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Abstract. To give the empirical space for development of molecular biotechnologies in
regenerative medicine the article presents a systematic review of new data for the last 5 years,
dedicated to chondrocyte receptor apparatus, connected to physiological and reparative
regeneration in articular cartilage. The main attention is given to the receptors of chondrocytes
involved in synthesis and degradation extracellular matrix, differentiation and apoptosis of
chondrocytes.

Keywords: chondrocyte receptors; articular cartilage; extracellular matrix; apoptosis;
tissue; engineering.

Introduction.

Progressive damage and loss of tissue in the articular cartilage is major problem of
regenerative medicine. This pathology is so widespread that it can be called the multifactorial
«disease of civilization». The diseases of joints are important in reducing the quality of life for
people of all ages, limiting the working ability of the population, which lead to high costs of
prevention and medical care. Low regenerative capacity of the cartilage is serious medical and
biological problem resulting in the difficulties in organotypical restoration of articular cartilage
after trauma or in severe forms of osteoarthritis [1].

Chondrocytes complete the cellular pool providing regeneration and restoration of the
cartilage during all life. Their receptor apparatus is intended to regulate the process of self-renewal
and repair of tissue which determine the functional state of the hyaline cartilage. These processes
include, as a minimum, synthesis and degradation of extracellular matrix (ECM), differentiation
and apoptosis of chondrocytes [2, 3, 4]. The same processes regulate cartilage healing after trauma
or osteoarthritis [4, 5].

The aim of this work is to carry out the grouping of chondrocyte receptors, as the regulatory
tool of basic molecular processes in cartilage.

Material and methods.

To form the adequate groups of receptors, exhaustive search and analysis of literature was
performed using open resources: PubMed, PubMedCentral, PDB and the Russian scientific
electronic library (E-library). The search was carried out using the following keywords: receptors
chondrocytes, chondrogenesis, matrix cartilage, cartilage, osteoarthritis & molecular biology,
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matrix metalloproteinase in Russian and English equivalents. For the detailed analysis we selected
more than 300 sources over a 10-year period. Microsoft Office Access was used to create a grouping
database. The criteria of adequacy, completeness, and stability characteristics were used for
holding groups. In the end following list of information was formed to write the record in the
database: the name of the receptor with all synonyms (1), belonging to the family (2); binding
ligands (3); secondary messengers and executive intracellular molecules (4); proven involvement in
the regulation of synthesis, the collapse of the extracellular matrix, differentiation and apoptosis of
chondrocytes (5). Part of the receptor in each of these processes was noted separately. We have
selected the key receptors: transforming growth factor beta (TGFBR), bone morphogenetic proteins
(BMPR), insulin-like growth factor (IGF-1R), toll-like receptor (TLR), tumor necrosis factor
(TNFR), interleukin 1 (IL-1R), leptin (LRB), angiotensin (ATR), CD44, and prostaglandins
(E2/E4). All of the receptors mentioned above have a direct or indirect impact on the catabolic or
anabolic function of chondrocytes, as a result, on the remodeling of the cartilaginous tissue (Fig. 1).

Synthesis ECM Degradation ECM
Receptors
e LPR
TLR4 Receptors Ligands
EMPRA 2 E Lignin Receptors
BEMPR-2 Receptors IL.-1 R
Receptors Ligands TGFRP -1 Ligands
IGF-1R BMP-3 Ligands IL-1a
Ligands [~ | |BMP5 [ TGFf -1 IL-1
IGF-1 BMP-7 TGFB -2
IGF-2 —— | TGFP 3 Receptors
— — 1 TNFR
Receptors | | Receptors E2 DR4
ATIR CD44 = Receptors DR5
AT2R Ligands TLR4 Fas
Ligands HA Ligands Ligands
ATI LFS mF.q;l.
\ DAMP Fas-ligand
Differentiation chondrocytes Wi Apoptosis chondrocytes

Figure 1. Working groups of chondrocyte receptors in accordance with their participation in
the remodeling of the articular cartilage. TLR4, except for the start of apoptosis, takes part in the
regulation of proteoglycan synthesis; CD44 in addition to participating in the regulation of ECM
synthesis, shows the participation in the differentiation of chondrocytes; PGE2 in addition to
running processes of destruction ECM cartilage, shows a possible participation in the
differentiation of chondrocytes.

Results and discussion.

During the analysis and study of the receptor apparatus the main receptors and signaling
molecules were detected according to their participation in the remodeling of the articular cartilage
under normal and pathological conditions. Their interaction with specific ligands led to the
activation of one of the four processes associated with remodeling: differentiation (1) or apoptosis
(2) of chondrocytes, ECM synthesis including collagen 11, X, and aggrecan (3) or ECM degradation
(4) by metalloproteinase (MMP), aggrecanase (ADAMTYS) in balance with their inhibitors (TIMP)

(Fig. 2).
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Figure 2. The result of the interaction of chondrocyte receptors with specific ligands,
affecting key functions in the cartilage tissue: « — ECM synthesis, differentiation,
« — ECM degradation, « — apoptosis,  — differentiation.

Two main families (TFR and BMPR) are crucible in the regulation of ECM synthesis and
differentiation of chondrocytes. They include TGFR-1, TGFR-2, TGFR-B3 associated with the
relevant molecules of TGF super family, and BMPR, affine to BMP2, BMP4, BMP6 and BMP?7 [6,
7]. Intracellular signal transmission from TGFR-beta and BMPR is carried out by phosphorylation
of R-Smad (1, 2, 3, 5, 8) with the subsequent activation of the transcription factor and synthesis of
matrix metalloproteinases and superficial zone protein (SZP) [4, 8, 9, 10]. Receptor IGF-1R,
participating in the regulation of ECM synthesis, can communicate with IGF-1 and IGF-2 ligands.
As a result of this interaction the synthesis of proteoglycans and collagen Il is activated on the
signal pathway Akt/MAPK [11]. Another feature of IGF-1R also takes part in the process of
chondrocyte differentiation [12].

CD44 is another receptor, which was expressed on the chondrocyte membrane, with the
similar regulatory functions due to its ability to bind with hyaluronic acid. Their interaction
activates transmission of a signal by the transcription factor SOX9, which allows the receptor to
react to cartilage ECM by the increase of MMP synthesis in chondrocytes [13]. A family of TLR-4
receptors, specifically recognizing bacterial lipopolysaccharide, also affects the ECM synthesis [14].
The TLR-4 activation leads to the increased synthesis of MMP-13 and cyclooxygenase-2, with
parallel reduction of collagen 11 synthesis [15].

Next group of receptors may affect ECM volume by stimulation of its degradation. Thus, IL-
1R has similar properties when it started, interaction with the IL-1a and IL-1f leads to stimulation
of MMP synthesis resulting in increased degradation of cartilage matrix proteins [16]. Interaction
of IL-1 B with IL-1R can also induce apoptosis of chondrocytes with the progressive degenerative
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changes in the cartilage [17]. All these processes are regulated by the transcription nuclear factor
(NF-kB). In chondrocytes NF-xB is a key regulator of MMP and cyclooxyganase-2 in chondrocytes
[11]. Extracellular prostaglandins can get bound to specific receptors E2, E4 which results in
slowed synthesis of aggrecans and proteoglycans but in increase of MMP-13 and ADAMTS-5
synthesis. As a result, the progressive decrease of the ECM density has followed. Some data support
prostaglandins, in addition to their role in the degradation of ECM, to contribute chondrogenesis
and terminal differentiation of chondrocytes [18, 19].

Currently, there is evidence that leptins also had specific receptors (LRB) on the membrane
of chondrocytes. The role of these signals in the cartilage is not fully understood, but it is possible
that such interactions could regulate the differentiation of chondrocytes and synthesis of collagen
X. Itis unclear whether this is a direct or indirect effect of leptin [20].

Differentiation of chondrocytes is key to supporting homeostasis in cartilage. As was
discussed above, TGFR b BMPR IGF-1R are main receptors in the regulation of differentiation of
chondrocytes. In addition to these ones, CD44 can take part in this process. It should be noted that
CD44 expression of young chondrocytes is higher than in adult hypertrophic cells [13]. Today there
is evidence that renin-angiotensin system takes part in the regulation of chondrocyte
differentiation. Angiotensin Il molecule interacts with specific receptors AT1IR and AT2R. Their
interaction results in the differentiation of mesenchyme cells into hypertrophic chondrocytes
starts [14].

TNFR1, Fas/apo-1(CD95) and TRAILR-1 (DR4) represent the receptor group regulating the
apoptosis of chondrocytes. Fas- and TNF-mediated apoptosis develops in caspase-dependent
manner, with the participation of caspase-8. In case of transfer of apoptotic signal through TNFR,
the simultaneous anti-apoptotical signal results in gene expression of cytokines TNF, IL-103, IL-6,
and collagenase stromelysin and adhesion molecules. TRAIL-receptors modulate the two different
signals: activation of caspases (1), and the expression of nuclear transcription factor gene NF-
KB [21].

Conclusion.

The grouping of chondrocyte receptors (The grouping of chondrocyte receptors) described in
this paper is an attempt to make a new step in understanding their role in mediated processes due
to natural remodeling and reparative regeneration of articular cartilage. In future it is planned to
use this grouping to create a mathematical model, which will more accurately predict the
development of various processes in the cartilaginous tissue under the action of different signal
molecules. This grouping gives an analytical tool in molecular biology, biotechnology, and
regenerative biomedicine.
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Abstract. Biologic influence of deuterium (D) on cells of various taxonomic groups of
prokaryotic and eukaryotic microorganisms realizing methylotrophic, chemoheterotrophic, photo-
organotrophic, and photosynthetic ways of assimilation of carbon substrates are investigated at
growth on media with heavy water (D-0). The method of step by step adaptation technique of cells
to D,O was developed, consisting in plating of cells on 2 % agarose nutrient media containing
increasing gradient of concentration of D,O (from O up to 98 % D,0) and the subsequent selection
of stable to D20 cells. In the result of that technique were obtained adapted to maximum
concentration of DO cells, biological material of which instead of hydrogen contained deuterium
with levels of enrichment 92—97,5 at.% D.

Keywords: deuterium; heavy water; adaptation; isotopic effects; bacteria; blue-green algae.

Introduction.

The most interesting biological phenomenon is the ability of some microorganisms to grow on
heavy water (D-O) media in which all hydrogen atoms are replaced with deuterium [1, 2]. D>O has
high environmental potential due to the absence of radioactivity and poccebility of detecting the
deuterium label in the molecule by high-resolution methods as NMR, IR, and mass spectrometry
that facilitates its use as a tracer in biochemical and biomedical research [3]. The average ratio of
H/D in nature makes up approximately 1:5700 [4]. In mixtures of D,O with H>O the isotopic
exchange occurs with high speed with the formation of semi-heavy water (HDO): D-O + H,0 =
HDO. For this reason deuterium presents in smaller content in agueous solutions in form of HDO,
while in the higher content — in form of D,0O.

The chemical structure of DO molecule is analogous to that one for H,O, with small
differences in the length of the covalent H—O-bonds and the angles between them. The molecular
mass of D,O exceeds on 10 % that one for H>O. The difference in nuclear masses stipulates the
isotopic effects, which may be sufficiently essential for H/D pair [5]. As a result, physical-chemical
properties of D,O differ from H,O: D,0 boils at 101,44 °C, freezes at 3,82 °C, has maximal density
at 11,2 °C (1,106 g/cm?) [6]. The chemical reactions in D-O are somehow slower compared to H>O.
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D20 is less ionized, the dissociation constant of D,O is smaller, and the solubility of the organic and
inorganic substances in D20 is smaller compared to these ones in H>O [7]. Due to isotopic effects
the hydrogen bonds with the participation of deuterium are slightly stronger than those ones
formed of hydrogen.

For a long time it was considered that heavy water is incompatible with life. Experiments with
the growing of cells of different organisms in D,O show toxic influence of deuterium. The high
concentrations of D20 lead to the slowing down the cellular metabolism, mitotic inhibition of the
prophase and in some cases — somatic mutations [8]. This is observed even while using natural
water with an increased content of DO or HDO [9]. Bacteria can endure up to 90 % (v/v) D20,
plant cells can develop normally up to 75 % (v/v) D20, while animal cells — up to not more than
30% (v/v) D2O [10]. The decrease of the deuterium content in water to 25 % (v/v) of the
physiological level stimulates the cellular metabolism.

With the development of new microbiological approaches, there appears an opportunity to
use adapted to deuterium cells for preparation of deuterated natural compounds [11, 12].
The traditional method for production of deuterium labelled compounds consists in the growth on
media containing maximal concentrations of DO and deuterated substrates as [D]methanol,
[D]lglucose etc. [13]. During growth of cells on D20 are synthesized molecules of biologically
important natural compounds (DNA, proteins, amino acids, nucleosides, carbohydrates, fatty
acids), which hydrogen atoms at the carbon backbones are completely substituted with deuterium.
They are being isolated from deuterated biomass obtained on growth media with high D-O content
and deuterated substrates with using a combination of physico-chemical methods of separation —
hydrolysis, precipitation and extraction with organic solvents and chromatographic purification by
column chromatography on different adsorbents. These deuterated molecules evidently undergo
structural adaptation modifications necessary for the normal functioning in D2O.

The adaptation to D;O is interested not only from scientific point, but allows to obtain the
unigue biological material for the studying of molecular structure by 'H-NMR [14]. Trend towards
the use of deuterium as an isotopic label are stipulated by the absence of radioactivity and
possebility of determination the deuterium localization in the molecule by high resolution NMR
spectroscopy [15], IR spectroscopy [16] and mass spectrometry [17]. The recent advances in the
technical and computing capabilities of analytical methods have allowed to considerable increase
the efficiency of de novo biological studies, as well as to carry out structural-functional studies with
deuterated molecules on a molecular level.

This study is a continuation of our research for the practical utilization of different cells of
bacteria and microalgae for the synthesis of deuterium labeled compounds in deuterated growth
media with D,O. The purpose of our research was studying the physiological influence of
deuterium on the cells of different taxonomic groups of microorganisms and microalgae realizing
methylotrophic, chemoheterotrophic, photo-organotrophic and photosynthetic pathways of carbon
assimilation.

Material and methods.

The objects of the study were various microorganisms, realizing methylotrophic,
chemoheterotrophic, photo-organotrophic, and photosynthetic ways of assimilation of carbon
substrates. The initial strains were obtained from the State Research Institute of Genetics and
Selection of Industrial Microorganisms (Moscow, Russia):

1. Brevibacterium methylicum B-5652, a leucine auxotroph Gram-positive strain of
facultative methylotrophic bacterium, L-phenylalanine producer, assimilating methanol via the
NAD+* dependent methanol dehydrogenase variant of ribulose-5-monophosphate cycle (RuMP) of
carbon fixation.

2. Bacillus subtilis B-3157, a polyauxotrophic for histidine, tyrosine, adenine, and uracil
spore-forming aerobic Gram-positive chemoheterotrophic bacterium, inosine producer, realizing
hexose-6-mono-phosphate (GMP) cycle of carbohydrates assimilation.

3. Halobacterium halobium ET-1001, photo-organotrophic carotenoid-containing strain of
extreme halobacteria, synthesizing the phototransforming transmembrane protein
bacteriorhodopsin.

4. Chlorella vulgaris B-8765, photosynthesizing single-cell blue-green algae.
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For preparation of growth media was used D0 (99,9 at.%) and DCI (95,5 at.%) received from
the “Isotope” Russian Research Centre (St. Petersburg, Russian Federation). Inorganic salts and
glucose were preliminary crystallized in D>O and dried in vacuum before using. D20 distilled over
KMnO, with the subsequent control of isotope enrichment by *H-NMR-spectroscopy on a Brucker
WM-250 device (“Brucker”, Germany) (working frequency 70 MHz, internal standard MeaSi).

For cell cultivation and adaptation were used various growth media with an increasing
gradient of D,O concentration from O; 24,5; 49,0; 73,5 up to 98 % (v/v) D20. Cultivation of
methylotrophic bacteria was carried out on minimal salt M9 medium (g/1): KH2PO, — 3; Na;HPO4
— 6; NaCl — 0,5; NH4CI — 1. Cultivation of chemoheterotrophic bacteria was carried out on HW
medium (g/1): glucose — 12; yeast extract or hydrolyzed deuterated biomass of B. methylicum —
2,5; NH4NO3; — 3; MgSO.7H,0 — 2; CaCO3z — 2. Cultivation of photo-organotrophic bacteria was
carried out on SM medium (g/l): yeast extract or hydrolyzed deuterated biomass of B. methylicum
—2,5; NaCl - 250; MgS047H-0 — 20; KCI — 2; NH4CI — 0,5; KNOs — 0,1; KH2PO4 — 0,05; KoHPO4 —
0,05; Nat-citrate — 0,5; MnSO,2H,0 - 3104, CaCl,6H,0O - 0,065; ZnSO47H.O - 4107
FeSO47H,0 — 5104; CuSO45H,0 — 510-5; glycerol — 1,0. Blue-green algae C. vulgaris grew on
mineral growth medium (g/l): KNO3z — 5,0; MgSO47H20 — 2,5; KH2PO4 — 1,25; FeSO4 — 0,003;
MnSQO42H,0 — 3:104; CaCl, 6H20 — 0,065; ZnSO47H20 — 4:10-%; CuSO45H,0 — 5105, CoCl,:6H-0 —
510-6.

For adaptation were used solid 2 % (w/v) agarose media with gradually increasing
concentration of D,O, combined with the subsequent selection of individual cellular colonies
resistant to deuterium. As a source of deuterated growth substrates for the growth of
chemoheterotrophic bacteria and photo-organotrophic bacteria was used the deuterated biomass
of facultative methylotrophic bacterium B. methylicum, obtained via a multi-stage adaptation on
solid 2 % (w/v) agarose M9 media with an increasing gradient of D-O (from 0; 24,5; 49,0; 73,5 up
to 98 % (v/v) D20O). Raw deuterated biomass (output, 100 gram of wet weight per 1 liter of liquid
culture) was suspended in 100 ml 0,5 M 2HCI (in D20) and autoclaved for 30—40 min at 0,8 atm.
The suspension was neutralized with 0,2 M KOH (in D20) to pH = 7,0 and used as a source of
growth substrates for growing of chemoheterotrophic bacterium B. sublilis and photo-
organotrophic bacterium H. halobium.

Cellular growth was carried out in 500 ml Erlenmeyer flasks containing 100 ml of the growth
medium at 32—34 °C and vigorously aerated on an orbital shaker Biorad (“Biorad Labs”, Poland).
Photo-organotrophic bacteria and blue-green algae were grown at illumination by fluorescent
monochromatic lamps LDS-40-2 (40 W) ("Alfa-Electro”, Russia). Growing of microalgae C.
vulgaris was carried out at 32 °C in a photoreactor with CO, bubbling. Bacterial growth was
monitored on ability to form individual colonies on a surface of 2 % (w/v) agarose media, and on
optical density of cell suspension measured on Beckman DU-6 (Beckman Coulter, USA)
spectrophotometer at A = 620 nm. After 6—7 days the cells were harvested and separated by
centrifugation (10000 g, 20 min) on T-24 centrifuge ("Heracules", Germany). The biomass was
washed with D>O and extracted with a mixure of organic solvents: chloroform-methanol-acetone =
2:1: 1, % (v/v) for isolating lipids and pigments. The resulting precipitate (10—12 mg) was dried in
vacuum and used as a protein fraction, while the liquid extract — as a lipid fraction. The exogenious
deuterated amino acids and ribonucleosides were isolated from the liquid cultures of appropriate
strain-producers. Inosine was isolated from LC of B. subtilis by adsorption/desorption on activated
carbon as adsorbent with following extraction with 0,3 M NHa-formate buffer (pH = 8,9),
subsequent crystallization in 80 % (v/v) ethanol, and ion exchange chromatography (IEC) on a
column with cation exchange resin AG50WX 4 equilibrated with 0,3 M NHj-formate buffer and
0,045 M NH4CI (output, 3,1 g/1 (80 %); [a]p?® = 1,61 (ethanol)). Bacteriorhodopsin was isolated
from the purple membranes of photo-organotrophic halobacterium H. halobium by the method of
D. Osterhelt, modificated by the authors [18].

