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Nanobiotechnological preparations creation is one of the promising areas of modern pharmacy,
since it allows creating products of a qualitatively new level. The procedure development, based on an
understanding of the product characteristics and the technological process, confirmed by reliable
scientific data.

The article is devoted to the pharmaceutical development of liposomal drugs. On the basis of our
own experience in the development of liposomal medicinal forms, as well as on the basis of literature
data, the main components in their composition were detected and these components impact on the
quality indicators of liposomes were studied. Individual lipids function in nanoparticle membrane
and their interaction, which determines the stability both in the technological process and upon
storage of the product, were considered. Theadvantages and disadvantages of cholesterol incorporation
into liposomes with hydrophilic and hydrophobic active pharmaceutical ingredients were described.
Cryoprotectors and buffer systems role in ensuring nanopreparation stability is discussed.

Key words: liposomes, phospholipids, cholesterol, cryoprotector, buffer system, Quality by Design.

The wide interest shown today to
nanobiotechnological products, in particular
to liposomal (Ls) drugs, in pharmacy is quite
understandable — these drugs, possessing a
wide spectrum of action, are intensively used
for diseases of various etiologies diagnostics,
prevention and treatment [1-6]. The Ls drugs
creation is one of the promising areas of
modern nanopharmacology [7—9].

The number of Ls medicinal forms on the
world pharmaceutical market is more than 50
drugs, 5 of which are developed and licensed in
Ukraine. Researchbegunin Ukraineintheearly
90s led to the creation of Ls drugs of various
directions: Lipin (pulmonology, cardiology,
nephrology, obstetrics and gynecology);
Lipodox (oncology); Lioliv (hepatoprotector)
and two forms of Lipoflavone, namely eye
drops (ophthalmology) and an injection
form (cardiology) [10—14]. The indicated Ls
preparations have found wide application in
clinics of Ukraine: Lipin[3, 4, 15—21], Lipodox

[4, 22—-25], Lioliv [4, 26, 27], Lipoflavone
[28—31]. In subsequent years, a team of
authors proposed technologies for obtaining
Ls preparations containing wvarious active
pharmaceutical ingredients (API), studied
their physicochemical and pharmacological
properties: irinotecan [32—-34], cytochrome ¢
[35—37], coenzyme Q10 [38, 39], curcumin [40,
41], cisplatin [42, 43], docetaxel [44—46] and a
number of other products, including complex
Ls preparations containing several APIs [40].

The advantage of Ls drugs in comparison
with the free API form in an equivalent
concentration is a decrease in toxicity
(anticancer drugs irinotecan hydrochloride,
doxorubicin hydrochloride, platinum
drugs, etc.), prolonged action of API when
administered; increased bioavailability for
lipophilic substances (quercetin, curcumin,
antral, etc.).

The aim of the work was to analyze the
pharmaceutical development of Ls drugs. This
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Fig. 1. The structure of Ls preparations [47]
In the developed preparations, hydrophobic substances are represented by quercetin, curcumin,
phosphatidylcholine, etc., hydrophilic ones — by doxorubicin, irinotecan, oxaliplatin, etc.

report considered the issues of “Quality by
design” in the creation of Ls drugs, namely the
individual lipids role of nanoparticle membranes,
their interaction, which determined the stability
both in the process of technology and upon
storage of the finished drug.

After analyzing the composition of the
drugsproposedovertheyears,itshouldbenoted
that the Ls drugs include: API, phospholipids
(PhL), cholesterol (Chol), polyethylene glycol
derivatives (PEG), stabilizers(cryoprotectors);
buffer systems providing the Ls structure and
their physicochemical and pharmacological
properties. The most important components of
the Ls membrane are PhLs.

PhLs. The main membrane-forming
components of Ls preparations are PhLs of
various structure (natural and synthetic),
differing in charge, saturation of fatty acids,
properties of polar groups. To a certain extent,
the effectiveness of Ls containing PhLs is based
on the properties of the PhLs themselves [48—50].

The structure of PhL is characterized by
the presence of hydrophobic and hydrophilic
fragments in the composition of one molecule,
as well as by the diversity of each of these
fragments structure, which largely determines
the role of PhL in a number of cellular processes
[48]: structural function — the PhLs mixture
should be able to form a stable bilayer for
the functioning of membrane proteins (such
PhLs include phosphatidylcholine (PC),
phosphatidylglycerol (PG), sphingomyelin
(SM), phosphatidylinositol (PI) and a number of
others,and atthesametime, therearesomePhLs
inthemembranethatarecapableof forming non-
bilayer structures (phosphatidylethanolamine
(PEA), diphosphatidylglycerol (DPG),

phosphatidic acid (PA), etc.) The formation
of such highly curved membrane sections is
necessary during contact between membranes
(cell fusion process) or when certain proteins
are bound in the membrane, which ensures the
existence of the membrane in a functionally
active state. During hydration in the aqueous
phase, PhLs spontaneously form Ls due to
their thermodynamic phase properties [48—
50]. When choosing a PhL component, it
is necessary to take into account the phase
transition temperature, i.e. the temperature
at which PhLs pass from the gel to the liquid
crystal phase. The phase transition temperature
depends on the structure of the PhL molecule,
the saturation of fatty acids and the structure
of the polar groups. It should be borne in mind
that natural PhLs containing different fatty
acids in two positions have a non-standard
phase transition temperature, especially
since natural, for example, egg PC (EPC) is
represented by the PC family containing a
number of fatty acids [48] and does not have
a clear phase transition temperature. PhLs
with long chain fatty acids have a higher phase
transition temperature. When using PhLs
with a temperature below the phase transition
temperature, they are in the gel phase, which
in turn gives Ls low fluidity and permeability.
When Ls is obtained at a temperature higher
than the phase transition temperature, the
PhLs are in the liquid crystalline phase, which
provides greater fluidity and permeability.
It should be noted that such a structure can
simultaneously impede the penetration of
hydrophilic APIs through the Ls membrane.
An independent question is PhL selection
for the basis of Ls. When choosing a PhL, we
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were guided by a number of requirements: the
maximal API inclusion in the bilayer or in the
aqueous phase of Ls, Ls stability both upon
obtaining the Ls emulsion and upon hydration
after lyophilization, storage stability, absence
of undesirable reactions upon introduction into
the body, etc. Both natural (EPC, hydrogenated
soy PC (HSPC), sunflower PC (SFPC)) and

synthetic (dipalmitoylphosphatidylcholine
(DPPC), dimyristoylphosphatidylcholine
(DMPC), distearoylphosphatidylcholine

(DSPC) and other have been studied previously.
According to a number of researchers, the use of
unsaturated PhLs should be avoided due to the
fact that these lipids are subject to peroxidation
processes. In our opinion, it is possible to use
unsaturated PhLs, in particular EPC, and the
use of this lipid has a number of significant
advantages, including economic ones [4]. To
prevent peroxidation of EPC, a number of
protective measures are used: a) nitrogen or
argonwasusedatthestageoflipid filmobtaining
and its hydration, and the process of obtaining
Ls was carried out in a protective atmosphere of
these gases; b) limiting illumination; c) in cases
where it is possible, at the technological stages
the storage mode of the liquid preparation at a
temperature of 2—6 °C was used; d) Ls storage
after lyophilization throughout the entire
period at a temperature of about minus 10 °C;
e) sealing of lyophilized preparations was
carried out in a protective gas atmosphere [4].
The API used can also determine the choice of
one or another PhL. At the same time, in our
opinion, the influence of the API structure does
not significantly affect the choice of PhL. Thus,
when obtaining Ls forms of anthracyclines,
several medicinal Ls forms have been created
that do not differ in pharmacological action,
the composition of which is different: Doxil
(HSPC:Chol:PEG—-2000-DSPE 56:38:5);
Myocet (EPC:Chol 1:1); Daune—Home (DSPC:
Chol 2:1); Lipodox (EPC:Chol 0.85:0.15). As
can be seen from the data presented, various
PhLs have been introduced into the Ls forms
of anthracyclines: EPC, HSPC, DSPC. When
determining PhL for Ls formation, it is
imperative to study the effect of the molecule
structure and its charge on the properties of
nanoparticles, unsaturation degree of fatty acid
residues and products of PhL peroxidation, and
other factors [4, 33, 34].

PhLis used in the Ls forms: neutral (various
PC),anionic(DPG, PG, PA,PI)andcationic(PEA,
dioleylphosphatidylethanolamine (DOPE),
1,2-dioleyloxy-3- [trimethytlamine]-propane
(DOTAP)). Forexample, in the composition of the
drug Visudin (EPG); DepoCyt (DPPG); hepatitis

A vaccine (DOPE). In previous studies, anionic
PhLs (PI, DPPG, DPG) were used [4, 35, 36, 39,
45, 46]. The studies carried out on the anionic
PhLs inclusion in the Ls membrane bilayer
when obtaining the Ls forms of cytochrome c,
docetaxel, ubiquinone, oxaliplatin, curcumin,
etc. have shown the following advantages: an
increase in the inclusion of an active substance
in Ls; stabilization and standardization of Ls
emulsion; increasing the manufacturability of
the process due toincreasing the filtration rate of
the Ls emulsion; the stability of the Ls emulsion
upon rehydration of the lyophilized preparation
[4, 46, 51]. In addition, the introduction of
anionic PhLsmadeit possibletoprolong theeffect
of the drug. For example, DPPG inclusion from
EPC into the membrane allows increasing the
percentage of cytochrome c incorporation into
Ls due to the interaction of negatively charged
DPPG with positively charged cytochrome c,
which is based on the specific cytochrome c
interaction with anionic PhLs [35—-37, 52]. The
effectiveness of cytochrome ¢ Ls form has been
shown in a number of pharmacological models
[36, 37, 53]. It should be noted that there is
no unequivocal opinion on the use of negative
and positive PhLs. Using cytochrome c as an
example, some authors confirm the effectiveness
of anionic PhLs, others — of cationic PhLs [54—
59]. Complex Ls preparations were proposed
containing two phenolic antioxidants: curcumin
and quercetin. When creating the drug, several
PhLs were studied: EPC, HSPC and SFPC. The
optimal relationships between bioflavonoids
and PC have been determined. Moreover, EPC
was the most effective. Chol inclusion in the
Ls composition did not lead to an improvement
in curcumin and quercetin incorporation
into nanoparticles and Ls stabilization. At
the same time, DPPG introduction into Ls
made it possible to increase the percentage of
API inclusion in Ls, maintain uniformity of
dimensions and improve the manufacturability
of the production process. A synergistic effect of
antioxidants complex has been shown [40, 60].
Ls compositions of antioxidants were obtained,
in which the complex of quercetin and curcumin/
quercetin and ubiquinone was introduced. The
incorporation of hydrophobic antioxidants
into the Ls bilayer was no less than 85-95 %.
The preparations were lyophilized, the size of
nanoparticles in which during hydration was no
more than 300 nm. A high antioxidant activity
has been demonstrated, and each of the AFIs
used in model experiments on animals acted on
different markers of oxidative stress [61].

It should be noted that it was proposed to
introduce Chol into a number of Ls drugs.
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Chol. When analyzing the Chol content
in Ls preparations, attention is drawn to the
fact that Chol is mainly contained in products
containing hydrophilic APIs (Doxil, DepoCyt,
Lipodox, Ls form of irinotecan, etc.). Chol is a
critical component[62]bothin the formation of
Ls and in the release of hydrophilic molecules
from Ls. Chol influences the fluidity and
permeability of the Ls membrane from EPC.

Chol was used to develop Ls medicinal forms
containing hydrophilic APIs: doxorubicin and
irinotecan. Both medicinal forms were obtained
using the lipid film method, high pressure
homogenization and the pH gradient method.
When studying the dependence of irinotecan
encapsulation degree on the Ls composition, the
inclusion of API was found: EPC (100 wt %) —
33% ; EPC:Chol (95:5 wt %) — 44% ; EPC:Chol
(85:15wt %) — 57% ; EPC:Chol (70:30 wt % ) —
71% . As the Chol content increases, the degree
of irinotecan encapsulation increases [33]. Ho-
wever, at an EPC:Chol ratio of 70:30 wt %, the
membrane rigidity increases, which requires
an increase in pressure when sterilizing filtra-
tion is used. Also, during the analysis of
the particle size by laser diffraction, the
presence of particles with a diameter of more
than 5 pym was detected, which indicates the
inhomogeneity of the emulsion, and also affects
the possibility of sterilizing filtration. Based
on the data obtained, the EPC:Chol ratio of 85:15
wt % was selected for further experiments. The
experiment has showed that membranes made
of EPC (100% ), EPC: Chol (95: 5) do not have
a high degree of encapsulation, and are also
unstable upon lyophilization using various
cryoprotectors. It has been also shown that Ls
above 220nm areabsent. The Lsmembranebased
on EPC:Chol (85:15) shows a high degree of
encapsulation and stability upon lyophilization.
Trehalose at a concentration of 6.0% was used
as a cryoprotector. Similar data were obtained
during the development of doxorubicin Ls form
[33]. Chol decreased the release of doxorubicin
from Ls and, at the same time, the antitumor
activity increased. It has been found that Chol
inclusion in Ls can lead to an increase in the
size of particles obtained by lyophilization, as
well as a decrease in the amount of APIincluded
in Ls. Apparently, Chol presence decreases
the rate of hydrophilic APIs passage into Ls
and hydrophilic APIs escape from Ls. The
composition of the preparation also determines
the technological parameters of LS preparations
lyophilization. It has been established that
slow Ls freezing leads to an increase in the
percentage of API inclusion after lyophilization
and rehydration, in comparison with fast

8

freezing [63]. Thus, “rigid” Ls containing Chol
retained their structure to a greater extent
during slow freezing than during fast freezing.
API and PhL composition of Ls determines
the need in Chol for nanoparticles. The Ls
preparations developed by us with lipophilic
APIs contain EPC as the main PhL, in which
unsaturated fatty acids are mainly represented.
Probably, lipophilic components forming lipid
bilayer lead to membrane “rigidity” and do
not require a steroid component in Ls. Also,
it should be noted that Chol introduction into
Ls with lipophilic components significantly
complicates the sterilizing filtration process
of the emulsion through membranes with a
pore size of no more than 0.22 ym, which may
be associated with an increase in the “rigidity”
of the Ls membranes. Due to the fact that Chol
presence in Ls did not lead to an increase in API
inclusion in nanoparticles and worsened the
technological parameters of Ls obtaining, it
was decided to reject of sterols use for lipophilic
substances: quercetin (Lipoflavon), antral
(Lioliv), curcumin, coenzyme Q10 and others
[11, 13, 14, 38, 39, 60]. It should also be noted
that the presence of Chol high content in the Ls
membrane led to a decrease in the penetration
rate of the hydrophilic medicinal substance
(anthracycline antibiotics — doxorubicin,
epirubicin, idarubicin; fluorouracil, platinum
preparations, irinotecan) into nanoparticles [4,
33, 42].

