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Modifications of proteins of membrane-cytoskeleton
complex and production of reactive oxygen species
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Protein modifications in the membrane-cytoskeleton complex (MCC) of human erythrocytes, as well as
changes in the intensity of reactive oxygen species (ROS) production upon cell cryopreservation with

polyethylene glycol (PEG) were investigated. The protein profile of ghosts of erythrocytes frozen with PEG
has common features with both the control and cells frozen without cryoprotectant. PEG makes it possible
to restrict the structural rearrangements of the main MCC proteins under the effect of extreme factors and
to restrain the amount of high molecular weight polypeptide complexes induced by the protein-cross-linking
reagent diamide at the control level, in contrast to cells frozen without a cryoprotectant. However, changes
related to the protein peroxiredoxin 2 in ghosts of erythrocytes cryopreserved with PEG are also attributed
to cells frozen without a cryoprotectant that may be associated with the activation of oxidative processes.

This is evidenced by a 10-fold increase in ROS formation in erythrocytes frozen under PEG protection. Thus,

upon cryopreservation of erythrocytes with PEG, certain disorders in MCC proteins may be associated with
increased formation of ROS, which may contribute to the disorganization of the structural components of
MCC and disrupt the stability of cryopreserved cells under physiological conditions.

Key words: erythrocyte; membrane; cytoskeleton; protein; reactive oxygen species, cryopreservation;

polyethylene glycol.

INTRODUCTION

Donated blood plays an important role in
medicine for restoring oxygen supply to tissues
in patients with significant blood loss or severe
anemia related to abnormal erythrocytes.
The formation of donor blood reserves under
hypothermic storage (~4°C) is limited by a
short period during which the cells are able to
maintain their physiological properties. The use
of ultra-low temperatures (down to —196°C)
increases the storage period of cells up to
several years without significant loss of their
quality. However, the freeze-thawing processes
are associated with injuries of the structure and
function of various subcellular components as
aresult of disturbances in intermolecular bonds
in complex ordered systems [1]. To protect
cells from extreme factors accompanying
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the cryopreservation process, endo- and exo-
cellular cryoprotective agents (CPAs), dis-
tinguished by their ability to penetrate the
plasma membrane, are used. Endocellular CPA
glycerol has demonstrated high efficiency
upon the low-temperature storage of human
erythrocytes that makes it possible to use
them for transfusion [2]. However, to prevent
osmotic shock of cryopreserved erythrocytes
in the bloodstream, glycerol must be previously
removed out of the cytosol [2]. This stage is
time-consuming and requires special equipment
that creates certain problems in the transfusion
preparation, especially in cases of extreme
urgency. Exocellular substances do not penetrate
the membrane, and the CPA removal out of cell
suspensions becomes a dispensable step due to
a gradual decrease in their concentration in the
bloodstream. However, studies on designing
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methods for erythrocyte cryopreservation under
the protection of exocellular CPAs still do not
guarantee an acceptable level of cell viability
under physiological conditions [3, 4].

In particular, polyethylene glycol with a
molecular weight of 1500 (PEG) provides high
integrity of erythrocytes after freeze-thawing
(the hemolysis level is about 2%), but when
cells are transferred to conditions that provide
the metabolism reactivation, the hemolysis
level increases over time. The instability of
such cells can be caused by disturbances in the
proteins of the membrane-cytoskeleton complex
(MCC) under the freeze-thawing effects. This
assumption is based on the fact that MCC
proteins play an important role in maintaining
the unique shape of cells and ensuring mechani-
cal stability and deformability of erythrocytes
in the bloodstream [5]. In addition, it was
previously found that in erythrocytes under
the influence of PEG [6] and freeze-thawing
processes [7] there is a significant decrease
in the expression of the surface marker CD44,
which may be induced by disturbances of
intermolecular interactions in MCC.

