NH, rny6okoro
3-4r » MUKUPOBAHMA

Pucynox 100mas cxema nyteit rimkupoBanus;. 3-/11°, 3-1e0KCHTIIIOKa30H

BOCCTAHABIIMBAIOIIUE caxapa - albJ03bl U KETO3bI - 00paTUMO B3aMMOJEHCTBYIOT C aMUHOTPYIIIIaMU
OCJIKOB, B pe3yJbTaTe 4Yero oOpa3yrTCs OTHOCHUTENHHO CTAOWIIbHBIE |-aMHUHO-I€30KCUKETO3Bl U 2-
aMUHO-/I€30KCHAJIBI03bI, U3BECTHBIC KaK COCIWHEHUS AMaIopH U XaiHca COOTBETCTBEHHO [6,7]. B
JKUBBIX OpraHU3Max 3TH MEPBbIE OTHOCUTEIHHO CTA0MIBHBIE IPOAYKTHI PAHHETO TITUKUPOBAHUS JIETKO

BOBJICKAOTCAd B TIPOIIECC I‘Hy60KOFO TJIMKUPOBAHUA, T.C. BCTYIAOT B ;[aaneﬁmHe pceakunun
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OKHCITUTEIBHON Jerpaalud U 00pa30BaHMs MONEPEYHBIX CHIMBOK (KPOCC-JIMHKOB), YTO MPUBOJIUT K
00pa3oBaHUI0 KOHEYHBIX MPOAYKTOB Iiryookoro raukupoBanus (KIII'T, anen. advanced glycation end
products, AGEs), xoTopble NpeACTaBIsAOT OO0 I'eTepOreHHYI0 U CTPYKTYpHO DPa3HOOOPA3HYIO
rpynny coeauHenuit [8]. IlomuMoO 3TOro myTH, KOTOPBI CUMTAE€TCd OCHOBHBIM IIyTEM
[JIMKOOKHUCJIEHHSI B OpraHU3Me MIleKonuTaromux [9], riy0okoe IITMKUPOBAHUE MOXKET UATH IO MyTH
B3aUMOJICHCTBUS JIM3UHOBBIX, APTMHUHOBBIX M LHUCTEHMHOBBIX OCTaTKOB aMHUHOKHMCIOT C O~
JUKapOOHUIIBHBIMU COEAMHEHUSIMH, KOTOpbIE MOTYT OOpa30BbIBaThCA B PE3yJIbTaTe ayTOOKHCICHMS
MOHOCAXapHU0B, KATATU3UPYEMOT0 HOHAMU MePeXOaHbIX MeTauioB [ 10], merabonusma munumos [11],
noiuoibHoro mytu [12], a Taxke HedepmeHTaTUBHOrO AedocopumupoBanus Tpro3odochaTHbIX
MIPOMEKYTOUHBIX MPOAYKTOB Tiukonusa [13,14]. HeoOXoaumMo y4uThIBaTh, 4TO B YCIOBUSX i ViVO
[JIMKUPOBaHUE OEJIKOB COINPOBOXKAAETCS JIMIIOOKUCIEHHUEM, TO €eCTh Moaudukanueil Oenkos
peakTuBHbIMU KapOoHUIbHBIMU coeauHeHusiMu (PKC) - mpoaykTamu OKHMCIMTENBHOM Aerpalanuu
JUTUIOB M SKUPHBIX KUCHOT [15]. buonormyeckue CBOMCTBA ATUX aJJYKTOB H3Y4Y€HBI B TOpaszio

MeHbIen crerenu, Hexxkenn KIIIT .

OcHoBbIBasicb Ha CTPYKTYpHBIX ocobeHHocTax KIII'T, mpoaykThl riiy0OKOro TIUKUPOBAHUS
MOKHO KJIacCU(UIMPOBATh IO TMPUPOJE AMHUHOKUCIOTHBIX OCTATKOB, SIBIISIFOIIMXCS MHIIECHAMU
rukupoBanus (KIII'T-npousBoaHble nu3MHA M aprUHMHA), MO KOJMWYECTBY AMUHOKHUCIOTHBIX
OCTaTKOB, BOBJIeUeHHBIX B oOpaszoBanme KIII'T (mBa misi KpocC-MMHKEPHBIX M OJMH JJIsi HEKPOCC-
muakepHbIx KIIIT), a Takke mo Hamuuumio ¢ayopecueHTHbIX cBoiicTB (Puc. 2). Cpeam KIIIT-
MPOW3BOJIHBIX JIM3WHA HauOonee dYacto BcTpedaroTess N-(kapbokcumerwn)nuzun (CML), N-
(xapOoxcuryTun)mu3ud (CEL) u nuppanun [16-18], Torna xak cpeau aprunuHoBbix KIII'T nambonee
pacrpoCTpaHEHHBIMU SIBIIAIOTCS THAPOMMUIA30JI0H, OOpa3oBaHHBIA TiHokcaneM (1-(4-amuHO-4-
KapOOKCHOYTIT)-2-UMHHO-5-0kco-umuaazonuauy, Glarg) [19], a Takke Tpu HM30MEPHBIX
THIPOUMHM/IA30JI0HA, 06PA30BAHHBIX METUITITHOKCANEM - NO-(5-MeTHII-4-0KCo-5-THIpOUMUIa30TMHOH-
2-un)-L-opuutun (MG-H1, naunGonee oOwibHbIl annykt) [20], 2-amuHO-5-(2-aMHHO-5-THIIpO-5-
MeTUI-4-UMU1a3010H- | -um)mearanoeBast  kuciaora (MG-H2) u  2-amuHO-5-(2-amuHO-4-THAPO-4-
METHII-5-UMUIA30JI0H- | -mn)nenTanoeBas  kucnora (MG-H3) [21]. Takue wmomudukammm, Kak
JU3WHOBBIC JUMEPHI, OOpa3oBaHHBIE TIHOKcaieM u MetuiarauokcaneM (GOLD, MOLD) [22],
rimoko3enad [23] u neHto3uauH [24], Beciepau3uHsbl [25] npeactaBisioT co0oil HedyopecleHTHbIE U

(byopeciieHTHBIE MOTIEPEYHBIC CIITUBKH, COOTBETCTBEHHO.
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Pucynok 2 KIII'T, obpa3syromuecs M0 OKHCIMTETLHOMY IyTH (3€JICHBIH), HEOKHCIUTENFHOMY MyTH (Toiy0oil) uiau 1o
obonMm myTsm (uepHbIil). CML, N-(kapOokcumermn)lysine; CEL, N°-(xkapOokcmaytrn)musud; GOLD, nu3uHOBHIN quMeEp,
oOpazoBanHbIii rmmokcanmemr; MG-H, ruaponmmmazomon, oOpa3oBaHHBIM Mermirauokcaiem, MOLD, mumep,
06paSOBaHHHI>i MCTHUIITTIMOKCAJIEM

Ha opranusm muekonuraronux (Bkiatoyas yenoeka) KIII'T okaspiBaioT HeraTuBHOE BIUSHUE,
JIEMOHCTPUPYS BbIPAKEHHbBIE POBOCHAIUTEIBHBIE CBOMCTBA: ATU COCIUHEHUS SIBJISIFOTCS U3BECTHBIMU
UHIYKTOpPaMHU CYyOKJIMHMYECKOTO CHCTEMHOI0 BOCTajeHus [26] W 4acTo jJekaT B OCHOBE MaTOJIOTUH,
pa3BUTHE KOTOPBIX OMpenenserca BocmajieHueMm. Takum obOpa3om, sHjporenHoe HakoruieHue KIIIT
COTMPOBOXKAAET CTApPEHUE U Pa3BUTHE METaOOIMUYECKUX PACCTPOICTB, OMpPEEIIeMbIX 0COOCHHOCTIMU
IUEeThl U 00pasa KU3HH, a TaK)Ke MaToreHe3 HeMpojereHepaTuBHBIX 3a0oneBannii [27]. B wactHOCTH,
I1y0OKO€ IIMKUPOBAaHUE CIIOCOOCTBYET Pa3BUTHIO ypeMUH [28], BOSHUKHOBEHHIO CaxapHOTo auabera
(CHI) u pa3Butuio ero ocnoxHeHuit [29], matorenesy 6onesneit Anpireiimepa u Ilapkuncona [30].
BaxxHo orMeTuTh, 4YTO TepMmHuUeckas oOOpabOTKa TMHIMU TakKe COMPOBOXKIACTCS YCHIECHHBIM
oOpazoBanuem KIII'T. BcacsiBaHue 3TUX MPOAYKTOB TJIMKUPOBAHUS MHUILIEBBIX OEJKOB B KUIIEYHUKE

SIBJIIETCSI OCHOBHBIM 3K30TeHHBIM ucToyHUKOM KIIIT.