Cryoprotectors. The proposed Ls
preparations are presented as lyophilized
forms, which makes it possible to stabilize
nanosize and provide a longer shelf life. To
preserve the nanosize during lyophilization, it
isnecessarytointroducecryoprotectorsintothe
Lscomposition. When choosing a cryoprotector
and determining its concentration, we were
guided by the following requirements:
preservation of Ls nanosize during the storage
period; the product should be readily soluble
when administered to humans; have no impact
on the physicochemical and pharmacological
properties of Ls; have no effect on the
technological parameters of Ls obtaining.
Disaccharides lactose monohydrate and
trehalose dihydrate in various concentrations
were introduced as cryoprotectors into the Ls
preparations being developed. The amount of
disaccharides in the proposed preparations is
different[4, 10-14, 32, 35, 38, 45, 60, 63]. The
content of cryoprotectors in the Ls emulsion
is from 2.5% to 6.0%, depending on the
composition of the preparation, which ensured
the safety of Ls nanosize during lyophilization
and storage.



Reviews

Buffer systems — pH regulators. A
phosphate saline buffer was used as the
buffer solution. This buffer system is non-
toxic and is widely used in the production
of pharmaceuticals. For the technology
of the pH gradient with API inclusion, in
addition to phosphate saline buffer, citrate
was used, which is the part of Ls form and is
contained in the human body (tricarboxylic
acid cycle). These buffer systems are widely
used in pharmaceutical technology as pH
stabilizers [64]. The use of buffer mixtures
makes it possible to stabilize the pH of both
the nanoparticles themselves and the APIs
included in their composition. The pH of Ls
preparations ranged from 5.0 to 7.4 [4, 12, 14,
32, 33, 35, 38, 46].

The analysis of the data obtained during the
Lsdrugscreation suggests that the development
of “Quality by design” of the specified form
of drugs requires a variety of experimental
works: determination of the PhL components
optimal ratio in the lipid membrane and their
concentration, PhL charge and their fatty acid
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“QUALITY BY DESIGN”
ITPHU CTBOPEHHI JIIIOCOMAJIBHUX
JIKAPCBbRHUX IIPEITAPATIB
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HamnioHanbHUY TeXHIUHUY yHiBepCUTET
«XapKiBCbKUH MOJITeXHIUHUN iIHCTUTYT» ,
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E-mail: yuriykrasnopolsky@gmail.com

CTBOpeHHA HaHOOIOTEXHOJOTIUHUX IIpemapa-
TiB € OJHUM 3 IIEPCIIEKTUBHUX HAIIPAMIB CydacHOIL
damarrii, oCcKiIbKHK ma€e 3MOTy CTBOPIOBATH IIPO-
OYKTH sAKicHO HoBoro piBHA. Crpareria «Quality
by Design» mnepenbauae cucTeMHUI Hiaxim mo
dapmaleBTUYHOI PO3POOKU, ITO TPYHTYETHCA Ha
po3yMiHHI 0CcOGJMBOCTEH TPOAYKTY i Ipolecy
1Oro OTpUMAaHHSA, IiATBePIKeHUX HaiHHNMH Ha-
YKOBUMHU JAHUMMU.

CraTTioO TpUCBAYEHO (apMaIleBTUUYHIN pPO3-
pob1ii JimocoMHUX JiKapchbKux mpenapati. Ha
OCHOBIi BJIaCHOTO JIOCBiZly, a TaKOXK JTaHUX JiTepa-
Typu 3 PO3POOKU JIITOCOMHUX JiKapChbKUX (POpM
BU3HAYEHO OCHOBHI KOMIIOHEHTH, ITI0 BXOIATH IO
IXHBOTO CKJIAy, i BCTAHOBJIEHO BILJIUB KOKHOTO 3
HUX Ha MMOKA3HUKU AKOCTi JimocoMm. PoarisaryTo
POJIb OKPeMUX JiniZiB MeMOpaHU HAHOUYACTUHOK,
iX B3aeMopiio, 110 BM3HAYAE CTAbOiILHICTD AK ¥
mporieci TexHoJIOTiI, TaK i mig yac 36epiraHHsa ro-
TOBOTO Ipemapary. Onucano mepeBaru i HeIOJiKKT
BBeJeHHS XO0JIECTEePOJIy A0 CKJIALy JillocoM 3 Tij-
podimrbHUMHU Ta Tigpo@oOdHUMU aKTUBHUMHU (ap-
MaleBTUYHUMHU iHrpemieaTamMu. OOGroBOPIOETHCSA
poJib KpiompoTeKTopiB i OydepHux cucrem y 3a-
OesmeueHHi cTabiIbHOCTI HAHOIIPEIIapaTy.

Karmuwosi cnoesa: nimocomu, (ochoainigu, xome-

cTepoJ, KpiomporekTop, OydepHa cucrema,
Quality by Design.
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«XapbKOBCKU MOJUTEXHUYECKUN UHCTUTYT» ,
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Cosnanre HaHOOMOTEXHOJOTUUECKUX IIpernapa-
TOB SIBJISIETCS OMHUM U3 [IePCHEKTUBHBIX HAIIPaBJIe-
HUI COBPeMeHHOM (apMaIiii, IIOCKOJIbKY ITI03BOJIA-
eT CO3[aBaTh MPOAYKTHI KaUeCTBEHHO HOBOTO YPOB-
Hda. Crparerusa «Quality by Design» mpexnmosaraer
CUCTEMHBIN TMOAXOM K (hapMalieBTUUeCKON paspa-
0OTKE, OCHOBAHHBIM HA MOHMMAHUU OCOOEHHOCTEI
MIPOAYKTA U IIPOILECCA ero IIOJIyUYeHUs, ITOATBEePIK-
IEeHHBIX HAEKHBIMU HAYYHBIMU JAHHBIMU.

Crarbs mocBsIlleHa (apMaleBTUYECKOi pas-
paboTKe JIUIIOCOMAaJIbHBIX JIEKAPCTBEHHBIX IIpela-
paroB. Ha ocHOBe COOCTBEHHOTO OIBITA, a TaKiKe
IaHHBIX JIUTEPATYPHI 110 pa3paboTKe JIMIIOCOMAJIh-
HBIX JIEKAPCTBEHHBIX (hOPM OIIpeie/ieHbl OCHOBHEIE
KOMIIOHEHTBI, BXOJSAIINE B UX COCTAB, U YCTAHOB-
JIEHO BJMAHWE KaKJOT0 M3 HUX Ha IOKasaTesu
KauecTBa JUIIOCOM. PaccMoTpeHa poJIb OTAEIbHBIX
JIUTINI0OB MeMOpaHbl HAHOUYACTUIL, UX B3aUMOel-
CTBUE, OUIPEEJIAIoNee CTa0MILHOCTL KaK B IIPO-
1ecce TeXHOJIOTUH, TaK U IPYU XPAHEHUU IOTOBOIO
mpemnapara. OnucaHbl IPEeNMYIeCTBa 1 HeIOCTaT-
KU BBEJEHUSA XO0JIECTEPOJa B COCTAB JIUIIOCOM C
ruApOUIbHBIMU U TUAPO(POOHBIMU AKTHBHLIMUI
dbapmaneBTrueckumu mHrpegueHTamu. O6cy:xaa-
€TCA POJIb KPUOIIPOTEKTOPOB U OY(PEPHBIX CUCTEM B
obecrieueHUY CTAOMILHOCTH HaHOIIpemapara.

Kntouesvie cnoea: numocombl, GHoChHOIUTUILI,
X0JIECTEPOJI, KPUOIIPOTEKTOP, OydepHasd cucrema,
Quality by Design.
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The use of plant biomass as a primary source of energy is currently unacceptable both from an
economic and environmental point of view. The experience of a number of industries, in particular
hydrolysis production, enables to solve the problem of profitability of organic biomass treatment by
its deep complex processing with the resulting components whose cost exceeds the cost of organic raw
materials as fuel. Currently, the main results of complex processing of organic raw materials are still
energy-intensive products — bioethanol and hydrolyzed lignin, which energy characteristics are
commensurate with fossil fuels. Bioethanol production from starch-containing, sugar-containing or
lignocellulosic raw materials requires the use of different technological stages and, accordingly, the
cost of bioethanol for each type of raw material is different. Compared to bioethanol produced from
sugar and starch raw materials, bioethanol from manufactured lignocellulosic raw materials is more
expensive. Bioethanol from lignocellulosic raw materials is more expensive compared to bioethanol
obtained from sugar and starch raw materials. The most energy-intensive in the technology of
bioethanol obtaining from lignocellulosic raw materials is the stage of pretreatment of raw materials
for hydrolysis, because the process of preliminary preparation and hydrolysis with dilute acids occurs
at high temperatures and pressures. During enzymatic hydrolysis, the process temperature is
maintained for a long time (up to several days). To ensure deep integrated processing of plant raw
materials, as well as to reduce overall costs, it was proposed to improve the technology and equipment,
which allow increasing the degree of conversion of raw materials into basic and by-products.

Key words: bioethanol, biomass, preliminary preparation, hydrolysis, lignin, rotary pulsation
apparatus.

1. Biomass as a renewable resource

The demand of the world economy for
energy resources is growing every year. Thus,
global oil reserves (as at 2015) amounted to
1657.4 billion barrels. Given that world oil
consumption is estimated at 99 million barrels
per day, there is a need for widespread use
of renewable energy sources. Biomass is the
largest renewable resource used in the world
economy (more than 500 million tons per year)
[1]. The most important sources of biomass are
wood and crops.

The annual growth of biomass in the world
is estimated at 146 billion tons in terms of

dry matter [2], which is energy equivalent to
80 billion tons of oil. The biomass potential in
Ukraineisupto 20,2 million tons of oil equivalent
[3]. These are straw, agricultural waste, waste
from woodworking enterprises, etc.

Biomass is considered one of the key
renewable resources of the future. Its amount
reaches 2.42310'%t, or~550 Gt of carbon (C), of
which ~ 80% is accounted for by plants, among
which terrestrial plants are predominate [4].

Biomass is the most important source of
energy for 3/4 of Earth’s population living in
developing countries. In developing countries,
biomass provides an average of 38% of primary
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energy (in some up to 90% ). Biomass is likely
to remain an important global source of energy
in the 215 century. The most common sources
of biomass are plants (wood, peat, straw). In
the process of their use and processing, a large
amount of renewable waste is generated every
year. It is estimated that only 25% of waste is
used efficiently. Developing countries, at the
cost of biomass, can theoretically cover 15% of
energy needs, industrial — 4% [5].

2. The state of bioethanol production
in Ukraine and the types of raw materials
available in Ukraine

In 2018, there were about 13 bioethanol
producers in Ukraine. Six of them are
quite successful — Zarubinsky, Gaisinsky
distilleries, private plants Ecoenergy and
Fazor, as well as Uzinsky and Gnidavsky sugar
factories. In 2017, they produced 80,000 tons
of bioethanol, which went to the production of
alternative fuels [6].

Currently, industrial plants in bioethanol
production employ mainly two types of
primary raw materials, namely starch from
cereals and juice or molasses from sugar crops
(first generation bioethanol) [7].
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Energy crops for ethanol production in the
European climate zone, which includes Ukraine,
are plants with high sugar and starch content —
cereals, potatoes, sugar beets, corn for grain [8].

Corn has the highest yield of bioethanol
per product unit — an average of 40 liters
per 1 centner of grain (with dry grinding).
The result of corn complex processing (wet
grinding) is starch, gluten, glucose-fructose
syrups, lysine, food alcohol, or bioethanol,
citric and lactic acids, protein-mineral vitamin
concentrates [9].

Another type of raw material that can be
used for bioethanol production in Ukraine
is sugar beet. This culture provides the
highest yield of ethanol from 1 ha, does not
require additional costs for pre-treatment of
raw materials, allows reducing greenhouse
gas emissions [10]. By-products of sugar
production are beet pulp, which is used as
fodder for agricultural livestock, molasses,
and filtration sludge [11].

Studies on the use of energy crops as raw
materials for bioethanol production are energy
willow, miscanthus, sugar sorghum [12].

The optimal raw material for bioethanol
production in Ukraine is molasses — a by-

Popovskyi
experimental

24(8)

1 Naumivskyi ethanol plant

48(16)

e
plant "Technosevice™" 1-“““’“-

energy”
‘_\ S
Uzynskyi sugar
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Lokhvytskyi
ethanel plant

48 (16) k Kl(ramatc-rskv'l

Tvashkivskyi = plant "Olympus"
ethanol plant 24 (8)
"Technoservice”

32 (11)

Fig. 1. Ukrainian enterprises of various forms of ownership that produce bioethanol (for 2018) [6]
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product of sugar production. According to the
authors of [13], the total energy consumption
for one ton of bioethanol from molassesis 9 459
MJ, from corn — 56 565 MdJ. The difference in
production energy consumption is due to the
presence of the stage of the operation of boiling
raw materials and saccharification of starch
by malt enzymes or enzyme preparations.
The process of molasses preparation for
fermentation consists only of homogenization
of antiseptic molasses and dilution with water
(spreading).

The main disadvantage of molasses as a
raw material for bioethanol production is its
limited amount. According to statistics, in
2019 the sugar factories of Ukraine received
832581.6 tons of sugar, 256067.6 tons of
molasses, and 1297780 tons of pulp. That is,
from 256067 tons it is possible to get 77896
tons of bioethanol, or (77896 tons - 0.64 =
49853.44 tons of oil equivalent) [14].

However, molasses are also used as a raw
material for the production of food acids,
baking, and feed yeast, as an additive to farm
animal feed, as well as a binder in the lumping
of fine coal [15].

The simplified block diagram of complex
processing of grain raw materials for
bioethanol obtaining with designation of by-
products are shown in Fig. 2.

The comparative characteristics of
different types of biomass as raw materials for
bioethanol production are shown in Table 1.

3. Economic efficiency of different methods
for bioethanol obtaining

It should be noted that the use of
plant biomass as a primary energy source
is currently unacceptable from both an
economic and environmental point of view.
The experience of a number of industries,
in particular hydrolysis, allows solving the
problem of profitability of organic biomass
processing by its deep complex processing to
obtain components whose cost exceeds the cost
of organic raw materials as fuel.

The main results of the complex processing
of organic raw materials are increasingly
energy-containing products — bioethanol
and hydrolyzed lignin, which energy
characteristics are commensurate with fossil
fuels.