The transformation of the properties of
cryopreserved erythrocytes can be caused by
different reasons. In particular, one of them can
be related to changes in the protein composition
of MCC as a result of the migration of individual
components into the cytosol and, conversely,
the association of cytosolic proteins with MCC.
Besides, spatial-conformational changes in the
structure of macromolecules, which impact
the localization of their —SH-groups, can be
responsible for cell injuries upon cell freeze-
thawing. Another possibility for the MCC
protein transformation under low-temperature
effects may be caused by disturbances in
subcellular components that are sources of the
production of oxidizing radicals. Wherein, —
SH-groups of proteins can be potential targets
for the effect of reactive oxygen species (ROS)
with their following oxidation and regulatory
consequences for the structural and functional
state of MCC components [8].
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The aim of the study was to assess the
modification of MCC proteins in human
erythrocytes under the effect of their cryo-
preservation with PEG on based the detecting
of the level of diamide-induced high molecular
weight polypeptide complexes and analysis of
changes in the protein profile of erythrocyte
ghosts using SDS-PAGE, as well as the study of
the intensity of ROS production in erythrocytes
after freeze-thawing under this CPA-protection.

METHODS

All procedures performed on human blood
corresponded to the Ethical Standards of the
Institutional and National Research Ethics
Committee, as well as the 1964 Declaration
of Helsinki and its subsequent amendments.
The following reagents were used in this
work: diamide, phenylmethylsulfonyl fluoride
(PMSF), sodium azide (NaN,), Tris, HEPES,
EDTA, sodium dodecyl sulfate (SDS), B-mer-
captoethanol, Coomassie BB G-250 dye,
acrylamide, bis-acrylamide, 2°,7’-dichlorodihyd
rofluorescein diacetate (H,DCF-DA) (“Sigma”,
USA), bromophenol blue (“Serva”, Germany),
PEG 1500 (“Fluka”, USA), TCA, KCI, MgCl,,
NaCl, NaH,PO,, Na,HPO, and other reagents
made in Ukraine and Russia.

Blood samples. Donor blood was obtained
from the Blood Service Center in Kharkiv.
Erythrocytes were centrifuged at 1200g for 7
min at 20-25°C, plasma and leukocyte layer
were removed. Washing of erythrocytes was
performed by three-fold centrifugation in a
similar model with a solution containing 150
mM NacCl, 10 mM Tris-HCI (pH 7.4) (the ratio
of cells to solution ~ 1:7). Washed cells were
resuspended in modified Ringer’s medium (125
mM NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM
CaCl,, 32 mM HEPES (pH 7.4), 5 mM glucose)
and served as a control.

Freeze-thawing of erythrocytes in PEG
experiments. Erythrocytes were incubated in a
medium containing 0.2 M PEG, 0.15 M NaCl,
0.01 M Tris-HCI (pH 7.4) for 30 min at 37°C
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(the equilibrium concentration of PEG was close
to 0.133 M). Freezing of samples incubated with
PEG and cells incubated in Ringer’s medium
(negative control) was performed by rapidly
immersing in liquid nitrogen (—196°C). Thawing
was performed in a water bath at 37°C with
vigorous shaking. Erythrocytes frozen-thawed
with PEG were centrifuged (5 min, 1200 g), the
supernatant and destroyed cells were carefully
removed. Aliquots of pelleted erythrocytes were
resuspended in a solution of 0.133 M PEG, 150
mM NaCl, 10 mM Tris-HCI (pH 7.4) to obtain
the required cell concentration in each series of
experiments.

Incubation of erythrocytes with diamide.
Pelleted erythrocytes were resuspended in a
CPA medium to a final hematocrit of 10%;
erythrocytes frozen-thawed without CPA were
resuspended in Ringer’s medium. All samples
were divided into two parts and one of them
was supplemented with diamide to a final
concentration of 2.5 mM. Erythrocytes were
incubated with or without diamide for 1 h at
37°C.