B ocnoBe 6nonornveckux s dexroB KIII'T nexar nBa ocHoBHBIX MexaHu3Ma: (i) oOpa3oBaHue
BHYTPU- U MEKMOJIEKYJISPHBIX MOMEPEYHbIX CHIMBOK U (if) B3aMMOJEHCTBHE CBOOOJHBIX MM OEIOK-
cesizanHblx KIIIT ¢ penentopamu. OO6pa3oBanue kpocc-nuHkepHbIX KIII'T xapaktepHo ams
JOJTOXKUBYIIUX OENKOB, TAKUX KaK KPUCTAUIMHBI XpYCTaJIMKa TJla3a U KOJUIareHbl COCIMHHUTENbHOM
TKaHU. OTH  MOJIEKYJpHblE WU3MEHEHHMs] NPUBOJUT K  (QYHKIMOHAJIBHBIM  HapyIICHUSIM
COOTBETCTBYIOIIUX OPraHOB - Pa3BUTHIO KaTapaKThl U MOTEPH NIACTUYHOCTH CYXOKWIMH U CBA30K,
coorBercTBeHHO [31]. C apyroif ctoponsl, npoBocnaiurenbHbie 3¢dextsr KIIIT onocpenyrorcs
HIMPOKUM CHEKTPOM PEIENTOPOB, KaK CBOOOJHBIX, TaK U aCCOLIMUPOBAHHBIX ¢ MeMOpaHamu [32,33].

Haubonee wu3y4eHHBIMH TpEACTaBUTEISIMU 3TOM TpPYMHNbl MOJIEKYNI SBIAIOTCS TaK Ha3bIBaeMble
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peuenTopsl K KOHEYHBIM NPOAYKTaM TIiyOOKoro rimkupoBaHusi (auen. receptors for advanced
glycation end products, RAGEs), mnpexacrapmstonme co00i MyJIbTUIUTAHIHBIC MOJIEKYIIbI,
NpUHAJIeKAIME K cynepceMeicTBy umMmyHoriaoOymuHoB [34]. CesseiBanue KIIIT ¢ stumm
peLenTopaMy Ha MOBEPXHOCTH KJIETKU MPHUBOJMUT K aKTUBAIIMK TPAHCKPUIIIMOHHOTO (hakTopa NF-kB,
YCUJICHUIO HKCIPECCHH MOJIEKYJ KJIETOYHOW aAre3uH U JAPYIHX MPO-BOCTIATUTENBHBIX (PAaKTOPOB, UYTO

MIPUBOJIUT K Pa3BUTHUIO BocniajeHus [35].

B kxonrtekcre poau [JIMKAPOBAaHUSI B CTAPEHMM U [aTOTeHe3e METa0OJMYeCKUuX U
HelpoJlereHepaTUBHBIX HAPYLICHUH, TINIMKUPOBAaHHbIC OEJIKM YacTO pPacCMaTpPHUBAIOTCA B KauyeCTBE
NOTEHLMAIbHBIX OMOMAapKepOB, MEPCHEKTUBHBIX B IJIAHE BO3MOXKHOI'O MPUMEHEHHUS B KIMHUYECKOU
JMAarHocTHKe. B yacTHOCTH, B CBETE KIHOYEBOW POJIM TJIMKMPOBAHUS B I1aTOT€HE3€ CaXapHOro nuadera,
Ouomapkepbl caxapHOro jauabera Ha OCHOBE TIJIMKUPOBAHMS SIBJISIOTCS KPUTUYECKH BAXKHBIMHU
3JIEMEHTaMU COBPEMEHHON JMAarHOCTHKU 3TOTO 3a00JIeBaHUS U IMOJXOAAaX HNEepCOHATM3HPOBAHHOM
MEIMIMHBI, HAIpaBJIEHHbIX Ha e€e Tepanuto. Takue Mapkepbl, Kak TOTalbHOE COJAEpKaHHE
(GpYKTO3aMUHOB ILJIa3Mbl, TJIMKUPOBAHHBIM T'€MOIVIOOMH W TJIMKUPOBAHHBIM aabOyMHUH, LIMPOKO
UCIOJB3YIOTCSL B KIMHMYECKOH mpakTuke [36]. OgHako, cyliecTByronme OMOMapKepbl MMEIOT P
HE/IOCTAaTKOB, B 3HAUUTEJIbHON CTENIEHU OIPAauyMBaIOLINX UX IpUMeHeHHe. Tak, B OCHOBE OOJIbIINHCTBA
mapkepoB (kpome HDbAI:) 5exur OOJBIIOE KOIMYECTBO CAMTOB TIMKUPOBAHHS C HEW3BECTHOU
JOKaJIn3alued U peakTUBHOCThIO. B OCHOBHOM B cuily 3TOM HMpPUYUHBI, 3TH MapKepbl HEJOCTaTOYHO
qyBCTBHUTEJbHBI, YTOOBI pa3indyaTh KPAaTKOBPEMEHHbIE KOJeOaHHsI KOHIEHTPAIUU TJIIOKO3bl B KPOBH.
[TosToMy HeoOXxoMMa pa3paboTKa HOBBIX OMOMAapKepOB caxapHOro AUabeTa ¢ YeTKO OINpe1eIeHHbIMU
CBOMCTBaMM M BBICOKON YYBCTBUTEJIBLHOCTBIO K KPAaTKOBPEMEHHBIM M3MEHEHHUSIM YpPOBHS TJIIOKO3bI B

KpPOBH.

Xots mytu U MexaHusmbl obpazoBanusi KIII'T mpu Tepmuueckoil o6paboTke MpOAYKTOB MUTAHUS,
CTapeHMU U MaToreHe3e MEeTabOIMYECKHX U HEHpOJereHepaTUBHBIX 3a00JE€BAHUN XOPOIIO U3YUYEHBI,
[JIMKUPOBAaHUE PpACTUTENIbHBIX OEJIKOB OCTAaeTCsl B 3HAUMUTENIIBHOW CTENEeHHM HEeHUCCIeJOBaHHBIM
nporeccoM. [lepBoHauanbHO WHTEpEC K ITOM mpobieme Obul mpuBiedeH paboroit Krajcovicova-
Kudlackova u corpynauxoB [37], B KoTopo# coolranock o 6osee BhICOKUX ypoBHsIX CML B kpoBu
BEreTapraHIleB 10 CPAaBHEHUIO C UHIMBUAYYMaMH, IPUAECPKUBAIOIIMMUCS COATaHCUPOBAHHOMN JHETHI.
OTO COBEpIICHHO HEOXKUIAHHOE HAOJIIOJEHHE IOKa3aJo, YTO PACTEHHs MOTYT HMMETh BBICOKHI
KOHCTUTYTUBHBIM ypoBeHb KIII'T B mx Tkansx. O4eBHIIHO, YTO MpHU YNOTPEOJIEHUU PaCTUTEIHHOU
UM U €€ TEepeBapUBaHUU B JKEIYJOYHO-KHIIEYHOM TpaKTe, TNIMKHUPOBAHHBIE OJIUTONENTUIBl U
OTJIE/IbHBIE INIMKMPOBAHHBIE AJIYKThl aMUHOKHCIOT MOTYT BCAaChIBaTbCSl B KPOBb U IEPEHOCUTHCS C
KPOBOTOKOM BO BCE OpraHbl M TKaHM 4YEJIOBEYECKOrO0 oOpraHu3Ma. [umore3a o BBICOKOM

[JIMKOOKUCIUTENIFHOM CTaTyce pacTeHUid Oblla SKCIEpUMEHTAIBHO TMOATBEP)KIACHA TPYHIOH
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npodeccopa TopHemm mnpumepHo aABeHanuath JeT Haszan [38]. C mOMOIIBIO KUIKOCTHOU
xpoMarorpaduu, CONPSHKEHHONW B PEXHME OHJAWH ¢ TaHJAEMHON Macc-cnektpomerpuen (OKX-
MC/MC) u meroma no0aBiieHUSI BHYTPEHHUX CTaHIApTOB, COJEPKAlIMX CTAOMIIbHBIE H30TOIBL,
aBTOPBHI MOKA3allk, YTO JIUCThS apaOUAOICHCa XapaKTEPU3YIOTCS BBICOKHM COJIEp)KaHHUEM MPOIYKTOB
[JIMKUPOBAHUS, MPUYEM UX OTHOCHUTEJBHBIE KOJMYECTBA JUHAMHYECKH HU3MEHSIIOTCS B XOJE CMEHBI
da3 nupkagHoro nukia. OgHaKo, HECMOTPS Ha BBICOKYIO UYBCTBUTEIBHOCTh U CIIEUU(DUYHOCTH 3TOTO
METOJIa, OH HE€ B COCTOSIHUM TPEAOCTaBUTh MHPOPMAIMIO O OENKOBBIX MHILIEHSX TIMKUPOBAHUS U
cnenuuyeckux caitax MOIM(UKAMK B IpelesiaX MX IOCieAoBaTeNbHOCTH. OTCYTCTBHE STOU
UH(OpPMALIUK JAETaeT PACKPBITUE MEXAaHUCTHUECKUX, (DYHKIIMOHAIBHBIX U (PU3HOIIOTHYECKUX aCTIEKTOB

TJIMKUPOBAHUS pacTEHUI BechbMa TPYIHOM 3a1ayeil.