[ Cleaning ]
Starch-based Sugar-based Lignocellulosic
feedstock feedstock feedstock
' N & '
; Antiseptic i
Soaking [ froton ] Grinding
\ r \ v
' N ' G,
e Slurry formation lignin
Grinding [ i ] Pretreatment
N 7
_ a ) > 4
germ Hy drolysis
%
vital gluten 3-phase separation \ )
| furfural
A-starch Evaparation =
fraction \_ J L )
s N
- Liguefaction
pentosane,
B-starch > < ")
fraction Saccharification [ Dring
. v \L
Briguetting
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Fig. 2. Block chart of complex processing of grain raw materials and molasses for bioethanol obtaining with
by-products designation
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Table 1. Technological evaluation of raw materials for bioethanol production in Ukraine [16]

Type of raw Yield of bioethanol, th/tons of raw The required sowing area for the
material material production of one ton of bioethanol, ha
Spiked cereals 0.3 1.24
Beet 0.08 0.42
Sorghum vulgare 0.09 0.14
var. saccharatum,
Sorghum
saccharatum
Molasses 0.24 -
Wheat straw up to 0.1%* -

Note: enzymatic hydrolysis with pretreatment by purified KOH [17].

Themain direction of improving the process
of complex processing of organic biomass,
in particular plant raw materials, is the
introduction of technologies and equipment
that increase the degree of conversion of raw
materials into basic and by-products without
a significant increase in energy consumption.

The main factor that determines the
efficiency of bioethanol production is energy
consumption per unit of output.

Table 2 shows the average energy
consumption of the plant for 1000 liters of
bioethanol production. These indicators are
typical but may vary depending on specific
local conditions (according to VOGELBUSH
Biocommodities) [18]. Steam consumption and
supplied power vary depending on whether
the drying of the post-alcoholic bard (wine
concentration) takes place or not.

From the data given in Table 2 it can be
concluded that the production of bioethanol
from molasses is 44% less energy consuming
compared to the production of bioethanol
from wheat. The additional operation of
drying the post-alcoholic bard, offered by
the manufacturer, adds about 60% to energy

consumption (for molasses) and more than
twice as much for wheat.

As an example of efficiency of deep grain
processing, the material balance of typical
plants offered by the VOGELBUSH group of
companies is given (Table 3).

There are a number of studies on the cost-
effectiveness of processing for various types
of plant raw materials in order to obtain sugar
with subsequent production of ethanol and
by-products [20—-22], in particular in [22]
the fixed capital costs (buildings, equipment
and plant construction costs, and production
costs (including materials, labor, utilities,
maintenance fees, and capital depreciation)
(Fig. 3).

The figure shows that when investing
in fixed capital, pulp processing has higher
fixed costs than that of first-generation raw
materials.

The acid-based pretreatment has the
highest fixed cost because of the extra costs
required to guard against equipment corrosion.
The ionic liquid and organosolv pretreatments
have the second highest fixed costs because of
the additional equipment needed for recycling

Table 2. Average energy consumption of the entire plant for 1000 liters bioethanol production
(according to VOGELBUSH Biocommodities)

Raw material Part of Quantity, Steam, kg Power, KW /h
(SSI‘;ZZ;I‘}‘) kg Drying of post-alcoholic.bard or
vinassa concentration
no yes no yes
Wheat 62 2420 1400 3150 115 260
Cereals 65 2285 1250 2750 110 220
Molasses 52% 3210 1700 3000 65 105
Cane juice Sorghum vulgare var. 18+% 8640 1200 2550 60 90
saccharatum, Sorghum saccharatum
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Table 3. Added value of typical plants (according to the VOGELBUSH group of companies) [19]

Type of enterprise Wheat, thousand tons/year | Added value, million euros/year
A simple plant for grain processing into 500 47.7
bioethanol
Deep processing plant grains 500 77.1
Plant for deep grain processing and
bioethanol production 1000 123,3
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Fig. 3. Costs of sugar production from different types of feedstocks:
a — fixed capital cost; b — production cost [22]
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and facilities for storing the solvents. On
the other hand, the least expensive sugar
production operation used sugar crops because
it required a relatively simple process for juice
extraction.

Fixed costs for the wet grinding process
are higher than for the dry grinding process
due to operations related to the fractionation
of corn grain.

Equipment wused for raw material
processing, pretreatment, and lignin
separation is a major factor in increasing fixed
capital investment for pulp raw materials.

As it is shown in Fig. 3, b, pretreatment
of raw materials before hydrolysis using
acid has the lowest cost of sugar production,
because it has high efficiency and productivity
of sugar. Lower sugar alkaline pretreatment
productivity leads to higher sugar production
costs.

The most promising lignocellulosic
raw materials for complex processing are
agricultural waste. Thus, in 2017, primary crop
waste (straw and stems) amounted to 15039
thousand tons of oil equivalent, or 57.7% of
the total biomass potential of agricultural
enterprises of Ukraine, wood biomass — 16.3%,
energy crops — 14.5% [23].

Fig. 2 shows that the common stages of the
technological process of bioethanol obtaining,
for these types of raw materials are the
generation of yeast, fermentation, distillation,
and dehydration of ethanol. The differences
of the previous stages are determined by the
type of raw material, the method for obtaining
from it a sugar solution for fermentation and
byproducts obtaining from it that are not used
in ethanol production.

The most energy-intensive is the method
of bioethanol obtaining from lignocellulosic
raw materials, which consists of a stage
of pretreatment for hydrolysis and direct

hydrolysis. The main energy consumption is
to maintain high temperatures and pressures
during pretreatment and hydrolysis with dilute
acids and to maintain a certain temperature for
a significant time (up to several days) during
enzymatic hydrolysis.

The main purpose of pretreatment of
lignocellulosic raw materials for hydrolysis
is the removal of lignin, which prevents the
access of cellulolytic enzymes to cellulose
fibers. Commercial pretreatment technologies
are shown in Table 4 [24].

Cost  distribution for the general
lignocellulosic enterprise equipment is given
in [24]. Pretreatment and steam production
are the most cost-effective areas.

One of the ways to increase the efficiency
of complex processing of lignocellulosic raw
materials is the application of equipment
that enables to increase the degree of raw
materials conversion into basic and by-
products. An example of the equipment
that significantly intensifies heat and mass
transfer in liquid multicomponent media are
rotary pulsation devices, which are effective
devices in technologies related to mixing,
homogenization, dispersion, etc. [25]. In
particular, there are a number of studies on
the use of rotary pulsation devices in the
technology of making wort from starch-
containing raw materials [26, 27].

The research results on the use of rotary
pulsation apparatus for delignification of
wheat straw in the process of its preliminary
preparation for hydrolysis are given in [28].
The hardware-technological scheme of the
pretreatment stage for hydrolysis using a
rotary pulsation apparatus and alkali as an
agent for removing lignin is shown in Fig. 5.
The receiving tank I and the rotary pulsation
apparatus 2 are filled with an alkaline solution.
After the engine start, the pre-crushed chips

Table 4. Commercial technologies of of lignocellulosic raw materials prearrangement for hydrolysis

Type of process

Manufacturer

Characteristic

Steam explosion

Beta Renewables

Low xylose yield
A large amount of enzyme preparation

One-stage treatment with dilute Abengoa High yield of xylose
acid medium amount of enzyme preparation
Two-stage treatment with diluted Poet—DSM High yield of xylose
acid Small amount of enzyme preparation
Ammonia and steam Dupont Requires a large amount of enzyme preparation
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Fig. 4. Cost distribution for equipment of the enterprise
for the bioethanol production from cellulose-containing raw materials [24]

of annual plant raw materials are added into
the solution moving in the reverse flow. The
resulting dispersion passes through a rotary-
pulsation apparatus. Processing is carried
out in the recirculation mode at certain
temperatures (up to 100 °C) and pressure (up
to 0.1 MPa). The resulting dispersion is fed
to filter 3 (optionally diluted with water), in
which the filtrate containing lignin and the
solid cellulose residue, which is fed to the stage
of hydrolysis, is separated.

The filtrate from the filter is fed to the
intermediate tank 4 and subjected to chemical
treatment with sulfuric acid up to pH = 2,
after which it is fed to filter 5. The precipitated
lignin remains on the filter and is fed to the
drying stage. After filter 5 the filtrate is fed
to the stage of hydrolysis.

If bioethanol is considered as an item, it
has a stable high demand and turnover, which
has a profitability of 15-30% . The production
building is quite compact 30x21x24 meters. Of
course, by building a complex for bioethanol
production, the company has the opportunity
to modernize processing and launch the
production of baker’s yeast, furfural or
liquefied carbon dioxide, which are sold as
separate products. Among the options for
the future, the construction projects are
considered for biogas production facilities
through the methanation of bard and pulp
with the production of green electricity, which

is implemented with a factor of 2.2—-2.5. Every
day, the plant, which processes 200 tons of
molasses, produces 50 tons of bioethanol,
40 tons of carbon dioxide [29].

Lignin and bioethanol are energy-intensive
products of plant biomass processing. The
calorificvalueofdryligninis5500—-6500kcal /kg
and is comparable to the calorific value of
equivalent fuel (7000 kcal/kg). The caloric
content of the product with a moisture content
of 18-25% is 4400-4800 kcal/kg and the value
of the product with a moisture content of more
than 65% 1500-1650 kcal/kg, the caloric
content of ethanol is respectively 6405 kcal /kg.

27 thousand tons of fuel equivalent per
year could be produced from 43 thousand
tons of absolutely dry lignin with a moisture
content of 60% .

According to the world leader in lignin
production Borregaard, 400 kg of cellulose, 50
kg of ethanol, 3 kg of vanillin, and 400 kg of
hydrolyzed lignin are obtained from 1000 kg
of wood after autoclaving, decolorization and
drying.

According to various sources, the amount
of lignin in Ukraine (waste from the yeast,
feed, pulp, and paper industry) is from 5 to 15
million tons.

It is known that deep complex processing of
plant raw materials can significantly increase
the profitability of the relevant industries by
obtaining additional products with high added
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Fig. 5. Hardware-technological configuration of the pretreatment stage
for hydrolysis using a rotary-pulsation apparatus:
1 — receiving capacity; 2 — rotary pulsation aparatus; 3, 5 — filter; 4 — intermediate capacity; 6 — pump

value, thus reducing the cost of basic products
and increasing the profitability of production
as a whole. So, the substances obtained in the
process of chemical destruction of organic raw
materials in hydrolysis or yeast production
are in great demand in the pharmaceutical,
chemical, cosmetic industry, construction,
and so on [5]. Much attention is paid to the
integrated processing of organic raw materials
in industrialized countries.

The centers for integrated processing of
organic raw materials operate in Austria,
France, Denmark, Germany, Canada, the
Netherlands.

Thus, the Austrian company “Lenzing AG”
produces furfural, acetic acid, sodium sulfite,
potassium, lignin. At the same time, thermal
and electrical energy is produced on the basis
of lignin as an energy carrier.

In Canada, “Ensyn” recycles crop and wood
waste, produces biodiesel, charcoal, binders,
“green gasoline” (bioethanol), diesel, and
aviation fuel (rapid pyrolysisisused). Biodiesel
is used to produce heat and electricity, motor
fuels, and a number of chemicals.

GEA Wiegand GMBH from Germany,
producing bioethanol, additionally produces
gluten flour, starches, dextrose, fructose
syrup, and other high-value products.

20

Lignins, as products of complex processing
of plant raw materials, have been used as
dispersants, emulsifiers, binders and adhesives,
sorbents for medical and technological purposes,
sorbents for wastewater treatment [30, 31].

In the pharmaceutical field, lignin is
considered asa promising material for hydrogels
production, because lignin has antioxidant and
antibacterial properties [32], it can be used as a
material for 3D printers for the manufacture of
dressings for wounds. The components of lignin
decomposition are considered as antiviral drugs
and antioxidants [33].

However, commercially lignins continue
to be used as biofuels (fuel briquettes, pellets,
including in a mixture with sawdust, coal and
peat dust, fuel gas production, including the
production of electricity in gas-piston gas
generators, boiler fuel, etc.).

The most common type of use of hydrolyzed
lignin with a humidity of 60-65% is its
combustion to produce heat.

Modern operating enterprises for
lignocellulosic raw materials processing use
lignin obtained during processing as fuel for
steam production at the enterprise.

The use of lignin and fuel quality can cover
up to 73% of the thermal energy demand for
bioethanol production in an alkaline way [34].
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Bioethanol obtaining from  starch-
containing, sugar-containing orlignocellulosic
raw materials requires the use of different
technological stages so the cost of bioethanol
for each type of raw material is different
accordingly. Compared to bioethanol with
sugar-containing and starch-containing raw
materials, bioethanol from lignocellulosic-
containing raw materials is more expensive.
The most energy-consuming is the stage of
preliminary preparation of raw materials for
hydrolysis in the technology of bioethanol
obtaining from lignocellulosic raw materials.
Increasing the profitability of bioethanol
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PEAJIII CLOTOAEHHSA TA IEPCIIEKTUBH
KOMIIJIEKCHOI ITIEPEPOBKH
POCJIMHHOI CUPOBUHHU
HA BIOETAHOJI TA IIOBIYHI TPOAYKTH