The analysis of amino acids from protein hydrolyzates was carried out on a Biotronic LC-5001
(230 x 3,2) column (“Eppendorf—Nethleler—Hinz”, Germany) with a UR-30 (“Beckman—Spinco”,
USA) sulfonated styrene (7,25 % cross linked) resin as a stationary phase; the granule diameter was
25 um; 0,2 N sodium—citrate buffer (pH = 2,5) was used as an eluent; the working pressure — 50—
60 atm; the eluent input rate — 18,5 ml/h; the ninhydrin input rate — 9,25 ml/h; detection at A =
570 and A = 440 nm (for proline).
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Carbohydrates were analyzed on a Knauer Smartline chromatograph (“Knauer”, Germany)
equipped with a Gilson pump (“Gilson Inc.”, Germany) and a Waters K-401 refractometer ("Water
Associates”, Germany) using Ultrasorb CN as a stationary phase: the column size — 250 x 10 mm;
the granule diameter — 10 um; the mobile phase — acetonitrile—water (75 : 25, % (w/w); the input
rate — 0,6 ml/min.

Fatty acids were analyzed on a Beckman Gold System (USA) chromatograph, equipped with
Model 126 Detector (USA). Stationary phase: Ultrasphere ODS, particel size 5 um, 4,6 x 250 mm;
mobile phase: linear gradient of 5 mM KH,PQOs-acetonitrile, elution rate 0,5 ml/min, detection at A
=210 nm.

For evaluation of deuterium enrichment levels EI and FAB mass spectrometry was used. ElI
mass spectra were recorded on MB-80A device (“Hitachi”, Japan) with double focusing (the energy
of ionizing electrons, 70 eV; the accelerating voltage, 8 kV; the cathode temperature, 180—200 °C)
after amino acid modification into methyl esters of N-5-dimethylamino(naphthalene)-1-sulfonyl
(dansyl) amino acid derivatives according to an earlier elaborated protocol [19]. FAB-mass spectra
were recorded on pulse mass spectrometer VG-70 SEQ (“Fisons VG Analytical”, USA), supplied
with caesium source Cs* on a glyceric matrix with accelerating pressure 5 kB and an ionic current
8 MA.

IR-spectra were registered on Brucker Vertex (“Brucker”, Germany) IR spectrometer
(aspectral range: average IR — 370—7800 cm-!; visible — 2500—8000 cm-; the permission —
0,5 cm; accuracy of wave number — 0,1 cm on 2000 cm-1).

Results and discussion.

When biological objects being exposed to water with different deuterium content, their
reaction varies depending on the isotopic composition of water and magnitude of isotope effects
determined by the difference of constants of chemical reactions rates kn/kp in H.O and D-O.
The maximum Kinetic isotopic effect observed at ordinary temperatures in chemical reactions
leading to rupture of bonds involving hydrogen and deuterium lies in the range kn/kp = 5—7 for C—
H versus C—D, N—D versus N—D, and O—H versus O—D-bonds. Isotopic effects have an impact not
only on the physical and chemical properties of macromolecules, but also on the biological
behaviour of biological objects in D,O. Experiments with D,O (Table 1) have shown, that green-
blue algae is capable to grow on 70 % (v/v) D20, methylotrophic bacteria — 75 % (v/v) DO,
chemoheterotrophic bacteria — 82 % (v/v) D20, and photo-organotrophic halobacteria — 95 % (v/v)
D:0.
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Figure 1. Cell survival of studied microorganisms in water with different deuterium content
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In the course of the experiment were obtained adapted to the maximum concentration of D>O
cells belonging to different taxonomic groups of microorganisms, realizing methylotrophic,
chemoheterotrophic, photo-organotrophic and photosynthetic pathways of assimilation of carbon
substrata, as facultative methylotrophic bacterium B. methylicum, chemoheterotrophic bacterium
B. subtilis, halobacterium H. halobium and blue-green algae C. vulgaris.

Selection of methanol-assimilating facultative methylotrophic bacterium B. methylicum was
connected with the development of new microbiological strategies for preparation of deuterated
biomass via bioconversion of [D]methanol and D>O and its further use as a source of deuterated
growth substrates for the growing of other strains-producers in D20.

Choosing of photo photo-organotrophic halobacteria H. halobium was stipulated by the
prospects of further isolation of retinal containing transmembrane protein bacteriorhodopsin (BR)
— chromoprotein of 248 amino acid residues, containing as a chromophore an equimolar mixture
of 13-cis-and 13-trans C20 carotenoid associated with a protein part of the molecule via a Lys-216
residue [20]. BR performs in the cells of halobacteria the role of ATP-dependent translocase, which
creates an electrochemical gradient of H* on the surface of the cell membrane, which energy is used
by the cell for the synthesis of ATP in the anaerobic photosynthetic phosphorylation.

Using chemoheterotrophic bacterium B. subtilis was determined by preparative isolation
produced by this bacterium deuterated ribonucleoside — inosine (total deuteration level 65,5 at.%
D) for biomedical use [21], and the use of photosynthetic blue-green C. vulgaris was stipulated by
the study of biosynthesis of deuterated chlorophyll and carotenoid pigments (deuteration level 95—
97 at.% D) on growth media with high D,O-content.

We used stepwise increasing gradient concentration of D,O in growth media, because it was
assumed that the gradual accustoming of micorganisms to deuterium would have a beneficial effect
upon the growth and physiological parameters. The strategy of adaptation to D-O is shown in
Table. 1 on an example of methylotrophic bacterium B. methylicum, which deuterated biomass was
used in further experiments as a source of deuterated growth substrates for growing of
chemoheterotrophic and photo-organotrophic bacteria.

Table 1
The isotopic composition of growth media and growth characteristics of
methylotrophic bacterium B. methylicum in the process of adaptation to D,O*

Experiment | Media components, % | Lag-period, | Yeald of Cell generation
number (v/v) (h) biomass, gram from | time (h)
1 liter of liquid

H>0 DO culture
1 98,0 0 20,0+1,40 200,02+1.40 20,0+1,40
2 73,5 24,5 34,0+0,89 171,8+1.81 2,6+0,23
3 49,0 49,0 44,0+1,38 121,3+1.83 3,2+0,36
4 245 73,5 49,0+0,91 94,4+1.74 3,8+0,25
5 0 98,0 60,0+2,01 60,2+1.44 4,9+0,72
6 0 98,0 40,0+0,88 174,0+1.83 2,8+0,30

Notes: * The data in Expts. 1-5 is submitted for B. methylicum at growing on growth media,
containing 2 % (v/v) deutero-methanol and specified amounts (% , v/v) of D,O.

The data in Expt. 6 is submitted for adapted to DO bacterium.

As the control used experiment 1 where used protonated water and methanol.

The adaptation strategy to D,O consisted in plating of initial cells of microorganisms on Petri
dishes with solid 2 % (w/v) agarose growth media with stepwise increasing D.O-content therein (O;
24.5; 49,0; 73,5 and 98 % (v/v) D20), and the subsequent selection of resistant cells to D,0. Cells
grown on media with a low gradient of D,O concentration were consequently transferred onto
media with higher gradient, up to 98 % (v/v) D2O. At the final stage of this procedure on the
maximally deuterated growth medium with 98 % (v/v) D,O were isolated individual cell colonies
representing the progeny of a single cell resistant to the action of D20. Then the colonies were
transferred onto the liquid growth medium of the same D2O-content, prepared on the basis of 98 %
(v/v) D20 and grown for 5 days at 34 °C. The survival rate in the maximal deuterated growth
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medium was not more than 40 %. The progress of adaptation was observed by the changes of lag-
time period, time of cell generation and yrald of microbial biomass, as well as by the ability of cells
to form single colonies on the surface of solid 2 % (w/v) agarose media with 2H,O and cell
counting.

All microorganisms adapted to D,O retained the ability to grow on growth media with high
content of D,O. The general feature of bacterial growth in D>O was the proportional increase in
duration of the lag-period and time of cellular generation and simultaneous reduction of yealds of
microbial biomass. These parameter values were correlated with the content of D>O in growth
media with the lowest fixing values of these parameters on maximum deuterated media. The added
gradually increasing concentrations of DO into growth media caused the proportional increasing
lag-period and output of microbial biomass in all isotopic experiments (Table 1). In contrast to the
adapted microorganisms, the growth of non-adapted microorganisms on the maximal deuterated
media with DO was inhibited. The yealds of biomass on deuterated growth media were varied 85—
90 % for different taxonomic groups of microorganisms. Adapted microorganisms possessed
slightly reduced levels of microbial biomass accumulation and increased cell generation times on
maximal deuterated media.

The result obtained in experiments on the adaptation of methylotrophic bacterium B.
methylicum to D,O allowed to use hydrolysates of biomass of this bacterium obtained in the
process of multi-stage adaptation to D20, as a source of deuterated growth substrates for the
growing of chemoheterotrophic bacterium B. subtillis and photo-organotrophic halobacterium H.
halobium. The assimilation rate of methylotrophic biomass by protozoa and eukaryotic cells
amounts to 85—98 %, while the productivity calculated on the level of methanol bioconversion into
cell components makes up 50—60 % [22]. While using deutereted biomass of methylotrophic
bacteria B. methylicum as a sourse of deuterated growth substrates it was taken into account the
ability of methylotrophic bacteria to synthesize large amounts of protein (output, 50 % (w/w) of
dry weight), 15-17 % (w/w) of polysaccharides, 10—12 % (w/w) of lipids (mainly, phospholipids),
and 18 % (w/w) of ash [23]. The most important fact is that ability is preserved on growth media
containing DO and [D]methanol. To provide high outputs of these compounds and minimize the
isotopic exchange (H—D) in amino acid residues of protein molecules, the biomass was hydrolyzed
by autoclaving in 0,5 M DCI (in D20) and used for the growing of chemoheterotrophic bacterium B.
subtillis and photo-organotrophic halobacterium H. halobium.

Taking into account the pathways of assimilation of carbon substrates, the adaptation of
chemoheterotrophic bacterium B. subtilis and photo-organotrophic halobacterium H. halobium
was carried out via plating of initial cells to separate colonies on solid 2 % (w/v) agarose media
based on 99,9 at.% D,0O and deuterated hydrolyzate biomass of B. methylicum, with the following
subsequent selection of the colonies resistant to D,O. On contrary to D,O deuterated substrates in
composition of deuterated biomass hydrolyzate had no significant negative effect on the growth
parameters of the studied microorganisms. Output of deuterated inosine at growth of B. subtilis on
D,O-medium was 3,9 g/I, while the level of glucose assimilation from the liquid culture was 40 g/I.
The fractionation of inosine from liquid culture was performed by adsorption/desorption on the
surface of activated carbon, extraction by 0,3 M NHs-formate buffer (pH = 8,9) with subsequent
crystallization in 80 % (v/v) ethanol and column ion exchange chromatography on cation exchange
resin AG50WX 4 equilibrated with 0,3 M NHs-formate buffer with 0,045 M NH.CI. Deuteration
level of inosine molecule meadsured by FAB mass spectrometry was five deuterium atoms
(62,5 atm.% D) with the inclusion of three deuterium atoms in the ribose and two deuterium atoms
in the molecule fragments hypoxanthine.

For adaptation of blue-green algae C. vulgaris was used liquid mineral medium containing
25, 50, 75 and 98 % (v/v) D20. The levels of deuterium enrichment of carotenoids were In the case
of C. vulgaris and H. halobium used fluorescent illumination, as both microorganisms grown in
the presence of light. Individual colonies of cells of these microorganisms resistant to DO,
allocated by selection were grown on liquid growth media of the same composition with 99,9 at.%
D0 for producing the deuterated biomass.

While growing of photo-organotrophic halobacterium H. halobium on D,O-medium cells
synthesized the purple carotenoid pigment, identified as a native BR on the the spectral ratio of
protein and chromophore fragments in the molecule (D2go/Dses = 1,5 : 1,0). The growth of this
bacterium on D-O-medium was slightly inhibited as compared with the control on protonated

16




European Journal of Molecular Biotechnology, 2014, Vol.(3), N 1

growth medium that simplifies the optimization of conditions for the production of microbial
biomass, which consists in the growing of this halobacterium on deuterated growth medium with
2% (w/v) of deuterated biomass hydrolyzate of B. methylicum, isolation of purple membrane
fraction, the separation of low- and high-molecular impurities, cellular RNA, pigments (preferably
carotenoids) and lipids, protein solubilization in 0,5 % (w/v) SDS-Na, fractionation of solubilized
protein by methanol and purification on Sephadex G-200. The total level of deuterium enrichment
of the BR molecule, calculated on deuterium enrichment levels of amino acids of the protein
hydrolyzate was 95 at.% D.

Our studies indicated that the ability of adaptation to D,O for different taxonomic groups of
microorganisms is different, and stipulated by taxonomic affiliation, metabolic characteristics,
pathways of assimilation of substrates, as well as by evolutionary niche occupied by the object.
Thus, the lower the level of evolutionary organization of the organism, the easier it adapted to the
presence of deuterium in growth media. Thus, most primitive in evolutionary terms (cell
membrane structure, cell organization, resistance to environmental factors) of the studied objects
are photo-organotrophic halobacteria related to archaebacteria, standing apart from both
prokaryotic and eukaryotic microorganisms, exhibiting increased resistance to 2ZH,O and practically
needed no adaptation to D>O, contrary to blue-green algae, which, being eukaryotes, are the more
difficult adapted to DO and exhibit inhibition of growth on 70—75 % (v/v) D20.

The composition of growth media evidently plays an important role in process of adaptation
to D20, because the reason of inhibition of cell growth and cell death can be changes of the parity
ratio of synthesized metabolites in DO-media: amino acids, proteins and carbohydrates. It is noted
that adaptation to DO occures easier on complex growth media than on the minimal growth media
with full substrates at a gradual increasing of deuterium content in the growth media, as the
sensitivity to D20 of different vital systems is different. As a rule, even highly deuterated growth
media contain remaining protons from 0,2—10 at.%. These remaining protons facilitate the
restructuring to the changed conditions during the adaptation to DO, presumably integrating into
those sites, which are the most sensitive to the replacement of hydrogen by deuterium. Also
deuterium induces physiological, morphological and cytological alterations on the cell. There were
marked the significant differences in the morphology of the protonated and deuterated cells of
blue-green algae C. vulgaris. Cells grown on D,O-media were 2—3 times larger in size and had
thicker cell walls, than the control cells grown on a conventional protonated growth media with
ordinary water, the distribution of DNA in them was non-uniform. In some cases on on the surface
of cell membranes may be observed areas consisting of tightly packed pleats of a cytoplasmic
membrane resembling mezosoms — intracytoplasmic bacterial membrane of vesicular structure
and tubular form formed by the invasion of cytoplasmic membrane into the cytoplasm (Fig. 2). Itis
assumed that mezosoms involved in the formation of cell walls, replication and segregation of
DNA, nucleotides and other processes. There is also evidence that the majority number of
mezosoms being absent in normal cells is formed by a chemical action of some external factors —
low and high temperatures, fluctuation of pH and and other factors. Furthermore, deuterated cells
of C. vulgaris were also characterized by a drastic change in cell form and direction of their
division. The observed cell division cytodieresis did not end by the usual divergence of the daughter
cells, but led to the formation of abnormal cells, as described by other authors [24]. The observed
morphological changes associated with the inhibition of growth of deuterated cells were stipulated
by the cell restructuring during the process of adaptation to D,O. The fact that the deuterated cells
are larger in size (apparent size was of 2—4 times larger than the size of the protonated cells),
apparently is a general biological phenomenn proved by growing a number of other adapted to D-O
prokaryotic and eukaryotic cells.
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Figure 2. Electron micrographs of Micrococcus lysodeikticus cells: a) — protdnated cells obtained
on H>O-medium; b) — deuterated cells obtained on D,O-medium [24]. The arrows show the tightly-
packed portions of the membranes

Our data generally confirm a stable notion that adaptation to D,O is a phenotypic
phenomenon as the adapted cells eventually return back to the normal growth after some lag-
period after their replacement back onto H.O-medium. At the same time the effect of reversibility
of growth on H>0/D,0 does not exclude an opportunity that a certain genotype determines the
displaying of the same phenotypic attribute in D.O-media with maximum deuterium content.
At placing a cell onto D>O-media lacking protons, not only H>O is removed from a cell due to
isotopic (H—D) exchange, but also there are occurred a rapid isotopic (H—D) exchange in hydroxyl
(-OH), sulfohydryl (-SH) and amino (-NHz) groups in all molecules of organic substances,
including proteins, nucleic acids, carbohydrates and lipids. It is known, that in these conditions
only covalent C—H bond is not exposed to isotopic (H—D) exchange and, thereof only molecules
with bonds such as C—D can be synthesized de novo [25]. Depending on the position of the
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deuterium atom in the molecule, there are distinguished primary and secondary isotopic effects
mediated by intermolecular interactions. In this aspect, the most important for the structure of
macromolecules are dynamic short-lived hydrogen (deuterium) bonds formed between the electron
deficient H(D) atoms and adjacent electronegative O, C, N, S- heteroatoms in the molecules, acting
as acceptors of H-bond. The hydrogen bond, based on weak electrostatic forces, donor-acceptor
interactions with charge-transfer and intermolecular van der Waals forces, is of the vital
importance in the chemistry of intermolecular interactions and maintaining the spatial structure of
macromolecules in aqueous solutions. Another important property is defined by the three-
dimensional structure of D>O molecule having the tendency to pull together hydrophobic groups of
macromolecules to minimize their disruptive effect on the hydrogen (deuterium)-bonded network
in D20. This leads to stabilization of the structure of protein and nucleic acid macromolecules in
the presence of D,0O. That is why, the structure of macromolecules of proteins and nucleic acids in
the presence of D-O is somehow stabilized [26].

Evidently the cell implements a special adaptive mechanisms promoting the functional
reorganization of vital systems in D,O. Thus, for the normal synthesis and function in D,O of such
vital compounds as nucleic acids and proteins contributes to the maintenance of their structure by
forming hydrogen (deuterium) bonds in the molecules. The bonds formed by deuterium atoms are
differed in strength and energy from similar bonds formed by hydrogen. Somewhat greater
strength of D—O bond compared to H—O bond causes the differences in the kinetics of reactions in
H20 and D;0. Thus, according to the theory of a chemical bond the breaking up of covalent H—C
bonds can occur faster than C—D bonds, the mobility of D3O*ion is lower on 28,5 % than H;0* ion,
and OD-ion is lower on 39,8 % than OH- ion, the constant of ionization of D0 is less than that of
H20 [27]. These chemical-physical factors lead to a slow down in the rates of enzymatic reactions
in D>O [28]. However, there are also such reactions which rates in D,O are higher than in H2O.
In general these reactions are catalyzed by D3O* or H3;O* ions or OD- and OH- ions. The substitution
of H with D affects the stability and geometry of hydrogen bonds in an apparently rather complex
way and may, through the changes in the hydrogen bond zero-point vibration energies, alter the
conformational dynamics of hydrogen (deuterium)-bonded structures of DNA and proteins in D,O.
It may cause disturbances in the DNA-synthesis, leading to permanent changes on DNA structure
and consequently on cell genotype. Isotopic effects of deuterium, which would occur in
macromolecules of even a small difference between hydrogen and deuterium, would certainly have
the effect upon the structure. The sensitivity of enzyme function to the structure and the sensitivity
of nucleic acid function (genetic and mitotic) would lead to a noticeable effect on the metabolic
pathways and reproductive behaviour of an organism in the presence of D,O. And next, the
changes in dissociation constants of DNA and protein ionizable groups when transferring the
macromolecule from H20 to D,O may perturb the charge state of the DNA and protein molecules.
All this can cause variations in nucleic acid synthesis, which can lead to structural changes and
functional differences in the cell and its organelles. Thus, the structural and dynamic properties of
the cell membrane, which depends on qualitative and quantitative composition of membrane fatty
acids, can also be modified in the presence of D2O. The cellular membrane in the bacteria is one of
the most important organelles for metabolic regulation, combining apparatus of biosynthesis of
polysaccharides, transformation of energy, supplying cells with nutrients and involvement in the
biosynthesis of proteins, nucleic acids and fatty acids. Obviously, the cell membrane plays an
important role in the adaptation to D,O. But it has been not clearly known what occurs with the
membranes — how they react to the replacement of H to D and how it concerns the survival of cells
in D.O-media devoid of protons.

