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The effect of penetrating (glycerol, DMSO) and poorly penetrating (PEG-400) cryoprotective agents
on labeled amino acids incorporation into de novo synthesized proteins in the cells of mice thymus, lymph
nodes, spleen and cell-free rat liver extract was studied. Cryoprotective agents within the range of concentra-
tions which provide a cryoprotective effect were found to inhibit significantly protein synthesis in cell-free
systems under investigation. The most effective inhibition was exerted by polymeric cryoprotective agent
PEG-400. Cryoprotective agents more efficiently inhibited protein synthesis at a cell level as compared
with that in cell-free system that was likely associated with their effect on amino acids transport system. An
inhibitory effect of cryoprotective agents on the protein synthesizing apparatus of cells was determined to be
Mg**-dependent and reversible.
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T he substances capable of protecting the
living tissues against damaging effects of
low temperatures, i.e. cryoprotective agents
(CPAs), were reported to pseudotoxically affect
the cryopreserved cells and tissues. This influence
consists in a reversible inhibition of their functions
and metabolism [1-4]. As well according to the pub-
lished data [5-7], a toxic effect of CPA is owing to
their interaction with membranes, that disorders the
transport properties of plasma membranes and mi-
tochondria, leading to a change in ionic homeostasis
and metabolic state of cells. The binding of CPAs
to macromolecules and their complexes causes their
partial dehydration, resulting in an alteration of spa-
tial structure of macromolecules, their reversible de-
naturation and impaired enzymatic activity [7].
Modern data show that even in low concen-
trations the CPAs affect somatic and reproductive
cells [8-10]. In this regard, the question of the CPAs

influence on metabolic processes in cells and tissues
is getting relevant, especially in view of the develop-
ment of such areas in medicine as cell and tissue
therapy as well as assisted reproductive technolo-
gies [8-10]. Moreover, recently many authors have
demanded the re-considering of using the CPASs in
reproductive technologies, as modern experimental
results demonstrate that CPAs within a wide range
of concentrations have a toxic effect at the genome
level, which leads to irreversible impairments in
structure and functions of cells [8-10]. Earlier, we
have found that CPAs inhibit the transport of amino
acids into Ehrlich ascites carcinoma cells, as well as
the aminoacylation [11, 12]; in this regard, we could
assume that they also influence protein biosynthesis
at the translation level.

This research aim was to investigate in vitro the
effect of penetrating (glycerol, DMSO) and poorly
penetrating (PEG-400) CPAs on incorporation of la-

© 2020 Gulevskyy A. K. et al. This is an open-access article distributed under the terms of the Creative Commons Attribution Li-
cense, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are

credited.

41



ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N 5

beled amino acids into de novo synthesized proteins
in the cells of thymus, lymph nodes, spleen, and rat
liver cell-free extract.

Materials and Methods

Isolation of lymphoid cells. Suspensions of thy-
mus, spleen and lymph nodes of male outbred mice
were obtained with Eagle’s medium, buffered with
10 mM Tris-HCL, pH 7.4. Lymphoid organs were
crushed with scissors, passed through several layers
of nylon tissue and subjected to easy homogeniza-
tion. Cell suspensions were removed to tubes and
centrifuged for 10 min at 2500 g. The cell pellet was
re-suspended in a portion of fresh medium. Cell
viability using eosin staining was 89-94%.

Measurement of incorporation of ¥C amino
acids in isolated cells of lymphoid organs. After ob-
taining the cells were suspended in Tris-saline buffer
(0.15 M NaCl, 10 mM Tris-HCI, pH 7.4) at the rate
of 50 million cells per ml of solution, 1 pCi/ml of
¥C-amino acids of chlorella protein hydrolyzate was
added (specific activity 10.4 uCi/ml) and incubated at
37°C. The incubation time when studying the incor-
poration of 14C-amino acids into total proteins was
15 min. To wash the amino acids not incorporated
into proteins, the samples were cooled after incuba-
tion, 3 ml of cold 5% TCA were added, homogenized
and heated at 90°C for 30 min to decompose the nu-
cleic acid, after that the samples were cooled down
to 0°C, applied to nitrocellulose ultrafilters (What-
man, USA) and sequentially washed, namely 3 times
with 70% ethanol at 42°C, twice with a mixture of
alcohol-chloroform (1:1) and twice with chloroform.
The filters were dried and radioactivity was counted
in a standard toluene scintillator with an Intertech-
nick SL-40 scintillation counter (France).