0. M. O60o0osuu, B. B. Cudopenko

TacTuryT TexHiuHOI TenodisuKku
HAH VYxpainu, Kuis

E-mail: tdsittf@ukr.net

BukopucranHa pocauHHOI 6iomacu AK mep-
BUHHOTIO JsKepeJia eHeprii Ha chbOroNHi € Henpuii-
HATHUM Hi 3 eKOHOMIUHOIO, Hi 3 €KOJOTiuHOTO
moraany. JlocBim HMBKM BUPOOHUIITB, 30KpeMa
rigposiszHOro, mae 3MOT'Y BUPIIIUTH IPOOJIEMY
peHTabenbHOCTI 00po0IeHHA opraHiuHoi Gioma-
KM 3 OTPUMAHHAM CKJIAJOBUX, BapPTiCTh AKUX
IepeBUINlye BapTicTh BUXigHOI opranHiuHoi cu-
poBUHU AK majgmBa. Hapasi roloBHUMU Pe3yJib-
TaTaMB KOMILJIEKCHOI IepepoOKU opraHiuuoi
CUPOBUHU 3aJUIIAIOTHCS €HEeProBMiCHI IPOAYK-
™1 — 06ioeTaHOJI Ta TiApOoJIisHUU JirHiH, AKi Ma-
IOTh eHEePreTUYHi XapaKTepUCTUKH, CIIiBCTaBHi 3
BUKOIHUMU najnuBamu. OTpuMaHHA 6ioeTaHOTY
3 KpOXMaJIeBMiCHOI, ITyKpoBMicHOI abo Jiruore-
JIF0JI030BMiCHOI CMPOBUHY IIOTPEOyE 3aCTOCYBaH-
HA Pi8HUX TeXHOJOTIUHUX cTamiu i, BiAmoBigHO,
cobiBapTicTh OioeTaHONy MO KOMKHOTO BHUIY
cupoBuHU € pisHoM0. IlopiBHAHO 3 GioeTaHOJIOM
i MYKPOBMIiCHOI0O Ta KPOXMAaJIEBMiCHOIO CUPOBU-
HOI0 0ioeTaHOJI 3 JIirHOIIEeJI0J030BMiCHOI CHPO-
BUHHN € AOpokumM. HalieHeproBuTpaTHIiIIIO B
TexXHoJOTil oTpumManHsA OioeTaHOJYy 3 JIirHOIIE-
JII0JIOBOBMIiCHOI CUPOBUHMU € CTAJAis MOIepeIHbol
OiITOTOBKY CHPOBHHU MO0 TiApPOJi3y, OCKiJIbKH
el mpoIec i riposais po3BeleHNMHY KUCJIOTaAMU
BimOyBa€eThCcsa 3a BUCOKUX TeMIepaTypu Ta THUC-
Ky. Ilig uac eH3MMAaTHUUYHOrO TiAPOJai3y TeMmepa-
Typa mpolecy HNifTPUMYyEThCA IPOTATOM TPUBA-
Jjoro yacy (mo Kinbkox ni6). Iia 3abesmeueHHS
rInOOKOI KOMILIEKCHOI IepepoOKM POCIMHHOI
CUDOBUHU, & TAKOXX 3 METOI0 3MEHIIEeHHA 3a-
TaJbHUX BUTPAT 3aIPOIOHOBAHO BIOCKOHAJIEH-
HA TeXHOJIOTiI Ta o0JagHAHHSA, II0 YMOMKJINBUTD
30iJbIIIeHHSA CTYIeHA KOHBepcili BUXigHOI cupo-
BUHU B OCHOBHI Ta O6GiuHi IpoAyKTH.

Knwuosi cnosa: 6ioetanosn, 6iomaca, momepemsHs
OiArOTOBKA, TiApOJi3, JIrHiH, POTOPHO-IyJIhCAa-
ImidHUYT amapar.

PEAJIMHA HACTOAINETO U ITEPCIIERTHUBbI
KOMIIJIEKCHOM IEPEPABOTKH
PACTHUTEJIBHOI'O CbIPbA
B BUO9TAHOJI 1 IIOBOYHBIE ITPOAYKTbI

A. H.O600osuu, B. B. Cudoperko

WHCTUTYT TEeXHUUECKOU TeIJIO(DUSUKYI
HAH Vxkpaunsl, Kues

E-mail: tdsittf@ukr.net

Ha ceroguamiauii qeHb MCIIOJb30BaHUE pac-
TUTEJbHOII 6oMacchl KaK IMEePBUYHOTO MUCTOYHU-
Ka 9HEPTUU SABJIAETCSA HEIPUEMJIEMBIM HU C KO-
HOMUIYECKOM, HU C DKOJIOTUYECKOM TOUKY 3PeHNUd.
OmneIT psAma MIPOU3BOLCTB, B YACTHOCTU T'HUAPO-
JIN3HOI'0, II03BOJISET PEIIUTh IP0o0JeMy pPeHTa-
0eJIbHOCTH 00paboTKM OpPraHNYecKOH O6rMOoMACCHI
IIyTeM TJIyOOKOII ee KOMILJIEKCHOI IlepepaboTKu
C MOJIYUYEeHUEM COCTABJIAIOINX, CTOUMOCTH KOTO-
PBIX TIPEBBIIIIAET CTOMMOCTb MCXOJHOTO OpPTaHU-
YECKOr'0 ChIPhS KaK TOILIMBA. HbIHe IiIaBHBIMU
pesyJbTaTaMMU KOMILIEKCHOM mepepaboTKU opra-
HUYECKOTO CHIPbSA OCTAIOTCSA dHEProcoAepsKalme
MIPOAYKTHI — OMOATAHOJ U TUAPOJIUSHBIN JIUTHUH,
UMeIoIINe 9HepPreTuUecKre XapaKTepPUCTUKHU, CO-
U3MePUMBIe C ICKOIIaeMbIMY TOILJITBAMMU.

ITonyuenne OmosTaHOIa M3 KPaXMAaJICOIEP-
JKaIIero, caxapocoIeprKaIlero Uin JUTHOIeLIIO-
JIO30COZIEPIKAIIeTO ChIPhbsA TPeOyeT MPUMEHEHUs
Pa3IMYHBIX TeXHOJOTUUYECKUX CTAAUM 00paboTKU
U, COOTBETCTBEHHO, Ce0ECTOMMOCTH OMO3TaHOJIA
IUIA KayKJIOro BUAa ChIPbaA passumuHa. Ilo cpas-
HEHHUI0 ¢ OMOSTAHOJIOM C CaXapoCOAEeP:KaIllero u
KpaxMaJICOIepPs;Kalllero ChIPbs CTOUMOCTB OMO-
9TaHOJIa W3 JIMTHOIEJLIIOJIO3HOTO CHIPhS SABJISET-
ca OGosee BhICOKOIT. Hawmbosiee sHeprosaTpaTHOI
B TEXHOJIOTUY IIOJIYUYEeHUA OMO3TaHOJIA U3 JIUTHO-
IIeJLITI0JIO30COIEPIKAIIETO ChIPhA ABJIAETCA CTaUA
IIPeIBaPUTEILHON MOATOTOBKY ChIPbSA K THIPOJI-
3y, IIOCKOJIbKY 9TOT IIPOIECC U I'UAPOJIN3 pasbas-
JIEHHBIMU KHCJIOTAMU IPOUCXOAUT IIPU BHICOKUX
TeMIepaType U AaBjieHuu. Bo BpeMsa sH3UMaTHUUe-
CKOTO TMAPOJIM3a TeMIlepaTypa IIpolecca IoAmep-
JKMBAETCS B TeUeHUE 3HAYUTEIHHOTO0 BPpeMeHH! (10
HECKOJBbKUX CyTOK). 15 obecmeueHUsA TIIyOOKOI
KOMILJIEKCHOII IepepadOTKU PACTUTEJIHLHOTO ChI-
Pbs, a TaKIKe C [eJIbI0 YMEeHbIITeHUA 00IITUX 3aTpaT
MIPEeAJI0KEeHO COBEPIIIEHCTBOBAHNE TEXHOJOTUU U
000py0BaHYE, ITIO3BOJIAOIIEE YBEJINUUTH CTEIIEHD
KOHBEPCUY UCXOJHOTO CHIPHs B OCHOBHBIE U ITI000U-
HbIE IPOLYKTHI.

Kntouesvle cnrosea: 6mostanos, buomacca, mpeji-

BapuTeJgbHaA IIOATOTOBKA, THUAPOJU3, JIUTHUH,
POTOPHO-ITYJIBCAITMOHHBIN anmapar.
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This review was aimed to briefly summarize current knowledge of the biological roles of
gasomediator HyS in hemostasis and cardiovascular diseases. Since the discovery that mammalian cells
are enzymatically producing H,S, this molecule underwent a dramatic metamorphosis from dangerous
pollutant to a biologically relevant mediator. As a gasomediator, hydrogen sulfide plays a role of
signaling molecule, which is involved in a number of processes in health and disease, including
pathogenesis of cardiovascular abnormalities, mainly through modulating different patterns of
vasculature functions and thrombotic events. Recently, several studies have provided unequivocal
evidence that H,S reduces blood platelet reactivity by inhibiting different stages of platelet activation
(platelet adhesion, secretion and aggregation) and thrombus formation. Moreover, H,S changes the
structure and function of fibrinogen and proteins associated with fibrinolysis. Hydrogen sulfide
regulates proliferation and apoptosis of vascular smooth muscle cells, thus modulating angiogenesis
and vessel function. Undoubtedly, H,S is also involved in a multitude of other physiological functions.
For example, it exhibits anti-inflammatory effects by inhibiting ROS production and increasing
expression of antioxidant enzymes. Some studies have demonstrated the role of hydrogen sulfide as
therapeutic agent in various diseases, including cardiovascular pathologies. Further studies are
required to evaluate its importance as a regulator of cell physiology and associated cardiovascular
pathological conditions such as myocardial infarction and stroke.

Key words: hydrogen sulfide, gasomediator, hemostasis, thrombosis, fibrinolysis, platelets, car-
diovascular diseases.

H,S: from toxin to biological mediator other tissue). It is currently accepted that
H,S exerts its toxicological actions on
the molecular level primary through the
inhibition of mitochondrial Complex IV. Via
this action, the consumption of O, is limited
and mitochondrial electron transport and
ATP generation is blocked. However, the
toxicological mode of H,S action is more
complex, as it is capable of interacting with
multiple intra- and extracellular proteins (for
instance, sulfhydration etc.).

Following the discovery that mammalian
cells are capable of producing H,S, this
molecule underwent adramatic metamorphosis
of recognition from dangerous pollutant to a
biologically relevant molecule (as NO). Three
enzymes have been shown to enzymatically

For many decades, hydrogen sulfide (H,S),
a simple gaseous molecule with the smell of
rotten eggs, was considered to be a toxic gas
that penetrates cells by simple diffusion [1].
Generations of researchers have investigated
the toxicological effects of H,S in various
species, including human. Among the more
recent studies: Attene-Ramos demonstrated
the genotoxic effect of high doses of H,S [2],
Nicholson [3], Khan [4] and later Dorman
[6] have directly showed the inhibition of
cytochrome c¢ oxidase activity ex vivo in
tissues after H,S exposure of experimental
animals, and implicating these effect s in the
disruption of respiratory and mitochondrial
functions in the mammalian brain (and

24



Reviews

generate H,S, cystathionine p-synthase
(CBS), cystathionine y-lyase (CTH or CSE)
and 3-mercaptopyruvate sulfurtransferase
(3MST) [6—8]. CBS and CSE participate in the
interconversion of homocysteine to cysteine,
known as the transsulfuration pathway; both
enzymes are pyridoxal-5 phosphate dependent
[9, 10]. It should, however, be kept in mind that
CBS and CSE catalyze number of additional
reactions that do not yield H,S [9]. The gene
expression of CBS and CSE has been detected
in various tissues, including the liver, kidney,
lymphatic system, vascular wall, cardiomyocytes
and fibroblasts. While these enzymes contribute
equally to the local production of H,S in liver
and kidney [11], one of the enzymes could be
dominant in other contexts. There is prevalence
of CSE in cardiovascular system [12]. Relatively
high concentration of CSE is observed in arteries,
and H,S is produced by both endothelial cells[13]
and smooth muscle cells of the vessel wall [14].
The key enzyme for H,S synthesis in the central
and peripheral nervous system is CBS[15].

H,S dissolved in water is a weak acid
and dissociates into H, HS™, and S,. At
physiological pH (7.4), such as in blood and
other physiological solutions, approximately
14% of the free sulfides are present as gaseous
H,S, more than 80% is present as HS™, and
the rest is S,~. It is still undetermined, which
form is biologically active. H,S itself, HS",
polysulfides, as well as S/N hybrid species
havebeen shown to affect a variety of signaling
pathways leading to biological responses [16,
6, 17]. Hydrogen sulfide is also soluble in
lipid membranes so that it has access to both
intracellular and extracellular sites of target
proteins [18]. A primary mechanism through
which H,S affects the activity of signaling
proteins is a modification of reactive cysteine
SH groups to persulfide groups (-SSH)
[19]. This posttranslational modification is
similar to S-nitrosylation, which is induced
by NO, and could be an important signaling
mechanism. Depending on the nature of the
targeted protein, the effect of H,S might take
from seconds to days to manifest.

The field of H,S biology has dramatically
expanded over the last decade. Now
endogenous hydrogen sulfide is recognized
as a gasomediator of various physiological
and pathological processes [1]. H,S has been
proven to be involved in vascular relaxation,
hypertension, cellular proliferation, gene
expression, cardioprotection, neuroprotection,
intestinal secretion, diabetes, apoptosis,
atherosclerosis and inflammation.

H,S in vascular biology and thrombosis

Endogenous concentrations of hydrogen
sulfide in human plasma are ranged from
30 uM to 65 uM [20]. Its physiological level
in brain is threefold higher than in serum
[21]. However, H,S concentration in human
tissues depends on the method used for
measurement and the donor’s age [20]. The
primary action of H,S in the vasculature is
vasodilatory [6, 10, 1]. Although, biphasic
responses to H,S have been reported [22].
The first reports on vasoactive responses to
endogenous H,S were from Kimura’s group,
where they demonstrated the presence of H,S-
producing enzymes in vascular tissue, and
showed the smooth muscle relaxant effect of
H,S, alone and in synergy with nitric oxide
[23]. Latter studies, from Wang’s laboratory
demonstrated the importance of KATP for
HoS-triggered vasorelaxation [14]. Based on
its ability to hyperpolarize endothelial and
smooth cell membrane, its biological activity
on small and/or intermediate conductance
KCa channels, and its greater potency as
a vasodilator in resistance versus conduit
arteries, H,S has been proposed as a candidate
for endothelium-derived hyperpolarizing
factor [24, 25]. Various groups have shown
the protective effect of H,S in organ injury
and postischemic reperfusion disorders [26].
HoS contributes to the maintenance of mean
arterial blood pressure at physiological levels;
pharmacological inhibition of H,S production
was shown to increase blood pressure [27].
Several laboratories have confirmed that H,S
drives angiogenesis by stimulating EC growth,
motility, and organization into wvessel-like
structures [28—30]. Enhanced oxidative stress
is a key event for diseases affecting the vessel
wall including hypertension, atherosclerosis,
and vascular diabetic complications. Hydrogen
sulfide exhibits anti-inflammatory effects by
inhibiting ROS production, but also eliminates
ROS by direct scavenging, upregulation of
GSH, and increased expression of antioxidant
enzymes [31-33]. It was observed that H,S
causes apoptosis of human aortic smooth
muscle cells and reduces the growth of
atherosclerotic lesions [34].