Comparative analysis of the fatty acid composition of deuterated cells of chemoheterotrophic
bacteria B. subtilis, obtained on the maximum deuterated medium with 99,9 at.% DO, carried out
by HPLC method, revealed significant quantitative differences in the fatty acid composition
compared to the control obtained in ordinary water (Fig. 3 a, b). Characteristically, in a deuterated
sample fatty acids having retention times at 33,38; 33,74; 33,26 and 36,03 min are not detected in
HPLC-chromatogram (Fig. 3b). This result is apparently due to the fact that the cell membrane is
one of the first cell organelles, sensitive to the effects of D»O, and thus compensates the changes in
rheological properties of a membrane (viscosity, fluidity, structuredness) not only by quantitative
but also by qualitative composition of membrane fatty acids. Similar situation was observed with
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the separation of other natural compounds (proteins, amino acids, carbohydrates) extracted from
deutero-biomass obtained from maximally deuterated D,O-medium.
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Figure 3. HPLC-chromatograms of fatty acids obtained from protonated (a) and deuterated (b)
cells B. subtilis on the maximally deuterated D,O-medium. The peaks on chromatograms with
retention time 3,75 min (instead of 3,74 minutes in the control), 4,10; 4,27; 4,60 (instead of 4,08;
4,12; 4,28 in the control), 5,07 (instead of 4,98 in control) 12,57; 12,97 (instead of 12,79; 13,11; 13,17
in control) 14,00 (instead of 14,59 in the control), 31,87 (instead of 31,83 in the control); 33,38;
33,74; 33,26; 36,03; 50,78; 50,99 (instead of 51,03; 51,25 for control) correspond to individual
intracellular fatty acids

Amino acid analysis of protein hydrolysates and intracellular carbohydrates isolated from
deuterated cells of B. subtilis, also revealed the differences in quantitative composition of amino
acids synthesized in D.O-medium. Protein hydrolyzates contains fifteen identified amino acids
(except proline, which was detected at A = 440 nm) (Table 2). An indicator that determines a high
efficiency of deuterium inclusion into amino acid molecules of protein hydrolyzates are high levels
of deuterium enrichment of amino acid molecules, which are varied from 50 at.% for
leucine/isoleucine to 97,5 at.% for alanine
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Table 2
Amino acid composition of the protein hydrolysates of B. subtilis,
obtained on the maximum deuterated medium and levels
of deuterium enrichment of molecules*

Amino acid Yield, % (w/w) dry weight per 1 | Number of | Level of deuterium

gram of biomass deuterium enrichment of
atoms molecules, % of the
Protonated The sample | incorporated total number of
sample obtained in | into the carbon | hydrogen atoms***
(control) 99,9 % DO backbone of a
molecule**

Glycine 8,03 9,69 2 90,0

Alanine 12,95 13,98 4 97,5

Valine 3,54 3,74 4 50,0

Leucine 8,62 7,33 5 50,0

Isoleucine 4,14 3,64 5 50,0

Phenylalanine 3,88 3,94 8 95,0

Tyrosine 1,56 1,83 7 92.8

Serine 4,18 4,90 3 86,6

Threonine 4,81 5,51 - -

Methionine 4,94 2,25 - -

Asparagine 7,88 9,59 2 66,6

Glutamic acid 11,68 10,38 4 70,0

Lysine 4,34 3,98 5 58,9

Arginine 4,63 5,28 - -

Histidine 3,43 3,73 - -

Notes:

* The data obtained by mass spectrometry for the methyl esters of N-(dimethylamino)
naphthalene-1-sulfonyl chloride (dansyl) amino acid derivatives.

** While calculating the level of deuterium enrichment protons (deuterons) at the carboxyl
(COOH-) and NH-groups of amino acid molecules are not taken into account because of their easy
dissociation in H>O/D>0

*** A dash means absence of data.

Qualitative and quantitative composition of the intracellular carbohydrates of B. subtilis
obtained on maximally deuterated D-O-medium shown in Table. 3 (the numbering is given to the
sequence of their elution from the column) contained monosaccharides (glucose, fructose,
rhamnose, arabinose), disaccharides (maltose, sucrose), and four other unidentified carbohydrates
with retention time 3,08 min (15,63 %); 4,26 min (7,46 %); 7,23 min (11,72 %) and 9,14 min
(7,95 %) (not shown). Yield of glucose in deuterated sample makes up 21,4 % by dry weight, i.e.
higher than for fructose (6,82 %), rhamnose (3,47 %), arabinose (3,69 %), and maltose (11,62 %).
Their outputs are not significantly different from control in H>O except for sucrose in deuterated
sample that was not detected (Table 3). The deuterium enrichment levels of carbohydrates were
varied from 90,7 at.% for arabinose to 80,6 at.% for glucose.
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Table 3

Qualitative and quantitative composition of intracellular carbohydrates of B. subtilis
obtained on the maximally deuterated medium and levels of deuterium enrichment
of molecules*

Carbohydrate Content in the biomass, % of the dry weight of 1 | Level of deuterium
g biomass enrichment, % of the total
Protonated sample | The sample obtained in | number of hydrogen
(control) 99,9 % D,O** atoms***

Glucose 20,01 21,40 80,6

Fructose 6,12 6,82 85,5

Rhamnose 2,91 3,47 90,3

Arabinose 3,26 3,69 90,7

Maltose 15,30 11,62 -

Sucrose 8,62 ND —

Notes:

* The data were obtained by IR-spectroscopy.
** ND — not detected
** A dash means the absence of data.

Conclusions.

Our experiments demonstrated that the effects observed at the cellular growth on D.O
possess a complex multifactor character connected to changes of physiological parameters —
magnitude of the lag-period, time of cellular generation, outputs of biomass, a ratio of amino acids,
protein, carbohydrates and fatty acids synthesized in D.O, and with an evolutionary level of
organization of investigated object as well. The cell evidently implements the special adaptive
mechanisms promoting functional reorganization of work of the vital systems in the presence of
D»0. Thus, the most sensitive to replacement of H on D are the apparatus of biosynthesis of
macromolecules and a respiratory chain, i.e., those cellular systems using high mobility of protons
and high speed of breaking up of hydrogen bonds. Last fact allows the consideration of adaptation
to DO as adaptation to the nonspecific factor affecting simultaneously the functional condition of
several numbers of cellular systems: metabolism, ways of assimilation of carbon substrates,
biosynthetic processes, and transport function, structure and functions of macromolecules.
It seems to be reasonable to choose as biomodels in these studies microorganisms, as they are very
well adapted to the environmental conditions and able to withstand high concentrations of D20 in
the growth media.
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AnHoTamusa. V3yyeHo 6uosornueckoe BosjieiictBue aeitepus (D) Ha KJIETKU pa3IMUHBIX
TAKCOHOMHWYECKUX TPYNIl IPOKAPUOTHUYECKUX U DYKAPUOTHUECKUX MHUKDPOOPTaHU3MOB,
peanu3ywIUuX  MeTWIOTpodHBIe, XeMorereporpodHble, (QoTo-opraHorereporpodHble U
oTtocuHTETUUECKHE CIOCOOBI ACCUMUJIAINU YTJIEPOJAHBIX CyOCTpaTOB IPU POCTE HaA Cpefax C
Tsokénor  Bomoul  (D20). PaspaboraH MeTOJi CTymEHYaTOW ajanTalid  KJIETOK K D20,
3aKJIIOYAOIINICA B UX pacceBe Ha uamkax [letpu c TBepasiMu (2 %-HbIH arap) MUTaTeIbHBIMU
cpeaMu TIpU CTYIIEHYaTOM YBEJIMUEeHUHU TrpajveHTa KoHreHtparuu D20 (ot 0 10 98 % D.O) u
MOCTIEAYIONMIEN CeJIEKIUM ycTOMUmBBIX K DO Kierok. B pesysbrare 3TONH TEXHHKH Ha
MaKCUMaJIbHO JIeUTEPUPOBAHHOU cpefie ¢ 98 % D,O mosyuensl agantupoBaHHbie K DO kieTku,
OMOJIOTMYECKU MaTepuaJ KOTOPBIX BMECTO aTOMOB BOJIOPOZJA COAEPIKUT aTOMBI JIEUTEPUS C
YPOBHEM JIEHTEPUPOBAHHOCTH MOJIEKYJ 92—97,5 aT.% D.
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Abstract. With using of a strain of of L-phenylalanine secreted Gram-positive aerobic
facultative methylotrophic bacteria Brevibacterium methylicum B-5652, assimilating methanol via
ribulose-5-monophosphate (RMP) cycle of carbon assimilation it was carried out the preparative
microbiological synthesis of phenylalanine and metabolically related amino acids (alanine, valine,
leucine/isoleucine in the amount of 5—6 mmol/l), labelled with deuterium (2H). The data on
adaptation of L-phenylalanine secreted methylotrophic bacterium B. methylicum to the maximal
concentration of deuterium in minimal growth medium M9 with 98 % 2H>O and 2 %
[2H]methanol, and data on biosynthesis of deuterium labelled L-phenylalanine with different levels
of enrichment are submitted. The developed method for biosynthesis allows to obtain
[2ZH]phenylalanine with different levels of isotopic enrichment, depending on 2H,O concentration
in growth media M9, from 17 % (2 deuterium atoms) (on growth medium with 24,5 % 2H,0) right
up to 75 % (6 deuterium atoms) (on growth medium with 98 % 2H,0) with introduction of
deuterium to benzyl CsHsCH.-fragment of molecule that is confirmed with the data of the electron
impact (EI) mass-spectrometry analysis of methyl ethers of N-dimethylamino(naphthalene)-5-
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sulfochloride (dansyl) derivatives of [2H]phenylalanine, isolated from the liquid culture after its
separation by RP HPLC.

Keywords: Brevibacterium methylicum; L-phenylalanine; biosynthesis; heavy water;
electron impact mass spectrometry; RP H3LC.

BBeaenue.

CuHTEe3 aMUHOKHCJIOT, MEUEHHBIX CTaOMJIbHBIMU U30TONaMu Bogopoza (2H), yriepoaa (13C),
azora (°®N) u kucimoponaa (}20) sABseTCA KIIOUEBBIM 3BEHOM B PA3JIUYHBIX OMOMEIUITUHCKUX U
KJIMHUYECKUX HCCIEOBAHUAX C UX HCIOJIb30BaHueM [1, 2]. TeHaeHIIUN K MPEANOUYTUTETIBHOMY
MPUMEHEHHUIO0 CTAaOWIBHBIX W30TOIOB IO CPaBHEHUIO C PAMOAKTUBHBIMH aHAJIOTaMU
00yCJIOBJIEHBI ~OTCYTCTBHEM PpAJAHAllMOHHON OIACHOCTH W BO3MOXKHOCTHIO OIIpE/IeJIEeHUs
JIOKaJIM3aluyd METKU B MOJIEKyJle MeTOlaMU BBICOKOTO paspelleHus — crnekrpockonueit 'H-AMP
[3], UK [4] u wmacc-cnektpomerpueir (MC) [5]. Pa3zBuTme 3THX METOJIOB JETEKTUPOBAHUS
CTaOMJIBHBIX HM30TOIOB 3a IIOCJEAHHE TOAbI II03BOJIMJIO 3HAYUTEJIBHO YCOBEPIIIEHCTBOBATH
MIPOBeZIeHe MHOTOYHCIEHHBIX OMOJIOTHYECKHUX MCCIE0BAHUM € yUaCTHEM aMHUHOKHUCIOT de novo,
a TaK’Ke U3ydJaTh ITyTH uX MeTtabosm3ma [6].

AMWHOKHUCIIOTBI, MeUeHHble CTaOWIbHBIMHU wu3oTomamMu 2H, 13C, 15N, 180, mupoko
MPUMEHSIOTCA KaK B MEIHUIIMHCKOW JUArHOCTUKE, TaK M B OHOXMMHYECKUX HCCJIETOBAHUAX
pa3HOOOpA3HOTO XapaKTepa, BKJIOUas MeTabou3M [7], a Takike B XUMUUYECKUX CHHTE3aX I1eJIOTO
psza M30TOIHO-MEYEHHBIX COEIMHEHWM Ha WX OCHOBe, Hampumep, [2H, 3C]deHmnmanaHuH B
CUHTe3aX MEeNTHU/IHBIX TOPMOHOB U HeilpoTpaHcMUTTepoB [8]. M3oTOnHO-MeueHHble aHaysoru L-
dbenmnanannHa HaXOAAT BCE OOJIbIlIee MIPUMEHEHHE B JUATHOCTHYECKUX IeJISIX, HAlPUMED, JJIA
BBISIBJIGHUsI HACJIEJICTBEHHOW (PEHWIKETOHYpHH HW JPYruxX 3a00JIeBaHUM, CBA3AaHHBIX C
HapylleHneM MeTabosu3Ma (QeHWIaJlaHuHA B OpraHu3Me, Korja HeoOXOAWMO BBISCHUTD
pacripeziesieHHe JIeiTepueBOil METKU B KOHEUHBIX MPOAyKTax Merabosusma [9]. [TosTomy BasKHO
paspabaTbIBaTh HOBBIE OHMOTEXHOJIOTUYECKHE TIIOJXObl TOJYyYEHHUS IPUPOJHBIX HM30TOITHO-
MEUYEeHHBIX AaHaJOTOB (peHWIaJlaHWHA, B TOM YHCJIE JeHTEPUPOBAHHBIX. IIpemMytiecTBa
OMOTEXHOJIOTUYECKUX METO/JOB CHHTE3a W30TOIMHO-MEUYEHHBIX aMHUHOKHCJIOT II0 CPAaBHEHUIO C
XUMHUYECKUM CUHTE30M 3aKJIIOUAIOTCS B BBICOKUX BBIX0/IaX CHHTE3UPYEMbIX COETUHEHUH U TO, YTO
OHU 00J1a7]al0T TPUPOAHOH L-KOH(UTYpanuen.

[lepcrieKTUBHBIMH ~ HCTOYHUKAMM JUIsi  OwocwHTe3a [?H]aMHHOKHCIOT  IIpU3HAHBI
METHJIOTPpO(dHbIE OaKTepuU, CIOCOOHBIE OKHUCIATH METAaHOJ ¢ JIpDyTHE OHOYTJIEPOIHbIE
coeuHeHUs1, conep:kamiue MeTwibHyl0 CHs-rpynmy po dopManbaeruzia 1mo pubysio3o-5-
MoHO(dOCHaTHOMY U CEPUHOBOMY IIyTSM aCCUMUJISIIUM YIJIEPOAHBIX cybcTpaToB [10]. MiHTEepec k
HCITOJIb30BAHHI0 METHWJIOTPOMHBIX OAKTEPUH B OMOTEXHOJIOTUU Bo3pacTaeT byiarogaps pa3paboTke
HOBBIX IEPCIEKTUBHBIX TEXHOJIOTHH XHMHUUYECKOTO CHUHTEe3a MeTaHosa. biarogaps 50 %-nHomy
YPOBHIO OMOKOHBepcUU MeTaHosIa (Ipu 3pdeKTUBHOCTH KOHBEpCUH 15,5-17,3 T. CyX. Omomaccel Ha
1 r morpebseHHOro cybcrpara) MeTWIOTPOdHBIE OaKTEPUM PACCMATPUBAIOTCA KaK JlelleBble
HCTOYHHUKHU JIEUTEpUPOBAHHOTO O€ejIka ¥ He3aMEeHHUMbIX aMHHOKHUCIOT, a TEXHOJIOTHYECKUe
3aTpaThl Ha WX IOJIyYeHUE OMPEAESAIOTCA, B OCHOBHOM, ctommocThio ?H>O u [?2H]meranosa.
TpaguIMOHHBIM TIOJIXOJIOM TIPHU S5TOM SBJISIETCSI BBIpAI[UBaHWE MHUKPOOHBIX IIITAMMOB-
MPOAYLIEHTOB aMHHOKHCJIOT Ha cpenaax, coaep:kamux [2H]meranon u 2H,O c¢ mocieayionium
dpaknumonupoBanuem KK c nenwio Beiienienus [2H]JamuHokucstor [11]. Panee HamMmu coo0111aIoch o
MOJIyYeHUHW IITaMMa aspOOHBIX T'PAMIIOJIOKUTEIBHBIX (PaKyJIbTaTUBHBIX METHJIOTPO(MHBIX
Oaktepuii B. methylicum i mukpoOHoro cunresa L-deHmmamanwmba [12]. B ominume ot
TPAIUIIMOHHBIX IITAMMOB-TIPOAYIEHTOB L-deHunnanannHa, y KOTOPHIX HapyIIeHbl aKTUBHOCTU
npedeHaT-Zieru/ipaTasbl  WJIN 3-ne3okcu-D-apabuno-rentyno3oHar-7-docdar CHUHTETA3HI,
YHUKAJIbHOCTD BBIIEJIEHHOTO HAMH IIITAMMa COCTOUT B TOM, 4YTO /11 OMocuHTe3a L-deHnmasmannaa
HeobxoauMm L-JIeHdInH.

[espio TaHHOM pabOThI OBLIIO U3yUYeHNe OMOCHHTe3a JeHTepUPOBaHHOTO L-deHntantanuHa ¢
BBICOKMMH YPOBHSIMH  HM30TOITHOTO  oO0OoramieHusi 3a CYeT BbIPAllMBAHUS  IITaMMa
IPaMITIOJIOKUTEIbHBIX (DAKYIBTATUBHBIX MeTHIOTPOGHBIX bakTepuit Brevibacterium methylicum
B-5652, nmpoaynenTa L-deHmmananuHa Ha cpeflaX € Pa3/IMUHbBIMUA KOHIIEHTPAIUSAMU TSKEJION
BobI (OT 24,5 % 1m0 98 % 2H0).
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MaTrepuaJibl 1 METOABI.

OOBEKTOM WUCCIeNOBAHUSA SABJISICS L-JIEHIMH-3aBUCHUMBIN  (ITOTPEOHOCTh B JIEHITUHE
0,01 r/n) mraMM aspoOHBIX IPAMIIOIOKUTEIBHBIX (aKyJIbTATUBHBIX METHJIOTPOMHBIX OaKTepUu
B. methylicum B-5652 u3 BcepoccuiicKOl KOJIIEKIIMH MPOMBIILIEHHBIX MUKPOOPTaHHU3MOB
(BKIIM), mpoayuent L-denunamanuaa (1 r/71), CHOCOOHBIA aCCHMUIJINPOBAaTh B KauvecTBe
HCTOYHHMKA YIJIEpPOZa METaHOJ Mo pubysio30-5-moHodochataHomy (PM®) mukiay dukcanuu
yriepona. McxomHpld mTaMM ObUT TmoJiydeH u3 Kosutekiuu KyasTyp BKIIM TocymapcTBeHHOTO
Hay4YHO-HCCJIEIOBATEIHCKOTO WHCTUTYTA Te€HEeTUKH u CeJIEKIINU IIPOMBIIILIEHHBIX
MHKPOOPTaHU3MOB.