Slicing of rats’ liver. The study was performed
in outbred male white rats. To obtain liver sections,
the method was used as follows [13]: liver was
placed between two frosted glasses and cut with a
blade fixed in a special tripod, which allows the ob-
taining of 1-2 mm sections. Sections were incubated
with 2 ml Krebs-Ringer bicarbonate buffer: 0.9%
NaCl, 1.15% KClI, 1.22% CaCl., 2.11% MgSO,-7H,0,
1.3% KH,PO,, 1.3% NaHCO, neutralized with CO,
to pH 7.4 and aerated with a gas mixture of 95% O,
+ 5% CO, for 10 minutes, after which 1 uCi/ml of
¥4C-amino acids of chlorella protein hydrolyzate was
added to the samples (10.4 puCi/ml specific activity)
and incubated for 1 h at 37°C. Next, the biosynthesis
was stopped by placing the samples in an ice bath.
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The incorporation of *C amino acids into proteins
was evaluated according to the method described
above.

Methods for isolating a cell-free protein syn-
thesizing system (S, fraction) from rat liver and de-
termining its activity are presented in the paper [12].
After decapitation and opening of the abdominal
cavity, the liver through the inferior vena cava was
perfused with medium comprising: 50 mM Tris HCI
(pH 7.6), 25 mM KCI, 5 mM MgCI, 0.25 M sucrose.
Then the liver was removed, crushed and homog-
enized in the same medium in a ratio of 1:2. The
homogenate was centrifuged for 15 min at 15 000 g.
The upper part of supernatant (fraction S ;) was col-
lected with removing the fat layer, if possible, and
used in further experiments. All manipulations were
carried out strictly in the cold.

The experiments were carried out in accordan-
ce with the Law of Ukraine “On Animals Protec-
tion Against Cruelty” (No. 3447-1V of February 21
2006, the rules of the Committee for Bioethics of
the Institute for Problems of Cryobiology and Cryo-
medicine of the National Academy of Sciences of
Ukraine, provisions of the “European Convention for
the Protection of Vertebrates Animals Used for Ex-
perimental and Other Scientific Purposes”.

We used glycerol and DMSO as penetrating
CPAs, as well as non-penetrating CPA PEG-400
(MERCK, Germany). All of them were of chemi-
cally pure grade.

Gel filtration with Sephadex G-25. To remove
CPAs from the incubation medium of the S frac-
tion, it was filtered through a column containing Se-
phadex G-25 (coarse). For gel filtration of 2 ml of
the supernatant, a 1.8x15 cm Sephadex G-25 column
was prepared, which was stored in bi-distilled water
at 4°C and filled with buffer solution before use. The
sample was eluted with a buffer containing 30 mM
Tris HCI (pH 7.6), 5 mM MgClI, and 110 mM KCI.

Statistical analysis of experimental data was
carried out using the software “Statgraphic plus for
Windows” version 2.1. by Student’s criterion. The
results are presented as a mean obtained in a series
of similar experiments (at least 6) and the standard
deviation. The differences were considered signifi-
cant at P < 0.05.

Results and Discussion

It is known that the cryoprotective concen-
trations of the most commonly used CPAs such as
DMSO and glycerol are 7.5-15% and 20—40%, re-
spectively [1, 14], and for poorly penetrating CPA
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PEG-400 it makes 15-20% [1, 14]. The cryopre-
served cells are mainly pre-incubated with these
CPAs at room temperature, that ensures a good per-
meability of cytoplasmic membranes and fast satura-
tion of cells with CPAs [1, 14].