Recent studies showed that H,S exerts
antithrombotic properties by inhibiting
different steps of platelet activation (platelet
adhesion, secretion and aggregation) and
thrombus formation [35—39]. First it was
demonstrated that NaHS (H,S donor)
prevented in a concentration-dependent
manner human platelet aggregation induced
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by different agonists: ADP, U46619, collagen,
epinephrine, thrombin and arachidonic acid
[36]. Results of Nishikawa et al. showed that
H,S suppresses rabbit platelet aggregation
(induced by collagen and ADP) by interfering
with both upstream and downstream signals of
cytosolic Ca?* mobilizationin cAMP-dependent
manner [37]. Experiments of Grambow et.
al. suggested that the anti-aggregatory
effect of hydrogen sulfide might be due to
S-sulfhydration of blood platelet proteins
[39]. Next study demonstrated the inhibitory
action of H,S on blood platelet adhesion [38].
Moreover, hydrogen sulfide modifies the
adhesive properties of collagen and fibrinogen
[39]. The authors assume that the interaction
of modified adhesive proteins may cause
impaired adhesion [39]. Other research group
observed that H,S-releasing aspirin derivative
ACS14 exerts strong antiaggregatory effects
in vitro and in vivo viaimpairing the activation
of fibrinogen receptor by mechanism involving
increased intracellular cyclic nucleotides [40].
The study of Kram et al. has shown that H,S
has antithrombotic action, i.e. prolonging the
time until both initial occlusion of blood flow.
It was concluded that the anti-thrombotic
efficacy of H,S involves the NOS pathway [41].

The effects of hydrogen sulfide on the
complex coagulation system and fibrinolysis
are manifold due to its pleiotropic character.
Olas and Kontek reported that activated partial
thromboplastin time (APTT), prothrombin
time (PT) and thrombin time (TT) of plasma
treated with NaHS (H,S donor) are prolonged
invitro[42]. Thereduced fibrin polymerization
of plasma in the presence of NaHS was also
observed [42]. These results indicate the
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anticoagulant activities of H,S. Modifications
of various proteins of hemostatic system
(including fibrinogen, plasminogen, and
thrombin) induced by H,S may be associated
with changes of coagulation process and
fibrinolysis. Other researchers demonstrated
that compound with thiol group(s) enhances
plasma factor XIII-mediated fibrinogen cross
linking [43, 44]. It is possible that H,S is
involved in this process.

Some studies have demonstrated the role
of hydrogen sulfide as therapeutic agent in
various diseases, including cardiovascular
diseases. An injectable Na,S (IK-1001), which
isH,Sdonor, hasbeen developed for clinical use
[45]. S-allylcystein, which may be derived from
garlic, reduced blood platelet aggregation,
and this action may be mediated through
H,S [46]. Some proposal mechanisms of H,S
actions in vascular biology and thrombosis are
summarized in Figure.

Hydrogen sulfide is a ubiquitous signaling
molecule with important functions in many
mammalian organs and systems. Although some
beneficial properties of H,S in hemostasis and
thrombosis are well established, mechanistic
insights into the molecular pathways
implicated in disease prevention and treatment
remain largely unexplored. In addition, acute
regulation of H,S production is still poorly
understood and new researches delineating the
pathways regulating the enzymes that produce
H,S will allow pharmacological manipulation of
these pathways.

Funding: University of Texas Medical
Branch (UTMB), Galveston, TX, USA.
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I'ASOMEAIATOP H,S
Y TPOMBO3I TA TEMOCTAS3I

I pyxcurna Hadis

Biggin memiaTpii, Meguune BiggiieHHsa
Texacwkoro yHiBepcurery, 'ansecton, CIITA

E-mail: nadruzhy@utmb.edu

Meroro ormsany OyJiO CTHCJIO IiACyMyBaTu
HasABHI maHi cToCcOBHO Oiosioriunoi posi raso-
MenpiaTopy cysbdiny rigzporeHy B remocTasi Ta
3a POBBUTKY CEPIEBO-CYAUHHUX 3aXBOPIOBAHD.
Ilicna BigKPHUTTA 3HaTHOCTI KJITHMH CCaBIIiB
eH3uMaTU4YHO nponykyBatu H,S moraamu Ha
3HAUYEHHA I[i€l MOJIEKYJIU KapaAnHaJIbHO 3MiHIO-
BaJIMCA: BiJ BimHeceHHs MOro n0 HeOe3IMeuHUX
TOKCHUHIB O BU3HAHHS 010JIOTIUHO BAXKJIMBUM
peryasaTopoMm. Ik razomenmiaTop cysabdim rifg-
poreHy Bimirpae pojib CUTHAJLHOI MOJIEKYJIH,
110 3aJIy4Ya€eThCA A0 HU3KU IIPOIECiB 3a HOPMH
Ta I1ATOJIOTil, BKJIIOUHO 3 MaTOTeHe30M ceplie-
BO-CYAWHHUX IIOPYIII€Hb, TOJOBHUM YWUHOM,
MOJYJIIOIOUY IepeBakKHO Pi3Hi acmeKTu QyHK-
IMiOHYyBAHHSA CYAUH Ta TPOMOOTUYHI ssBuIia. He-
IT0aBHO OyJIO OTPUMAHO Oe33amepevHi JoKasu
OPUTHiYeHHA Cyab()iloM TiporeHy akKTUBHOC-
Ti TPOMOOIIUTIB, ITO CIIOCTEPIraeThCA HA PiSHUX
cTamisax ix akTuBaillii (TpombomuTapHa aaresis,
CeKpeIlid Ta arperailif), a TAaKoK BJIacHO (op-
mMyBaHHA TpoMOy. Bisnb Toro, H,S Mmogudikye
CTPYKTYPY 1 QpyHKIIiI0 (piOpuHOTEHY Ta IIpPOTE-
i"iB cucremu (pibpuuosizy. Cyabdin rizpore-
HY peryJiroe mIpoJideparriio Ta amonTos3 KJIiTHH
rJIafeHbKUX M’ A3iB, MOLYJIIOIUYN Y TAKUHA CIIO-
ci6 amrioremes i (pyukIiomyBaHHA cynuH. He
BUKJIUKAE CYMHIiBiB, 110 H,S Takok 3amydyaers-
cs o peaJrizarrii HU3KHU iHIIUX (PisiosoriuHmx
dyuaKuiti. Hanpukian, BiH BuABJsAE IPOTU3A-
najgbHi epeKTU uepes iHriOyBaHHSA YTBOPEHHS
aKTUBHUX (OPM OKCUTeHY Ta IIiJACUJIeHHS eKC-
mpecili aHTHOKCUIAHTHUX €H3UMIiB. ¥ OEeAKUX
JIOCJIiIKeHHAX BUCBITIEHO POJIb CyabQixy rism-
pOTeHy SIK TepalleBTUYHOTO areHTa 3a PisHUX
3aXBOPIOBaHb, 30KPeMa IIaToJIOTill cepIiieBo-Ccy-
IUHHOI cucteMu. Ilomajbimoro 3’scyBaHHS
morpedye 3HAUYEeHHS IILOTO rasdoMemiaTopy AK
peryJaTopa KJIITUHHOI (hisiosorii 3a po3BUTKY
CepIeBO-CYIUHHUX XBOpPOoO, 30Kpema, iHpapk-
Ty MiOKap/a Ta iHCyJIbTY.

Knarmuosi cnosa: cynbdin rizporeny, rasomesnia-
TOp, FeMOoCTa3, Tpom003, (hi6puHOIi3, TPOMOOI K-
TH, CEePIeBO-CYAUHHI XBOPOOU.

TASOMEJUATOP H,S
B TPOMBO3E H 'EMOCTASE

Ilpyxrcurna Hadexncoa

Orpen neguatpuu, MegUIIMHCKOE OTAEJIEHLE
Texacckoro yuusepcurera, I'aasecron, CIITA

E-mail: nadruzhy@utmb.edu

ITennro 0630pa GBITIO BKPATIE TTOABITOKUTD
CYIIECTBYIOIIE CBeIeHUS O OMOJOTUUYECKON
poam razomenuaTopa CyJab(duia Bomopoza B
reMocTase U IIPU PA3BUTUU CEPAEYHO-COCYIU-
cThIX 3abosieBanuii. Iloce OTKPBITUA CIIOCOO-
HOCTH KJETOK MJIEKOIUTAIIINX dH3UMAaTUUE-
cKu npousdBoauTbh H,S B3riIAAbl Ha 3HAUEHUE
9TO¥ MOJIEKYJIbI KapAUHAJIBHO U3MEHAJINCH: OT
OTHECEHUA ero K OMAaCHBIM TOKCHWHAM [0 IIPU-
3HAHUSA OMOJOTUUECKN BaXKHBIM PETYJISTOPOM.
Kax raszomenuaTop cyabdup BogOpoia UTpaeT
POJb CUTHAJBHOU MOJEKYJbI, BOBJIEKAeMOU
B PAL IIPOIECCOB IIPWM HOPME U TAaTOJOTHH,
BKJIIOYAsA TIAaTOTeHe3 CepJeUYHO-COCYIUCTHIX
HapyIIeHni, MOAYJUPYsd TJIaBHBIM 00pasoM
pasiIuyHBIe acmeKThl (hYHKIIMOHUPOBAHUS CO-
cymoB U TpoMboTmuecKue ABaeHusa. HemaBHO
ObLIM TIOJYYEeHbl HEOIPOBEP;KUMBbIE [TOKasa-
TeJbCTBA NOHABJIEHUA CYJIb(MUIOM BOAOPOIA
aKTUBHOCTU TPOMOOIIUTOB, HalOJIIOJgaeMble Ha
PasHBIX CTaAMAX HMX aKTuBaInuu (TPoMOOIH-
TapHasg aAre3usd, CeKpenusA M arperanmus), a
TaKsKe COOCTBeHHO (opMHUpoBaHme Tpomoda.
Boaee Toro, Hy,S Moguduiimpyer cTpykTypy n
dyHKIIMIO QUOPUHOTEHA U IPOTEMHOB CUCTEMBI
¢ubpunonusa. Cyabdun Bomopoma pPeryaupy-
eT posudepalio U amonTo3 KJIETOK TIaJKUX
MBIIIII, MOAYJUPYA TaKUM 00pasoM aHTHuOTe-
He3 1 (DYHKI[MOHUPOBaHME cocynoB. He BBIBHI-
BaeT comHeHui, uro H,S Takike yyacTByeT B
peanusanuu pAfa APYTUX (DUSUOJIOTUUECKUX
dyuknuii. Harpumep, OH IPOABJISAET IPOTUBO-
BOCHIAJIUTEJbHEIE 9(P(PEKThl, HHrubupysa oopa-
30BaHNE aKTUBHBIX ()OPM KUCJIOPOJa M YCUJIU-
Bas SKCIPECCUI0 aHTUOKCUAAHTHBIX DH3WMOB.
B HeKOTOpBIX McCIemOBaHUAX OCBEIEeHBI POJIb
cyabduma BoAOPOJa B KayecTBe TepalleBTHUe-
CKOI'0 areHTa IIPU PA3JIUYHBLIX 3a00JI€BAHUAX,
B YACTHOCTH IIATOJIOTUU CEPAEeYHO-COCYAUCTOMN
cucteMbl. JlanbHeHIero BbIICHEHUS TpedyeT
3HAYEHUE 9TOr0 ra3oMeqnuaTopa KakK peryJsaTo-
pa KJIEeTOYHOH (hU3MOJIOTUY ITPYU PA3BUTUU CEP-
JIeYHO-COCYAUCTHIX 3a00JIeBAHUI, B YACTHOCTU
uH(MapKTa MUOKap/a U WHCYJIbTA.

Knrwouesnvte crosa: cynbhpua Bogopoaa, ra3oMe -

aTop, remocras, TpomM003, (PUOPUHOJIN3, TPOMOO-
IIATHI, CePAEYHO-COCYAUCThIe 3a00IeBaAHMA.
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A heterologous host has got a unique expression ability of each gene. Differences between the
synonymous sequences play an important role in regulation of protein expression in organisms from
Escherichia coli to human, and many details of this process remain unclear. The work was aimed to
study the composition of codons, its distribution over the sequence and the effect of rare codons on
the expression of viral nucleocapsid proteins and their fragments in the heterologous system of
E. coli. The plasmid vector pJC 40 and the BL 21 (DE 3) E. coli strain were used for protein expres-
sion. The codon composition analysis was performed using the online resource (www.biologicscorp.
com). Ten recombinant polypeptides were obtained, two of them encoding the complete nucleotide
sequence of nucleocapsid proteins (West Nile and hepatitis C viruses) and the fragments including
antigenic determinants (Lassa, Marburg, Ebola, Crimean-Congo hemorrhagic fever (CCHF), Puumala,
Dobrava-Belgrade, Hantaan, and lymphocytic choriomeningitis viruses). Hybrid plasmid DNAs pro-
vided efficient production of these proteins in the prokaryotic system. The recombinant protein yield
varied from 5 to 40 mg per one liter of bacterial culture. No correlation was found between the level
of protein expression and the frequency of rare codon occurrence in the cloned sequence: the maxi-
mum frequency of rare codon occurrence was observed for the West Nile virus (14.6% ), the minimum
one was for the CCHF virus (6.6% ), whereas the expression level for these proteins was 30 and 5 mg/1
of culture, respectively. The codon adaptation index (CAI) values, calculated on the basis of the
codon composition in E. coli, were in the range from 0.50 to 0.58, which corresponded to the average
expressed proteins. The analysis of the CAI distribution profiles indicated the absence of rare codons
clusters that could create difficulties in translation. Difference between the frequencies of the amino
acids distribution and their content in E. coli was statistically significant for the nucleocapsid pro-
teins of the Marburg, Ebola, West Nile, and hepatitis C viruses.

Key words: recombinant nucleocapsid proteins, expression, rare codons, codon adaptation index.

The development of recombinant DNA
technology laid the foundation for the
expression of proteins in a wide range of
various cellular systems (from bacterial to
eukaryotic and cell-free ones). Thus, the
process of recombinant proteins production
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has become faster and easier in comparison
with their natural counterparts. Until now,
Escherichia coli remains the main host for
protein production. The main advantages
of this system are potentially very high
expression levels, rapid growth of culture, low
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cost of media and simple cultivation conditions
are the main advantages of this system. The
scale of production of therapeutic, diagnostic,
and industrially important proteins and/
or enzymes ultimately depends on protein
expression the in a heterologous system.
The expression ability of each gene is unique
in a heterologous host, and not all proteins
are successfully synthesized in E. coli cells.
Many factors, such as a vector and a host, the
promoter strength, the inducers concentration,
the composition of the medium, and a number
of others, affect the efficiency of protein
production [1]. It has been known for a long
time that gene expression in a heterologous
host is disrupted due to differences in the
use of codons by an organism [2]. Degenerate
coding of 20 amino acids by 61 nucleotide
triplets makes it possible to synthesize the
same protein sequence using a huge number
of synonymous mRNAs. Differences between
synonymous sequences play an important role
in the regulation of protein expression in the
organisms from E. coli [3—5] to human, and
many details of this process remain unclear [6].
Most literature on codon use are focused on a
study of rare codons such as AUA codon for Ile
and AGA, AGG and CGG for Arg, insufficient
amount of the corresponding specialized tRNA
[7]. However, this assumption was refuted by
the studies onribosome profiling, which showed
that the net rate of translation-elongation, as a
rule, was constant and did not depend on the use
of codons [8]. The level of protein expression
could be influenced not only by the presence of
so-called rare codons, but also by their location
and distribution within the gene. It has been
reported that the presence of the AAA codon
at position of +2 gene increases expression [9],
while the NGG codon has the opposite effect
at position +2 [10]. In this context, the codon
composition of a heterologous gene can be
optimized for expression in a particular host.