JIJ1s1 IPUTOTOBJIEHHUsI POCTOBBIX cpea ucnosib3oBaiu 2H>0 (99,9 at.% 2H), 2ZHCI (95,5 aT.%
2H) u [?H]meranon (97,5 at.% 2H), mosiyueHHble U3 POCCHICKOrO Hay4HO-HCCJIEIOBATEIHCKOTO
nenrpa “M3zoron” (Cankrt-lIletepbypr, P®). Heopranuueckue coJu IpPeABAPUTETHHO
nepekpucran3osbiBain B °H>O, °H,O puctwummpoBam Hag KMnOs ¢ mocieaymomum
KOHTposieM wu3oTonHoi uywucrorel 'H SAMP-cnektpockonueid Ha mnpubope Brucker WM-250
(“Brucker Daltonics”, ®PT’) (pabouast vuacrota 70 MI'n, BHyTpeHHUH cTaHaapT MesSi). [l cuHTe3a
N-TIpOM3BOJIHBIX ~aMHUHOKHCJIOT  HCIOJb30BAIH  5-(uMermaMuHO)HadTaieH-1-cyabpoHmT
xsopuy, (maucwixiaopun) (“Sigma”, CIIIA), kapboben3zokcuxiaopuy (xumaasos um. I1.JI. Boiikosa,
P®) u pumaszomeran (CH:N). Ina cunteda CH:N; mcmosp3oBasim N-HUTPO30METHIMOUYEBUHY
(“Merck”, 'epmanust).

Anmantanuio mTaMMma K JIEHTEepHI0 MPOBOAWJIA PAcCEBOM IO OTAEIbHBIX KOJOHUH U
MIOCJIETYIOIIEH cesleKIueld Ha TBepAbIX (2 % arap) MHHUMAaJIbHBIX cpenax M9 c mobaBkamu 2 %
MeTaHosa Wik [2H]meraHota, cofepsKaliux CTyIIEHYaTO-yBeIMYUBaIouecs: KoHeHTpanuu 2H,0
(ot 0; 24,5; 49,0; 73,5 10 98 06.%" 2H,0) (KomMyecTBa KOMIIOHEHTOB IIpUBeAeHbI B 1/1): KH,PO4 —
3; NazHPO4 — 6; NaCl — 0,5; NH4Cl — 1; L-nefinuu — 0,01. CeJeKIUI0 OTAEJbHBIX KOJOHUH
MPOBOJIWJIN 10 TIpU3HAaKy ycronumBoctd K 2Hp0. 3a xomom azanmramuu HaOJIO[aId  TI0
CIIOCOOHOCTH K 00pa30BaHUIO OT/AEIbHBIX KOJIOHHU Ha MOBEPXHOCTH TBEPABIX arapu30BaHHBIX
cpen ¢ 2H»0, a Takxke 1o BenuuyuHe OIl cycrieH3mu KJIETOK B JKUJIKUX cpeaax MQ aHaJIOTUYHOTO
cocraBa, u3MepeHHOH Ha crekTpodoromerpe Beckman DU-6 (“Beckman Coulter”, CIIIA) mpu A =
620 HM B KBapIleBOU KIOBETE € JJIMHON ONTHYECKOro MyTH 10 MM. AZanTUPOBaHHBIU K 2HO
mramM B. methylicum BeIpamuBaiy B JKUAKON MakCHMAaJIBHO JleiTepUpOBaHHOU cpefie M9 ¢ 2 %
[2H]meranonom u 98 % 2H,O mpu 35 °C B Kosibax IpJieHMeilepa BMECTHMOCTBIO 250 MJI C
HAIIOJTHEHUEM CPEeJIOU JI0 50 MJI B YCJIOBHUSIX MHTEHCUBHOM aspallii Ha OpOUTAJIbHOM IIIEHKepe
Biorad (100 o06/mun) (“Biorad Labs”, Iloswmia). Ilociie 3—4 CyTOK BbIpallldBaHUs
JleiTepupOBaHHbIE KJIETKH OTAessin Ha neHtpudyre T-24 (“Heraues Sepatech”, ®PI)
(10000 06/muH, 15 muH), K)K 1rodunnzoBaiu B Bakyyme P 10 MM PT. CT. U HUCIIOJIb30BAJIH JIJIs
BoIiesTeHu [2H]deHmmamanmHa U COnyTCTBYIOMUX [2H ]aMHHOKUCITOT.

HOna Boeigenenus [?H]denmnamanmna w3 KK geitrepo-6momaccy B.  methylicum,
MOJIyYeHHYIO II0CJIe BBIPAIIMBAHHUSA B MAaKCUMAaJIBHO JeUTEPUPOBAaHHON cpeme M9 ¢ 2 %
[2H]meranonom u 98 % 2H,0, otnensuin or KK Ha nentpudyre T-24 (“Heraues Sepatech”, ®PT)
pu 10000 06/ MUH B TeueHue 15 MuH. CyrepHaTaHT JUOGUIN3UPOBAIN B BAKyyMe IIPA 10 MM PT.
ct. K 5 r IOJIydyeHHOTO CyXOro oOCTaTKa CylepHaTaHTa 00aBsyid 30 MTr H30IPOIAHOJIA,
PeaKkIMoHHYI0 cMech moakucyasmu 70 pH = 2,0 ¢ momompo 5 H. pacrBopa 2HCI (8 2H.0) u
BbIJIep:kuBasin mpu 20 °C B TeueHue 4 dacoB. Ilocie oT/iesieHWsT HEOPTaHUYECKUX COJIeH
neHTpudyrupoBanueM (10000 00/MuH, 10 MHH), CyIE€pHATAaHT YIapUBaJd B POTOPHOM
BakyyMHOM wucrnaputesie PBO-10 (Benrpus) nmpu 10 MM prt. cr. [lonyuennbiid [2H]denunananux
(BBIXOZ 0,65 T/JT) MEPEKPUCTA/UTU30BBIBAIM U3 3TaHoJA. [0]p?® = 359 (B sraHose). YP-cnekTp
(0,1u1. HCI): Anax = 257,5 HM, 1,97:102 M1lcm?l; macc-ciektp 9Y metwnoBoro sdwupa N-Dns-
[2H]dbenunnananuna (70 3B, 180—200 °C): [(M*) m/z (I, %)]: 418 (35 %), 250 (95 %), 234 (21 %),
170 (100 %), 97 (62 %).

Hna cunre3a N-Dns-[2H]amuHOKHCIOT K 200 Mr JuodwauzoBanHon KK B 5 M1 2 M
NaHCOs (2:10-3 mosp), pH = 9—10 poOHBIMY NOPIUAMU IIPU ITIepeMeNIuBaHUN 00BN 320 MT
(1,210 mosb) mAaHCWIXJIOPHZA B 5 MJI ameToHa. PeakIMOHHYI0 CMECh BBIIEPKUBAIN IIPHU
nepemernuBanuu npu 40 °C B TeyeHume uaca, 3ateMm mojakuciasiu 2 M HCl mo pH = 3,0 u

* [
371ech U Jjajiee UCII0JIL30BaHbI % 110 061>eMy.
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SKCTPAarvpoBaIM 3THIALeTaTOM (3 pasa 1o 5 mu1). OObeJUHEHHBIN SKCTPAKT IIPOMBIBAJIN BOJIOU 710
pH = 7,0, cymuin 6e3BoHBIM Na2SOas, pacTBOPUTEJIb YAQIAIN IPH 10 MM PT. CT.

s cuaTe3a MeTwioBbIX 3¢upoB N-Dns-[2H]amuHokucior k¥ 20 it 40 % KOH B 40 mu
JINATUIIOBOTO 3(dupa 100aB/IsIIN 3 T HUTPO3OMETHUIMOUYEBUHBI U ITIEPEMEINNBAIN Ha BOJSHON OaHe
CO JIBZIOM B Te€UeHHe 15—20 MHH. [locjie MTHTEHCUBHOTO Ta30BbIAeIeHUs 3UPHBIA CI0H OTAEIIN
¥ TIPOMBIBAJIH JIEISTHOU Bojion 0 pH = 7,0, cymmiu 6e3BoguabiM Na,SO4 u obpabaTbiBau uM N-
Dns-[2H]apou3BoiHbie aMHHOKHUCIIOT B cocTaBe KOK mramma mpozytieHTa.

AHasimTHUecKOoe U IpelapaTUBHOE  pas/ieJieHue  MeTWIOBBIX  adupoB  N-Dns-
[2H]amMmuHOKHCIIOT MpOBOAWIM MeToJioM oOpareHHo-GazoBoli BIXKX Ha KHAKOCTHOM
xpomaTtorpade Knauer (“Knauer”, ®PT"), cHabxeHHbIM Y®-eTekTopoM U uHTerpatopom C-R 3A
(“Shimadzu”, fInonus). B kauecTBe HeMOBMKHON (pas3bl McHob30BaIN Separon SGX, 18,7 MKM,
150%3,3 mm (“Kova”, CioBakus). DIIOMPOBaHHE MPOBOAWIU B CHCTEMe pacTBoputesnein: (A) —
aneToHUTpUa — TpUdTOpyKcycHas kuciaora (20 : 80, %) u (Bb) — ameronutrpuwa (100 %).
Hcnoap3oBanu rpaueHTHOE BIIOUPOBaHue: oT 20 % A 10 100 % b B TeueHue 30 MuH; 1ipu 100 %
b 5 muH; ot 100 % b 10 20 % A 2 MuH; ipu 20 % b 10 MuH.

Ananutuueckoe onpezenenue L-deHmmasannaa mposoawin B mpobax KK, o6beMoM 10 MKJT
Ha XpoMaTorpaduyecKUx IUIACTHHKAX (150x150 MM) C 3aKpeIUIEHHBIM cJIoeM (JIyopeciieHTHOTO
Hocuresis Silufol UV-254 (“Kavalier”, Uexus) B cucreMax pacTBOPUTEJIEl: H-OyTaHOJ — Jie/siHas
YKCyCHasi KHCJIOTa — Bojia (4 : 1 : 5, %) U U30MpOMaHoa — aMMHaK (7 : 3, %). DJIOMUI0 MATeH
npoBogwin 0,1 H. HCl mocie o6paboTku 0,5 %-M pacTBOPOM HUHTHAPHUHA B H-OyTaHOJIE.
[TorsiomeHre 3JII0aTOB ONpEAEssUId TIpUu A = 540 HM Ha mpubope Beckman DU-6 (“Beckman
Coulter”, CIITIA), ucoyip3ys CTaHAAPTHYIO KaJTMOPOBOUYHYIO KPHUBYIO.

Macc-criekTpsl 3j1eKTpoHHOTO yzapa (YY) merwioBsix 3dupoB N-Dns-[?H]amuHOKHCIOT
nosyueHpl Ha npubope “MB-80A” (“Hitachi”, flmonms) c¢ [ABOWHBIM (OKYyCHPOBAHUEM,
CHA0XXKEeHHBIM KOMOWHUPOBAaHHBIM BaKyyMHBIM 3JIEKTPOHHBIM KaTOAHBIM TEPMOWCTOUHUKOM
(sHeprusi MOHUBUWPYIOIIUX 3JIEKTPOHOB 70 3B, yckopsioliee HampsikeHue 8 kB, Temmeparypa
kaTogHOro wucroyHnka 180—200 ©°C). Pacuer ypoBHEH [1€eHTEPUPOBAHHOCTH MOJIEKYJI
(heHMaIaHMHA W COIYTCTBYIOIUX aMWHOKHUCJIOT, BbIJieeHHbIX ¢ 2H,O-conmep:kamux cpen,
MPOBOJIWJIM TI0 COOTHOIIEHUI0 BKJIQJIOB ITMKOB MOJIEKYJIIDHBIX HOHOB M* IIPOM3BOJIHBIX
[2H]aMuHOKHCIIOT M KOHTPOJIBHBIX aMUHOKHCJIOT, ITOJIyYeHHBIX B OOBIYHOU BOJIE.

CraTUCTHYECKYyI0 00pabOTKy SKCIEPUMEHTAJIbHBIX JAaHHBIX MPOBOAWIM C IIOMOIIBIO
nporpaMmmbl cratuctudeckoro makera STATISTICA 6, ucmoaws3ys kxpurepuil t-CTbiozieHTa
(mpu p < 0,05).

Pe3ysibTaThl 1 00CYyKAECHUE.

Kak m3BecTHO, OOJIBIIIMHCTBO PACIIPOCTPAHEHHBIX B MPHUPOJE MUKPOOPTAaHU3MOB HE MOTYT
CJIY’KUTh XOPOIIUMHU MPOJYIEHTAMH apOMaTHYECKHMX AaMUHOKHUCIIOT, BCJIEJACTBHE HAJIAYHSA
3(pPEKTUBHBIX MEXaHU3MOB PETYJISAINU OHOCHHTE3a 3THX COEIMHEHHH B KJIETKe, XOTS 5Ta
CIOCOOHOCTh TPOSIBJISAETCA y psfila UX MyTaHTHBIX ¢GopMm [13]. DPPeKTHBHBIMU MHUKPOOHBIMHU
npoayrneHTamMu L-QeHmnanaHuHa SBJSAIOTCA, KaK IPABUIO, MYTaHTbI, ¥ KOTOPBIX OTCYTCTBYET
HETaTUBHBI KOHTPOJIb CO CTOPOHBI TAaKUX KJIIOUYEBBIX (PEPMEHTOB OHMOCHHTE3a 3TOU
aMUHOKHCJIOTHI, Kak mnpedeHar-aeruapatasza (EC 4.2.1.51) xopusmatmyraza (EC 5.4.99.5) u
3-ne3okcu-D-apabuno-renTysio3onat-7-dpocdart curreraza (EC 2.5.1.54) [14—16].

OnpeznesleHHBIA HWHTEPEC B CBA3U C 3THM IIPEJICTABJISIET HCCIEAOBAaHUE CIIOCOOHOCTH
MPOAYIUPOBaTh L-peHWTaylaHuH JIEHIIMH3aBUCUMBIM TI'PaMIIOIOKUTEIbHBIM (PaKyIbTaTUBHBIM
MeTHJI0TpodHBIM MyTaHToM B. methylicum, accumumupyroomnum metanosn o NAD* 3aBucuMomy
MeTtaHoJ1 geruziporenasHomy (EC 1.6.99.3) BapuaHTy pubysi030-5-monodocdaraoro (PMD) nukia
dukcanmuu yrieposa — AOCTATOYHO YAOOHBIM, XOTS M MAJIOU3YYEeHHBIM OOBEKTOM JJIA
OMOTEXHOJIOTUYECKOTO  HMCIOJb30BaHUA. [l03TOMYy  HadaJdbHBIA  3Talml  OMOXUMUYECKHUX
HCCIeIOBAaHUM €O IITAMMOM MeTHIOTpodHBIX OakTepuii B. methylicum ObL1 cBA3aH ¢ moyueHuEeM
ayKcOTPOMHBIX MYTAHTOB, JJI KOTOPHIX B OOJIBIITUHCTBE CJIy4aeB XapaKTePHBbI OTPaHUYEHHBIN
CHEKTP MYTAaHTHBIX (PEHOTUIIOB M, KPOME TOTO, JIOBOJIBbHO BBICOKHU YPOBEHb peBepcuil [17].
Vcxonupiii L-ymeiriua3aBucuMeiii mraMmm B. methylicum B-5652, mpoayueHT L-deHunrtanannHa
ObLT OTOOpaH cesekiuell B JjabopaTopuu TreHeTHKH MeTwaoTpodoB “TocHUM reHeTuku u
CEeJIEKIIUY TPOMBINIIEHHBIX MHKPOOPTaHHU3MOB™ Ha MPEABIAYIIEM JTalle HCCIeAOBAaHUI IOCIIE
00pabOTKH POAUTETBCKOTO INTAMMa HUTPO30TyaHUAWMHOM. OTOOp KOJOHUU IPOBOAWIHA IIO
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IIPU3HAKY YCTOMYMBOCTH K aHasory ¢eHWIasaHuHa — mema-propbeHunanasuny (50 MKr/mi).
BrizieieHHbIE Ha CEJIEKTUBHBIX CpelaX aHaJIOTO-PE3UCTEHTHBIE MYyTaHThl KOHBEPTHPOBAIU
MeTaHOJI M HakaruuBanu Ao 1 r/a L-denmnananuna B KXK. CpaBaurenbable anamussl (TCX, MC,
AMP) mnokazanu, uyTo L-eHmwrasaHuH, TPOAYUHUPYEMBIA AAHHBIM IITAMMOM METHJIOTPO(MHBIX
OaKTEpUH MOJTHOCTHIO UIEHTHYEH MPUpoAHOMY L-deHnnamiaHuHy.

C menplo yBenwuyeHUsA 3GEGEKTUBHOCTH U30TOIMHOTO MedeHUSA L-deHmmasanuHa Wu
WHTEeHCU(UKAIIUU OaKTEPHUAIBHOTO POCTa Ha IOJIHOCTHIO JEUTEPUPOBAHHOM cpefie TOJTyYeHHbIN
MyTaHT B. methylicum 611 aganTHPOBaH K POCTY U OMOCUHTE3Y B IOJTHOCTBIO JIEHTEPUPOBAHHBIX
cpenax M9 ¢ 2H>0O u [?H]meranosom. /s agantanuu kieTok K 2H>O HCmosib30Bajiv CTYyIIEHYATO
YBEeJIMUUBAWOIUICS TpagueHT KoHIeHTpanuu 2H;O, TMOCKOJIBKY MOpeAIojarajioch, YTO
IIOCTEIIEHHOE IIPUBbIKaHNE OAKTEpHHU K JeHUTepHuio OyZeT OKa3bIiBaTh OJIaTONMPUSTHBIN 3 dekT Ha
pocToBbie U PU3UO0JIOTUUECKIE TaDAMETPHI.

Anantanys 3aKyIr09aiach B pacceBe MCXOHOTO IIITaMMa JI0 OTAEIbHBIX KOJIOHUH Ha Jalikax
IleTpu ¢ TBEpABIMU arapu30BaHHBIMU cpegaMu M9 ¢ 2 % arapoM Ipu CTYIeH4YaTOM YBEeJIUUYEHUU
KOHIIEHTPAIUU TSKEJIOH BOABI B HUX (OT 0; 24,5; 49,0; 73,5 10 98 % 2H,0) u mocienyomen
ceJIeKInU yeToHunBbIX K 2H>0O KOJIOHMH KJIETOK, KaK ITOKa3aHo B Tabsurle 1. Berpocmime Ha cpemax
C HHU3KUM TpajlueHTOM KoHIleHTpanuu 2H,O KOJIOHWM TEepEeHOCHJIM Ha CpeAbl ¢ OOJIbIINM
rpajiIneHTOM KOHIIeHTpaIluH, BILUIOTH A0 98 % 2H.0O. Ha xoHeunom sTtame Ha cpejie ¢ 98 % 2H,0
ObLTH BBIJIEJIEHBI OT/I€JIbHBIE KJIETOUHBIE KOJIOHHU, IPEACTABJIAIOIINE COOOH ITOTOMCTBO OJHOM
€ITUHCTBEHHOH KJIETKU, ycTOHumBOW K aAedcTtBuio 2H,O (cTemeHb BBIXKMBAEMOCTH KJIETOK Ha
KOHEYHOH IIOJIHOCTBIO JIEHTEPUPOBAaHHOUN cpese M9 cocraBwia 40 %). 3aTeM HX II€PEHOCHIN B
JKUJIKYI0 MUHHMAJIBHYIO cpesty MO, IpUTOTOBJIEHHYIO Ha ocHOBe 98 % 2H.0 u 2 % [2H]meTranosna, u
BBIpAIIMBAIU B TeUueHUe 3—4 cyT npu 35 °C.