[ToaTomy, eenepanvholi yenvio OAHOH2O UCCNIEO008AHUSA ABUNLOCH PACUUPEHUE MEKYULe20
NOHUMAaHUsA xumuu peaxyuu Matispa 6 dcugvlx cucmemax 8 KOHmexkcme ee Ouonocuueckol poiu. B
YacmHOCMU, NPEONoaA2aAloCs 0XAPAKmMepu308ams OUOMAPKEPHBIL NOMEHYUAT NPOOYKMO8 DAHHE20 U
2NYOOK020 2IUKUPOBAHUSL 8 NAMONIOSUU CAXAPHO20 ouabema 2 muna, a makice coeiams uiae enepeo 6
NOHUMAHUU  2IUKUPOBAHUSL DACMUMENbHBIX 0ENK08 ¢ MOUKU 3peHus 00wWux 3aKOHOMepHocmel
npomeKauus npoyecca, MexaHusmos, gusuonrocuveckux 9¢gdexmos Kax 6 opeaHuzme CcaAMux
pacmenui, max u cemepompoghuvlx nompedoumenei pacmumenbHou nuwy. Jas JOCTUXKEHUS ITOU

Oein OBLIH ITOCTABJICHBI CICAYIOMIUC KOHKPCTHLIC 3aa4u:

1) V3yuuTh OTHENBHBIE CAWTHl TTIMKUPOBAHMSI OENKOB IJIa3Mbl KPOBU B Kaye€CTBE MEPCHEKTHBHBIX
6uomapkepoB caxapHoro aumabera 2 tuna (CJZI2), oxapakTepu3oBaThb OMOMapKepHbIN MOTEHIHAI
T depeHraIbHO TNIMKUPOBAaHHBIX CAWTOB M pa3paboTaTh aJeKBaTHbIE METO/Abl MX aHalu3a Ha

ocHoBe XKX-MC.

2) Co3maTh M OXapakTEpPU30BaTh MOJENM TJIUKUPOBAHHS HAa OCHOBE CHUHTETHMUECKHX TENTHJIOB,
MPUMEHHUMBIE ISl M3YYEHHS MEXaHHM3MOB Mpollecca TIMKUPOBAHUS M KUHETUKU OOpa3oBaHHs €ro

MMPOAYKTOB KaK B KOHTCKCTC U3YUCHU MMATOJIOI'MU YCJIIOBCKA, TaK U OHoJIOrun paCTCHI/Iﬁ

3) MSy‘II/ITB 3aKOHOMCPHOCTHU TJIMKUPOBAHUA IPOTCOMA paCTCHI/Iﬁ N OXapaKTCPU30BATHL MCXAHU3MbI U

IIyTH, JICKAIINEC B UX OCHOBE

4) U3yuuth poib TIMKUPOBaHHSA OENKOB B XOJ€ Ipoliecca CTapeHUs M B XOJIe Pa3BUTHUSI OTBETa
pacTeHMI Ha JeHCTBHME AOMOTMYECKHMX CTPECCOpOB;  OXapaKTE€pHU30BaTh  COMYTCTBYIOLIME

Ka4C€CTBCHHLIC U KOJIMYCCTBCHHBIC NU3MCHCHM .

5) Co3mate METOAOJNOTHIO BBICOKOA(P(PEKTUBHOIO aHalU3a NpPOTeOMa CeMSH pacTeHUd U

TIIMKUPOBAHHBIX AJAYKTOB B CCMCHAX
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6) Cnenarb mepBble MIATM K TMOHUMAHUIO BIUSHUS TIUKUPOBAHHUS PACTUTEIHHBIX OENKOB Ha
(bU3HONIOrHI0 CaMOr0 PaCTeHUSI/CEMEHHU, a TaK)Ke reTepoTpOoHBIX MOTpeOuTeIel MPOAYKTOB MUTAHUS

PaCTUTCIbHOI'O MPOUCXOKIACHH.

OTBeThl Ha 3TU BOIPOCHI CYILECTBEHHO PAaCUIMPAT TEKyllee MOHMMaHue XUMHM Maiispa in
ViVO, KaK B KOHTCKCTC CBs3aHHBIX C mneperKeMMeﬁ MaTOJIOrMYCCKHUX MPOUCCCOB, TAK U B CBETC POJIU
[JIMKAPOBAaHUS B  (DU3MOJIIOTMYECKUX MPOIEccaX PpACTUTENBHOTO opraHuzma. Takum oOpazom,
JeTaJbHOE H3yY€HHE IMAaTTEPHOB IVIMKUPOBAaHUS OEJIKOB IUIa3Mbl KPOBH, AaCCOLMUPOBAHHBIX C
natoreHe3oM T2DM, mNO3BONMT 0XapakTEpHU30BaTh PEAKTUBHOCTH OTAEIBHBIX AMHHOKHMCIOTHBIX
OCTAaTKOB B IOCJIEOBATEIBHOCTH Oelika. DTO, B CBOIO OYEpE/lb, I03BOJIUT OLIEHUTh UX OMOMAapKEepHBbIil
NOTEHLMaN, T.e. CIOCOOHOCTh 00pa3oBbIBaTh NPOAYKTHl Amazopu wiu crneuuduueckue KIII'T B
ycinoBuAX runepriukemuu. IlepcnexTuBHbIE OMOMapKepHble CalTbl MOTYT OBITh B JaJIbHEHIIEM
UMIUIEMEHTUPOBAaHbl B CYIIECTBYIOIIUE CTpaTeruud A aumarHoctuku T2DM u sddexTtuBHOrO

TIIMIEMHUYCCKOI'O0 KOHTPOJIA.

He MeHee BaxHBI 3HAaHHUA O OyTdax W MCXaHU3MaxX MHNPOHCCCOB TTIMKUPOBAHUA O€JIKOB B
pacreHusix. JleiicTBUTEIbHO, TIOJOOHO OOpAaTHMOMY OKHCIICHHUIO IIMCTEHHA, TIIMKHPOBAHUE, a TAKKe
TJIMKO- | JIMIIOOKUCIICHHE MOTYT TPEJICTaBISATh COO0H Kiacc peryasTOPHbIX MOAUDUKALINH, JTekKaIIuX
B OCHOBE HOBBIX PETYJSTOPHBIX MEXaHM3MOB pacTeHHi. JIeHCTBUTEIbHO, IYTH CHUTHAJIMHTA,
CBSI3aHHBIE C OKHCIUTEIHHO-BOCCTAHOBUTEIFHBIMU MPOIECCAMH M METAa0OIHM3MOM Caxapo3bl (aHerl.
redox and sugar signaling), porieccsl aerpaaaiuu 0eIKoB, BO3PACTHBIE U3MEHEHUs (hepMEHTATUBHOM
AKTUBHOCTH U CBOWMCTB CYOKJIETOYHBIX CTPYKTYp MOTYT, IO KpailHe Mepe, YacTUYHO
KOHTPOJIMPOBATHCSI YPOBHEM TJIMKO- U JIUIMOOKUCIUTEIBHBIX MOJIU(DUKAIINN B CTPOTO OIMpPeIeIeHHbBIX
calTax. Ilonnmanue poiin TIIMKUPOBAHUA 0€eJIKOB B ITUX COOBITHSX B KOHTEKCTC
CTPECCOYCTOMYUBOCTH, CTAPEHUS, MMUIIEBON IIEHHOCTH U 0€30MaCHOCTH MPOIYKTOB MUTAHUS TTO3BOIUT
obOecrieunTh 0o0Jiee BBHICOKOE KAdyeCTBO CEIbCKOXO3SHCTBEHHOW MPOMYKIIMM M COOTBETCTBYIOLIUX
MPOJYKTOB MUTAHUS. ITO MOJIOKUTETBLHO CKaXKETCS Ha 37J0POBbE HACETCHHs], MPOJOIKUTEILHOCTH U

Ka4yeCTBEC KHU3HU.
2. Pe3yabTaThl HCC/Ie10BAHU I

2.1 Huoueuoyanvhule caitmol 21UKUPOCAHUA KAK MAPKEPbL CAXAPHO20 Ouadema

N3HavanpbHO TIIMKUPOBAHUE IIPUBIIEKIO HMHTEPEC YYEHBIX M KIMHULMCTOB B CBSI3U C €T0
BKJIQJIOM B Pa3BUTHE MATOJIOTHHU 3a00JI€BaHUM, CBA3aHHBIX ¢ 00pa30oM Xu3HU. Ponb TIUKUpOBaHUS B
BO3HUKHOBEHHH T2DM u pa3BUTHH €ro OCIOKHEHUN XOPOIIO U3BECTHA, TO3TOMY MPOAYKTHI PAHHETO
U TIYyOOKOTO TIMKHUPOBAHUS SIBISIOTCA OOMICTIPU3HAHHBIMU W HAJSKHBIMH MapKepamMH 3TOTO