Studying the effect of mRNA sequence on
protein expression is complicated by the fact
that the changes in synonymous sequences
(optimization) simultaneously affect many
parameters, including identity, codon
homogeneity and mRNA folding, as well as
other features of local and whole sequences,
ranging from the effects of codon pairs to
theirs general content of A/U/C/G [11].

The aim of this research was to study the
composition of codons, its distribution over
the gene, and the effect of rare codons on the
expression of viral nucleocapsid proteins and
their fragments in the heterologous system of
Escherichia coli.

Material and Methods

Lassa virus (LASV) (Josiach strain),
Marburg virus (MARV) (Voege strain), Ebola
virus (EBOV) (Zair strain) were obtained
from Dr.G. van der Groen (Institute of
Tropical Medicine, Belgium). Lymphocytic
choriomeningitis virus (LCMV) (Armstrong
strain) was obtained from the Center for
Disease Control and Prevention (Atlanta,
USA). Crimean-Congo hemorrhagic fever
(CCHF) virus (strains 22263, Astrakhan and
Uzbekistan); Hantaan virus (HTNV) (strain
4950); Dobrava-Belgrade virus (strain Aa 118)
were obtained from the Ivanovsky Institute
of Virology of RAMS (Moscow, Russian
Federation). Puumala virus (PUUYV) (strains
CG-1820 and K-27) was obtained from the
Center of the Ministry of Health of the Russian
Federation for Combating Hemorrhagic
Fever with Renal Syndrome (headed by
Professor E.A. Tkachenko, Doctor of Medical
Sciences) (Moscow, Russian Federation).
Virus-containing fluid from a patient with
laboratory-confirmed diagnosis of hepatitis C
virus was used to obtain a nucleotide sequence
encoding the hepatitis C virus nucleocapsid
protein.

E. coli strain DH5 o (supE44 lacU169 (80
lacZAM15) hsdR17 recAl endAl gyrA96 thi-
1 relAl) was used for genetic engineering. E.
coli strain BL21 (DE3) (F— ompT gal dcm lon
hsdSB (rB —mB —) A (DE3 [lacI lacUV5-T7p07
indl sam7 nin5]) [malB+]K-12 (AS)) was used
for the expression of recombinant proteins.
Plasmid pJC 40 [12] was used as an expression
vector providing transcription of cloned
genes under the control of the T7 polymerase
promoter. The plasmid contains an additional
fragment encoding 10 histidine residues (His),
which is localized at the N-terminal part of the
polypeptide during translation, allowing protein
purification by metal chelate chromatography.

Topological analysis of nucleocapsid
proteins amino acid sequences to search for
antigensignificant sites was carried out using
the computer program wxGeneBee.

Oligonucleotide sequences (primers)
for the amplification of DNA fragments
encoding regions of nucleocapsid proteins were
synthesized by Primetech (Republic of Belarus).

Viral RNA obtained from virus-containing
fluid was used as an initial template for reverse
transcription. RNA was extracted using
NucleoSpin RNA reagent kit (MACHERY-
Nagel, Germany).

The reverse transcription reaction was
performed using the Reverta-L reagents kit
(Amplisense, Russian Federation) according
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to the manufacturer’s instructions. The
complementary DNA (cDNA) was used for
PCR. Reaction mixture contained 25 pmol of
primers, 5 pl of 10x Taq buffer (Primetech,
Republic of Belarus), 4 pul of 26mM MgCl2, 1 ul
of dNTP (10 mM each), 10 ul of RT product
(cDNA), 2.5 units of Taqg DNA polymerase
(Primetech, Republic of Belarus), deionized
water to a final volume of 50 pl.

Analysis of DNA fragments synthesized in
PCR was carried out by electrophoresis in 1.5—
2% agarose gel. DNA was visualized in UV light
by staining the gel with ethidium bromide.

DNA was hydrolyzed with restriction
enzymes (1 U each) in accordance with the
instructions (Thermo Scientific, USA) at 37 °C
for 2 hours in a final volume of 20 ul. After
incubation the enzymes were inactivated for
15 min at 65 °C.

DNA fragments were ligated in a volume of
20 plat 22 °C for an hour. T4 DNA Ligase (Thermo
Scientific, USA) was used as a ligating enzyme
according to the manufacturer’s instructions.

Isolation of recombinant plasmid DNA was
performed using the QIAprep Spin Miniprep
Kit (Qiagen).

Bacterial E. coli cells, BL 21 (DE3) strain,
transformed with plasmid DNA, were cultured
in a liquid LB medium containing ampicillin as
aselective agent at a concentration of 50 ug/ml
|(Sigma, United States) with constant shaking
at 37 °C until the cell culture reached the
optical density OD600 = 0.3. Isopropyl-B-D-
thiogalactopyranoside (IPTG, Sigma, USA)
was added to the medium and cells were
further incubated for 3.5 hours under the
same conditions. Inducer concentration,
cultivation temperature, medium composition
were optimized to provide the maximum yield
of each recombinant polypeptide.

Analysis of recombinant polypeptides in
polyacrylamide gel (PAGE) was performed
according to the method proposed by Laemmli.

Analysis of the codon composition and
calculation of the codon adaptation index (CATI)
were performed using an online resource (www.
biologicscorp.com). Each cloned sequence
was divided into segments of 10 codons for
assessing the distribution of CAI index values
within a gene. The index value was determined
for each of these segments.

Statistical data processing was carried out
using the STATISTICA 6.0 package.

Results and Discussion

During development of immunodiagnostic
kits for highly pathogenic viruses, the use
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of biotechnological methods is now of great
importance, allowing the production of
antigens and antibodies to them by artificial
means. This eliminates the need to work with
a highly contagious pathogen and is more
cost-effective and technologically advanced.
Recombinant technologies make it possible
to express not only full-length proteins, but
also their individual antigenic fragments,
as well as mosaic molecules consisting of
separate sections of one or several antigenic
determinants.

The nucleocapsid protein (N-protein) packs
thegenome, actsasan RN A chaperone, provides
intracellular protein transport, participates in
DNA degradation and translation processes
of the host cell. And it is commonly used as an
antigen in the most serological studies, since it
has a pronounced antigenic and immunogenic
activity along with a high conservatism.

This article presents dataon the expression
of full-length nucleocapsid proteins and their
fragments of ten highly dangerous viruses
from various families of Arenaviridae (Lassa
virus and lymphocytic choriomeningitis
virus), Bunyaviridae (Hantaan, Puumala,
Dobrava-Belgrade and Crimean-Congo
hemorrhagic fever viruses), Filoviridae
(Marburg and Ebola viruses), Flaviviridae
(hepatitis C and West Nile viruses) in the
prokaryotic system (Escherichia coli BL 21
(DE 3)) and expression vector pJC 40.

The potential antigenic determinants
exposed on a molecule surface were found. The
topological maps of the amino acid sequences
of viral nucleocapsid proteins were compiled
using the wxGeneBee computer program.
The program is based on the scales of hydro-
phobicity and hydrophilicity proposed by
Hopp and Woods (1981) and Kyte and Doolitle
(1982). The evaluation criteria include such
parameters as solubility, charge, distance
from the NC backbone, the presence of helices,
and the presence of sulfhydryl residues.

Analysis of antigenic determinants in
nucleocapsid proteins showed their sequential
arrangement throughout the entire sequence
for the proteins of Lassa, LCM and hepatitis C
viruses; C-terminal localization in Marburg,
Ebola, West Nile viruses; placement at the
N-terminus for Puumala, Hantaan, Dobrava-
Belgrade viruses; central location in the
CCHF virus. These studies served as a basis
for selection and subsequent cloning into the
expression vector of the following sequences:
432 amino acids (aa) of the Lassa virus
(6/8 of amino acid sequence from position
137 aa to 569 aa); 320 amino acids of LCMV
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(from 41 to 361 aa). For etiological agents
of hemorrhagic fever with renal syndrome
(HFRS), the most extended antigenic regions
within the first 117 amino acids were found
in the N-terminal part of the molecule (amino
acids 1 to 117). For the CCHF virus the choice
was made in favor of a sequence of 105 amino
acid bases (from 202 to 306 aa), including
one antigensignificant site with the highest
antigenicity index located in the center of
the protein. Five hydrophilic regions for the
Marburg virus and six for the Ebola virus
were identified as potential antibody binding
sites in the C-terminal part of the protein. The
most extended antigen-significant amino acid
areas are localized in the region 442—695 aa of
Marburg virus nucleocapsid, represented by
four B-sites, and in region 434—-739 aa of Ebola
virus nucleocapsid, including all six antigenic
determinants. The profile of antigenic sites
in the nucleocapsid proteins of hepatitis C
and West Nile viruses showed their uniform
distribution in the sequence for the hepatitis C
virus and the C-terminal location for the West
Nile virus. Small size of the West Nile virus
nucleocapsid protein and identification of only
one antigenic determinant were the reasons
to clone the full-length core proteins of these
viruses. Specific fragments of 190 amino acids

= S==
= 50 kDa —» (.
B« 50 kDa iTrE=
48kDa — SRS < O -
- 30kDa —, .
- —._ e
i
-
- ——
: 43
S .
. .
A B
123 13 3
60 kDa- ey 60 kDa - i -_p-
50 kDa- " s Ll |- 48 kDa 50 kDa - RS
w0ioa- TN 40kDa - | e

— —

" E F

< 38 kDa

- 56 kDa

and 103 amino acids encoding full-length
nucleocapsid proteins of hepatitis C virus and
West Nile virus, respectively, were cloned into
the expression vector.

The results of the experiments showed
that the level of recombinant polypeptides
expression in optimal for each of them
conditions varied to a large extent (by 8
times): from 40 mg per liter of culture for
representatives of arenoviruses (Lassa virus,
LCMYV) to 5 mg per liter for the CCHF virus
(Fig. 1). The highest yield of recombinant
nucleocapsid proteins (30-40 mg/l of
cell culture) was observed for the cloned
sequences of three viruses: Lassa, LCM, and
West Nile (Fig. 1, A, B, C, respectively). The
average expression level was detected for the
fragments of the Hantaan, Marburg, Ebola,
Puumala, Dobrava-Belgrade, and hepatitis C
viruses (from 25 to 15 mg/I of cell suspension)
(Fig. 1, C, E, F, H). CCHF virus nucleocapsid
was poorely expressed (5 mg/1) (Fig. 1, D).

One of the explanation for the different
levels of protein biosynthesis may be the
different number of codons that are rare for
E. coliin the cloned viral sequence.

Amino acid codons rarely found in E. coli
cellsinclude AGG/AGA/CGA tripletsencoding
arginine (frequency of occurrence 1.1; 2.0;

. «—20kDa —»
16-17 kD2 —» s =

» «—15kDa —»

«—15kDa
C D
- 't'=' IE
- s
=
— . ¥
. o) KkDa—, «— 21kDa
16 kDa
—* --.14—15k[)a_.|... «— 16kDa

Fig. 1. Electrophoretic analysis of recombinant viral nucleocapsid proteins expression
Black arrows indicate the target viral proteins: LCM (A4, lane 2); Lassa (B, lane 3); Hantaan, Dobrava-
Belgrade, Puumala (C, lanes 1, 2, 3, respectively); CCHF (D, lane 2); Marburg (E, lane 3); Ebola (F, lane 2);
West Nile (G, lane 2); hepatitis C (H, lane 2). The samples of bacterial lysates of the cell clones expressing
recombinant viral nucleocapsid proteins after IPTG induction were used for the analysis
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3.5 per 1000); CTA for leucine (3.8 per 1000);
ATA for isoleucine (4.2 per 1000); CCC for
proline (5.0 per 1000); GGA for glutamine (8.7
per 1000). If the distribution of codons was
uniform, the frequency of occurrence for all
codons would be about 16.4. The analysis of
rare codon content in the cloned sequences is
shown in the Table.

Analysis of the rare codons frequency
(Fig. 2, A) showed that in the cloned sequences
of most viral proteins (Lassa, LCM, Marburg,
Ebola, Puumala, Dobrava-Belgrade, Hantaan)
it ranged from 7.5 to 9.5% . The lowest of this
value was for the CCHF virus polypeptide
(6.6% ), the highest one was for the triplets of
the hepatitis C and West Nile viruses (12.1 and
14.6%, respectively). Based on this analysis,
the maximum expression level is expected to
be observed for the protein of the CCHF virus,
and the minimum one should be for hepatitis C
and West Nile viruses.

However, our data obtained by using pJC
40 expression plasmid, bacterial strain BL21
(DE3), and optimized for each polypeptide
expression conditions indicated that the

maximum protein yield was observed for the
amino acid sequences of the Lassa and LCM
viruses (approximately 35-40 mg per liter of a
culture), and minimum one was for the CCHF
virus (5 mg/1) (Fig. 2, B). Thus, there is no clear
correlation between the yield of recombinant
proteins and the total frequency of rare codons
in their sequences. It should be noted that a
feature of the CCHF virus cloned sequence is the
fact that the AGG codon, which is the rarest for
E. coli, is located at position +2, the closest to the
initiating codon. According to the literature, not
only the presence of rare codons, but also their
location can be critical for protein expression.
The proximity to the initiating codon can
explain the low synthesis efficiency (5 mg/1) of
this protein in the heterologous system.