In the first series of experiments, we studied
the effect of CPAs on protein biosynthesis in cells of
lymphoid organs and liver within the concentration
range providing a cryoprotective effect, as well as
at low concentrations, which can be considered as
remaining after washing of cells [8].

Fig. 1 demonstrates that after 15 min of incuba-
tion of thymus cells in a medium containing 0.5%
glycerol, there was a tendency to inhibit an incorpo-
ration of *C amino acids into total proteins.

A further increase of glycerol content in the
incubation medium of thymocytes to 2.5% or more
leads to reliable and progressive inhibition of the
inclusion of amino acids in the de novo synthe-
sized proteins. At cryoprotective concentrations of
glycerol of 15 and 20% [1, 14], the incorporation of
labeled amino acids into total proteins of thymocytes

was only 12% and 3% versus an initial level, respec-
tively (Fig. 1).

When studying the effect of DMSO on the
ability of thymus cells to metabolize amino acids,
it was found that the ability of cells to incorporate
14C-amino acids into the acid-insoluble fraction sig-
nificantly decreases at 2.5-5% DMSO concentration
in the incubation medium. At 10% DMSO concen-
tration, which is most often used to cryopreserve
the cells [1, 14], the level of incorporation of labeled
amino acids decreased down to 30.4% of the control,
and at 15% DMSO it reduced down to 14.5% versus
the control (Fig. 1).

The incorporation of **C-amino acids into total
proteins of thymocytes turned out to be extremely
sensitive to the action of PEG-400, which signifi-
cantly suppressed this reaction even at 2.5% con-
centration and at 5% the inhibition of the process
reached 63.6%. When cells were incubated in a me-
dium containing 20% PEG-400, the level of incor-
poration of labeled amino acids into total thymocyte
proteins made only 1.2% (Fig. 1).
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Fig. 1. Incorporation of C amino acids into total proteins of thymocytes during incubation in media containing
CPAs. Differences are significant if compared to the control for glycerol: ***P < (.02, **P < (.05, *P < 0.001;
the differences are significant if compared with the control for DMSO: #P < 0.01, *P < 0.001, the differences
are significant if compared with the control for PEG-400: **P < 0.01, *P < 0.001
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Fig. 2. Incorporation of **C-amino acids into total proteins of lymph nodes cells during incubation in media
containing CPAs. The differences are significant if compared with the control for glycerol: ***P < (.02,
**P < (.05, *P < 0.001; differences are significant if compared with control for DMSO: #*P < (.05, #P < 0.01,
*P < 0.001; the differences are significant if compared with the control for PEG-400: **P < 0.01, *P< 0.001

Similarly, the studied CPAs affected the syn-
thesis of proteins in cells of lymph nodes. This is
confirmed by experimental data on the incorporation
of “C-amino acids into the acid-insoluble fraction
(Fig. 2).

The data presented show that PEG-400 inhibits
the protein biosynthesis more effectively. This is
evident when comparing the molar concentrations
of the studied CPAs. The level of incorporation of
14C-amino acids into total proteins of cells of lymph
nodes at 15% concentration of glycerol in the incu-
bation medium was reduced down to 22.6%. When
the content of DMSO in the incubation medium was
15%, the inclusion of *C-amino acids in the total
proteins of the cells of the lymph nodes was prac-
tically absent. At a 15% PEG-400 concentration in
an incubation medium the test parameter decreased
down to 15.9% if compared with the control.

The dynamics of incorporation of *C-amino
acids into total splenocyte proteins during incuba-
tion in media containing CPAs was similar to the
above results. In particular, a strong decrease in the
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studied parameter was observed at a 5% concentra-
tion of glycerol and DMSO or higher, as well as for
PEG-400 at a concentration of 2.5% or higher.