3aboneBanus [39]. Ilpu sToM, conepxaHue MPOAYKTOB TNIMKUPOBAHUS OOBIYHO OIICHHWBAIOTCS WM Ha
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YPOBHE aMMHOKHUCIOTHBIX ajaykToB mpoaykTtoB Amamopu u KIII'T wnm OenkoB ¢ HOMOIIBIO
LIMPOKOTO CIIEeKTpa KOJIOPUMETPUYECKHX, (b1yopoMeTpUUECKHX, MMMYHOXHMHYECKUX,
xpoMmarorpaguieckux W (TaHIEMHO-) Macc-crekTpomerpudeckux MeroaoB [40]. Hecmorps Ha
3P PEKTUBHOCTh 3TUX METOJOB, KaXJIOMY M3 HHUX HPUCYLI, O KpailHeW Mepe, OAWH U3 CIEAYIOIINX
HE/IOCTAaTKOB: HM3Kas CIEIU(PUYHOCTh, HE BIOJHE SICHAs CBSA3b MEXAY CTPYKTYpOH aaayKTa u
AQHAIUTUYECKUM OTBETOM, OTCYTCTBHE TMPSMOM CBS3M C KOHKPETHBIMU (DU3HOIOTHYECKUMU
MIPOLIECCAMH, COIMPOBOXKAAOIIMMU pa3BUTHE NaTosioruu. [lpm 3TOM, HanMuMe MHOKECTBA CaNWTOB
TJIMKAPOBAHUS C HEM3BECTHON PEAKTUBHOCTBIO 1O KAXKIAOMY M3 HHUX IPEICTaBIsSET COOOH OCHOBHOE
3aTpyAIHEHUE B HCIOJIb30BAHUU TIIMKUPOBAHHBIX OEJKOB (HAIpUMEp, CHIBOPOTOYHOTO albOyMHHA) B
KauecTBe MapKepoB TriaukupoBaHus. C Opyrol CTOpPOHBI, IOHUMAaHUE CIEKTPOB MPOAYKTOB
[JIMKUPOBAHUSI U KMHETUKH UX O0pa30BaHUS MO OTAEIbHBIM aMHUHOKHUCIOTHBIM OCTAaTKaM ITO3BOJISIET

paccMaTpuBaTh BEICOKOPEAKTUBHBIE CAalThl INIMKUPOBAHMSI KaK HOBBIN Kilacc MmapkepoB T2DM.

JlecTBUTENbHO, UHAUBUIyaJIbHbIE CAaThl TIMKUPOBAHUS B MaKOPHBIX O€JKax IJIa3Mbl KPOBU
[10-pa3HOMY OTBEYAIOT HA Pa3BUTHE TMIEPIVIMKEMHM: B HALLlEM PaHHEM HUCCIIEJOBAHUM Mbl M3YUYWIIH
OTHOCUTEIIbHBIE YPOBHHM TJIUKUPOBAHMSI MO OTAEIBHBIM CaiiTaM C MOMOIIbI0 OTHOCHUTEIHHOIO
KOJMYCCTBEHHOTO aHaiu3a 0e3 ucronb3oBaHus MeTku (awuen. label-free quantification) m cmorium
uaeHTUPUIUPOBaTh 19 BHICOKOPEAKTUBHBIX y4acTKOB IiinkupoBaHus [41]. Ha ocHoBe 3Toro cnucka
MBI pa3paloTanu Be OMOMapKepHbIE CTPATErH, OCHOBAaHHbIE HA MPOAYKTAX PAHHEro TJTUKUPOBAHUS
(Amaznopu n XaifHca) OenkoB maa3mMbl KpoBU. I1epBelii moaxo npeanoaran nepexo K abCotoTHOMY
KOJIMUECTBEHHOMY OIpPEACNICHUIO0 BBHIOPAHHBIX CANTOB TIIMKUPOBAaHUS MO XapaKTEpHBIM AMalopHu-
MO (UIIMPOBAHHBIM MENTUAAM (KOTOPBIE COJIEPIKaI MPOIYIIEHHBIH calT MpoTeoan3a U OOBIYHO HE
BCTPEYAIOTCS B HEMOAU(DUIIMPOBAHHOM BHE). JTa 3agavya OblIa peElieHa ¢ TMOMOIIBI0 JIBYX
IbTEPHATUBHBIX MOAXOJIOB - (i) aOCOIIOTHOTO KOJMYECTBEHHOTO OIPEesIEHUs] HA OCHOBE TaH/IEMHOM
MaccC-CIIEKTPOMETPUU C HCIOJB30BAHMEM CTAaHJAPTHBIX IVIMKMPOBAaHHBIX IENTHUIO0B, MEYEHBIX
CTaOUIBPHBIMU H30TONAaMU MW (i) HaIpaBIIEHHOTO KOJMYECTBEHHOI'O aHallu3a Ha OCHOBE Macc-
CHEKTPOMETPHUH BBICOKOT'O Pa3pelIeHHs] ¢ MCMOJIb30BaHUEM JTAOCHII-COAEPKAIIMX ABAKIbl MEUYEHBIX
MENTUI0B B KaueCTBE BHYTPEHHUX CTaHAApTOB [42]. AnbTepHAaTHBHAs CTpaTerus IMpHUBElIa HAC K
CO3/IaHUI0 WHTETPUPOBAHHOTO OMOMapkepa, OObEIUHSIOIIEI0 HECKOJIbKO WHAWBUAYAJIBHBIX CaHTOB
[JIMKUPOBAHUS, MPEICTABISIONINX HECKOJIBKO OENKOB C pa3jMYHbIM BpeMEHEM Moiyxu3Hu. [loMmumo
abdextuBHOTO TIpeackazanus T2DM, 3TOT MOAXOJ MOXET NMPUBHECTH 3HAUYUTEIHHYIO THOKOCTH B
runeMudeckuii  koHtponb [43]. Takum oOpa3oM, Ham yJanoch TOATBEPIUTh OHOMapKEPHBIH
MOTEHIIMal WHIUBUIYaTbHBIX CAWTOB TIMKUPOBAHMS U pa3paboTaTh COOTBETCTBYIOIIME METOJBI HX

a0COJIFOTHOTO KOJIMYECTBEHHOTO OIPECACIICHUS.

2.2 Mooenu znukupoeanusn Ha 0CHO8e CUHMEMUYeCKUX nenmuoos
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Crnenyonmm J0rM4ecKUM I1aroM sSIBUJIOCh PaclpoOCTPaHEHUE ONMMCAHHBIX MOJAXOA0B Ha CalThI
riyookoro rimukupoBanus (KIIT'T-monudunrpoBanHbie aMUHOKUCIOTHBIE OCTATKH) B O€JIKax IIa3Mbl
KpoBH H TkaHeil. [loaToMy, MBI paccMOTpenu BIMSHHE OUAOETUYECKOW TUNEPrIIMKEMUM Ha Ha
NaTTepHbl TIIyOOKOro TJIMKUPOBaHUS OenkoB Iuia3mel [44]. B pesynprare HaMm  yaaioch
uaentupunuposats  Heckonbko — KIIIT-mMomm¢unupoBaHHbIX ~ CaliTOB,  KOTOpbIE  MOTYT
paccMaTpuBaTbCd B KadyeCTBE IEPCIEKTHUBHBIX OmomapkepoB T2DM [45]. OpgHako KakKIblid CauT
[JIMKAPOBAHUSL  XapaKTEPU30BAICA  CIOKHBIM  pACIpENesICHUEM HWHAUBUIAYAIBHBIX IPOJYKTOB
TJIMKUPOBAHUS, MEXaHMYECKHE M KMHETHUYECKHE AaCIEKThl 00pa30BaHUS KOTOPBIX JIMIIL MPEICTOHUT
NOHITh. B mpuHIMme, 3Ta 3agada MoOXKeT ObITh 3(Q(EKTHBHO pelieHa C TOMOINBID MOJeien
[JIMKAPOBAaHUSI HA OCHOBE CHUHTETUYECKHMX IMENTUIO0B, KOTOPbIE, C OJHON CTOPOHBI, B OTIUYHE OT
OTJICTIbHBIX AMUHOKHUCIIOT, UMUTHPYIOT peallbHOe OENKOBOE OKpYKEHHUE, C JAPYro - ropas3io MeHee
CIIOKHBl B HMHTEPIIPETALMU AHAIUTUYECKUX JAHHBIX M YAOOHBI Uil IPOBENEHUS KHHETUYECKUX

HUCCJIETOBAHUM.