Preparation of erythrocyte ghosts. After
the completion of the erythrocyte incubation,
ghosts were obtained [9]. The cells were lysed at
2-5°C with a solution containing 10 mM sodium
phosphate buffer (pH 8.0) and 0.1 mM PMSF
(the ratio of the cell suspension and solution
volumes was ~1:30), and then centrifuged at
20,000¢g for 10 min at 4°C. Washing the ghost
from hemoglobin was repeated twice using a
lysis medium free of PMSF. Aliquots of pelleted
erythrocyte ghosts, which have been incubated
with diamide, were dissolved in Sample buffer:
0.05 M Tris-HCI (pH 6.8), 2% SDS, 20%
glycerol, 0.7 mg/ml PMSF, 0.4 mg/ml NaN,,
0.01% bromophenol blue. Samples, which have
been incubated without diamide, were dissolved
in Sample buffer of the same composition with
the inclusion of 5% B-mercaptoethanol.

Electrophoresis of ghost erythrocyte pro-
teins. Electrophoresis was performed in a Bio
Rad Protein II Multi-Gel Casting chamber in
SDS-PAG according to the Laemmli system
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[9]. The gradient separating gel corresponded to
the concentration of polymerizable substances
(acrylamide and bis-acrylamide) 5-20%.
Proteins in the gel were stained with Coomassie
BB G-250 at room temperature for 1 hour.
Excess dye was washed off with 7% acetic
acid solution. The fraction identification in the
gel was controlled by a set of marker proteins
(Fermentas life sciences Rage Ruler SM0661,
Lithuania). The quantitative assessment of
proteins (relative changes in the polypeptide
content) was performed using the Gel software
(Certificate No. 23683, State Department
of Intellectual Property of the Ministry of
Education and Science of Ukraine, 12.02.2008,
Institute for Problems of Cryobiology and
Cryomedicine NASU, Ukraine).

Determination of ROS. Aliquots of cryopre-
served cells (50 pl), prepared after thawing as
described above, were resuspended in a medium
containing CPA to a concentration of about 4 -
107 cells/ml and incubated for 1 hour at 37°C.
Control cells were incubated in a similar manner
in Ringer’s medium. At the end of the incubation,
a DCFH,-DA solution (final concentration 4 -
10> M) was added to 50 ul of each sample and
incubated at 37°C for 30 min in the dark. Then,
250 pl of the corresponding media was added,
reducing the cell concentration for measuring
DCF fluorescence parameters (maximum of
excitation/emission wavelength 495/529 nm)
by flow cytometry using a FACS Calibur
instrument (Becton Dickenson, USA). The data
were analyzed using the WinMDI 2.8 software
(Scripps Research Institute).

Statistical processing of the results was
performed using the Statgraphics plus 2.1
for Windows software package (Statistical
Graphics Corp.). Data were presented as
m * s.d. (mean + standard deviation). The
experiments were carried out on the blood of
four different donors (n = 4). The statistical
significance of the differences between the
groups was assessed using the Wilcoxon
test. At P < 0.05, the data were considered
statistically significant.
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RESULTS AND DISCUSSION

The ghost protein of erythrocytes subjected
to freeze-thawing without CPA can serve as
a negative control of the low-temperature
effects on MCC proteins since under these
conditions the cells are completely destroyed.
Disturbances in MCC related to change in its
composition can be detected by electrophoretic
analysis of the polypeptide composition in
erythrocyte ghosts (isolated MCC) using
B-mercaptoethanol in solubilizing buffer,
which restores disulfide bonds between protein
subunits and allows obtaining the entire
spectrum of individual polypeptides [9]. In the
electrophoretic protein profile of the ghosts of
frozen-thawed erythrocytes without CPA (Fig.
1A, lane 2) changes were revealed in the band
3 area. A decrease in its relative content is
accompanied by the appearance of an additional
protein fraction with a lower molecular weight
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localized between bands 3 and 4.1. A new protein
fraction can result from partial proteolysis of
macromolecules with a higher molecular weight
or the binding of cytosolic proteins to MCC.
In addition, the MCC profile of such samples
clearly shows a sharp decline in the relative
content of proteins with m.w. ~60 kDa and band
8 (Fig. 1A, lane 2), which have recently been
identified as catalase and peroxiredoxin [10].
Dissociation of these proteins from MCC may
indicate the activation of ROS production in
destroyed cells.