It is interesting to note that, despite the
large number of “not typical” codons for the
nucleocapsid protein of the West Nile virus
(14.6%), its biosynthesis proceeded quite
efficiently (30 mg/1). This can be partly
explained by thefactthatthe maincontribution
to the percentage of rare codons in this case
is not made by the most infrequent ones. The

Analysis of the rare codon number in cloned sequences

Leu Ile Pro Gln

Virus Arg General
(number of frequency

acids) 1.1%) | (2.0%) | (3.5%)

3.8%) | (4.2%) | (5.0%) | (8.7%) rence

Lassa virus

O 5/1.16% | 12/2.78 - 3/0.69 | 6/1.39 | 4/0.93 | 11/2.55 | 41/9.5
ngo";;;ls 8/2.5 9/2.81 - 4/1.25 | 2/0.63 | 2/0.63 2/0.63 27/8.4
Ma(rggiga\;i)rus 3/1.18 | 8/3.15 - - 3/1.18 | 2/0.79 | 3/1.18 19/7.5
Ebola virus 3/0.98 | 8/2.61 | 1/0.33 | 3/0.98 | 1/0.33 | 6/1.96 | 3/0.98 25/8.2
(306 aa)
Pu‘(linﬁlaa‘;i)rus - 7/5.98 - - 1/0.85 - 1/0.85 9/7.7
Dobrava-Belgrade 3/2.59 2/1.72 _ 2/1.72 | 1/0.86 - 2/1.72 10/8.6

virus (116 aa)

Hantaan virus

5/4.27 | 2/1.71 -

- 1/0.85 | 1/0.85 | 2/1.71 11/9.4

(117 aa)

CCHF virus
(106w 1/0.94 - 1/0.94 - 3/2.83 - 2/1.89 7/6.6
West Nile virus | ;4 97 | 3/9.91 - 3/2.91 | 2/1.94 | 2/1.94 | 4/3.88 | 15/14.6

(103 aa)

Hepatitis C virus
7/3.68 | 1/0.53 | 1/0.53 | 1/0.53 - 10/5.26 | 3/1.58 | 23/12.1

C (190 aa)

* Absolute number of codons/frequency of occurrence, expressed as a percentage.
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cloned sequence of this protein contains only
one AGG triplet, located in the middle.

Codon adaptation index (CAI), which
reflects the degree of non-uniformity of the
codon composition of a gene, is an additional
parameter that is widely used in wvarious
biological studies to determine the efficiency
of translation, predict the level of cell protein
synthesis and the expression of foreign genes
in heterologous systems [13].

E. coli refers to the organisms in which the
preferential use of certain codons is observed
depending on the gene expression level, while
the translation efficiency correlates with the
uneven use of codons [14]. Highly expressed
genes of E. coli (genes of ribosomal proteins,
transcription and translation factors, outer
membrane proteins) are characterized by high
CAI values (over 0.75).

The CAI values for the cloned viral
sequences, calculated on the basis of the codon
composition in E. coli, are in the range from
0.50 to 0.58, which corresponds to the average
expressed proteins. Therefore, the codon
composition of viral nucleocapsid proteins
is relatively optimal for E. coli. For example,
green fluorescent protein (GFP), which is also
foreign to E. coli and according to the literature
[15] is synthesized in bacterial cells with a
high yield, has a coefficient of 0.58. However,
despite the proximity of the CAI values to each

other, the results of the experiments indicate
that viral polypeptides with a similar content
of rare codons in the nucleotide sequence are
expressed with different efficiencies.
Different levels of the recombinant
proteins expression can also be associated
with the peculiarities of the rare codons
location. Additional information for assessing
the spatial distribution of rare codons can
be obtained by studying the segmental
distribution of CAI values within a gene. The
obtained data are represented in graphical
form in Fig. 3. As a comparison the coding
sequences of highly expressed E. coli proteins
(rspB 30S — ribosomal protein S2, rec A —
recombinase A), as well as heterologous green
fluorescent protein GFP (gfp) were analyzed.
The CAI distribution profiles for cloned
sequences are different. For example, more
flattened curve corresponds to the genes of the
Dobrava-Belgradeand CCHF viruses (Fig. 3,A4)
while an alternation of pronounced peaks are
evidenced for the nucleotide sequences of the
Ebola, LCM and Marburg viruses (Fig. 3, B).
In general, distribution of CAI values for
genes of viral nucleocapsid proteins is
similar to that for proteins with an average
expression level. The curves for E. coli
proteins are differed by higher values of the
index, which are typical for highly expressed
proteins. Analysis of the CAI distribution

Rare codon frequency
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Fig. 2. Analysis of rare codon occurrence in cloned sequences
and recombinant proteins expression level
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profiles in the cloned sequences did not reveal
areas of sharp decreases with extremely low
(less than 0.2) index values. This may indicate
the absence of rare codon clusters capable of
embarrassing the translation.

As far as is known, the use of synonymous
codons in the coding genetic sequences of
various organisms is not accidental. Analysis
of the codon adaptation index values, as well
as the distribution of its values over the cloned
sequence for the causative agents of LCM and
HFRS, which are the most relevant for the
Republic of Belarus zoonotic viral diseases,
made it possible to identify some patterns in
the use of codons. Higher CAI values for all
studied viral sequences indicate a potentially
more efficient translation of viral proteins in
humans compared to E. coli (Fig. 4).

Almost similar distribution of CAI along
the analyzed sequences of LCM, Puumala,
and Dobrava-Belgrade viruses in the case
of their expression in humans and rodents
(Fig. 5) indicates that the coding strategy
of nucleocapsid proteins of these viruses is
adapted for optimal replication of pathogens
in natural hosts.
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The data obtained confirm the existing
assumption that one of the manifestations of
viruses adaptation to the host during their
evolution is the use of certain synonymous
codons in the viral genome, which corresponds
to codon preferences that are specific for the
host [16].

The frequency of theaminoacidsoccurrence
is another factor that can affect the level of
heterologous protein expression in E. coli.

If the amino acid composition of the
recombinant protein is skewed compared
to the typical E. coli proteins, heterologous
expression may result in translation
disruptions. Premature termination, reading
frame shift, or amino acids misincorporation
can lead to a decrease in the amount or quality
of the expressed protein [17-20].

Analysis of the cloned sequences amino acid
composition in comparison with that typical
to E. coli proteins [18] showed the uneven
content of amino acids in the recombinant
proteins. The polypeptides of the Lassa, LCM,
and CCHF viruses were the closest to bacterial
proteins in the percentage of amino acids in
their composition (Fig. 6, A). For nucleocapsid

.“\W@v M

5 7 9 11 13 15 17 19 21 25 25 27

segment

29 31

Marburg virus

2 NV APNA]

1234567 8 9101112131415161718192021222324

—rech
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Fig. 3. Segmental distribution of the CAI values within genes encoding the nucleocapsid viral proteins and
highly expressed E. coli proteins
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Fig. 4. CAI values for viral sequences, calculated based on the codon composition of E. coli and humans
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Fig. 5. Distribution of CAI along the analyzed sequences of LCM, Puumala, and Dobrava-Belgrade viruses
when expressed in humans and rodents

proteins of Marburg, Ebola, West Nile and of cloned sequences, there was a significant
hepatitis C viruses, a statistically significant excess in the frequency of occurrence of both
difference was observed between the the most rare amino acids for E. coli proteins
frequencies of distribution of amino acids in (Cys in the Lassa virus sequence, Trp in the
theclonedsequences andtheircontentinE. coli hepatitis C virus sequence), and relatively
()% 36.79, P = 0.008; x =37.60, P =0.007; uniformly presented in the bacterial proteome

= 32.29, P = 0.029; y? = 33.96, P = 0.019, (Asp in the sequences of Marburg, Ebola,
respectlvely) (Fig. 6, C). Puumala, Dobrava-Belgrade viruses; Pro in

Analysis of the data obtained demonstrated the sequences of Marburg, Ebola, hepatitis
the multidirectional nature of existing C viruses, Lys in the sequences of viruses
deviations. The frequency of various amino Dobrava-Belgrade, West Nile, CCHF viruses).
acids occurrence in viral proteins differed from Our studies have shown that the nucleotide
that in the bacterial proteome both upward sequences of ten nucleocapsid proteins of
and downward. For example, the amino acids belonging to various families dangerous
Cys, Trp, and Phe, which were rare for E. coli and especially dangerous human viruses are
proteins, were not contained in the sequences expressed in a prokaryotic heterologous system
of the Puumala, Dobrava-Belgrade, and quite efficiently: from 5 to 40 mg per liter
Hantaan nucleocapsid proteins. For a number of bacterial culture. Bioinformatic analysis
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Fig. 6. Histogram of the amino acid composition of the cloned viral sequences
and the amino acid composition typical for E. coli proteins

of the codon adaptation index classifies
recombinant polypeptides as proteins with
an average level of xpression in the E. coli
system. At the same time, the efficiency of
viral proteins translation in the human as a
typical host is potentially higher than in E.
coli, as evidenced by the higher CAI values for
all viral sequences.

Nevertheless, significant differences in
the frequency of rare codon occurrence in
sequences and the absence of its correlation
with the level of protein expression were
revealed, which confirms the complexity of
forecasting the of the protein biosynthesis
process in a heterologous system and its
unpredictable nature.

The authors express their sincere gratitude
to the head of the laboratory of biotechnology
andimmunodiagnosticsofespeciallydangerous
viral infections of the Republican Scientific

38

and Practical Center for Epidemiology and
Microbiology P.A. Semizhon and leading
scientific researcher E.P. Scheslenok for
their help in the recombinant polypeptide
production and preparing the manuscript.

The research was carried out with the
financial support of the State Committee on
Science and Technology of the Republic of
Belarus within the framework of the project
(D52) “Development of technology and
mastering the production of a confirmatory
diagnostic test system for detecting specific
antibodies to the hepatitis C virus by
immunoblotting” (State registration No.
20142189, dated 19.09. 2014), subprogram
8 “Import-substituting diagnostic tools
and biological products — 2020”7, the State
program “Science-intensive technologies and
technique” for 2016-2020.



Experimental articles

REFERENCES

. BoélG.,LetsoR.,NeelyH.,PriceW.N.,WongK.H.,
Su M., Luff J., Valecha M., Everett J. K.,
Acton T. B., Xiao R., Montelione G. T.,
Aalberts D. P., Hunt J. F. Codon influence on
protein expression in E. coli correlates with
mRNA levels. Nature. 2016, V. 529, P. 358—
363. https://doi.org/10.1038/nature16509

. Robinson M., Lilley R., Little S., Emtage J. S.,
Yarranton G., Stephens P., Millican A.,
Eaton M., Humphrey G. Codon usage can
affect efficiency of translation of genes in
Escherichia coli. Nucleic Acids Res. 1984,
V.12,P.6663-6671.

. Goodman D. B., Church G. M., Kosuri S. Causes
and effectsof N-terminal codonbiasinbacterial
genes. Science. 2013, 342 (6157), 475-479.
https://doi.org/10.1126 /science.1241934

. Castillo-Mendez M. A., Jacinto-Loeza E.,
Olivares-Trejo J. J., Guarneros-Pena G.,
Hernandez-Sanchez J. Adenine-containing
codons enhance protein synthesis by
promoting mRNA binding to ribosomal
30S subunits provided that specific tRNAs
are not exhausted. Biochimie. 2012, V. 94,
P. 662-672. https://doi.org/10.1016/
j.biochi.2011.09.019

. Bentele K., Saffert P., Rauscher R.,Ignatova Z.,
Bluthgen N. Efficient translation initiation
dictates codon usage at gene start. Mol.
Syst. Biol. 2013, V. 9, P. 675. https://doi.
org/10.1038/msb.2013.32

. Cannarozzi G., Schraudolph N., Mahamadou
Faty, Peter von Rohr, Friberg M., Roth A.,
Gonnet P.,Gonnet G., Barral Y. A role for codon
order in translation dynamics. Cell. 2010, V.
141, P. 355-367. https://doi.org/10.1016/j.
cell.2010.02.036

. Vivanco-Dominguez S., Bueno-Martinez .,
Leon-Avila G., Nobuhiro Iwakura, Kaji A.,
Kaji H., Guarneros G. Protein synthesis
factors (RF1, RF2, RF3, RRF, and tmRNA)
and peptidyl-tRNA hydrolase rescue stalled
ribosomes at sense codons. J. Mol. Biol.
2012, V. 417, P. 425-439. https://doi.
org/10.1016/j.jmb.2012.02.008

. Li G.W., Burkhardt D., Gross C., Weissman dJ. S.
Quantifying absolute protein synthesis rates
reveals principles underlying allocation of
cellularresources.Cell.2014,V.157,P.624—-635.
https://doi.org/10.1016/j.cell.2014.02.033

.Sato T., Terabe M., Watanabe H., Gojobori T.,
Hori-Takemoto C., Miura K. Codon and base
biases after initiation codon of the open
reading frames in the Escherichia coli genome
and their influence on translation efficiency.
J.Biochem.2001,V. 129, P.851-860. https://
doi.org/10.1093/oxfordjournals.jbchem.
a002929

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

GonzalezdeValdiviaE.I.,Isaksson L.A.Acodon
window in mRNA downstream of theinitiation
codon where NGG codons give strongly
reduced gene expression in Escherichia coli.
Nucleic Acids Res. 2004, V. 32, P. 5198-5205.
https://doi.org/10.1093/nar/gkh857

Ude S., Lassak S., Starosta A., Kraxenber-
ger T. Wilson D. Jung K. Translation
elongation factor EF-P alleviates ribosome
stalling at polyproline stretches. Science.
2013, V. 339, P. 82-85. https://doi.
org/10.1126 /science.1228985

Clos ., Brandau S. pJC20 and pJC40 -
two high-copy-number vectors for T7
RNA polymerase-dependent expression
of recombinant genes in Escherichia coli.
Protein Expr. Purif. 1994, V. 5, P. 133-137.
https://doi.org/10.1006/prep.1994.1020
Lee S., Weon S., Kang C. Relative codon
adaptation index, a sensitive measure
of codon usage bias. Evol. Bioinform.
Online. 2010, V. 6, P. 47-55. https://doi.
org/10.4137/ebo.s4608

Vladimirov N. V., Likhoshvai V. A., Matush-
kin Yu. G. Correlation of codon biases
and potential secondary structures with
mRNA translation efficiency in unicellular
organisms. Mol. Biol. 2007, 41 (5), 843—850.
(In Russian).

Kirienko N. V., Lepikhov K. A., Zhelezna-
ya L. A.,, Matvienko N. I. Significance of
codon usage and irregularities of rare codon
distribution in genes for expression of
BspLUL1III methyltransferases. Biochem.
2004, 69 (5), 647-657. (In Russian).