Tabauua 1
YcioBus axanTanuy, H30TOMHBINA COCTaB POCTOBBIX CPEJ
M XapakTepHucTUKHU pocra B. methylicum*
Howmep KommoneHTHI cpesibl, 06.% Jlar- Beixon Bpemsa
ombITa H.0 2H,O0 |meTaHOJ [2H] epuoa, 4 | MUKPOOHOU | reHeparuu, U
METaHOJI 61oMacchl,
r/a

1 98,0 |0 2 0 20+1,40 [200,2+3,20 |2,2+0,20

2 98,0 |0 0 2 30+1,44 |184,6+2,78 2,4+0,23

3 735 (245 |2 0 32+0,91 |181,2+2,89 2,4+0,25

4 735 (245 |0 2 34+0,89 [171,8+1,81 2,6+0,23

5 49,0 (490 |2 0 40+0,90 |140,2+1,96 3,0+0,32

6 49,0 1490 |O 2 44+1,38 |121,1+1,83 3,2+0,36

7 245 73,5 2 0 45+1,41 112,8+1,19 3,56+0,27

8 245 73,5 0 2 49+1,91 |94,4+2,74 3,8+0,25

9 0 98,0 |2 0 58+1,94 |65,8+1,13 4,4+0,70

10 0 98,0 |0 2 60+2,01 |60,2+1,44 4,9+0,72

10’ 0 98,0 |0 2 40+0,88 |174,0+4,83 2,8+0,30

* JlaHHbBIE OMBITOB 1—10 TpHUBeJleHbl yisi B. methylicum npu BbelpamuBaHuu Ha cpeaax Mo,
cozlepkamux 2 % meranos/[2H]meraHos u ykazanHoe kosmmdecTBo (%) 2H,0. JlaHHble onbITa 10’
TIPUBEJIEHBI /IS a/TAITUPOBAHHON K MaKCUMAaJIbHOMY COJIEPIKAHUIO JIeUTepUs B cpefie bakTepun B.
methylicum npu BeIpammBanuM Ha cpefe M9, coaepxkamiedn 2 % [2H]meranon u 98 % 2H-O0.
B KauecTBe KOHTPOJISI MCIIOJIB30BAJIH OIIBIT 1, TJI€ IPUMEHSIN OOBIYHYIO BOZY Y METAHOJI.

Kak mokazasu sKCIEepUMEHTHI, 3aMeHa IMPOTOHUPOBAHHOTO MeTaHosa [?H]meranosmom mpu
O/IMHAKOBBIX KOHIIeHTparusax 2H>O B pOCTOBBIX cpefax MPUBOAMIIA K HEOOJIBIINM YMEHBIIEHUIM
POCTOBBIX XapaKTEPHUCTUK INTamMMa (Tabs. 1, OOBITH 2, 4, 6, 8 u 10). [TosTOMy B maTbHEHIINX
OIbITax HCIoab30BaIH cpensl ¢ 2HyO u [2H]meranosom. Ha KOHTPOJIBPHOM ITPOTOHMPOBAHHOM
cpene M9 ¢ BOfOW M METAaHOJIOM IIPOJOJDKUTEIbHOCTh JIar-IEePHOoJila U BPEMEHU KJIETOUHOH
reHeparuu B. methylicum cocraBuiu 20 4 u 2,2 4, a BBIX0J, MUKPOOHOU OMOMAacchl 200,2 T € 1 JI
KX (taba. 1, onmbIT 1). B mpoMekyTOuHBIX ombITax (2—10) pOCTOBBIE IMapaMeTpbl U3MEHSJIUCH
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MPOTNOPIIMOHAILHO KOHIeHTparuu 2H>O B cpesiax. BeisgBiieHHAs 3aKOHOMEPHOCTh 3aKJIF0YaJIach B
YBEJIMYEHUN TPOAODKUTEIPHOCTH JIar-IIepuoZila W BPEMEHW KJIEeTOYHOU TeHepamuu IIpHu
YMEHBIIIEHUH BBIXOJI0B MUKPOOHOU OromMacchl ¢ GUKCHPOBAHUEM CAMbIX HU3KHUX 3HAYEHUH 3THUX
ImapaMeTPOB B MAaKCUMAJIHLHO JieliTepupoBaHHOM cpezie ¢ 98 % 2H.0 u 2 % [2H]meTtanosiom (TabJr. 1,
onbIT 10). C yBesmnueHreM KoHIeHTpamuu 2H,0 B pocTOBBIX cpeiax /10 98 % MpO0IKUTETBHOCTD
JIar-TIepuo/ia YBeJTUUUBaiach 10 60 9 (TabJ1. 1, ombIT 10). OTMEYEHO, YTO JAJIUTETHHOCTh BPEMEHH
KJIETOYHOH TeHepalliy C yBeJIMYeHHueM KOHIeHTpanuu 2H,O B POCTOBBIX Cpefax IOCTEIeHHO
yBeJIMYUBAETCs, IOCTUTas 4,9 9 Ha cpenie ¢ 98 % 2H,0 u 2 % [2H]meranosiom (Tabs. 1, OmbIT 10).
B otsinune ot 2H,0O, [2H]MeTaHOJI He BBI3bIBAJ CYIIECTBEHHOTO WHTUOWPOBAHHsA POCTa U HeE
OKas3bIBaJl BJIMUSAHUS Ha BBIXOJ, MHKPOOHOW Owomacchl. HampoTuB, Ha MaKCHMaJbHO
JIeUTepUPOBAaHHHOM CpeJie BHIXOJ] MUKPOOHOH OmomMacchl ObLT CHIKEH B 3,3 pa3a 110 CPAaBHEHHIO C
KOHTpoJieM. BakHO TO, YTO BBIXOJL, MUKpPOOHOM OHOMaccel W YpOBEeHb HakomiaeHus L-
¢ennnananuna B KX npu pocre agantuposaHHoro k °H>O MukpoopraHuszmMa B MaKCHUMAaJbHO
JIeNTEpUPOBAHHOM Cpe/ie U3MEHSIOTCS 0 CPAaBHEHUIO ¢ KOHTPOJIbHBIMY YCJIOBUAMU Ha 13 % u 5 %,
T. €. He3HA4YUTeJIbHO (TabJI. 1, OIBIT 10°).

3a X0/IoM TMporiecca KJIETOYHOM aJialnTalliy, YCJIOBHSA KOTOPOU ITOKa3aHbl B OIBITE 10’
(Tabs. 1), HaOMIOHANM, WCCJEAYS BBIXOABI MHKPOOHOW OMOMAcCChl, IMPOOIKUTEIBHOCTD JIar-
Iepuo/ia 1 BpPEMEHH KJIETOYHOH reHepanuu (puc. 1). Kak BUZHO Ha pHC. 1 BBIXOJ MUKPOOHOM
O6moMacchl y aJlanTHpOBaHHOrO mtaMmMa B. methylicum (8) ymeHnbiasicsa Ha 13 % 1O CpaBHEHHIO C
KOHTPOJIbHBIMU yCJIOBUSAMH (a) TpuU yBeJIWYEHWH BpEMeHU TreHepanuu g0 2,8 4, a
MPOJOJKUTEIBHOCTA  JIar-Iieprojia 70 40 Y. AJanTupoBaHHBIM mrtamMm B. methylicum
BO3BpAIAJICS K HOPMaJIbHOMY POCTY IIPHU IIEPEHOCE B POTOHUPOBAHHYIO CPEY IOCJIE HEKOTOPOTO
JlaT-TIepUo/ia, UTO JOKa3bIBaeT (PEHOTUIIUYECKYI0 Ipupoay GeHOMeHa aAanTalu, YTO
HAOJII0/IAJIOCh 1A JAPYTUX aJalTHPOBAaHHBIX HAMHU IITAMMOB METHUJIOTPO(HBIX OaKTEpUH —
IIpe/ICTAaBUTEJIEN Pa3JIMYHBIX TaKcOHOMHUYeckux rpynn [18]. ODddekr peBepcum pocta B
MMPOTOHUPOBAHHOM /IEUTEPUPOBAHHON cCpelax AOKasbIBaerT, uTo azanrtanmusa K 2H,O sBisercs
(beHoTunUecCKUM (PEHOMEHOM, XOTS HE UCKJIIOYAETCSA, 4YTO OIIPEJ/IeJIEHHBIN TeHOTHII
JIETEDMUHUPYET IIPOsIBJIEHUE OJIHOTO U TOTO JKe (heHoOmunuueckoz2o npusHaka B cpenax
Pa3JIMYHOTO MBO0TOITHOTO COCTaBa. B 1esioM, yJjIydIlleHHbIEe POCTOBBIE XapaKTEPHUCTUKU
aJIaTHPOBAaHHOTO METWJIOTPOo(da CyIIeCTBEHO YIPOIIMAIOT CXeMy ITOJIydeHHUs JelTepo-O0moMacchl,
ONTUMAJIBHBIM YCJIOBUSIM KOTOPOU YZOBJIETBOPSET MAaKCUMAJILHO JIeUTEpHUpOBaHHas cpefaa M9 c
98 % 2H>0 u 2 % [?H]meTaH0710M C MHKYOAIIMOHHBIM IEPUOAOM 3—4 CyT mipu 35 °C.
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Puc. 1. Beixog mukpo6HoU 6momaccsl B. methylicum, BestnunHa jiar-nepuozia 1 BpeMs reHeparuu
B PA3JIMYHBIX DKCIIEPUMEHTAIBHBIX YCJIIOBUIX: UCXO/IHBIN IIITAMM B IPOTOHUPOBAHHOU cpezie M9 ¢
BOJION ¥ METAHOJIOM (&); UCXOHBIH IITAaMM B MAaKCUMAaJILHO JIeiTepupoBaHHOM cpene M9 (6);
aZlaITUPOBAHHBIN K JIEUTEPUIO IITAMM B MaKCUMAaJIbHO JleUTepupoBaHHOU cpesie M9 (8):

1 — BBIXOA 6HOMACCHI, % OT KOHTPOJIS;

2 — IPOAOJIKUTELHOCTH JIAar-TIEPUO/A, U; 3 — BpEMs reHeparuy, 9.
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HNuuamuku pocta (la, 16, 18) u Hakomnenus L-benunananuna B KK (2a, 26, 268) ucxoaHbIM
(6) wm apmanmTMpoBaHHBIM K JAedTepuio (8) mTammom B. methylicum B MakcumasbHO
JleiTepupOBaHHOU cpeZie M9 MOKa3aHbI Ha PUC. 2 OTHOCUTEIHHO KOHTPOJIA (@), MOJyYeHHOTO B
MIPOTOHUPOBAHHOU cpezle M9. BaxkHo¥i ocobeHHOCTHIO amanTupoBaHHOro K 2H,O mramma B.
methylicum sABisgeTcs TO, YTO OH COXPAaHWJI CIIOCOOHOCTh CHHTE3UPOBATh U OHK30TE€HHO
MIPOAYIIUPOBATh L-peHnIasaHuH B POCTOBYIO CPEly B KoytuecTBe 0,8 1/ (puc. 28). B oimuue ot
agantupoBaHHoro k 2H,O mramma (8), BbIXoZ L-deHmTasaHuHA HMCXOMHBIM IITAMMOM B.
methylicum (6) B MakCHMaJIbHO JeUTEPUPOBAHHOM Cpesie COCTaBUII 0,3 T'/JI, UTO B 2,6 pa3a HUIKE,
YyeM IPH KCIIOJIb30BAHUH 3/TAIITHPOBAHHOTO IITaMMa (8) B MAKCUMAaJILHO JIEHTEPUPOBAHHOM Cpeie
IIpU HE3HAYUTEJIHbHOM YMEHBIIIEHUH POCTOBBIX XapakTepucTuk (puc. 2). Ha puc. 2 BUIHO, YTO B
OTJINYHE OT aJanTHPOBAHHOTO ImTamMMma (8), poct ucxomHoro mramma B. methylicum (6) B
MaKCHMAaJIbHOU JIeiTePUPOBAHHON Ccpejie MHIUOUpOBaJICs JleUTepUeM.

35 0,9
5
08 =
3 ]
0,7 m
b
. 2,5 06 =
T g
3 1]
s 2 05 &
5 &
1,5 i 048
:
103 @
1 s
02 &
I

0.5 0,1

0 0
0 10 20 30 40 50 60 70 80 90 100

Bpems BbipaluBaHus, 4

Puc. 2. lunamuku pocta B. methylicum (1a, 16, 18) u HakoruieHus L-¢penmnanannna B KoK
(2a, 26, 28) Ha cpemax M9 ¢ pa3TMYHBIM U30TOITHBIM COCTABOM: d — UCXOAHBIN IIITAMM Ha
IIPOTOHHUPOBAHHOMU cpesie M9; 6 — aganTupoBaHHBIA B. methylicum Ha MOJTHOCTHIO

leTepupoBaHHOU cpezie M9; 6 — HeaJamTTUPOBAHHBIN IIITAMM Ha ITOJTHOCTHIO IEHTEPUPOBAaHHOM
cpene Mo

O61eit ocobeHHOCTBIO OrocuHTe3a L-penmnanannua B H,O/2H,0O-cpemax Ob110 yBeTUUEHHE
€ro MpPOAYKIMH Ha paHHel ¢aze 5HKCIOHEHIMAJIbHOTO pocta B. methylicum, xorma BbIxof
MHKpPOOHOM Omomacchl ObLT He3HauuTesleH (puc. 2a—e). Bo Bcex ombITax HaO/II01aI0Ch
UHruOMpoBaHue OuocuHTe3a L-peHmmamaHHa Ha MO37HENH (aze HKCIOHEHIIMAIBLHOTO pOCTa U
CHHKEHUE ero KOHIIEHTPAIIMU B POCTOBBIX cpesax. COryiacHO JAAaHHBIM 110 MHUKPOCKOIIUYECKOMY
HCC/IEIOBAaHUIO PACTYIEH IMOMYJISIIIMA MUKPOOPTaHU3MOB, XapaKTep AUHAMWKH HaKOILUleHus L-
dbenmwnanannaa B KK He KOppesupoBasll € KauyeCTBEHHBIMH H3MEHEHUSMH POCTOBBIX
XapaKTepUCTUK HA  Pa3JIMYHBIX CTQAMAX POCTa, UTO  SBJSJIOCH  IOATBEPKAEHUEM
MOpPQOJIOTHYECKON OJHOPOAHOCTH MHUKPOOHOUW momysnsanuu. Ckopee Bcero, HAKOIUJIEHHBIA B
mporecce pocra L-deHmwranmaHnH WHrHOUpPOBaT (EepMEHTHI COOCTBEHHOTO IyTH OWOCHUHTE3A.
Kpowme Toro, mpu BbIpall[iBaHUH IIITAMMa MPpoAyileHTa 6e3 pH-craTpoBaHUs MOXKET IIPOUCXOIUTD
obpaTHOe TIpeBpalleHrne CeKpeTupyemoro L-eHunanianrHa B UHTEPMEIUATOPHbBIE COEAMHEHUS
ero OWOCHHTE3a, YTO OTMEUEeHO B JApyrux paborax [19]. OOcyxkmas MexaHU3M OHOCHHTE3a
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dennnananuHa, ciaeayeT OTMETHUTb, YTO OH CHUHTE3UpYyeTCA B KJIETKaX MHUKPOOPTaHU3MOB U3
00X TPeJIIeCTBEHHUKOB apOMaTHYeCKUX aMHHOKHCGIOT — docdoenonmupysara (PEP) wu
apuTpo30-4-docdara (E4P) uepe3 cragmu obpazoBaHus npedeHOBON KHCJIOTHI, KOTOpas Yepes
craauio obOpa3oBaHusA (GEeHWINHpPyBaTa IpeBpamaercss B (QeHWwIaJaHuH I0J[ IeHCTBUEM
KJIETOYHBIX TPaHCAMHUHa3 [20].

[2ZH]pennnananuH B YHCTOM BHE OBLT BBIZIEJIEH SKCTPAKIMENd JHOPUIN30BAaHHOU MPHU
10mMm pt. cr. KK wuzonmpomaHosioM ¢ mocjaeayioliedl IepekpucTauin3anyueil B STaHOJe
([*H]dbenunamanun 6bu1 Takke BbiZeneH u3 KWK meromom ob6pameHHo-(azoBoit BIKX co
CTEIIeHbI0 XpoMaTorpaduuecKor YUCTOTHI 97 % U BbIxozoM 85 %). JlaHHbIe 110 uccaenoBanu KK
meronoM TCX mnoxasanu, uto kpome ¢deHmnanannHa mramMm B. methylicum cunTe3upyer u
HakaruBaer B KK (Ha ypoBHe 5—6 MMOJIb/1) MeTabOJMYECKH CBA3aHHBIE AMHHOKHCIIOTHI
(amanuH, BaJMWUH, JIEUNWH/W30JIEUIINH), TPUCYTCTBHE KOTOPHIX IOATBEPKAAJIOCH Macc-
CIEeKTPOMeTPUYEeCKUM aHajIu3oM JY MeTWIOBbIX 3¢upoB N-pancuaxiaopuzseix (Dns)
IIPOU3BOAHBIX aMHHOKHUCJIOT, BblAeseHHbIX n3 KXK mrramma-npopyieHTa obpaineHHO-(ha30BoM
BIXKX.

UyBCTBUTEIBHOCTh Macc-CeKTpoMeTpuu JY NpU aHaIu3e JIeUTepUPOBAaHHBIX COeUHEHUN
cocrapiisieT 10°—10! MoJIb BemecTBa B Mpobe, YTO CYIIeCTBEHHO BBIIIE, YEM IIPHU UCIIOJIb30BAHUU
HK- u AMP-cnekTpockonuu. J[aHHBIA MeTO| B cOUeTaHUH ¢ obparmeHHo-Ga3oBoii BIXKX xopoiiio
3apeKoMeHIoBaJl cebs IS  HCCJIeJIOBAHUS YPOBHEH HM30TOMMHOTO OOOTAIleHUs MOJIEKYJT
aMHHOKHCJIOT B COCTaBe HX MYJIbTUKOMIIOHEHTHBIX CMeCed, KaKOBBIMH SIBJISAIOTCS OOpPa3IlbI
smodmnuzoBanHoi KIK, nmomydueHHbIe ¢ 1eiTepUPOBAHHBIX CPEJl, ¥ MOXKET OBITh UCIIOJIH30BaH 1A
aHaJIN3a aMUHOKUCJIOT JIFOOBIX IPUPOTHBIX OOBEKTOB.

N-Dns npousBOAHBIE AMHHOKHUCIOT IMOJyYaysi NpsAMON  00paboTkoil  06pasuoB
muodmnuzoBanHoil KK nmancwixiopuzom (DnsCl). Peakruio 3aMenieHuss aMUHOKHCIJIOT IIO
amuHorpynne DnsCl nmpoBoaniau B mesnoyHoi cpesie B npucyrersuu 2 M NaHCOs (pH = 9—10) B
BOZTHO-OPTaHUYECKOM pacTBopuTese (aleToH) B COOTHOIIEHUM JaHCUJIXJIOPU/I-AaMUHOKHUCIIOTA,
paBHBIM 2 : 1, wMac.%. Jlerydectp N-Dns-mpous3BOAHBIX AaMHUHOKHUCJIOT IIpU  Macc-
CIEKTPOMETPUYECKOM aHAJIN3€ IOBBINIAIN 3a CYET JOMNOJHUTEJIbHOU JIepUBATU3AIUHA IIO
KapOOKCWIbHOU rpymme (sTepuduranum) aua3oMeTaHOM. Bpibop amaszoMeraHa  Kak
ATepUPUIUPYIOIIETO peareHTa ObLT 00YyCJIOBJIEH HEOOXOAMMOCTBIO IIPOBENEHUS PpPeaKINu
aTEpU(PHUKAIINU B MATKUX YCIOBUAX, UCKIIOYAIONTUX U30TOMHBIN (*H—2H) 06MeH B apoMaTHYeCKOM
(bparmenTe MoJieKyJIbl heHUIATTaHUHA.