Changes in erythrocyte MCC proteins cau-
sed by spatial-conformational disturbances in
the structure of macromolecules can be detected
using the protein-cross-linking reagent diamide.
Reacting with the —SH-groups of amino acids,
diamide promotes the formation of —S—S—
bridges between polypeptides and produces
high-molecular-weight polypeptide complexes
(HMWPC). Changes in the protein structure
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Fig. 1. Distribution of ghost erythrocyte protein fractions in SDS-PAGE under varying electrophoresis conditions. a — SDS-PAGE
of proteins of the ghosts erythrocytes, which have not been treated with diamide (performed using -mercaptoethanol); b — SDS-
PAGE of proteins of the ghosts erythrocytes, which have been treated with diamide (performed without f-mercaptoethanol).
M — protein markers; 1 — control erythrocytes exposed in Ringer-glucose medium; 2 — erythrocytes frozen-thawed without CPA;
3 — erythrocytes frozen-thawed under the protection of PEG (0.2 M). Data from a typical experiment are presented
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determine the accessibility of the “cross-lin-
king” reagent to —SH groups and consequently
the amount of HMWPC. During electrophoresis
of ghost erythrocyte proteins, HMWP are
concentrated in the starting gel position. In
this case, the demand to preserve the —S—S—
bonds between the components of the HMWPC
excludes the use of B-mercaptoethanol in the
solubilizing buffer for the protein preparations.

Under the matched mode of cell exposure
with diamide (concentration and duration of
incubation) in control erythrocytes, only a
small part of MCC proteins was involved in
the formation of HMWPC (Fig. 1B, lane 1).
Herewith, the emergence of HMWPC was
accompanied by a decrease in the levels of
spectrin, actin (band 5), and band 3 that was
attested by the densitogram data (Table).
In addition, we remarked almost complete
disappearance of the proteins with m.w. 60
kDa and band 8 from the protein profile (Fig.
1B, lane 1).

In comparison to the control, in erythrocytes
frozen-thawed without CPA and subsequently
treated with diamide the level of HMWPC was
augmented and accompanied by a decrease in
the relative content of the main MCC proteins
— spectrin and band 3 (Fig. 1B, lanes 2, Table)

that characterizes the increase in the availability
of —SH groups of these proteins for diamide.
However, the other protein, namely the band
8, was revealed in the ghosts of erythrocytes
frozen-thawed without CPA upon their treatment
with diamide as opposed to its complete absence
in the MCC profile of the control cells (Fig.
1B, lane 2). Although in such a sample, it was
present in a smaller amount than in native cells
that have not been treated with a cross-linking
reagent (see Fig. 1A, lane 1). In addition, we
remarked the emergence of an additional protein
fraction in the area between bands 3 and 4.1
that was also typical for the MCC profile of
erythrocytes frozen-thawed in the absence
of CPA and subsequently incubated without
diamide (Fig. 1A, lane 2). Another feature of the
protein spectrum of MCC erythrocytes frozen-
thawed without CPA, which has been detected
with diamide, was associated with a distinct
manifestation of additional protein fractions
in the area between bands 5 and 6. One of the
reasons for their manifestation may be the
formation of cross-links between some minor
polypeptides accompanied by their inclusion
in the MCC.

Disturbances in the structure of MCC
proteins under the freeze-thawing can be

Changes in the level of individual protein fractions in the MCC of erythrocytes upon their freeze-thawing.