Ha nepBom sranme Mbl uccienoBanu 3akoHoMmepHocTu oOpazoBanus KIII'T B unkyOarum
MOJICJIbHBIX TENTUOB C TJIIOKO30H W OICHUIM KHUHETUKY OO0pa30BaHMsI/Ierpagalliil OTAEIbHBIX
npoayktoB [46]. dna o>ddextuBHON uAeHTUPUKAIMH TPOAYKTOB TIIMKUPOBAaHUS  ObUIH
CUHTE3WPOBAHBI COOTBETCTBYIOIIME CTaHAAPTHI — TO ecTh MojenbHble KIII'T-momudumupoBaHHbie
HNeNTHAbl, KOTOpble HCHOJB30BAIMCH s pa3pabOTKM W  BaIWAALMU  COOTBETCTBYIOLIMX
AHAJTUTMYECKUX METOJOB Ha OCHOBE TAaHJEMHOH Macc-criekTpoMeTpuu [47]. OTOT moaxon ObLI
YCIIEITHO PacHpOCTPAaHEH Ha 3KCIIEPUMEHTHI 10 JIErpaJalliy MENTUI-CBSI3aHHbIX IPOAYKTOB AMaZ0pH,
T.€. oOpazoBanuto KIII'T u3 paHHUX IPOAYKTOB IIIMKHPOBAHUA B XOA€ INIMKookucinenus [48]. anee,
aHIW3  MENTUIHBIX  OPOAYKTOB  OBLI  JONOJHEH  XpOMAaTo-Macc-CIEKTPOMETPUUYECKUM
npopmimpoBaHeM MayblX Mojekyin. CoOTBETCTBYIOIIAas cXeMa aHajau3a Obljla co3gaHa B JIBa
nocjenoBareNnbHbIX 3Tana. CHavana Obl pa3paboTaH METOJ aHalM3a MOHocaxapuloB [49], a Takxke
Meron sddextuBHOro ynanenus ¢docdarnoro Oydepa u3 o0pasnoB (4TO0 HEOOXOIUMO st
sbdextuBHOrO aHanm3a caxapoB) [50]. PaspaGoTtaHHBII HaMHW METOJI OCHOBBIBAJICA Ha
NOCJIEA0BATENbHON JIEpUBaTHU3ALNH TUIPOXJIOPUIOM METOKCHaMHHa " N-metun-N-
TPUMETHIICHIIMITPUPTOPALETAMUIOM C MOCIECAYIOIUM aHAINU30M MOJIYUYEHHBIX TPUMETHIICHIIMIBHBIX
MPOM3BOJHBIX C MOMOUIbIO Ta30BOM XpomaTorpaduu, COEIUHEHHOM B peKMME OHJIAlH ¢ Macc-
CHEKTPOMETpHEH C HOHM3alMell AJIeKTpHHbIM ynapoM. Ha crnenyromem stane, npopuinpoBaHHE
caxapoB OBUIO JONOJHEHO aHalIW30M o-aAukapOoHunoB [51]. HenmaBHo 53Ta MHTErpupoBaHHas
aHanmuTHUyecKkass IUiargopMa Oblla  YCNENIHO TNpPUMEHEHA JUIs OINpeNeNeHUsl TIIMKHPYIOLIETOo
MOTEHIIMada UHIUBUIYaIbHBIX CaXapoB, IPUCYTCTBYIOLIUX B MPOJYKTaX MUTaHUS U KpoBU [52]. Mbl

ImoKasaji, 4YTO, HECMOTpsA Ha HHU3KOC COACPKAHHUEC B OpPraHu3sMe, aCKOp6I/IHOBaﬂ Kucjiora
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JEMOHCTPUPYET Tropa3fo 0ojee BBICOKMHA TIIIMKOOKUCIUTENBHBIA MMOTEHIMAl IO CPaBHEHUIO C
[IIIOK030M U (DPYKTO30M. DTO coriacyercss ¢ M3BECTHBIMU MPOOKCUIAATUBHBIMU CBOMCTBAMU ATOU
MouieKyJibl. CO31aHHBIA METOJ OKas3ajcsi MPUMEHHM K MOJEISAM TIJIMKHPOBAaHHUS, MO3BOJISIOLIUM
UCCIIEIOBATh 3TOT MPOLECC KaK B KOHTEKCTE NUAOETHYECKOW MAaTOJIOTHUH, TaK M B OTHOIICHUH POJIU

peakuuu Maiispa B (PU3HOIOTUN paCTEHUI.
2.3 I'nuxkuposanue 6e1K06 pacmenui

DKCIepUMEHTHl C MOJETSMHU TJIMKUPOBAaHHS HAa OCHOBE CHHTETHYECKUX IENTUIOB SICHO
nokazainu, yro oopazoanue KIII'T B koHeYHOM WTOre MPOUCXOIUT B MPHUCYTCTBUHU AaXKE CIEIOBBIX
KOJIMYECTB BBICOKOPEAKTUBHBIX KapOOHWIBHBIX COCAMHEHUW W HOHOB IEPEXOJHBIX METAIOB B
HEUTPaAIbHBIX OKCHUT€HHPOBAHHBIX PAcCTBOpax. DTH 3HAHUS HE HOBBI, HO OHM TO3BOJSIOT ClEaTh
BBIBO/JI, YTO TTIMKUPOBAHHUE OEITKOB MOXKET ObITh XapaKTEpHO HE TOJBKO JIJIsl TKAHEeW MIIEKOMUTAIOIINX
U TePMUYECKO 00pabOTKH MUIIEBBIX MPOAYKTOB (KOTOPHIE HAa CETOAHSIIHUN J€Hb XOPOIIIO U3yYEHBI B
9TOM OTHOIIEHMHM), HO W JJs pacTteHuil. bomee Toro, Onarogapsi BBICOKOMY OKHCIUTEIHHO-
BOCCTAaHOBUTEIIBHOMY CTAaTyCy U 3HAYUTEIHLHOMY COJICPIKAHUIO Pa3HOOOPa3HBIX U BHICOKOPEAKTUBHBIX
caxapoB (HampuMmep, MHTEPMEIHUATOB TJIMKOJIM3a U Iukia KanbBuHA), MOXHO MpeanonaraTb, 4TO
pacteHus OyqyT UMeTh OoraTble W CIOKHBIE MATTEPHBbI TIUKUPOBAHHUS OEJIKOB, KOTOpBIE OBLIH
COBEPIICHHO HEU3BECTHBI €IIIe B Hauaje MpOIUIOro AecSITUIeTHs. B 4acTHOCTH, MOXKHO OXHUAATh, YTO
TaKue OpraHesUIbl, KaK XJOPOIUIACcT, B KOTOPBHIX aKTHUBEH IWKJI KaiabBHUHA, MOTYT OBITH OYEHB JIETKO
MOJBEPKEHBI TIUKUPOBAaHWIO. B KaduecTBe MHINEHEW 3HAYMUTENBHBIH MHTEPEC NPEICTABISIIOT, B

HEPBYIO O4epe/ib, OEIKH 3JIEKTPOH-TPAHCIIOPTHBIX LIEMei.

[TosToMy, BIOXHOBJIEHHBIE THOHEpPCKOW paboToi rpymmbl  npodeccopa TopHemin,
JI0Ka3aBlleil, HA YpOBHE OTIEIbHBIX aJyKTOB INIMKUPOBAaHUS aMUHOKHUCIOT, ()aKT CYIIECTBOBAHUS
npoliiecca MIMKUPOBAHUs OCJIKOB B TKaHSX pacTeHui [38], MBI COCPEIOTOUYMINCH HA TOM SIBIICHUU U
uccienoBaiu ero 6osiee noapoOHo. TakuM 006pa3oM, MBI PaCCMOTPENIM HECKOJIBKO ACMEKTOB PEeaKLUu
Maiisipa 6enkoB B pacTeHusX: (i) MEXaHH3MBI - C OCOOBIM aKIEHTOM Ha MATTEPHBI PACTHUTEIbHBIX
[JIMKUPYIOMIMX areHTOB, UX PEaKTUBHOCTb U IYTH TJIMKUPOBaHUsA, (i7) CBS3b TNIMKUPOBAHUS OEJKOB
pacTeHHil €O CTapeHHeM U cTpeccoM, (iii) BIMSHHME TJIMKMPOBAHHBIX PACTUTEIBHBIX OEJIKOB Ha
reTepoTpopHbIX moTpeduteneid (0cOOEHHO MJICKONUTAIOMIMX M 4eloBeKka), (iv) BIUSHHE
[JIMKAPOBaHUs OEJIKOB Ha (DU3HOJIOTHIO pacTeHUH U (V) METOI0JIOTHs, He0OXoauMast JUTsl aIeKBaTHOTO

paccMOTPCHHUA BCEX 3TUX ACIICKTOB.