B macc-cniektpe 9Y MmerunoBoro a¢upa N-Dns-dennnananmnna, IoKa3aHHOTO HA PUC. 4, I7ie
HCIIOJIB30BAJIM OOBIUHYI0 BOAY W METAaHOJ, KaK IPAaBUJIO, YETKO JEeTeKTHUPYeTCs MUK
MOJIEKYJIAPHOTO MOHa MeTuiaoBoro adupa N-Dns-dbenmnananvaa (m/z = 412). Iluk aMUHHOTO
¢dparmenTta A (Mm/z = 353) UMeeT HEBBICOKYIO NHTEHCHUBHOCTb, & UK AaMUHOAIIUIIBHOTO parMeHTa
B (m/z = 381) — kpaiiHe HU3KYIO WU BOOOIEe OoTCyTCTBYyeT (puc. 4). Kpome BbIIe0003HAYEHHBIX
IIUKOB, B Macc-ciekTpax JY merwnoBoro sdupa N-Dns-¢peHumnasnaHuHa QUKCUPYIOTCA MHUKU C
MAaCCOBBIMHU UHCJIAMU M/Z = 250, 234, 170, KOTOPbIE COOTBETCTBYIOT JJAHCUJIBHOMY (pparMeHTy U
IIPOAYKTaM ero pacmaza jno N-aumerwiamuHoHadTanuHa. Hapsany ¢ deHmiasaHuHOM U ero
JIeUTEpUPOBAaHHBIM QHAJIOTOM B Macc-crekTpax dY MeTHa0BbIX 3¢upoB N-DnsS-aMHHOKHCIIOT B
cocrabe KK mramma mnpoayneHTa (QUKCUPOBAINCh UKW MOJIEKYJIIPHBIX HOHOB (M™)
COMYTCTBYIOIIIUX AaMUHOKHCIOT — amaHmHa (M/z = 336), BaymHa (M/z = 364) wu
sednuHa/u3onennuHa (M/z = 378), pparmeHTanys KOTOPHIX METOZOM MacC-CIIEKTpoMeTpuu JY
MO3BOJIAAIT TPOBOJUTH MAacCC-CIIEKTPOMETPUYECKHUH MOHUTOPHUHT aMHHOKHCJIOT B COCTaBe
nHTaHKTHBIX KOK mrramma-nipo/iyieHTa, cofepskaiix CMeCd aMUHOKHUCIOT U APYTUX META00JIUTOB
CpeJibl /10 CTa/INU UX XpoMaTorpaduuecKoro paszieyieHus.
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Puc. 4. Macc-cuektp 9Y MeTuioBsix 3¢upoB N-Dns-amuHokucsior u3 KK B. methylicum nocse
00pabOTKU JAHCUWIXJIOPUIOM U IMa30MeTaHOM U pparmeHTanus MeTusaoBoro a¢gupa N-Dns-
(pennnananuna merosom JY. Ycsi0BUA BhIpaliuBaHus: 2 % MetaHos U HoO (KOHTposbHbIE
ycstoBus). CUMBOJIaMH aMUHOKUCIIOT 0003HaYeHbl MUK MOJIEKYJIIPHBIX HOHOB (M*) METHIIOBBIX
a¢dupoB N-Dns-amuaoKkHC/I0OT. UHTEHCUBHOCTH TUKOB IIpUBe/ieHa B %.

KonTposp 3a BrIOUeHUEM AelTepus B Mosekyny [2H]dpeHmnananmHa 3a cueT KOHBepCUU
JleiTepoMeTaHoJIa IIPU POCTe OAKTEpU B cpefie, CoAepIKaIled 0ObIYHYI0 Boy U 2 % [2H]meraHomn
(COOTBETCTBYIOT OIBITY 2, Ta0JI. 1) TOKA3aJI HE3HAUUTETHHOE KOJTUUECTBO JIEUTEPH S, IOCTYIAOIIEe
B MoOJIeKyy deHnnasannHa BMecTe ¢ yriepoaom C2H3;O2H. YpoBeHb JedTepHPOBAaHHOCTHU
denmranannHa GBI BBIYKCIIEH MO BequunHe MUKa M* (M/z = 413) 3a BbIUETOM BKJIaJla MHKA
MIPUMECH PUPOJHOTO M30Tomna AerTepus (He 6osee 5 %). [loyuyeHHBIH pe3ysIbTaT O0BACHIETCS
pasbaBiieHrEeM JielTepueBOM METKH 3a CUET MTPOTeKaHUs OMOXUMUYECKUX ITPOIECCOB, CBA3AHHBIX C
pacnmagom C2H3;O2H mpu ero acCUMWIAIIUM KJIETKOW, TaKk U peaknuaMu uzotomHoro (H—2H)
obmeHa u gucconnanuu B 2H,0. Tak, u3 yeTbipex aToMOB JielTepust B Mmosiekysie C2H302H, numib
OJIUH aTOM JieHTepus MpU TUAPOKCWIbHON O?H-rpynme caMblii HMOJABHKHBIA U IO3TOMY JIETKO
JIUCCOIIMUPYeT B BOAHOH cpenie ¢ obpazoBaHueM C?HsOH. Tpu ocraBuiuxcs atoma JedTepus B
mosiekysae C2Hz;OH BxoaAT B nukiI pepMEHTATUBHOTO OKUC/IEHUS METAHOJIa, KOTOPBIN IPUBOJUT K
ToTepe IEUTEPUEBON METKH 3a CUET 0Opa30BaHUSA COEUHEHUN 00JIee OKUCIEHHBIX, YeM METAHOJI.
B uactHOCTH, Takoe BKJIIOUEHHE JelTepus B MoJiekyay [2H]deHwmnanmanwmHa IOATBEPIKIAET
KJIACCHYECKYI0 cxXeMy (epMEHTaTUBHOTO OKHCJIEHUs MeTaHOJa 70 (opmasbpaeruzia B KJIETKax
MeTHJIOTPO(OB, KOTOPBIH IOCIE 3TOTO ACCHMIJIMPYETCSA Y JAHHOTO IIITaMMa METHUJIOTPO(HBIX
6axtrepuit PM®-nytem pukcanuu yriepoaa.

buocuHTeTHUECKN CUHTE3UpPOBAHHBIN [?H]dpeHmnasanuH, IOJydeHHBIM Ha cpeaax c
pasynnuHOW KoHImeHTpanued 2H>0O, mpezacraBiasysi cobOW cMech W30TOITHO3aMeEIeHHBIX (opm
MOJIEKYJI C PA3JIMYHBIM KOJITMUECTBOM aTOMOB BOJIOPO/Ia, 3aMeIlleHHbIX Ha JerTepuii. [loaTomy nuk
MOJIEKYJISIPHOTO MoHa ¢eHmIasannHa (M*) mosmMop¢HO pacHeIIsiyics Ha OTAEeIbHBIE KIacTepPhl
C IPUMECHI0 MOJIEKYJI CO CTATUCTUYECKUM HaOOPOM MACCOBBIX UHCET M/Z ¢ pa3JITMIHBIM BKJIAJIOM B
CYMMapHBI YPOBEHb JAEeUTEPUPOBAHHOCTH MOJIEKYJIbl. Ero pacyeT MpoBOMMIICA O YCPEAHEHHOU
BeJIMUMHE Hanbojiee WHTEHCHBHOTO THUKA MOJeKyJaspHoro woHa (M*™) (mmk ¢ HaubOJIbIIAM
BKJIaJIOM B YPOBEHb J€UTEPUPOBAHHOCTH), 3aPETHCTPUPOBAHHBIM B JAHHBIX YCJIOBUAX Macc-
cuektpomerpoM. Tak, u3 Macc-cuekTpa JY MeTunoBbIX 3¢upoB Dns-[?H]amunokucior KK,
MOJ[yYeHHOU CO cpenpl, coaepxameid 49 % 2H,O (puc. 5) BHUAHO, UYTO MOJIEKYJIA
[2ZH]pennnananuHa COAEPKUT IIECTh H30TOIMHO3aMEIIEHHBIX (OPM CO CpPeIHUM 3HAYEHHEM
BEJIMYMHBI TTUKA MOJIEKYJIApHOTO HoHa (M*) ¢ m/z = 414, KOTOPBIH BO3PACTAET 110 CPABHEHUIO C
KOHTPOJIbHBIMHU ycsioBusiMU (puc. 4, (M* ) ¢ m/z = 412) Ha 2 eAUHUIBI, T. €. 27,5 % OT 0OOIIETO
KOJIMYeCTBa aTOMOB BOJZIOPOJIa B MOJIeKyJle 3aMellleHbl Ha JedTepuil. YPOBHH BKJIIOUEHUS
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JledTepusi B MOJIEKYJIBl COIyTCTBYIOIIUX (eHHIaJlaHUHYy aMUHOKHCIOT — ajlaHWHA, BaJMHA U
JIeHIHA/M30/IeHINHA, PACCUNTAHHBIE 110 PA3HUIE BEJIUYHH ITMKOB MOJIEKYJISAPHBIX HOHOB
JIeNTEPUPOBAaHHBIX M MIPOTOHUPOBAHHBIX ITPOU3BOIHBIX, cocTaBUIU 3 (50 %), 4 (50 %) u 5 (50 %)
aTOMOB JiedTepusi cooTBeTcTBeHHO. OOiyacTh Macc-criektpa JY co 3HaveHmsamu m/z 90-300
COOTBETCTBYET MPOAYKTaM JAEePUBATH3AIMN METAaO0O0JIUTOB POCTOBOHM CpeAbl JAHCHIXJIOPHUAOM U
nnazoMeTaHoOM. Hu3KoWMHTEHCUBHBIA MUK M/z = 431, 3adUKCUPOBAaHHBIA B Macc-criekTpe JY u
MIPOSIBJIAIOIINIACA BO BCEX OMBITaX, COOTBETCTBYET MPOAYKTY IOTIOJHUTEIHBHOTO METHJIUPOBAHUSA
[2ZH]pennmnananmua mo o-NH-(Dns)-rpynme. IImk m/z = 400 (puc. 5) OTBeYaeT MPOIYKTY
oTmlervieHuss MeTwibHOU CHa-rpynmnsl OT JleliTepupoBaHHOro MetwiaoBoro 3sdupa N-Dns-
[?H]denunananuHa.
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Puc. 5. Macc-cextp 9Y metmwioBbix 3¢pupoB N-Dns-[2H]amunokuciot 3 KK B. methylicum pu
BBIpAIUBAHUH B cpeJie, coAepkalneii 2 % [2H Jmeranon u 49,0 % 2H,O0.

AHaJIOTUYHBIN PE3yJIbTaT IO CIeU(pUUECKOMY YBEJIMUEHUIO YPOBHEN BKIIIOUEHUS JIEUTEPUS
B MOJIEKYJy (peHMIasIaHHA HAOJII0AJICA BO BCEX OIBITAX, I/le UCIIOJIb30BAN YBETMUHBAIOIINECS
koHneHTpanuu 2H,O B cpeze. [Ipu BeipammBanum B. methylicum B cpene, conmepskaieit 73,5 %
H,O B Mmosekyny [?H]penunnanaHnuHa BKJIOYaeTcsd 4eTbIpe artoMma aAeilrtepus (50 % aToOMOB
BOZIOPO/Ia B MOJIEKYJIE), O UEM CBHU/IETEJILCTBYET IIPUCYTCTBHE B Macc-CIIEKTpe Y MEeTUJIOBBIX
apupoB N-Dns-[?H]benunanmannaa n3 obpasma KK B. methylicum, mosyuenHo#l Ha cpeze ¢
73,5 % 2H>0 (puc. 6) nmuka MOJEKYIAPHOTO HOHA MeTHaoBoro 3¢upa N-Dns-[?H]dpennnananmnua
M+, m/z = 416) (Bmecto M*, m/z = 412 B KOHTPOJIbHBIX YCJI0BUAX (puC. 4)). B monexysb
conyrcTByromux [2H]amuuokuciaor — [2H]ananuna, [2H]Banmuua u [2H]neinuna/[2H]usoneiiuaa
B OTUX YCJIOBHAX BKIIOUWINCH TPU (55 %), dyeThipe (50 %) u maAth (50 %) aToMOB JedTepus
coOoTBeTCTBEHHO. OUEBHUTHO, UTO BBIIIEOOO3HAYEHHBIE ATOMBI JeUTEPHUS BKIIOUUINCH B MOJIEKYITY
denmnananuHa 3a cuer mpoiecca 6uocuHTe3a de NOvo, T. €. MO YIJIEPOAHOMY CKEJIETY MOJIEKYJIBI.
K sierko o6MeHHUBaeMbIM OTHOCSITCS IPOTOHBI (JledTepoHbl) mpu retepoaromax B NHz- 1 COOH-
rpymnax [2H]aMUHOKHCIOT, KOTOPbIE 3aMEIA0TCA 3a CUET JIETKOoCcTH aucconuanuu B H,O (2H20).
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Puc. 6. Macc-ciiektp Y MeTtusnoBbix 3¢upos N-Dns-[2HJamunokucaor uz KXK B. methylicum mpu
BBIpAIIUBAHUHU B Cpefie, cozepkarei 2 % [2H]meranoi u 73,5 % 2H-0.

Bo Bcex ombITax HAOJIIO/IAJIOCH TPOIOPIIMOHAJIBHOE BO3pAaCTaHHE YPOBHEN HW30TOITHOTO
BKJIIOUEHHs JedTepuss B Mosekyay [?H]dpeHwrananmHa W MOJIEKYJIBI  COIYTCTBYIOIIUX
[2H]denunananuny [2H]aMUHOKHCIIOT HIpU CTYIIEHYATOM yBEJHUYEHHH KOHIIEHTPAIMH TSXKEeJION
BOJIBI B POCTOBBIX cpezax (Tabui. 2). Kak 03Kuzjaioch, ypOBHH BKJIIOUEHHUS JEUTEPUS B MOJIEKYJIBI
MeTabosmuecku Osm3kux [2H]aMuHOKHCIOT ceMelicTBa nmupyBata — [?H]amanuna, [2H]Basuna u
[°H]nelinuua mpu oJiMHAKOBBIX KOHIleHTpanusax 2H,O B POCTOBBIX cpefiaXx KOPEJUTUPYIOT MEXKIY
coboii. Takoii pe3yabTaT 3aUKCUPOBAH BO BCeX N30TOMHBIX 3KclepuMeHnTax ¢ 2H,0 (Tabs. 2).

Tabauuya 2
YpoBHHU BEiIIOUeHu4 aentepus (%) B MoJieKyJabl Cekperupyembix [?H]amunokucaor

B. methylicum* (maHHBIE MOIyUY€eHBI /IS METUJIOBBIX 3(PUPOB
N-Dns-[2ZH]aMHHOKHCJIOT)

[2H]amuHOKHMC/IOTA Conepxkanue 2H,0O B cpenie, 00.%**

245 49,0 73,5 98,0
Astanun 24,0+0,70 50,0+0,89 55,0+0,83 55,0+1,13
Basiuu 20,0+0,72 50,0+0,88 50,0+0,72 62,5+1,40
Jlel1yH/u301eHIuH 20,0+0,90 50,0+1,38 50,0+1,37 50,0+1,25
denntalaHuH 17,0+1,13 27,5+0,88 50,0+1,12 75,0+1,40

* IIpu mozicueTe YpOBHS JIeHTEPUPOBAHHOCTH IIPOTOHBI (ZledTepoHbl) Tpu KapbokcuabHbIx COOH-
1 NH>-rpynmnax aMMHOKUCIOT HE YYUTHIBAJIUCh U3-3a JIETKOCTU n3oTonHoro (\H—2H) obmeHa.

** JlaHHBIE TIO BKJIIOUEHUIO JIeUTEpUs B MOJIeKyabl [2H]aMHHOKHCIIOT TpUBENEHBI IMIPHU
BeIpanuBanuu B. methylicum na BogHbIX cperax M9, conepskamux 2 % [2H]MeTraHos 1 yKa3aHHOE
xosmmuecTtBo (%) 2H-0.

B ycioBusx aykcoTpodHOCTH II0 JIEHIIMHY, KOTOPBIH JI00ABJISJIM B POCTOBBIE CPEABI B
IIPOTOHUPOBAHOM BHJle, YPOBHU BKJIIOUEHHUS JIEUTEpUs B MOJIEKY bl [2H ]aMUHOKHCIOT ceMelcTBa
MUPyBaTa, K KOTOPHIM OTHOCUTCS aJIaHWH, BaJIMH U JICHIIMH HUKE, YeM 1 peHnnamanuHa (tabJr.
2). OrMeyeHHasT OCOOEHHOCTh OTYETJIBEEe BCETO IIPOSIBJISIETCA HA Cpefie ¢ MaKCUMAaIbHOU
koHIeHTpanue 2H»>O. J[aHHBIN pe3ysbTaT MOATBEPAWII PHUC. 7, IJle MOKa3aH Macc-ciekTp Y
MeTHJIOBBIX 3(pupoB N-DNs-aMUHOKHCIIOT IIPU BhIpaluBaHuu Oaktepuii B. methylicum B cpene c
2 % [2H]meranosiom u 98 % 2H,0. BesmumHa muka MOJIEKYJIAPHOTO MOHA METHUJIOBOTO 3¢dupa
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N-Dns-[?H]benunananua (M*, m/z = 418) yBenuuuBaercs IO CPaBHEHUIO C KOHTPOJIbHBIMU
yesopusamu (M*, m/z = 412, puc. 4) Ha IIEeCTh €IUHUI], YTO COOTBETCTBYET 3aMEIEHUI0 75 %
aTOMOB BOJIOPOJIa HA JeUTepuil OT OOIIero KOJMYECTBA AaTOMOB BOJOPO/IA B MOJIEKYJIE
[‘H]pennnananmua. B ornuume ot [?H]beHmnasanvHa YpOBHU BKJIIOUEHUS JeHTepus B
[2H]ananun cocraBuwiu 3 (55 %), [2H]Banun — 5 (62,5 %), B [2H]newnun/[2H]uzonelinun — 5
(50 %) aromoB aenitepus. Takum o6pas3om, B oTinuue oT [2H]bennnanrannaa, ypoBHI BKIIOYEHUS
nevitepuss B comyrcrBylomue [2H]benwnananuny [2H]aMUHOKHCIOTBI — aJlaHWH, BaJIMH U
JIEHIIUH/U30JIEUIUH COXPAHAIOT CTAOMILHOE ITOCTOSTHCTBO B IIIMPOKOM HMHTEPBaJIE KOHIIEHTPAIIMI
2H,0: ot 49 % 1o 98 % 2H,0 (tabxa. 2). [Tuk M/z = 432, 3aUKCUPOBAHHBIN B Macc-CIieKTpe Y
MeTwI0BBIX 3dupoB N-Dns-[?’H]amunokucior KX Ha puc. 7 COOTBETCTBYeT MPOAYKTY
JIONIOJTHUTEJIbHOTO MeTwyinpoBanus [?H]dennnananuna no a-NHz-rpynme. Kpome aroro, B mace-
cuexktpe JY dukcupyerca HIUK oborameHHOro JedtepueM OeH3uwibHOTO CsHsCHz-dparmenra
MoJtekystbl [2H]benwrtananuaa ¢ m/z = 97 (BMecTo m/z = 91 B KOHTPOJIE), UTO YKA3bIBAET HA TO,
YTO MeCTaMH JIOKajiu3anmuu 6 aToMoB JedTepus B Mosiekysne [2H]dbenmnasmanuHa SABIAIOTCA
nosnoxxkenuss C1—C6 apomarnueckux mpoToHOB B OeHsmibHOM CsHsCH-dparmenTte. 13 macce-
CHEKTPOMETPHUYECKUX JTAHHBIX CJIEZyeT, YTO MPH APYyrux KoHneHTpanusax H,O nmeiTepuil Takxke
BKJIIOUaeTcd B  apoMaTuyeckoe Koo [?H]denwranmanmHa, Tak Kak MeTabOIU3M
azantupoBaHHOro kK 2H>O mramma B. methylicum He niperepneBaeT cyiiecTBEHHBIX U3MEHEHUU B
2H,0. IlosiyyeHHBIN pe3yabTaT BaXKeH /JjiA ero JajbHENIIero UCHOJIb30BAaHUA B MEAUIIMHCKOU
JINAaTHOCTUKE, T/le HeoOXOAUMO UCHO0Ib30BaTh [2H]aMHUHOKHCIOTHI C BBICOKUMH YPOBHSIMH
H30TOITHOTO OOOTaIeHus.
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Puc. 7. Macc-criextp 9Y metusoBbix a¢upos N-Dns-[?H]Jamunokuciot uz KK B. methylicum npu
BBIpAIIIUBAHUHU B Ccpeie, copepkareit 2 % [2H]meranos u 98 % 2H,0 (MakcumMasbHO
JleiTeprpoOBaHHAas Cpejia).