Diamide-treated erythrocytes

Native erythrocytes

Protein fractions, % . , .
(Ringer’s solution)

control Freeze-thawed Freeze-thawed

(Ringer’s solution) without CPA with PEG
HMWP - 7.4+0.6 11.7 £ 0.9*% 9.0+1.6
Spectrin 22.7+0.6 18.5+0.8% 15.6 £ 1.1%* 16.3 +1.9%
Band 3 21,1+ 1.4 17.1 £ 0.9* 14.4 &+ 1.3%* 15.7 + 1.0*
Protein 4.1 43+0.6 42+0.9 29+04 4.1+£0.6
Band 5 4.8+0.7 3.4+0.6" 3.1+0.4% 3.6 £0.4%
Band 6 42+1.0 29+0.8 2.8+0.3 32+£1.0
Band 8 3.5+0.6 - 1.3 +0.4%* 1.5 + 0.4%*

Note: The content of protein fractions is presented in relation to the total amount of protein in

the sample (%). * The data statistically differ from native erythrocytes not treated with diamide,
P <0.05, n=4. *The data statistically differ from the control erythrocytes treated with diamide, P <0.05,n=4.

48

ISSN 0201-8489 @ision. scypu., 2021, T. 67, Ne 2



N.G. Zemlianskykh, L.O. Babiychuk

initiated by changes in three-helical repeating
segments of a- and B-spectrin subunits [11],
since some of them are unstable and subjected
unfolding even under physiological conditions
[11]. Modifications in the structure of spectrin
repeats can cause disruptions in the integrity of
the entire MCC protein network because several
of these segments are involved in the interaction
with other proteins [11, 12]. As a result,
membranes of erythrocytes frozen without
CPA become unstable and can be fragmented.
A similar conclusion can be drawn from the
analysis of the electrophoretic profile of ghost
proteins of such erythrocytes, when diamide
was not used. In the latter case, the observed
decrease in band 3 level can be explained by
membrane fragmentation accompanied by the
loss of integral components.

Analysis of protein profile of the ghost
erythrocytes subjected to freeze-thawing under
PEG protection did not reveal any significant
differences in the distribution of proteins from
the control pattern (Fig. 1A, lane 3), when
cells were incubated after thawing without dia-
mide. Moreover, the level of diamide-induced
HMWPC in such erythrocytes did not differ
from the control values (Fig. 1B, lane 3, Table).
In addition, the pattern of the ghost protein
fraction distribution in erythrocyte frozen under
PEG protection and subsequently incubated with
diamide was similar to the protein profile of
the ghosts of native erythrocytes that were not
treated with a cross-linking reagent (compare
Fig. 1a, lane 1 and b, lane 3). In particular, band
8 can be seen in their protein profile. However,
the presence of band 8 in the protein profile
of this sample makes it similar to erythrocytes
frozen without CPA.

Thus, the protein profile of erythrocytes
frozen under PEG protection has common
features both with control cells and those that
were frozen without CPA. On the one hand,
PEG presence in the medium during erythrocyte
freeze-thawing made it possible to restrict the
structural rearrangements of a band 3 protein
and spectrin under the influence of extreme
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physicochemical factors, for this reason, the
HMWPC level did not differ from the control.
On the other hand, changes in the MCC protein
profile of cryopreserved with PEG erythrocytes
associated with band 8 are also characteristic
of cells frozen without CPA. Changes in
this fraction indicate the involvement of the
protein in the control of cell stability and may
be associated with the activation of oxidative
processes in the cells.