With an increase in the concentration of
glycerol, DMSO, or PEG-400 up to 15%, the in-
corporation of *C amino acids into total splenocyte
proteins relative to the control was 19.9%, 5.1%, and
5.7%, respectively (Fig. 3).

The results of investigating the CPA effect on
incorporation of labeled amino acids into total pro-
teins of liver cells (Fig. 4) demonstrate that under
the influence of DMSO, the character of changes in
the studied parameter was approximately the same
as for lymphoid tissue cells. Strong inhibition of the
process occurred with 10% DMSO in the incubation
medium, i.e. 36.6% of the initial level.

PEG-400 inhibits more markedly the protein
biosynthesis in liver cells. Its inhibitory effect was
manifested starting with a 5% concentration. At 10%
PEG-400 in incubation medium, the incorporation
of exogenous **C-amino acids into the total proteins
of rat liver cells decreased down to 21.1%; at a con-
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Fig. 3. Incorporation of *C-amino acids into total proteins of splenocytes during incubation in media con-
taining CPAs. Differences are significant if compared with the control for glycerol: **P < 0.01, *P < 0.001;
differences are significant if compared with the control for DMSO: #P < 0.01, *P < 0.001; the differences are
significant if compared with the control for PEG-400: **P < 0.01, *P < 0.001

centration of 20%, these values were reduced down
to 3.6% versus the initial level.

In this case, an increase in the level of incor-
poration of #C-amino acids into total proteins of rat
liver sections was observed at low concentrations of
PEG-400.

When studying the mechanisms of the above
inhibitory effect of CPAs, in addition to their effect
on the transport of amino acids and aminoacylation
[12], an influence of penetrating CPAs directly on
the structure and functions of ribosomes, including
those in polyribosomes, as well as the compo-
nents involved into aminoacylation, should not be
excluded.

To verify our assumptions, we studied the ef-
fect of glycerol and PEG-400 on protein biosynthesis
in a rat liver cell-free system. When investigating the
dynamics of functioning of the protein synthesizing
apparatus of a cell and its elements, it is necessary to
take into account the role of Mg?* ions, which cru-
cially affect the protein biosynthesis. Mg?* is known

to be a cofactor of nucleotide-binding enzymes
and guarantees the tRNA tertiary structure [15].
Mg?*ions bind to each other subunits of ribosomes
during protein biosynthesis [16]. Mg?* also has been
recognized as activating many enzymes; it is part of
kinases that transfer the phosphate group from the
ATP molecule to various substrates [17].

Our previous data showed [12] that low concen-
trations of CPAs enhanced the effect of Mg?*. There-
fore, in this study, the effect of CPAs on protein
synthesis in a cell-free system was examined using
various concentrations of Mg?* ions (Fig. 5, Table 1).

Analysis of the data presented in Fig. 5 reveals
that the maximum incorporation of **C-amino acids
into the proteins synthesized in a cell-free system
was shifted toward lower concetrations of Mg?* with
increasing concentration of PEG-400. In particular,
if at an optimum concentration of Mg?* in the incu-
bation medium (5 mM), PEG-400 at a concentration
of 13.2% reduced the incorporation of “C-amino
acids into the de novo synthesized proteins by about
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Fig. 4. Dependence of incorporation of *C-amino acids into total cell proteins of rat liver slices at various
concentrations of DMSO (1) or PEG-400 (2) in incubation medium. *Differences are significant if compared
with the control for DMSO, P < 0.05; **differences are significant if compared with the control for PEG-400,

P <0.05

20.7 times, then a decrease in the Mg?* content made
it possible to almost completely restore this process
(Fig. 5).

This regularity was less pronounced in the
presence of glycerol added to the incubation medium
at 40% concentration (Table 1).