Takum 0o0pa3om, MEepBBIM MIArOM OBUIO JETATHHOE OINMHUCAHME KOHCTHUTYTHBHBIX MATTEPHOB
TJIMKAPOBAHUSA, T.€. WASHTU(UKAIUS TIIMKAPOBAHHBIX OEJTKOB M OTJEIBHBIX CANTOB TJIMKUPOBAHUS B

HUX. JTa 3a/1a4a ObUIa YCIICIIHO pelleHa Kak Ha MOAenbHbIX (Arabidopsis thaliana (L.) Heynh.), Tak n
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Ha KYIbTYpHBIX (Brassica napus L.) pactenusx [53]. Mbl 0OHapyXWiM NPUHIUIHAIBHBIE OTIMYUS
IJIMKUPOBaHUs OEJIKOB PacTeHUHM OT 3TOro mpolecca y MIEKONUTaroImuX. Tak, y pacTeHUH paHHHE
IPOAYKTBl TNIMKMPOBAHUA (COeQUHEHUs AManopu M XailHCca) COCTaBISIOT JIMIIb HE3HAYMTEIbHYIO
4acTh Bcero myna anaykroB riaukuposanus, KIII'T obpa3yrorcs B OCHOBHOM Ha OCTAaTKaxX apruHUHA,
JUKapOOHWI-ONIOCPEIOBAaHHBIE IYTM B 3HAYUTENBHOM CTENEHU JOMUHUDPYIOT, a BIIMSHHUE

HCOKUCIHNTCIbHBIX MCXaHU3MOB MUHHUMAJIBHO.

Ha cnenyrouiem sTamne mMbl pacCMOTPENN POJib TJIMKUPOBAHUS B CTAPEHUU TKAHEBBIX OEJIKOB.
Ha nmpumepe GenkoB nuCTbeB pacTeHUil A. thaliana, BbIpallleHHBIX B YCJIOBUSAX KOPOTKOro JHS (8 4
cBeT : 16 4 TeMHOTa), MBI ITOKA3aJI1, YTO TTTUKUPOBAHKE, CBI3aHHOE C BO3PACTOM, IPOUCXOIUT TOJIBKO
B ONpECNCHHBIX CalTaX, KOTOPhIE MBI ONPEACIHIN KaK TOpsSYhe TOYKH TJIMKApOBaHUS [54].
CymiecTBOBaHME OYaroB TIJIMKHPOBAHHUSA, CBSI3aHHOTO C BO3PAacTOM, IMO-BUAMMOMY, SBISETCS
YHHUBEpPCAIbHBIM SIBIIEHHUEM, MOCKOJBbKY OBUIO MOKAa3aHO, YTO OHO TaK)Ke COMPOBOXKIAET OHTOTCHE3
KOPDHEBBIX KIyOCHBKOB Yy OO0OOBBIX [55], 4TO OTKpBIBa€T BOMPOC O (PU3UOJOTHUCCKONW pOJIU
TJIMKAPOBAHUS M TIIMKOOKHCICHHUS B (POPMUPOBAHUH U OHTOTEHe3e 6000BO-pH300MaIbHOTO CUMONO3a.
B »TOM KOHTEKCcTe HEOOXOAMMO YYUTHIBATH U JIMIIOOKHCIEHHE (T.e. MOAM(UKAIUIO OENKOB
MPOJAYKTaMU MEPEKUCHOTO OKUCIICHHS JUMUIOB U KHUPHBIX KUCIOT - PEAKTUBHBIMH KapOOHUILHBIMU
coenurenusimu, PKC). lnsa nzydyenus nunamuku PKC Obutn co3gaHbl HOBbIE aHAIMTHYECKUE METOIBI
UCCIIEIOBAaHHS KapOOHMIIBHOTO METa00JI0Ma U JKUPHBIX KUCIIOT, KOTOPBIE OBUIN YCIICITHO TPUMEHEHBI

K KOPHEBBIM KITyOeHbKaM 0000BBIX U pu3zoousiM [56].

IIpu paccMoTpeHMH CTapeHMs pacTeHUil o0co0oe BHUMaHME MPUBICKAIOT CEMEHa.
JlelicTBUTENbHO, W3MEHEHHMs B NPOTEOME M MeTaboJioMe CeMsSH B pe3yibTaTe UX CTapeHus IpH
JUINTEIbHOM XPAaHEHUH MOTYT HEMOCPEJCTBEHHO BIUATh HA KU3HECIOCOOHOCTb, KauecTBO U
MUIIEBYI0 LIEHHOCTh ceMsH. [loaToMy HEoO0XO0AMMO OIEHWTH BIMSIHME TJIIMKHUPOBaHHSA OEIKOB Ha
(U3UOTIOTHUECKUE U3MEHEHMs, COMPOBOXKIAIOIIME JIUTEIbHOE XpaHeHHe ceMsH. s sToro Oblia
pa3paboTaHa U BaJUAMPOBaHA MPOLEAypa MPOTEOMHOTO aHAIM3a CEMSH, BKIIIOYAIONIAsl BCE ATAIbI OT
moOOMOATOTOBKH 10 OnonH(popMaTnyeckoi 006paboTku AaHHBIX [57]. Hamr mpoTeoMHBINH MPOTOKOI
JoKa3an cBOI 3((EKTHUBHOCTh: OH CMOT BCKPBITh pa3iu4Ms B IMPOTEOME CEMSH, CBSI3aHHBIE C
HEMOJIHOM Jerpaganueid >MOpHOHAIBHBIX XJopoduiuioB [58], W BapualMu TEHOTUIIOB TOpOXa,
CBSI3aHHBIE C BBICOKOM W HH3KOH OT3BIBUMBOCTBIO HAa KOMOMHUPOBAaHHYI HMHOKYJISIHIO
KIyO€HbKOBBIMHM OakTepusiMH W TrpubaMu, QOpMHUPYIOIIMMH apOyCcKyIspHy0 Mukopuzy [59]. s
W3YYEHHUS BIUSHUS TJIIMKUPOBaHMS OEIKOB CEMSIH Ha reTepoTpo¢HBIX MOTpeOuTene pacTUTEIbHON
OUINK, MBI pa3pabotanu >PQGEKTUBHBIA METOJl HCUEPIBIBAIOIETO (PEPMEHTATUBHOIO THUIPOJIN3A,
MOJHOCTBIO  COBMECTHMBIM ¢ Ouosormyeckumu Ttectamu [60]. Ham wmerox ToTampHOrO

(bepMEHTaTUBHOTO TUIPOJIU3a OENKOB OCHOBBIBAJCS Ha KOJIMYECTBEHHOM PACTBOPEHHH OEIKOBOIO
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U30JI1Ta B BOJHOM pacTBope aoaeumicynbdara varpus (SDS), pazdbaBieHnn NOIYyYeHHOTO pacTBOpa
BOJHBIM Oy(epoMm, M IOJHOM IE€PEBAPUBAHUU C IOCIEAYIOUIMM YAAJCHUEM JeTepreHra Iocie
3aBepLICHMs MPOTEon3a. JTa Mpolelypa NO3BOIMIA MOJYyYUTh OYMILIEHHBIN IpenapaT, CBOOOIHBIN
OT TpUMeced JeTepreHTa W Jpyrux 3arpsa3Hsommx BemiecTB. [IpuMeHuMocTh MeToma Obuia
MPOJAEMOHCTPUPOBAHA HAa CEMEHAaX TIopoxa W parca, B KoTopbix mnooawics ananu3 KIIT,
00pa3yIoLIMXCsl B XO/I€ YCKOPEHHOI'O MJIM €CTECTBEHHOrO CTapeHus. TakuMm oOpa3oM, B pe3ysbTare
BBIIIOJIHEHUST 3TOro Oioka paboT, HaMu ObUla CcO3/aHa METOJMOJIOTMYecKas Iulargopma A

3¢ (EeKTHUBHOTO aHAJIN3a MIMKUPOBAHUS OCTTKOB CEMSH.