The protein band 8 is peroxiredoxin 2 [10],
which takes part in the cell protection from
oxidative stress [13]. It contains a functional,
readily available —SH-group of cysteine that
explains its disappearance from the protein
profile of control erythrocytes due to its transition
to the HMWPC under the diamide effect. In
cases of disturbances leading to an increase in
ROS production in cells the peroxiredoxin is
the first to respond to them, since—SH groups
of other proteins react with hydrogen peroxide
(H,0,) several orders of magnitude slower
[13]. The oxidation of some peroxiredoxin
molecules makes them inaccessible to the
diamide effect and allows the detecting of the
protein in the electrophoretic profile of ghosts.
In addition, the peroxiredoxin presence in the
electrophoretic profile of ghosts of erythrocyte
frozen-thawed under PEG protection may
explain why, despite the high level of cell
integrity after freeze-thawing, a significant
part of them is destroyed upon metabolism
reactivation under physiological conditions.
Thus, cell injuries upon freeze-thawing can be
caused not only by direct disturbances of the
spatial-conformational state of MCC proteins
under extreme environmental factors but,
possibly, by the alterations of proteins related
to oxidative stress.

The development of oxidative processes
in the cells is evidenced by an increase in
the intensity of ROS production with a reli-
able indicator reagent DCFH,-DA. After
its penetration into the cell, the reagent is
deesterified remaining a non-fluorescent
compound (DCFH,) until it is oxidized and
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converted to DCF. Thus, the increase in DCF
fluorescence, which is characterized by the
median value of the distribution histograms,
reflects an increase in ROS production in the
cells. Ascertainment of ROS in erythrocytes
cryopreserved in PEG presence showed a 10-fold
increase in DCF fluorescence relative to control
(Fig. 2). The average median value of histograms
in such samples was 285.4 + 71.2 versus 25.9 +
3.1 (r.u.) in the control. An increase in ROS
production in cells cryopreserved under PEG
protection can contribute to disorganization of
the MCC structure components and instability
of cryopreserved cells upon their return to
physiological conditions.

The main source of ROS in erythrocytes
is spontaneous autooxidation of hemoglobin
resulting in the production of met-hemoglobin
and superoxide radical, which under the effect of
superoxide dismutase is rapidly converted into
H,O, [14]. An increase in the concentration of
H,O, in the cells promotes further hemoglobin
oxidation [14] up to the dissociation of heme from
the protein part and its covalent transformation
[14]. The modified porphyrin ring is capable
of interacting by a hydrophobic mechanism
with various subcellular components. Despite
the fact that met-hemoglobin was not detected

100
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Fluorescence DCF, arb.un.

Fig. 2. Change in the intensity of DCF fluorescence in frozen-
thawed erythrocytes with PEG. (1) — control (gray background
of histograms); (2) — erythrocytes frozen-thawed under the
protection of PEG (0.2 M). Data from a typical experiment
are presented
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in erythrocytes frozen under the protection of
exocellular CPA dextran and trehalose [15],
the question on the possibility of the formation
of met-hemoglobin or other oxidized forms
of this protein in erythrocytes cryopreserved
with PEG requires experimental verification.
Consequently, the processes of hemoglobin
autoxidation cannot be ruled out as sources
that activate ROS production in cryopreserved
erythrocytes.

In addition, NADPH oxidases (NOX)
can play an essential role in ROS formation
in erythrocytes frozen-thawed under PEG
protection. It was attested in sickle erythrocytes
that NOX activity mediated a significant part of
ROS production [16]. Ions Ca®* play a special
role in NOX regulation, operating the assembly
and functioning of 4 NOX types (out of 5 known
ones) found in human erythrocytes [16]. It
should be noted that Ca®* dependent stimulation
of NOX in erythrocytes in PEG presence may be
caused by Ca?*-ATPase activity inhibition [17]
and an increase in Ca’" level since even in an
isotonic medium containing PEG, there was a
10-fold increase in Ca** entry into erythrocytes
was revealed [18]. Meanwhile, an increase in
ROS production can further inactivate Ca?*-
ATPase [19] and contribute to disturbances of its
regulation by calmodulin [20], which does not
allow the cells to adequately respond to signals
aimed at controlling the intracellular Ca®*
level. It can be assumed that the intensification
of ROS production in erythrocytes upon
cryopreservation in PEG presence can have a
significant effect on Ca>"-dependent regulation
processes of the structural and functional of
MCC components responsible for maintaining
cell integrity under stress.