So, if at 5 mM Mg?* the protein biosynthesis
in the postmitochondrial supernatant is inhibited by
67.2% of the initial level, then when the Mg?* con-
tent decreases to 2 mM, the process was inhibited
by 45.4%. It should be noted that the level of *“C-
Leu incorporation into total proteins of the rat liver
post-mitochondrial supernatant (S ;) in 40% glycerol
presence increased almost 2.5-fold with a decrease
in the concentration of Mg?* in the medium down to
1 mM (Table 1).

When comparing an inhibitory effect of
glycerol on protein biosynthesis and in a cell-free
system this it can be found to be many times higher
at a cell level. The fact discovered, most likely, in-
dicates the role of amino acid transport in a mecha-
nism of disruption of protein biosynthesis in cells
under this CPA influence.

It is important to note that the inhibition of pro-
tein biosynthesis by CPAs in a cell-free system is
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reversible, as indicated by restoration of the studied
index after a decrease in CPA concentration in the
incubation medium (Table 2).

The presented results are consistent with data
demonstrating the reversibility of the CPA action
in studying their effect on the respiratory chain
parameters [6].

Summarizing the results of experiments on the
effect of CPAs on protein biosynthesis in a cell-free
system, we suppose that in the mechanisms of inhi-

Table 1. Effect of glycerol and Mg?* on protein
synthesizing activity of rat liver post-mitochondrial
supernatant (S)

Concentration Incorporation of “C-leucine
of Mg? into total proteins, cpm
in ingubation Control Glycerol 40%
media, mM 4.35M)
1 389 + 54 994 + 109*
2 8159 +250 4454 + 177*
5 15083 +737 4953 + 386*

Notes: differences are significant if compared to the
control, P <0.001
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Fig. 5. Protein synthesizing activity of rat liver postmitochondrial supernatant (S15) depending on concentra-
tion of Mg* and PEG-400 in incubation medium. Differences are significant if compared with the control
for 0.625 mM Mg*: *P < 0.001; differences are significant if compared with the control for 1.25 mM Mg**:
*P < 0.001; differences are significant if compared with the control for 2.5 mM Mg* : *P < 0.02, **P < 0.001;
differences are significant if compared with the control for 3.75 mM Mg?: *P < 0.001; differences are signifi-
cant if compared with the control for 5 mM Mg*: <P < 0.001

Table 2. Protein synthesizing activity of rat liver postmitochondrial supernatant (S ;) after removal of CPAs

from incubation medium

CPA type during Content in incubation

Incorporation of **C-leucine

Comparison with

into total proteins after the control %

removal of CPAs, cpm

incubation with S medium
Control -
Glycerol 40% (4.35 M)
PEG-400 22.5% (0.56 M)

4575 + 276 -
4668 + 801 102
4247 + 1136 89

Notes: Mg? concentration in incubation medium is 5 mM. CPAs were removed from incubation medium by gel filtration

with a Sefadex G-25 column

bition of protein biosynthesis at a cell level, in ad-
dition to blocking the membrane transfer of amino
acids, molecular rearrangements of the translation
apparatus under the influence of CPA are of great
importance.

This assumption is confirmed with the reports
[18, 19], which demonstrated that organic solvents
with the properties of CPA, in particular metha-
nol, ethanol, DMSO, etc., contributed to the Mg?*-

dependent stabilization of ribosomes in associated
state, as well as altered activity of aminotransferases
and other translation factors, which generally re-
duced the translation apparatus functional activity.
The decrease in the translation apparatus functional
activity can also be associated with the interaction
of cryoprotective agents with nucleotide bases of
various types of RNA, as was reported [20].
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Considering the possible mechanisms of the
observed phenomenon of inhibition of protein syn-
thesis in cells and cell-free systems, we can assume
that they are primarily based on a change in the
physicochemical properties of water, in particular
its structural state and dielectric constant [21-23],
accompanied by strengthening of hydrogen bonds
[21, 22], which are important in interaction of me-
tabolites with their carriers, as well as functioning
of ribosomes and enzymes involved into the trans-
lation. Apparently, an increase in the concentration
of electrolytes, including Mg#, is also crucial, as a
result of a decrease in the free water fraction due to
its binding to cryoprotective agent molecules.