[TapamienpHO ¢ ONMCAaHHBIMU BBILIE HCCIIEIOBAHUSAMH, Mbl U3yYald POJb TIMKUPOBAaHUS B
pPa3BUTUM OTBETA PACTEHUH Ha Ha JEWCTBHE aOMOTHMYECKHUX CTPECCOPOB, NMPUYEM OCOOBIH aKLEHT B
Hameil paboTe ObLI cleslaH Ha HM3y4E€HUE OCMOTHMYECKOro crpecca. [[ist atoro ObUIM CO3/1aHBl U
BCECTOPOHHE OXapaKTEpU30BaHbl aJCKBAaTHBIE CTPECC-MOECIHU, NAIOIUE JOCTaTOYHOE KOJIMYECTBO
pactutenpbHoro marepuana. [Ipu 3Tom, B nepByro odepeab, Mbl COCPEJOTOUYMIIMCH HAa pa3paboTKe
MoOJIeJIe OCMOTHYECKOT0 CTpecca U 3aCyXH, XOTS TaKXkKe, B TEYEHHUE MOCIEAHEr0 NeCATHIETUs, ObUIN
CO3JaHBl M OXapaKTEpU30BaHbl MOJEIM CBETOBOIO M TI'PAaBUTALIMOHHOrO cTpecca [61]. [ua
MOJIEJIMPOBAaHUSI OCMOTHYECKOIO CTPECCa, Mbl PACIPOCTPAHUIIN XOPOLIO U3BECTHYIO AJI IIPOPOCTKOB
U IOBCHUWJIBHBIX PAaCTeHUH WHQY3HMOHHYIO arapoBYIO MOJENb Ha ocHoBe mommdTwieHrmukoins (100
[62] Ha 3penble pacTeHUs apabuorncuca u pa3padoTaau KOMIUIEKCHYIO MIaTGopMy (PU3NOIOTHYECKUX
U OMOXMMHUYECKMX TeCTOB [63], BKIIOYAIOUIYI0 BBICOKOIPOM3BOIUTENbHBI METOJ aHalu3a
(UTOrOPMOHOB, CBSI3aHHBIX C 3acyxod - aOcruzoBoit kucinoTsl (ABK), camuiunoBoil KHCIOTH U
xacMoHaToB [64]. Mmes B pykax 3Ty Mojzeib, HaM YyJalOCh OXapaKTEpHU30BATh 3aKOHOMEPHOCTH
cienuuUeckux JIg 3aCyXd HW3MEHEHWHW B TIMKHUPOBAHHOM IMpoTeoMme pacteHuir [65]. Tak,
[JINKUPOBAHUE, CBSI3aHHOE C 3aCyXOM, acCCOLMUPOBAIOCH C YBEIMUYEHUEM COACpPKaHUS TJIMOKCAIA B
TKaHSAX M TposBisuioch B moBbimieHHMH ypoBHs KIII'T, oOpa3oBaHHBIX 3THM 0O-AMKapOOHHIIOM, B
Oenkax nucTbeB ApaOunorncuca. HegaBHO Mbl co31au MOJIENIb KpaTKOBPEMEHHONW YMEPEHHOH 3acyXu
n1st ropoxa (Pisum sativum), OCHOBaHHYIO HAa BEpMUKYJIUTE U TEXHHUKE MPEPHIBaHMS MOHMBa [66]. MbI
MIOKa3aJM, 4TO JAaK€ MUHHUMAaJbHas KpaTKOBPEMEHHAs 3aCyXa, IPUKIaJpIBacMas Ha dTale CO3pEBaHUs
CeMsIH, BBI3BIBACT JMHAMUYECKHE M3MEHEHHUS B UX NEPBUYHOM MeTabojioMe, a BHECEHHE OEeNKOBBIX
TUAPOJIN3aTOB B KYyJIbTYpY KJIETOK HeipoOiactombel denoBeka SH-SYSY okaseiBaeT BiMsiHHE Ha
AKTHUBALIMIO TPOBOCIAJIUTENbHBIX CUTHAJIBHBIX MyTed. [[ns Oojee AeTanbHOro H3y4EHHS ATHX
CUTHAJIBHBIX MyTEH MBI CO3/1aIM HOBBIA BHICOKOA(PEKTUBHBIN MeToa (POChHONpOTEOMHOr0 aHaIMu3a Ha
ocHOBe TUIeHOK JlenrMropa-bnompkert, cocrosimux u3 creapata sxenesa (III) [67]. Eme ogno BaxHOE
HaIpaBlieHUuE TeKylled paboThl — U3y4YEHHE POJIM TIMKUPOBaHUS OelkoB B 0000BO-pH300HaIBLHOM

cumOnoze. C OHOM CTOPOHBI, Ha MATTEPHbI TJIMKUPOBAHUS KOHEBBIX KIyOCHHKOB BIIMSIET
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IKCIIEPUMEHTAJIbHAS 3acyXa, C IPYrol - OHTOTeHE3 KOPHEBBIX KITYOCHHKOB OOOOBBIX COMPOBOKIACTCS
(GhopMHUPOBaHHEM TOPSIYUX TOUCK TIUKHpoBaHus [55]. CailT-cienuduyeckoe KapOOKCUMETHINPOBAHUE
[JIyTAMHH-CUHTa3bl MOYKET YKa3bplBaThb HA YYacTHE TJIMKUPOBAaHUS B CHUKEHUH 3(PPEKTUBHOCTU

(uKcanmu a30Ta B X0/1€ pa3BUTUSI CUMOHNO03a.
3. 3akiaouyenue

Pe3y.]'II>TaTI)I HpeHCTaBHeHHOﬁ pa6OTBI IMMO3BOJIMIN CACIaTh CICAYIONNE BEIBOABI:

1. NunuBuyanbHble CAlThl TJIMKUPOBAHUS B MOCIEI0BATEIBHOCTH CHIBOPOTOYHOTO
anpOyMIHA YeJIOBEeKa U psla APYrux OCIKOB OKA3aIUCh MEPCIEKTUBHBIME Ouomapkepamu T2DM. Mx
OmoMapKepHBIN MOTEHIIMAT BaphUPOBAICS B 3aBUCHUMOCTH OT PEAKTUBHOCTH B OTHOIICHHH TJIFOKO3bI
KaK TJIMKUPYIOIIEro areHTa. AOCOMIOTHBIM KOJIMYECTBEHHBIM aHaIW3 OWOMAapKepOB MOXKET OBITh
BbInoHeH ¢ nomoiisio KX-MC u XX-MC/MC ¢ ucnonp3oBaHueM JABYX HPOTOKOJIOB, OCHOBAHHBIX
Ha J100aBIEHUU BHYTPEHHHMX CTaHJAPTOB, COJAEpKAIMX CTaOWIbHBIE HW30TONMBl. B KkadecTBe
IBTEPHATUBHOTO PEIICHHUS, ObUT MPEUIOKEH HHTEIPUPOBAHHBIN OMOMapKep, COUETAIOIINI HECKOIBKO

calToB TJIMKHUPOBAHUA B PAAC MAXKOPHBIX OCJIKOB IIA3MBI.

2. bruta ycnemno pa3spaboTaHa KOHLEMIUS MOJENW TIMKUPOBAHUA in Vitro, B OCHOBY
KOTOpO ObUIM TIOJIOKEHbI CHHTETUYECKHE TENTH/Ibl, pearupyroiue ¢ MNOTeHIHUAIbHBIMU
MIMKAPYIOMIMME areHTaMu. JTa Mojielb Obuta 9(p(GEeKTUBHO OMOJIHEHA aHAJM30M MOHOCAaXapuoB U
(X-I[I/IKap6OHI/IHI)HBIX COGI[HHCHHﬁ, " YCIICIIHO MPHUMCHCHA IJId aHalIn3a OTHOCHUTEILHOU PCAKTUBHOCTHU
WHAVBUAYAIbHBIX PACTUTENBHBIX YIIIEBOJAOB M OICHKM HX TJIMKUPYIOIIET0 TNoTeHIuana. Tak,
acKOpOMHOBAsl KHUCJIOTa MPOJIEMOHCTPUpPOBaia HauOoliee BBICOKUN, CPEOU OCHOBHBIX TMHILIEBBIX
caxapoB, TJIMKUPYIOIIMK  MOTEHIMAal, B TO BpeMs Kak  riaunepanbaerua-3-docdar,
nuruapokcuanetronocdar u ra0K030-6-hocdar okazamuce Haubosiee PEAKIIMOHHOCIIOCOOHBIMU

PACTUTCIIBHBIMU YIJTICBOAHBIMU MeTa0OoIUTaMU.

3. bbutn  ycmemHO — OoXapaKTepH30BaHbl  TJIMKUPOBAHHBIC MPOTEOMBI  MOJCIBHBIX
(Arabidopsis thaliana) w xyneTypHbIX (Brassica napus, Phaseolus vulgaris w Pisum sativum)
pacrenuit. Ilpu >TOM, OBUIM OTMEUEHBI YETKHE M XapaKTepHbIC Pa3W4Ms 10 CPaBHEHHUIO C
MIIEKONUTAONMMH. Tak, y pacTeHWil paHHUE MPOAYKTHI TIIMKHUPOBAHUS (COCTUHEHUS AMAaIOpH U
XaitHca) COCTaBIISIOT JIMITh HE3HAYUTEIbHYIO YacTh TNIMKAPOBAHHBIX aUIyKTOB, oOpa3oBanue KIIIT
NPOUCXOJUT B OCHOBHOM [0 OCTaTKaM aprHHHWHA, JUKApOOHWJI-OMOCPEIOBAaHHBIE IYTH B
3HAYUTEIPHOM CTEMEHH JAOMHHHPYIOT, a BKJIaJ HEOKHUCIUTEIbHBIX MEXaHH3MOB B CyMMapHbBIE

MaTTCPHLBL MO)II/I(i)I/IKaHI/II/I MHHUMAJICH.