CONCLUSIONS

The modification of MCC proteins in erythro-
cytes cryopreserved under PEG protection
can be caused not only by the direct action of
extreme physicochemical factors accompanying
cell freeze-thawing but also by dysregulation
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of protein-protein interactions due to oxidative
processes when ROS production increasing.
Assuming that changes in erythrocyte MCC
include Ca’’-dependent mechanisms of acti-
vation of ROS production, it can be expected
that the inclusion of pharmaceutically ac-
ceptable inhibitors blocking the growth of
intracellular Ca?" level and antioxidants
into cryopreservation medium can reduce
the negative manifestations of subcellular
system disorders in erythrocytes during
cryopreservation with PEG.
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MOJIUPIKAIII BIJIKIB MEMBPAHO-ITATO-
CKEJETHOI'O KOMIIVIEKCY TA YTBOPEH-
HA AKTUBHUX ®OPM KMCHIO B KPIOKOH-
CEPBOBAHHMX 3 NOJIETUJEHIVIIKOJEM
EPUTPOLIUTAX

Inemumym npobaem kpiobionoeii i kpiomeouyunu HAH
Vrpainu, Xapxis,; e-mail: nzemliansky@gmail.com

Jocnimkero moaudikariii 611kiB MeMOPaHO-IIUTOCKETETHOTO
komriekcy (MIIK) epuTpoLuTiB TIOAMHHU, a TAaKOX 3MiHH
IHTEHCHBHOCTI YTBOPEHHs akTUBHUX (opm kucHiO (ADK)
IIpH KPiOKOHCEPBYBaHHI KIIITHH 3 oieTunenriikoieM (ITET).
BinkoBuii mpodine B eputpormrax, 3amopoxkenux 3 [1ET, mae
CHIJIbHI BIACTHBOCTI SIK 3 KOHTPOJIbHUMH KIIITHHAMH, TaK i 3
TUMH, siKi Oyan 3aMoposkeHi 6e3 kpionporekropa. [IEI" nae
3MOT'y OOMEKHUTH CTPYKTYpPHI nepeOyl1oBH OCHOBHHX OLIKIB
MILIK miz mieto ekcTpeManbHUX (HakTopiB i 30eperTH KiJbKiCTh
BHCOKOMOJICKYJISIPHHX MOJIMENTHAHNX KOMIUIEKCIB, IHIyKOBa-
HUX OLTOK3IIMBAIOYMM PEAreHTOM JIiaMUIOM Ha PiBHI KOHTPO-
JII0, Ha BIMIHY BiJl KJIITHH, 3aMOPOXKEHHX 0e3 KpiOmpOTeKTO-
pa. OnHak 3MiHH, 1110 CTOCYIOThCS OiJIKa MEPOKCHPETOKCHHY 2,
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kpiokoHcepBoBanux 3 [IEI" epuTporuTiB, Takoxk XapakTepHi
JUTSL KJTITHH, 3aMOPOYXKEHUX 03 KPiompoTeKTopa, M0 MOXKE
OyTH TOB’513aHO 3 aKTHBAIi€I0 OKUCHUX TporieciB. [Ipo me
cBimunTh 10-paszoe 30inbueHHs npoaykuii ADK B epurpo-
UTax, 3aMopoxeHux 3 goaaanusam [1ET. Takum unnom, pu
KpiokoHcepByBaHHi epurpountis 3 [1EI" neBHi mopyIieHHs
6inkiB MUK MoxxyTh OyTH 1oB’si3aHi 31 3MiHAMH yTBOPEHHS
ADK, mio cripusie re3oprasizaii CTpyKTYpHUX KOMIIOHEHTIB
MIIK i mopy1ieHHto cTabiIbHOCTI KPIOKOHCEPBOBAHUX KIIITHH
y Gi3i0NOriYHIX YMOBAX.