CyMMuUpysl TIOJIydeHHbIE JIaHHBIE II0 YPOBHSAM BKJIIOUEHUS] JEHUTEepUsA B MOJIEKYJIbI
[2H]penmnananmua u comyrcrBytomux [2H]denmnananuny [2H]aMUHOKHCIOT, MOXKHO C/I€JIaTh
BBIBOJI O COXpDAaHEHHWU MHWHOPHBIX IIyTeHd MeTaboJiM3Ma, CBSI3aHHBIX C OMOCHMHTE30M JIEHIIMHA U
MeTabOJIMYeCKH POJICTBEHHBIX C HUM aMHUHOKHCJIOT CEMEHCTBA MHUpyBaTa — aJlaHMHA U BaJIMHA,
YPOBHH JIEUTEPHUPOBAaHHOCTH KOTOPHIX B IIpeJieiax OJIMHAKOBBIX KOHIleHTparui H,O HaxonmsTes B
kopetAuy  (peHunalaHMH ~ OTHOCHTCA K  CEMEHCTBY apOMaTUYECKHMX aMHUHOKHCJIOT,
CUHTE3UPYEMBIX U3 IIIMKUMOBON KUCJIOTHI). [IpyruM o0bsicHeHHeM HabsrromaeMoro addexra, ecou
IPUHATh BO BHUMAaHUE IIPOUCXOXKAEHWE JIEHIMHA W W30JIeHIIMHA 110 Pa3JIUYHBIM IIyTAM
OmocuHTe3a (M30JIEHIIMH NPUHAJJIEKUT K CEMENCTBY acliapTaTa), MOXKET OBITh ACCHUMUJIAIUSA
KJIETKOH HEeMeUYeHOro JIEHITMHA W3 POCTOBOU cpefibl Ha (oHe OwocuHTe3a [2H]uszoneinuHa de
Nnovo. YUUTHIBas 5TU JIaHHBIE, CJIEJyeT MOAYEPKHYTh, YTO JJIA JIOCTHKEHHSA 00Jjiee BBICOKOTO
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YPOBHS JIEUTEPUPOBAHHOCTH KOHEUHOTO IPOJYKTa OMOCHHTE3a HEOOXOAMMO KOHTPOJIMPOBATH
HU30TOIHBIN COCTaB POCTOBOU CPEbI U UCKJIIOUUTD BCE NCTOYHUKU JIOTIOJTHUTETbHBIX TPOTOHOB.

3axroueHue.

B pesysibTaTe MCHOJIB30BAaHHOTO B paboTe CEJIEKIIMOHHOTO IOJIX0/a YAAJIOCh aallTUPOBATh
L-dbeHUNTAIAaHUH TPOAYIUPYIOIIUN IITAMM a3pOOHBIX TPAMIIOJIOKHUTEIBHBIX (DaKyJIbTaTUBHBIX
MeTHIOTPOGHBIX 6akTepuii B. methylicum k BeicokoMy copepskanuio 2H,O B pocTOBOM cpezie A1
MIPENapaTUBHOTO MHKpPOOHOJIOTHYecKoro cuHTe3a [2H]beHmnasanvHa pasjMyHOTO YPOBHA
JeHTepUPOBAaHHOCTH,  BKJIIOYAs  MakCHMaJIbHO  JedTepupoBaHHbI  [2H]dbeHunnasaHuH.
[IpenmymecTBaMu JaHHOTO INTaMMa JUisi cuHTe3a [2H]dbeHwnasaHuHa SBJISAIOTCA — €ro
yJIydllleHHbIEe  pPOCTOBble U  OHOCHHTETHYECKHE  XapAaKTEPUCTUKA HA  MaKCHMAaJbHO
JleUTepUpOBaHHOU cpefile. 3a CUeT ero WCIOJb30BAaHUA YAAJIOCh BBIIEJUTH 0,65 T YHCTOTO
[2H]dbenwnananuna (75 % 2H) u3 1 J1 MaKCUMAaJIbHO J€ATEPUPOBAHHOU CPEIBI.
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aCCUMWJINPYIOIIUX METAaHOJ M0 Pudyso3o-5-moHodocharnomy (PM®DP) nuxiay acCUMHUIIAINN
yIJIEpO/ia OCYIIECTBJIEH IIpEmapaTUBHBIE MHKPOOHMOJIOTUYECKUN CHHTE3 (peHWIalaHuHA |
MeTabOJIMYECKH CBA3AaHHBIX C HHUM AaMUHOKHUCIOT (QJIaHWH, BaJIMH, JIEHIIWH/U30JIEHIIUH B
KOJIMYeCTBe 5—6 MMOJIb/J1), MedeHHbIX aeditepueM (2H). IIpencraBsieHbl JaHHBIE MO afanTallly
mramMa B. methylicum k MakcuMasIbHOUM KOHIIEHTpAIlUM JIENTepUs B cpefie KyJIbTUBUPOBaHUA M9
c 98 % 2H,O m 2 % [?H]meranonom u OwuocunTe3y [2H]beHunasannHa pasHOTO YpPOBHA
JIeUTepUPOBAaHHOCTU. Pa3pabOTaHHBII METOJ] MHUKPOOHMOJIOTHYECKOTO CHHTE3a II03BOJISIET
noiay4yath [?H]peHwnananuH pasHOro YpOBHA JIeHTEPUPOBAHHOCTA B 3aBHCUMOCTH OT
koHneHTpanuu H,O B pocToBhIX cpemax Mo: ot 17 % (2 aroma fgeiitepus) (Ha cpefe ¢ 24,5 %
2H,0) no 75 % (6 aTtomoB geitepusi) (Ha cpeme ¢ 98 % 2H,0) ¢ BKIIOUEHUEM JEUTEPHUS B
6ens3unbHbll  CeHsCHz-dparmMeHT  MoOJIeKysibl, 4YTO  IOJATBEPKJIEHO JIaHHBIMH  Macc-
CIEKTPOMETPUYECKOTO aHajau3a 3JeKTpoHHoro yzaapa (JY) werwnoBeix 3¢upoB N-
(mumeTmiamuHo)HadTaIEH-1-CyTbOOHMIT XJIOPUTHBIX (maHCUITLHBIX) MIPOU3BOHBIX
[2H]benunananuna, BoiziesieHHbIx n3 KK mramma-nposiyrieHTa nociie pasaenenus merogom O@
BIXKX.

KiaroueBsie ciaoBa: Brevibacterium methylicum; L-bennnananus; 6HMoCUHTE3; TsXKeasd
BOJIa; Macc-cruekrpomerpusd JY; OP BIOXKX.
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Linen Fire as Biosorbent to Remove Heavy Metal lons
From Wastewater Modeling

lldar G. Shaikhiev
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Abstract. The possibility of using linen fires — Inopererabotki waste as a sorption material
for the extraction of heavy metal ions from wastewater modeling. It is shown that treatment with
acid solutions linen fires a low concentration increases the surface area of linen fires and thus
sorption capacity for heavy metal ions. The values of the maximum sorption capacity ions Fe (111),
Co (1), Ni (1) and Zn (11) under static and dynamic conditions. IR spectroscopy shows that along
with the physical sorption process proceeds chemisorption.

Keywords: linen fire; heavy metal ions; removal; acidizing; sorption capacity.

BBenenue.
B nocnennee Bpems B Poccuu U B MHUpe UHTEHCUBHO pa3BUBAeTCs HOBOe HAIIpaBJIEHHE B
obylacT OXpaHbl OKpY’KaIoIIeld Ccpebl — WCIOJIb30BaHHE OTXOJI0B IPOMBIIIEHHOTO U

CEJIbCKOXO3SIMCTBEHHOTO IIPOU3BOJICTBA, a TaKXKe 3€JIeHOM U BBICYIIEHHOW OWoMacchl  JJIA
ylaJIeHUs] TOJUTIOTAHTOB W3 NPHUPOJHBIX M CTOYHBIX BOZ [1-10]. IIpoaykTtsl, obOpasymoimuecs B
pe3ysbrare IepepabOTKU MPUPOJHOTO CHIPbS, HMMEIOT BO300HOBJISAEMYI) MHOTOTOHHAXKHYIO
CBIpbEBYI0 0asy, fzemieBbl U 3(pdekTuBHBI. VX HCIOIB30BaHME IO3BOJISIET PEIIaTh JABOMHYIO
MIPUPOAOOXPAHHYIO 33/1aUy — IEPEBOJ] OTXO/IOB IIPOU3BO/ICTB B Pa3psi/i BTOPHYHBIX MAaTePHATbHBIX
PeCypcoB M WCIIOJIb30BaHUE JJIA OYUCTKH BOJHBIX CpeJ] OT IOJUTIOTAHTOB. Omy0JIMKOBaHO
3HAUHUTEJIbHOE KOJIUYECTBO paboOT 10 WCCIENOBAHUIO IEJUTI0JIO30COAEPIKAIIIUX  OTXO/IOB
cesIbX031epepaboTKi B KauecTBe COPOIIMOHHBIX MaTepuasioB i yJajJleHUus HOHOB TSXKeJIBbIX
MetasuioB (M TM) u3 3arpsi3HEHHBIX BOJI.

B mocsiesiHMe TOBI HAMETUIICA POCT MTPOM3BOJICTBA U MepepabOTKU JIbHA, Kak B Poccuiickoi
denepanuu, Tak U BO BceM Mupe. J[aHHOe OOCTOATENTBCTBO OOYCIJIOBJIEHO, MPEXKE BCETO,
MIOBBIIIIEHHBIM UHTEPECOM K IIPOU3BO/ICTBY U MOTPEOIEHUIO JIbHAHBIX TKAHEH U OJI€3K/Ibl, KOTOPBIE
00J1aJIal0T TOBBIMIEHHBIMH 5KOJIOTUYECKUMH ¥ SKCIUIyaTAallMOHHBIMHM  XapaKTEPUCTHUKAMU.
ITo muTepaTypHBIM AaHHBIM [11] B mocyiemHue roabl B Poccuiickoii Penepamuu IMOCEeBHbBIE
IUTOIIAY JIbHA-JIOJITYHIIA COCTABJISIOT MPUMEPHO 110 THIC. Ta, MPU 3TOM BaJOBOH cOOp JIbHA B
mmepeBoZile HAa BOJIOKHO cOCTaBisieT 56 Thic. T. Ilpm  mepepaboTKe TpecTsl HaA
JIbHOTIEPEePAbATHIBAIOIUX 3aBOZaX oOpasyeTcsi MHopsAka 110 ThIC. T JIBHAHOW KocTphl (JIK)
exxeroniHo. OCHOBHAsA 71011 MIPOM3BO/ICTBA U IIepepaboTKHU JjbHA (OKOJIO 70 %) NPUXOAUTCA Ha
Lentpanpubiii u 3ananHo-Cubupckuil paiionsl Poccuu. B gaHHO! paboTte wucciaenoBayiach
BO3MOXKHOCTh yJlajieHuss koctpolli WTM u3 MoJiesIbHBIX BOJIHBIX PAaCTBOPOB U yBEJIUYEHUA
COpOIIMOHHON €MKOCTH IyTeM 00pPabOTKH pacTBOPaMH CEPHOM KHCJIOTHI MaJIOH KOHIIEHTPAIIHH.
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Marepuajibl 1 METObI HCCAETOBAHUA.

1. CtpoeHue crebuia apHa. Ha monepeuHom cpese cTebs JIbHA-A0ATYHIIA (PUC. 1) MOXKHO
Ha0JII0/IaTh HAPYKHBIA CJIOM-KOXKHUITY (SMUZEPMHC) 1 ¢ HMOBEPXHOCTBHIO, MOKPBHITOM IJIEHKOM,
MIPOITUTAHHON BOCKOOOPa3HBIMH BelllecTBaMHU (KyTUKYJIa) 2.

Puc. 1. Ctpoenue crebJis ibHa (cpes):

1 — koxkura (AIUAEpPMIC),

2 — KyTUKYJIA,

3 —Kopa,

4 — 1yOOBOJIOKHUCTBIE ITyUKH,
5 — mpoBoAANIAA TKAHB,

6 — obpa3oBaTesibHasI TKaHb,
7 — IpeBecuHa,

8 — cepaneBuHa,

9 — OJIOCTB.

Koxuma coCcTOMT W3 TUIOTHBIX COCYAUCTBIX KJIETOK C YTOJIIIEHHBIMU cTeHKamu. Kopa 3
pacIoJiokeHa HEIOCPEACTBEHHO MO/ Koxkutlel. Ee KIeTKH 4acTUYHO 3aIl0JTHEHBI XJIOPODUILIIOM.
JIy00-BOJIOKHHCTBIE TIYYKU 4 3aJIETal0T B TKAHAX KOPbl. OHU COCTOAT W3 TPYII dJIEMEHTapHBIX
BOJIOKOH C TOJICTBIMH II€JUTIOJIOBHBIMU CT€HKaMH, CKJIEEHHBIX MEXKJIy CO0OH CpeauHHBIMU
IUIACTUHKAMU W3 TEKTHHOB U JPYTHX KJIeAmux BemiecTB. [lo ¢opme sneMeHTapHbIE BOJOKHA
rpaHeHble U CKJIEeUBaHUE UJET MO IJIOCKOCTAM — IpaHAM BOJIOKOH. [IpoBojisiias TKaHb 5 COCTOUT
13 TOHKOCTEHHBIX y/IJINHEHHBIX KyIeToK. OOpa3oBaTebHAsA TKaHb (KaMOWi) 6 B BH/E OJHO- WU
JIBYXCJIOWHOTO KOJIbIIA JIEXKUT Ha TpaHulle ¢ papeBecuHout 7. CepiauneBuHa 8 BBICTUIIAET
BHYTPEHHIOIO 4yacTh crebsis. [losocTh 9 He 3amosiHeHa TKaHAMU. [I[pUMepHO TPETh MOIEPEYHOTO
ceyeHus cTebssa (MCKITI0Yas MOJIOCTh M CEP/IIIEBUHY) 3aHIMAIOT BOJIOKHUCTHIE M OKPY’KAIOIIHE UX
TKaHu. /[Be TpeTu 3amosiHEHbI ApeBecwHOU. [lo Macce 310 25 — 45 % ay0 m Ha 75 — 55 %
JipeBecrHa. JJIeMEeHTapHbIE BOJIOKHA JJIMHOW OT 2,5 710 120 MM OPHUEHTHUPOBAHBI BAOJIb CTEOJIs,
UMEIT 3a0CTPEHHYI0 ¢ 000MX KOHIIOB ()OPMY U BHYTPH 3aMKHYTBIH CO BCEX CTOPOH KaHAaJI.
CxyleeHHBIE TI0 TpaHAM 2JJIeMEHTApHbIe BOJIOKHA O00pPa3ylT ITyYKH TEXHUUYECKHX BOJIOKOH.
JJieMeHTapHbIe BOJIOKHA CABUHYTHI BJIOJIb ITyYKa WU UX YTOHEHHBIE KOHIIHI KaK ObI BKIMHUBAIOTCS
MEXKIy coceITHUMU. MecTaMHu BOJIOKHUCTBIE MyYKH (TEXHUYECKHE BOJIOKHA) CKJIEUBAIOTCA MEKIY
coboii, 00pasys ceTyaTyio CTPyKTypy (aHacToMO3).

B mpomecce MAThS M TpelmaHWsA BOJIOKHA MPUOOPETAIOT BHJ, JUIMHHBIX NpPsAAel, JJIHHA
KOTOPBIX MPUOJIU3UTEIPHO paBHA JJIUHE cTebsisA. YacTh BOJIOKOH IPU 3TOM OOPBIBAETCA WU
OTKAaJIbIBAETCS, CITyTHIBAETCS U MOMAJ[aeT B OTXO/IbI TPEIIaHUA.

Crebsin JTbHA TIPU BBIIEJIEHUH BOJIOKHA B IpOIeccax MATHhSA U TPEMaHUs pa3pylIaloTcs, a
OTHIAJIAIOIIHE OJ[pEeBECHEBEJIbIE YAaCTU 00Pa3yoT KOCTPy. Pa3zmepsl 3THX yacTHI] KOJIEOIIOTCA OT 1
JI0 10 MM IO JJIMHE, Yalle BCEero BCTPEYAIOTCSA YACTHIBl JUIMHOU MopsAfKa 5 MM. TosmmuHa
KoJsiebyieTcsi B Tipeniesiax 0,3-5 MM. Ilo xumuueckomy cocrtaBy JIK cxomHa ¢ JApeBeCHHOM.
W3 muTepaTypHbBIX JIAHHBIX U3BecTeH xumudecknii cocraB JIK, %: nemonoza — 38-40; aurauH — 23-
24; TEMUIIEJUTI0I03a — 14-15; IEKTHUHBI — 2-3; KOKCOBBIHA ocTaToK — 2-3 [11].

2. MeTOoaAuKHN IPOBEAEHUS SKCIIEPUMEHTOB. [[JI MTOCTPOEHUsI U30TEPM COpPOIMHU B
YeThIPHA/IIATh ILJIOCKOJOHHBIX KOJIO €MKOCTBIO 250 MJI IOMEIIaJUCh HaBECKU HCCIIEyeMbIX
obpasmnoB JIK mo 1 r. 3areM B KoJIOBI 3aJIMBAJIOCh IO 200 MJI PAaCTBOPOB, COJEPIKAIUX HOHBI
Fe(l11), Co(ll), Ni(1l) 1 Zn(Il) B KOHIEHTpanUAX OT 1 Mr/aAmM3 10 4000 mr/am3. JIiss UMUTATA
KHUCJIBIX TaJIbBAHOCTOKOB MOJIEJIbHBIE PACTBOPBI MOJKUC/ISJIUCH PACTBOPOM CEPHOUN KHUCJIOTHI JI0
noctmxkenusd pH = 3.

B mozenpHOU CB B KauecTBe 3arpsi3HEHUSA UCIOJIB30BAIHUCE: Fex(S04)3-9H20, ZnSO4-7H-0,
CoS04'7H20, NiSO4 7H,0. HaBecku cosielt Opaich C yUETOM KPHUCTAIU3AIMOHHOUN BOJIBI.