4. ['mukupoBaHue OETKOB BHOCUT BKJIAJ] B MPOIECCH CTAPEHUS PACTUTENbHBIX TKaHEW U

pa3BUTHE OTBETAa PACTCHUN HA JEWCTBHE AOMOTHUYECKMX CTPECCOPOB, YTO Hambosee MOIHO ObLIOo
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MIOKAa3aHO 11 OCMOTHUYECKOTO CTpecca, COPOBOXKIAIOILIET0 pa3BUTHE 3acyxu. IIpu 3ToM B maTrepHax
IJIMKOOKHUCIUTEIbHBIX MOJIM(UKALMM peobsiafaan Tak Ha3bIBaeMble rOpsAYME TOYKU TNIUKUPOBAHMS,
T.€. CalThl KJIETOUHBIX OEJIKOB, B KOTOPBIX HMEJIO MECTO CalT-CHelU(pHUUECKOe TIIIMKUPOBAHHE.
CymiecTBOBaHUE TaKUX CAWTOB OBUIO MPOJAEMOHCTPUPOBAHO HE TOJIBKO B JIUCTBHSIX, HO U B TaKHUX

CHELUATM3UPOBAHHBIX CTPYKTYpax, KaKk KOPHEBbIE KIIYOCHbKH 000OBBIX PACTCHHIA.

S. Boumn pa3paboTtanbl Bce HEOOXOIMMBIE METOJBI M BaJHIMPOBAHBI COOTBETCTBYIOIUE
IPOTOKOJIbI, HEOOXOAUMBIE Ul aHAJIM3a INIMKUPOBAaHMS B CeMeHaX. B 4acTHOCTH, ONTMMH3MPOBAH
BECh XOJ| IPOTEOMHOI0 aHaju3a OT MPOOONOJArOTOBKM /0 aHAIW3a JIaHHBIX, a TaKkkKe pazpaboTaH
IIPOTOKOJ JUIS AaHAJIA3a AMMHOKHUCIIOTHBIX IVIMKMPOBAHHBIX AJJIyKTOB B COCTAaBE PACTUTEIBHBIX

O€eJIKOB.

6. Cnenanbl nepBble IIard B MOHMMAHUM POJM TJIMKUPOBaHMS OCNKOB B (PU3HOJIOIMU
pacrenuii. [TomydeHHble pe3yabTaThl YKa3blBalOT HAa TO, YTO INIMKMPOBAaHHE OENKOB PACTEHUN MOXKET
BJIHMATH Ha (PEPMEHTATHUBHYIO aKTHBHOCTb, IPOLIECCHI JIerpajialiui OElIKOB B MPOTEacoMe, a TaKKe Ha

CaxapHbIi U PEAOKC CUTHAJIMHT.

JInuHbIi BKIa cOMCKaTeNs B JaHHYIO paboTy SBISETCS CYLIECTBEHHBIM U omnpeaensomum. OH
HPEUIOKIIT PsIJl BaXKHBIX KOHIENLMH, aKTUBHO pa3pabaThIBa€MbIX B HACTOALIEE BpEeMs B pa3HBIX
nabopaTopusx Mupa - "MHIUMBUAYaJIbHbIE CAUThl TTUKUPOBAHMS KaK MEPCHEKTUBHBbIE OMOMapKepsl" n
"rnukupoBaHUe O€IKOB Kak MOAYIATOp (usnosorndeckux (QyHkuuid pacteHuil". B TedeHue
MPOULIENIIIET0 JAECATUIETHS] OH CO3/all TPYIILY, KOTOpasl B HACTOSIIEEe BpEeMs 3aHsITa pa3BUTHEM ITHX
koHuenuuil. B 24 u3 30 mpeacrtaBneHHBIX K 3amuTe pabOT COMCKATENb BBICTYHNAET KakK HEpBBIi,
HOCJETHUN UM KOPPECHOHAUPYIOUIMHA aBTOp (YTO COOTBETCTBYET KIIIOYEBOMY BKJIAAY B KaXIyI0 M3

HUX).
4. JlanbHelIne NepCcneKTUBbI UCCIeI0BAHUM

Benymuecs aBTOpoM B HAcTOAILIEE BPEMs MCCIEAOBAaHUS B OCHOBHOM COCPENOTOYEHBI Ha
[JIMKUPOBAaHUM OEJTKOB PACTEHM M Ha COMYTCTBYIOIIUX HE(PEpMEHTATHUBHBIX  OEIKOBBIX
Monudukanusax. B 3ToM KOHTEKcTe, OTCYTCTBUE CTPYKTYpHOM M (pu3MoIornyeckol mHpopmanuu o
cnenuduyeckux s pacreHudd KIII'T (T.e. Tex, KOTOpble XapaKTepHBI TOJBKO AJII PAaCTHUTENIbHBIX
OpPraHU3MOB W HE ONHMCaHbl B KIMHUYECKUX HCCIEIOBAHUAX U HE 00pa3yloTcs NMpU TEPMUUYECKOMH
o0paboTke muUIIM) NpeAcTaBiIsieT co0oif Hambosee 3aMeTHBI NpoOell B 3HAHUAX, KOTOPBIH
HEOOXOJUMO 3aloJIHUTh B TE€pBOOYEPETHOM TMopsiake. B cBaA3M ¢ OodbuM  pa3sHOOOpazueM
BBICOKOPEAKTUBHBIX KapOOHMJIBHBIX METa0OJUTOB M 0ojiee BBICOKMM HX OOIIMM COAEpKAHHEM,
MOYKHO 0XKHJaTh, YTO MPOTEOM PACTEHHH OyleT XapaKTepU30BaTbCs 3HAYMTEIBHBIM Pa3HOOOpazueM

cneunpuyeckux ansg Hux KIII'T. Bonee Toro, 6maroxapst BBICOKOMY YPOBHIO BTOPHYHOTO (DEHOIHLHOTO
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metabonu3ma, pactutenbHble KIIIT Moryr OBITh KOBAJCHTHO CBsi3aHBI C  (DEHOIBHBIMHU
COEMHEHUSIMH, YTO MOXKET COIPOBOKIATHCSA OOpa30BaHMEM YHUKAIbHBIX IPOAYKTOB. B Hacrosiee
BpeMs Mbl pa0oTaeM HaJ U3y4yeHHEM BIIMSHUS aOMOTHYECKOro CTpecca, CTapeHUs] U MeHETUYECKOIo
¢ona ©Ha HepepMeHTaTHBHBIE MOAU(UKALUN OelKOB ceMsiH. [lepcrieKTUBHBIE TMPOIYKTHI,
NpPECTaBISIONINE MHTEpPEC, YK€ aHHOTUPOBaHBI M B Onmkaiiiee Bpemsi OyayT BBLACTICHBI M HUX
CTPYKTYpbI OyyT OXapakTepu30BaHbl. BTOPbIM OTKPBITHIM BOIPOCOM SIBIISIETCS BIIUSHUE NPOJYKTOB
[JIMKAPOBaHUs OEJIKOB pacTeHUH Ha reTepoTpoHbIX noTpeduTenei pacturesnbHol numu. Ha qanubli
MOMEHT HEHM3BECTHO, KaKH€ OTBETHBIC PEAKIMH MOTYT OBITh 3allyIleHbl U C KAKUMH KJICTOYHBIMH
CTPYKTYpPaMHU M CUTHAJIBHBIMHU IYTSMH 3TO CBSi3aHO. Ba)kKHO OTMETUTh, YTO pEaKIUH, BHI3bIBAEMbIC
KIIIT, nHeo6xoauMo oTiauyaTh OT 3((HEKTOB, CBA3AHHBIX C JPYTUMH MPOAYKTAaMH B3aMMOJAEHUCTBUS
MeTaboauToB ¢ Oenkamu. Hakonen, HeoOxoaumo Oosiee moapoOHO pacCMOTPETh POJIb PACTUTEIBHBIX
KIII'T B ¢u3nonoruu pacTeHUi M OXapakTepU30BaTh COOTBETCTBYIOLIME MeXaHU3Mbl. B Hacrosiee
BpEeMsI MBI IIPENIoiaraéM CYIIECTBEHHOE y4YacTHe TIIMKHPOBAHUS WM JIMIIOOKUCIICHUS B PETYISALNN
OCHOBHBIX OTBETOB pacTeHMH. Mbl mpeanosiaraeM, 4to 3TH 3PQGEKThl TIUKUPOBAHHUS MOTYT OBITh
OIIOCpEIOBaHbl €ro BKJIAJOM B Jerpajannio OelKoB U caxapHblil curHa [68]. B Hacrosiee Bpems 3tu

MCXAaHU3Mbl AKTUBHO U3Yy4alOTCs B I'PYIIIIC aBTOPA.
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