In addition to the certain interest for cryobiolo-
gy, we believe that the performed studies out are of
general biological fundamental value, since the data
indicate the possibility of protein synthesis in mixed
solvents under conditions of an altered structure of
water.

Thus, the following conclusions can be drawn
as a result of the experiments:

1. Glycerol, DMSO and PEG-400 at cryopro-
tective concentrations significantly inhibit protein
biosynthesis in the thymus, spleen, lymph nodes and
liver cells. PEG-400 polymeric CPA revealed the
most effective inhibitory effect.

It is important to note that, in a cell-free system
the PEG-400 CPA in low concentrations, probably
remaining in cells and tissues after washing, con-
tributes to an increase in protein synthesis intensity.
Similar results were obtained in experiments on
whole cells as part of liver slices.

2. An inhibitory effect on protein biosynthesis
in the studied cells was found to be due to a direct
influence of these CPAs on the translation apparatus.

3. An inhibitory effect of CPA on the protein
synthesizing apparatus of cells was found to be
Mg?*-dependent in nature, and the inhibitory effect
itself was reversible.
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BIIJINB KPIOITPOTEKTOPIB HA
BKJIFOYEHHSA AMIHOKHUCJIOT B
3ATAJIBHI IPOTETHU B KJIITHUHAX
JIM®OITHUX OPTAHIB I IEYIHKHA
EKCHEPUMEHTAJIBHUX TBAPUH

O. K. I'ynescoruir™, FO. C. Axamoea,
A. IO. Hixonvuenko

IHCcTHTYT TpOOIIEeM Kpiobioorii i
kpiomenuuuan HAH Ykpainn, Xapkis;
*e-mail: profgulevskyy@gmail.com

JocmimkeHo BIIWB TPOHUKHUX (TIiIEpHH,
AMCO) i cnabonponukaux (I1EI-400) xpiompo-
TEKTOpiB Ha BKJIIOYEHHSI MIYEHHUX aMiHOKHUCIOT Y
CHHTE30BaHi (€ NOVO MpOTEiHU B KIITHHAX THMY-
ca, nmMpaTHIHUX BY3JiB, CENE3IHKHA Ta B OE3KIIi-
THHHOMY €KCTPaKTi MediHKu MuIi. BeTaHoBIEHO,
0 KPIOMPOTEKTOPH B JIialma30Hi KOHIICHTpPAIliid,
3a AKUX CIIOCTEPIra€ThCs KPio3aXUCHUN eeKT, Bi-
POTiTHO MPUTHIYYIOTH CHHTE3 MPOTEIHIB y JOCIHIi-
JOKYBaHWUX KIIiTHHaX. HalleQexTuBHINy TpHTHI-
YyBallbHY JIIF0 YNHUB TIOJIMEPHUHN KPIOMPOTEKTOP
ITEI-400. Bupasninie npurHideHHS] CHHTE3Y IIpO-
TEiHIB KPIOMPOTEKTOPU CIIPUINHSIN HA KIITHHHO-
My PiBHI, 110, OYEBUAHO, MIOB’I3aHO 3 1X BIIJIUBOM
Ha CHCTEMY TPAHCIIOPTY aMiHOKHCIOT. BusnaueHo,
o iHTiIOyBaJIbHA JlisT KPIOMPOTEKTOPIiB Ha OlOCHH-
TETHYHUH amapaT KJIiTHH € Mg?*-3a1e)Ho010 Ta 000-
POTHOIO.

KnmodoBi ¢J10Ba:KpiompoTeKTOpH, BKIIO-
YEHHSI aMiHOKHCIIOT, O10CHHTE3 MPOTEiHIB, OE3KIIi-
THHHA CHUCTeMa, JTiM(pOiaHi opranu, Mg?*-3aexHa
TSl KPIOMPOTEKTOPIB.
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