KitrouoBi citoBa: epuUTPOIUT; MEMOpaHa; IIUTOCKETIET; OiI0K;
aKTHBHI ()OPMHU KHCHIO; KPIOKOHCEPBYBAHHSI; MOJIICTUIICH-
ITKOJIb.

H.T. 3emasinckux, JI.A. Baduiiuyk

MOIN®UKAIINU BEJIKOB MEMBPAHO-I11-
TOCKEJIETHOT'O KOMIIJIEKCA U OBPA30-
BAHUE AKTUBHBIX ®OPM KHCJIOPOJA B
KPUOKOHCEPBHUPOBAHHBIX C ITIOJINDTHU-
JIEHTJIMKOJIEM 3PUTPOLIUTAX

HccnenoBanbl MoaupuKanuu OCIKOB B MEMOPaHO-IIUTOCKE-
netHoM komruiekce (MKILI) spuTponutoB uenoBeka, a Takke
U3MEHEHUE MHTEHCUBHOCTH MPOJYKINU aKTHUBHBIX (Gopm
kuciopozaa (ADK) npu kpuokoHcepBalMK KIETOK C MOJIMI-
tunenrukoneM (I13I0). BenkoBsiit mpoduib SpUTPOLUTOB,
3aMopokeHHbIX ¢ [IDI, numeer obue yepThl Kak ¢ KOHTp-
OJIbHBIMH KJIETKaMH, TaK 1 C KJIIETKaMH, 3aMOPOKCHHBIMU 0e3
kpuonpotexropa. [13I" mo3BosiseT orpaHuunTb CTPYKTypHBIC
nepecTpoiiku ocHoBHBIX OenkoB MKII mox meiicTBruem sKc-
TpeMaJbHBIX (PaKTOPOB U COXPAHUTH KOJIUYECTBO BHICOKOMO-
JICKYJIIPHBIX TOJIMIENTHIHBIX KOMIUIEKCOB, HHIYLIUPYEMBIX
OEJIOKCIINBAIOIIUM PEareHTOM JIHaMH/0OM Ha YPOBHE KOHTp-
0JIs1, B OTJIMYHE OT KJICTOK, 3aMOPO)KEHHBIX 03 KPHOIIPOTEK-
Topa. OJJHaKO MU3MEHEHUs, KacaloIuecs: NePOKCUPEIOKCHHA
2 B spUTpoOLMTAX, KpHOKOHCepBUpoBaHHbIX ¢ [1OI Takxe
XapaKTePHBI 151 KJIETOK, 3aMOPOXKEHHBIX 03 KPHOIPOTEKTO-
pa, 94TO MOXKET OBITh CBA3aHO C AKTHUBALUECH OKUCIUTEIBHBIX
npoueccoB. O6 3ToM cBuzeTeIbCTBYET 10-KpaTHOE yBennye-
Hue npoaykiuu ADK B sputpormrax, 3amopoxeHHbIx ¢ [101
Taxum 00pa3zoM, pH KPUOKOHCEPBUPOBAHUH SPUTPOLIUTOB
¢ [I9I" onpenenennbie Hapyuienus 6enkoB MKI[ BepositHO
CBsI3aHbI ¢ U3MeHeHus MU npoaykiuu ADK, uro moxer cro-
cOOCTBOBAaTh J€30praHU3aLNH CTPYKTYPHBIX KOMIIOHEHTOB
MKII 1 Hapy1IeHUIO CTaOMITEHOCTH KPHOKOHCEPBUPOBAHHBIX
KJICTOK B (PM3MOJIOTHUYECKUX YCIIOBHUSIX.

KittoueBbie ciioBa: spuTpouuT; MeMOpaHa; HUTOCKeseT; Oe-
JIOK; aKTHBHBIE (OPMBI KHCIIOPO/Ia; KPHOKOHCEPBUPOBAHUE;
HOJIMATUIICHIJIUKOIIb.
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