Konb6w1 ¢ HaxopAmuMucs B HUX HaBeckaMu JIK ¥ COOTBETCTBYIOIIMMHU PACTBOPAMH ILJIOTHO
3aKpbhIBAJIUCh MPOOKAMU U YHEPTUYHO BCTPSIXUBAJIUCH B TeueHUE 3 yacoB. 3ateM obpasipl JIK
yaansanauch GuiabTpanyed, a B QWIbTpaTax OIPENE/SUINCh OCTaTOUYHbIE KOHIIEHTPAIUU
BhIllIeHa3BaHHBIX UTM cOrJ1acHO CTaHAAPTHBIM METOIUKAM.
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KonnuectBo moHOB Mertasia, copbmpoBanHoe 1 r JIK (I) B Mr/r pacCuuThIBAIOCH IIO

dopmyne:

I'=((Co —Cy)-200)/ (1-1000), (¢))
rzie Co — UCXOAHAS KOHI[EHTPAIUsA NOHOB MeTasna, Mr/ame; C, — KOHeUYHasA KOHIIEHTPAI[Us HOHOB
Metasia, Mr/am3; 200 — 06beM pacTBopa, Mit; 1 — Bec CM, T; 1000 — Iepexoz OT MJI K M3,

Jlnsa usydeHus KuHeTHKU copbuuu UTM B CTaTHYECKHUX YCJIOBHUSX B IMATH IJIOCKOJIOHHBIX
KOJIO €MKOCTBhIO 250 MJI mnoMmernaauch HaBecku JIK mo 0,1 r. HaBecku BHOCHJIMCH WCXOJS W3
CoZleprKaHus COPOIMOHHOTO Marepuasia B KOJIMYECTBE 1 ' Ha AM3 KHIKOCTH. 3aTeM B KOJIOBI
MIPHUJINBAJIOCH 10 100 MJI MOJEJIBHBIX PAcTBOPOB, cojiep:karux uoHbl Co(l1), Fe(l1l), Ni(ll), Zn(11)
B KOHI[EHTpAIUH 100 MT/amS3.

Kos6pr ¢ Haxomammumucsa B HuUX HaBeckamu JIK u pacTBopamMu IIJIOTHO 3aKpBIBAJIUCH
MpoOKaMu U 5HEPTUYHO BCTPAXUBAJINCH Ha IIelKepax B TeUeHUE 3a/IaHHBIX IIPOMEKYTKOB
BpeMeHH: 30 MHH., 1 4ac, 2 Jaca, 3 4aca, 5 4acos.

3arem o6pasipl JIK oTduabTpoBbIBaINCh U B (GUWIbTPATaX OIPENEIANIUCh OCTATOYHBIE
KoHIleHTpauuu ucciaenyembix U'TM doTomeTpruueckuM MeTOOM.

Insa nusydenus kuHeTuku copbmuu WUTM B AUHAMHYECKUX YCJIOBUSAX B aJCOPOIMOHHBIE
KOJIOHKH HabmBasioch 10 5 T JIK u mpomyckascs pactBop ¢ koHueHTparueit nonos Fe(l11), Co(ll),
Ni(11) u Zn(ll), paBHOU 100 Mr/mM3. YcTaHaBJIMBAJICS ONIPEAEJIEHHBIA PACXOf] MPOXOXKIEHUS
mozensHoN CB uepes cioit JIK, paBHbIN 20 Mi1/MuH. Uepes onpesiesieHHbIE TIPOMEXKYTKHA BpEMEHU
OIpeZiesIsAJINCh OCTaTOYHbIE KOHIIEHTPAIIMU BBINIIEHA3BAaHHBIX MOHOB B BOJE, MPOIIEAIIEN yepes
CJIOHN peareHTa.

KosmuectBo U'TM, norsomenubix 1 r JIK (M) 3a onpeneseHHbI TPOMEKYTOK BpEMEHU B
JMHAMUYECKUX YCI0BUAX, OIIPE/IesIAIoch 10 GopMyIe:

M; =((Co — Cp)-v-1)/ (M-1000) , 2)
rae Co — uCxXoHasi KOHI[EHTpanusa HOHOB MeTasia, Co=100 Mr/am?3; C, — KOHEYHas KOHIIEHTPAIUA
HMOHOB MeTaJslia, Mr/ame; v — CKOPOCTh IIPOXO0K/IeHUS pacTBopa, v=20 Mi/MuH; m — Bec JIK, m=5
I'; T — UHTepPBaJI Ipo600TOOPa, MUH; 1000 — IePexo/t OT MJI K M3,

CyMMupoBaHHEM BcexX 3HaUeHUU M 3a 150 MUHYT OIPEZEIsAIOoCh 3HAaUeHNe MaKCUMaJIbHOU
COpPOITMOHHOM EMKOCTH HcceayeMbIx 00pa3nos JIK B 33/1aHHBIX OJITHHAKOBBIX YCJIOBUAX:

M =3 M

Pe3yspTaTrsl U 00CyKAECHUE.

[Toctpoennsie u3orepmbl copbuuu JIK mo orHomenuto k moHam Fe(III), Ni(ll), Zn(Il) u
Co(ll) B HeHTpasIbHOM U KHUCJIOHN cpesie MpUBe/ieHbl Ha pHc. 2. OUeBU/IHO, UTO B JJAHHOM CJIydae,
IIPUMEHUTEJIBHO K u30TepMaM copbuum HasBaHHbIXx WTM, cnpaBemsuB 3akoH l'eHpu, T.e
COpPOLIMIOHHASA €MKOCTh IIPONIOPIIMOHATIbHA KOHEYHOH KOHIIEHTPAIIM HOHOB METaJIa B PACTBODE,
YTO COOTBeTcTByeT u3orepmam C-tuna. MakcumasnpHas cop6ruonHas eMkocTh (I') pHAHOU
KOCTPHI 110 OTHOIIIeHHIO K moHaMm Co?*, Fed*, Ni?* u Zn?* oTHOCUTEIbHO HEBEJIMKA U COCTABJISET 50,
48, 55 U 45 MT/T B HEUTPAJIBLHOU CPEZIE U 45, 42, 29 U 52 MT/T B KHCJION CpeJie, COOTBETCTBEHHO,
IIpU MaKCUMaJIbHOU KOHIleHTpanuu ykazaHHbix ITM B pacTBope, paBHOUM 4000 Mr/amse.
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a) ——Fe(lll) —=— Co(ll) - - - Ni(ll) —= - Zn(I1)
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Puc. 2. N3otepmbl copbriuun UTM: a) B HEUTpaIbHOU cpefie, 6) B KUCIION cpefie

Haiineno, uro moust Co(l1), Fe(l11) u Ni(ll) umeroT 601ee HM3KMEe 3HaYeHHs Tapamerpa ' B
KUCJIOH cpenie, a moHbI ZN(l1) - B HEUTpasbHOMU.

Cnenyromuii stam pabOThl 3aKJIIOUAICA B ONpPeAeJeHUN KHUHETHKU yAaJleHUs

HCCIIEAYEMBIM COp6I.II/IOHHbIM MaTEPpHUAJIOM B CTaTHYECKUX YCJIOBUAX.
3HayeHusT ocTaTouHOW KoOHIeHTparuu WTM B MOjieIbHOM BOJie TOCJE 5 YacOBOTO
KOHTAKTa C UCCiIeAYEMbIM p€arcHTOM IIpDUBEACHBI B Ta6J’I. 1.

NUTM

Tabauya 1

3HauYeHHUA OCTATOUYHOM KOHIleHTpariuu UTM B MOieIbBHOM pacTBOpe
MOCJIe 5 YaCOBOT0 KOHTAKTAa C KOCTPOH

OcratouHast KOHIIEHTPaIUs OcraTouHasi KOHIIEHTPALUs
HUTM B pacTtBope, UTM B pacTBOpe,
NT™M 006paboTaHHOTO KOCTPOU B 00paboTaHHOTO KOCTPOU B
HEUTpaJIbHOU Cpeie B KHCJIOU CPeJIE B CTATHYECKUX
CTATHYECKUX YCIIOBUSAX, MT /M3 yCJIOBUSIX, MT /M3
Co?* 76 79
Fes+ 53,9 97,1
Ni2* 43,5 90,2
Zn2+ 60 26

Crenyomui 3Tall  SKCIIEpUMEHTAJIBHON pPabOThl 3aKIuascsi B H3YYEeHUM KHUHETHKU

ynanenuss UTM u3 HeUTpaJIbHBIX M KUCJIBIX MOJIEJIBHBIX PACTBOPOB B JUHAMUUYECKUX YCJIOBUSX.
[IpoBeileHHBIMU SKCIIEPUMEHTaMU HAHIEHO, YTO COpOIMoHHasA eMKocTh JIK mo OTHOIIEeHHUIo K
nonam Co?*, Fe3*, Niz* u Zn2* cocTtaBisier 20, 41, 38 u 13,4 Mr/AM3 B HEUTpaJIbHOH cpefie U 19, 18,
27 U 7,4 MT/AM® B KHCJIOH CpeJie COOTBETCTBEHHO. Pe3ysbTaThl WCCJIEIOBAaHUMN, ITPOBEIEHHBIX B
JIMHAMUYECKUX YCJIOBUAX, HECKOJIPKO OTJIMYAIOTCA OT JIAHHBIX, IOJIyYEHHBIX B CTAaTUYECKUX
ycsoBusx. OTMedeHO, YyTO COpOIMOHHAsA eMKOCTh ucciaenyembix ITM B HeUTpasbHOHU cpefe
BBIIIIE, YEM B KKCJIOH.

C 1esIbIO TIOBBIIIEHHUs COPOIIMOHHOM €MKOCTH KOCTPHI IO OTHOIIeHuio Kk UTM B maHHOU
paboTe wuccaeqOBANIMCh B KauvecTBe MOAMU(PUKATOPOB KOCTPHI PACTBOPHI CEPHON KHCJIOTHI.
[IpeanochUTKOH A1 XUMUYECKOH 00paboTKU cirykusia paboTa [12], B KOTOPOI C IeJIbI0 CO3/TaHUA
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3(dEeKTUBHOTO U JEIIEeBOTO CHIPbA JJIA OYHCTKU CTOYHBIX BOJ pa3paboTaH crocod CUHTe3a
dochopuokucioro kartuonura us JIK. Jljsi cuHTE3a HWOHUTOB WCIIOJIH30BaHA METOJIMKA
dochopunpoBanusa 11esTI070361  OpTOHOCHOPHONH KHUCJIOTOM B TMPHUCYTCTBUU MOYEBHUHBI.
OTMeueHO, B YaCTHOCTH, UTO MOJIyYeHHBIN (HOCHOPHOKUCTBINA KATHOHUT MOXKET ObITh 3 (HEKTUBHO
HCII0JIB30BAH JJIs1 OUUCTKU BOJIBI OT cosiel »kecTkocTy 1pu pH = 9 u ot U'TM nipu pH = 6-9.

B cBsA3M ¢ BBINIEN3IOKEHHBIM, OMPEAEIISINCH COPOIIMOHHBIE XaPAKTEPUCTUKHA MOJUDUKATOB
KOCTPBHI B 3aBUCHMOCTH OT KOHIeHTparmu H.SO4 (0,5 — 3 %) B pacTBOpe, ¢ KOTOPHIM KOHTaKTHUPYET
copOrroHHbIN Matepuas. HauasipHas koHneHTpanyst I'TM B pacTBope coctaBmia 300 Mr/aMS, BpeMst
BBIJIEP’KKU KOCTPBI B PACTBOPax KUCJIOT - 60 MUHYT. ['MCTOrpamMMBbl 3aBUCHUMOCTU COPOIIMOHHOU
emkoctu JIK o otHorenuio k uonam Co(11), Fe(l11), Ni(I1) u Zn(I1) oT KOHIIEHTpaIuX PaCTBOPOB
H.SO, mpuBesieHbI Ha pUC. 3, U3 KOTOPOTO BUHO, YTO 00paboTKa CepHOHN KUCIOTON MPHUBOJUT K
3HAUYUTEJIbHOMY YBEJIUYEHHUI0 COPOIIMOHHON €MKOCTH II0 OTHOIIEHWI0 K HhoHam Fe3t u Zn?*
He3HauuTeJIbHOMY — K HOHaM CO02" U CHUKEHHMIO HCKOMOrO IlapaMeTpa II0 OTHOIIEHHIO K
noHam Ni?*.
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Puc. 3. 3aBUCUMOCTb COPOLIMIOHHOM €MKOCTH KOCTPBI U ee MOJU(UKATOB
ITo orHOMIEHHIO K UTM OT KOHIIEHTpalli CEPHOU KHUCJIOTHI B PaCTBOpE

Kpome Toro, HabsrogaeTcs TEHIEHIIUA K CHIDKEHHUIO COPOITMOHHON €MKOCTH 10 OTHOIIIEHUIO
K uccsnenyemslM I'TM ¢ yBesmueHrneM KOHIIEHTPAIlUM KUCJIOTHI B pacTBope. 1o Bcell BUpuMocCTH,
yBesnueHne coporuoHHon emkocty 1o ITM cBA3aHO ¢ yBeInUeHHEeM ILUIOMAiu noBepxHocTH JIK
B pe3yJbTaTe CEPHOKHUCJIOTHONH o00paboTku. IloaTBepik/leHHEM [AaHHOTO IIPEAIIOJIOMKEHUS
ABJIsOTCA pororpaduu nmoBepxHoctu ucxoaHou JIK u o6pasia, mo/IBEpTHYTOrO B3aUMOJIEUCTBHIO
C MaJIOKOHIIEHTPUPOBAaHHBIM PACTBOPOM MojiudukaTopa (puc. 4).
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Puc. 4. ®ororpad vy IOBEpXHOCTH UCXOHOU JIBHAHON KOCTPHI (cj1eBa) U mociie 00paboTKu
PacTBOPOM CepHOU KHCJIOTHI (crrpaBa)

[IpenmnosioxkuTesnbHO, yaajeHue HaszBaHHbIX WMTM npoucxogur  Kak B pe3yJbraTe
(usuueckoit copOIH, TAK U XEMOCOPOIHH.

g OOATBep:KJeHWs  BBIIIEHA3BAHHOTO  IPEAIOJIOXKEHUA  NPOBeJEHBI UK -
CIEKTPOMEeTpUYECKHEe HCCIeoBaHUA 00pasloB KOCTPHI IOCJE B3aUMOJIEMCTBUSA C PacTBOpaMuU
coseii MetasuioB. Kak OBUIO OTMeUeHO paHee, OCHOBHOM COCTaBJIAIOIIEd JIbHAHONW KOCTPBI
SIBJISIETCA TIEJUTI0JNI03a — JUITMHHOIIEITHOW IOJIMCAaXapH/l, COCTOSAIINN U3 TJIMKO3UAHBIX OCTATKOB,
CBSAI3aHHBIX MeXAy co00i 3dupHbIMU MOcTHKAMU  (1,4-B-IIMKO3UAHBIMU  CBS3SIMH).
111 MAaKpOMOJIEKY/IbI [I€JUTIOJIO3bI  XapaKTePHBI THAPOKCUJIbHASA TpyNIa W HE3HAYUTEJIbHOE
cozieprKaHne KapOOHIJIBHBIX T'PYIII. YCTAaHOBJIEHO, UTO HAa KaXKAble 1000 IJIIOKO3HBIX OCTaTKOB
eI MaKPOMOJIEKYJIBI IEJTF0JI03bI TpuxoauTtces 2-3 rpymmnsl C(O)OH [13].

C 1esbl0 BBIABJIEHUS MeXaHHW3Ma B3aUMOJEUCTBUSA, HccaeoBauch meroaom HWK-
CIEKTPOCKOMUH 00pasibl KOCTPHI, IMOJBEPTHYThble 00pPabOTKE COJIAMU METAaJIJIOB, B KauecTBe
KoTOpbIX B3ATHI FeCls, ZnSO4, CuSOs u CoSOs. I3MeHeHUHe xapakTepa CIEKTpa U CMeIlleHue
II0JIOCHI TIOTJIONIeHUsI B obsactu 1730 cMm! (puc. 5), cooTBercTBymoed kosiebanusam C(O)OH-
TPYIIIBI, CBUETEJIHCTBYET O TOM, UTO IOCJIE/IHASA BCTynaeT BO B3auMoyeiictue ¢ U'TM o peaknuu
HOHHOTO oOMeHa. JlaHHOe 06CTOATETbCTBO OATBEPIK/IAIOT JaHHBIE paOOTHI [14].

/
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Puc. 5. K-crieKTpbI TOTJIONIEHUS B 00JIaCTH 400 — 1900 cML: 1) HCXOTHON KOCTPHI U
obpaboTtaHHO¥ BoAHBIMU pacTBopamu: 2) CuSOs; 3) FeCls, 4) CoSO4, 5) ZNSO4
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V3mMeHeHUe PUCYHKA CIEKTPOB HCXOHOM KOCTPHI U 00pPa3IloB, MOJABEPTHYTHIX 00pabOTKe
pacTBopaMu cosied B obJiacT 3000-3600 cM’l, XapaKTepHOU AJIA KoJIeOaHWH THUAPOKCUILHOU
TPYNIBI, CBU/IETEIBCTBYET O TOM, UTO B mporecce xemocopbruu MITM koctpoit yuactBytor 1 OH-
TPYIIIBI, BXOJSIIHE B cocTaB OmomonumepoB KR. JlaHHOe B3aWMOJIEHCTBHE TOATBEPIKIAETCS
HCCIIeIOBAaHUSAMU, OIYOJIMKOBAaHHBIMHU B paboTax [13, 15].

Takum 06pa3oMm, ITPOBEIEHHBIMU HUCCIEA0BAHUSIME IMOKa3aHA BO3MOKHOCTh HCIIOJIb30BAHHUS
JIBHSIHOU KOCTpPHI B KauecTBe CM s ynanenus UTM u3 MoAeTbHBIX PacTBOPOB, OIpPeEIeHBI
COpOIIMOHHBIE XapPAKTEPUCTUKW B CTATHYECKUX U JUHAMUYECKUX YCJIOBUAX M THPEIJIOKEHO
yBeJIMUYEHHeE MOCIeAHUX ImyTeM 00paboTku JIK ciabbIMu pacTBOpaMu CEPHOU KHUCIIOTHI.
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Qenepanua

¥a. K. Mapkea, 68, Kazanp, 420015

3asexyromuii kadenpoilt THKeHepHOH 9KOJI0THUH, JOKTOP TEXHUYECKUX HAYK

E-mail: ildars@inbox.ru

AnHoTamusa. lcciemoBaHa BO3MOXKHOCTh HCIOJIB30BAHUS JIBHAHOU KOCTPBI — OTXOJa
JIbHOTIEPEPAOOTKN B KauecTBe COPOIMOHHOTO Marepuasia JJjifg H3BJIEYEHUsS HOHOB TSXKEJIbIX
MEeTaJUIOB U3 MOJIEJIBHBIX CTOYHBIX BOA. ITokazaHo, yTo 06paboTKa JHHAHON KOCTPHI PACTBOPAMU
KUCJIOT MaJIOH KOHIEHTPAIIUH CIOCOOCTBYET YBEJMYEHUIO IUIOIIAAN IIOBEPXHOCTH JIbHSIHOU
KOCTPBI M, COOTBETCTBEHHO, COPOIIMOHHON €MKOCTH 110 MOHAM TSXKEJIBIX MeTasUIoB. OIpe/iesieHbI
3HAYEHHs MaKCHMaJIbHOW copOiuonHon emkoctu mo monam Fe(lll), Co(ll), Ni(ll) u Zn(ll) B
CTAaTHYECKHX U JIMHAMHUYECKHX ycsIoBHAX. MeTogom MK-CrieKTpoCKOHY MOKa3aHo, YTO HAPSIY C
(pusmyeckoit copObITHE TPOTEKAET IIPOIECC XEMOCOPOITUH.

KiaroueBbie cjioBa: JIbHSAHAA KOCTPa; MOHBI TSIKEIBIX METAJUVIOB; y/lajJieHUe; KUC/IOTHAs
00paboTka; copOIIMOHHAsS EMKOCTbD.
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