Tyulko J. S., Yakimenko V. V. Strategy
of synonymous codon usage in encoding
sequences of the Thick-borne encephalitis
virus. Voprosy virusologii. 2015, 60 (6), 37—
41. (In Russian).
Kaurd.,KumarA.Strategies for optimization
of heterologous protein expression in E. coli:
roadblocks and reinforcements. Int. J. Biol.
Macromol.2018,V.106,P.803—-822. https://
doi.org/10.1016/j.ijbiomac.2017.08.080
Kane J. Effects of rare codon -clusters
on high-level expression of heterologous
proteins in Escherichia coli. Curr. Opin.
Biotechnol. 1995, V. 6, P. 494-500. https://
doi.org/10.1016/0958-1669(95)80082-4
Jia B., Jeon C. O. High-throughput
recombinant protein expression in
Escherichia coli: current status and future
perspectives. Open Biol. 2016. V. 6, P. 160—
196. https://doi.org/10.1098/rsob.160196
Gopal G., Kumar A. Strategies for the produc-
tion of recombinant protein in Escherichia
coli. Protein J.2013, 32 (6),419-425. https://
doi.org/10.1007/s10930-013-9502-5

39



BIOTECHNOLOGIA ACTA, V. 13, No 6, 2020

EKCIIPECIAA HYRKJEOKAIICUTHUX
BIPYCHUX ITPOTEIHIB ¥ BAKTEPIAJIBHIN
CHUCTEMI Escherichia coli: BITJINB
KOJOHOBOI'O CKJIA/IY TA PIBHOMIPHOCTI
HOro PO3IOALIY BCEPEJTUHI TEHA

O.T.Pomina O. €., I'puzop’esa,
B. B. 38epko, A. C. Braduko

IepsxaBHA ycTaHOBA
«PecniybnikaHChKUIT HAYKOBO-IPAKTUUYHUIHN IIEHTP
emigemiosiorii Ta mikpo6iosorii», Peciy6urika
Binopycs, Mincbk

E-mail: fegl @tut.by

Excnpeciiina 3gaTHicTh KOMKHOTO reHa € YHi-
KaJIbHOIO ¥ TeTepoJoriuHoro xasdina. BigmirnHocTi
Mi’K CMHOHIMiUHMMU ITOCJIiJOBHOCTAMM BiZirparmoTh
BaJKJIUBY POJb Y PeryJdllii ekcupecii mporeiny B op-
rauismax Big Escherichia coli o mogunu, i 6araTo
IeTaJjieli I[bOTO IIPOIlecy Iife He 3’ sicoBaHOo. MeToio 10-
CHiAyKeHHA 0YJI0 BUBUUTHU CKJIaJ KOJOHIB, 10TO pPO3-
TOAiJI ¥ TOCJIiIOBHOCTI Ta BIJIUB PiIKiCHUX KOIOHIB
Ha eKCIIPECito BipyCHUX HYKJIEOKATICUHUX IIPOTEIHIB
iixHix ¢parmeHTiB y reTeponoruuHiii cucremi E. coli.
I ns ekcrpecii mpoTeiHiB BUKOPHCTOBYBAJIN ILJIA3MiJI-
Huii BeKTop pJC 40 i mrram BL 21 (DE 3) E. coli. Ana-
JIi3 CKJIaZy KOJOHIB BUKOHAHO 3 BUKOPUCTAHHAM ON-
line pecypcy (www.biologicscorp.com). OTpumano
IecsaTh PeKOMOIHAHTHUX IOJIiIenTUAiB, 3 HUX IBa,
III0 KOAYIOTH IIOBHY HYKJEOTHAHY IOCJiJOBHICTH
HYKJIeOKancugHux nporeiniB (Bipycm SaximHoro
Hiny i renatuty C) Ta ixHi (pparmeHTH, 110 MiCTATH
aHTUreHHi aerepminanTu (Bipyc Jlacca, MapOypr,
E6osa, Kpumcskoi-Konro remopariusoi Jmxomas-
ku (KKI'JI), [Iyymana, Xauraan, [lo6paBa-Bearpan
i mim@ormurapuoro xopiomeriurity (JIXM)). I'i6puna-
ui mtasmiaui [[HK 3a6esneuyoTs e(heKTUBHE TPOAY-
KYBaHHA X IPOTEIHIB y TPOKapioTUUHi# cucTeMi 3
BHXOJIOM PeKOMOiHATHOTO MIPOTeiny, 110 Bapiroe y 8
pasis: Bix 5 1o 40 mr Ha 1 JgiTp 6aKkTepiaabHOI KyJIb-
Typu. He BuABIeHa KopeJAIlii piBHA eKcipecii mpo-
TeiHy 3 YaCTOTOI0 HAPOKEeHHA PiAKiCHIX KOJOHIB y
KJOHOBAHIN IIOCJiZOBHOCTI: MakCcHMAaJbHA YacTOTa
HaApPOMKEHHS PIAKICHUX KOMOHIB Y KJOHOBAaHIiN ITO-
CJiMOBHOCTI cIlocTepirasacsa mjd Bipycy 3aximgHo-
ro Hiny (14,6%), mimimansua — gasa sipycy KKIVI
(6,6%), TumMuacoM AK piBeHb eKcmpecii musa mux
nporeiniB cranoBuB 30 i 5 Mr/a KyJabTypu Bifmmo-
BigHo. 3HaueHHs ingexcy agamnramii kogouis (CAI),
po3paxoBaHi Ha OCHOBI KOJTOHOBOTO cKJany y E. coli,
IS KJIOHOBAHUX BipyCHHUX IIOCJIiJOBHOCTEI 3HAXO-
naTbes B niamasoui Big 0,50 mo 0,58, 1o Bifgmosigae
cepelHbOEKCIIpecOBaHUM ITpoTeiHaMm. IIpoBemeHuit
aHaJis nmpodixis posmoaisny CAIl y KiIoHOBaHUX IIO-
CJIiZOBHOCTSAX CBiUWUTH PO BifICYTHICTH KJacTepiB
PiAKicHUX KOMOHIB, 3IaTHUX CTBOPIOBATHY TPYAHOIITL
3a Tpaucaaiii. CraTUCTUYHO 3HAUYITY BiAMiHHICTH
Mi’K yacToTaMu PO3MOIiIY aMiHOKUCJIOT ¥ KJIOHOBA-
HUX IIOCJiZOBHOCTAX Ta IxHiM 3micToMm B E. coli co-
cTepiranu A HyKJEOKaICUJHUX IPOTeiHiB BipyciB
Map6ypr, E6osa, 3axiguoro Himy i remarutry C.

Kntouwosi cnosea: peKOMOiHAHTHI HYKJIEOKAIICUTHI
OPOTeiH’, eKcIpecid, pimkicHi KomoHu, iHmeKc
amanTallii KogoHiB.
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SKCITPECCUA HYKJIEOKATICUTHBIX
BUPYCHBIX ITPOTEMHOB B
BAKTEPUAJIBHOY CUCTEME Escherichia
coli: BIUSTHUE KOITOHOBOI'O COCTABA
PABHOMEPHOCTH ET'O PACIIPEJIEJIEHUSA

BHYTPU T'EHA
E.TI'.®omuna, E. E. I'puzopvesa,

B. B. 3gepko, A. C. Bradbiko
TocynmapcTBenHoOe yupe:xenne « PecrybiuKaHCKUi
HAyYHO-IIPAKTUUYECKUH [EHTP SIIUIeMUOJIOT NN
U MUKpobuoorun», Pecrryoauka Benapyces, Mumck
E-mail: fegl @tut.by

IKCIIPecCHOHHAs CIIOCOOHOCTD KaKIOro reHa YHU-
KaJIbHA y TeTEPOJIOTUYHOTO X03AWHA. Pasmmunsa Mesxmay
CUHOHUMWUYHBLIMK  IIOCJIEOBATEJIbHOCTIMU  UI'PAIOT
Ba)KHYIO DPOJIb B PETYJISIIUU SKCIIPECCUU IIPOTEUHA B
opranuamax ot Escherichia coli no denoBexka, U MHO-
T'Me IeTasIu 3TOTO0 IIpoIecca OCTaloTeA HesicHbIMu. 11enn
WICCJIEJIOBAHUSA: U3YUUTH COCTAB KOJOHOB, €r0 pacipe-
JleJIEHVe TI0 IIOCJIEZOBAaTEILHOCTU U BJINAHUE DPETKUX
KOJIOHOB Ha 9KCITPECCHUI0 BUPYCHBIX HYKJIEOKAICHIHBIX
MIPOTENHOB 1 UX (DPAarMeHTOB B T€TEPOJIOTUYHOI CUCTe-
me E. coli. 11 sKCIIpeccuu IPOTEeNHOB UCIOIb30BAIT
mwrasmugaberi BeKTop pJC 40 u mrramm BL 21 (DE 3)
E. coli. Ananms cocTaBa KOZOHOB BBIIIOJIHEH C HCIOJIb-
soBaHmeM on-line pecypca (www.biologicscorp.com).
Tlosryuenbl JecATH PEKOMOWMHAHTHBIX MOJUIEIITHIOB,
U3 HUX [[Ba, KOAWPYIOIIUX IIOJHYIO HYKJIEOTUTHYIO
TIOCJIEIOBATEIFHOCTh HYKJIEOKAIICUHBIX IIPOTENHOB
(Bupycel 3amaguoro Huna m remarura C) u ux ¢par-
MEHTBI, BKJIIOUAIOIIE AHTUTE€HHBbIE JIeTepPMUHAHTHI
(Bupyc Jlacca, Map0Oypr, 96os1a, Kpbivckoii-Komro re-
mopparuueckoii aguxopaaku (KKIT'JI), ITyymana, Xan-
TaaH, lloOpaBa-Benrpag m smmMv@ormuTapHOro X0pmo-
menuuruta (JIXM)). T'ubpunubre miasmunguabie [JTHE
obecmeunBaioT 3(h(HEeKTUBHOE IIPOAYIIMPOBAHNE STUX
MIPOTENHOB B IIPOKAPUOTUUECKOI CHCTEME C BBIXOAOM
PEeKOMOMHATHOIO MMPOTEeNHA, BAPbUPYIOIINM B 8 pas:
ot 5 1o 40 mr Ha 1 sUTp GaKTEPUATBHON KYJIbTYPHI.
He BbIsIBJIeHA KOPPEJAINUSA YPOBHS SKCIIPECCUU IIPO-
TEMHOB C YaCTOTOI BCTPEUAEMOCTU PEAKUX KOIOHOB B
KJIOHMPOBAHHOM MOC/I€N0BATEILHOCTI: MaKCUMAIbHAS
YaCcTOTa BCTPEUAEeMOCTH PEAKMX KOJOHOB Ha KJIOHUPO-
BaHHYIO II0CJIEZIOBATEILHOCTb HAOJIIOAIACH [JI BUDY-
ca 3amaguoro Huia (14,6% ), MunumaiabHas — ISt
supyca KKI'JI (6,6%), B To BpeMsi KaK YPOBEHb JKC-
IIPecCcuu A 3TUX 0eJIK0B cocTaBAa 30 u 5 MT/J1 KyJib-
TYPBI COOTBETCTBEHHO. SHAUCHUS MHIEKCA aJalTalliuu
komouoB (CAI), paccunTaHHbIe HA OCHOBE KOIOHOBOI'O
cocraBa y E. coli, 1y KJIOHUPOBaHHBIX BUPYCHBIX IIO-
cjemoBaTeJbHOCTe HaxogATcd B auamasoHe ot 0,50
1o 0,58, UTO COOTBETCTBYET CPEIHEIKCIIPECCUPYEMbBIM
npoTtenHaM. IIpoBeieHHBIN aHAIU3 IIPOGUIEH paciipe-
nmeservis CAl B KJIOHMPOBAHHBIX ITOCJIEI0BATEIHLHOCTX
YKasbIBaeT Ha OTCYTCTBUE KJIACTEPOB PEAKUX KOJOHOB,
CIIOCOOHBIX CO3aBaTh 3aTPYAHEHUSA IIPU TPAHCJIAIUN.
CraTucTUUecKy 3HAUNMOE OTJINUMe MEXKIY YacTOTAMU
pacrpeiesieHnsi aMUHOKUCJIOT B KJIOHUPOBAHHBIX IIO-
CJIeZIOBATEILHOCTAX M UX cofieprKaHueM B E. coli HaOuIro-
JaJIoch IS HYKJEOKAIICUAHBIX IIPOTEMHOB BUPYCOB
Map6ypr, I6o1a, 3amaguoro Huia u remarura C.

Kntouesnvle cnosa: peKOMOMHAHTHBIE HYKJIEOKATI-
CHUIHBIE ITPOTEUHEI, 9KCIIPECCU s, PeIKLe KOTOHbI,
UHIEKC aJalTalun KOJOHOB.
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The aim of the study was to estimate the properties of the scaffold obtained by decellularization
with of bovine pericardium a 0.1% solution of sodium dodecyl sulfate. The experiment included stan-
dard histological, microscopic, molecular genetic, and biomechanical methods. Scaffold was tested in
vitro for cytotoxicity and in vivo for biocompatibility. A high degree of removal of cells and their
components from bovine pericardium-derived matrix was shown. Biomechanical characteristics were
of artificial scaffold were the same same as those of the native pericardium. With prolonged contact,
no cytotoxic effect on human cells was observed. The biointegration of the scaffold in laboratory ani-
mals tissues was noted, thus confirming the potential possibility of the implant application in car-

diac surgery.

Key words: pericardium, scaffold, decellularization, cardioimplant, tissue engineering.

Today, cardiovascular diseases are the
leading cause of death in the world. According
to WHO statistics, heart diseases kill more than
17 million people each year, which is 31% of all
deaths[1]. Congenital heart defects occur with
a frequency of about 9 % [2]. To date, cardiac
surgery is performed in almost all congenital
heart defects, where in most cases a complete
anatomical correction is performed using
artificial implants. The total postoperative
mortality from these surgeries in the world‘s
leading clinics is less than 3% . However, the
use of artificial prostheses has a number of
disadvantages that significantly impair the
quality of patients life in the postoperative
period. About a third of patients those get
operated require repeated surgery at various
times in the long term. Patients usually need
lifelong anticoagulation therapy. A promising
direction in overcoming the above problems
may be the use of biological implants. However,
they also have a number of unresolved issues,
such as complete or partial biodegradation and
calcification after implantation [3].

In the world medical practice, bioimplants
made of xenogenic tissues, for example from
the pericardium of pigs, horses, cattle, which
have the elasticity of the material close to
human tissues, are increasingly used [4]. To
obtain such an implant, the native material
is subjected to decellularization, which is
the complete elimination of donor cells and
purification from antigenic molecules while
maintaining the structure of the extracellular
matrix. Today, scaffolds are successfully
used in the clinic for tissue engineering and
regenerative medicine [5-8]. Decellularized
extracellular matrix made of bovine
pericardium is a promising biomaterial for
cardiovascular tissue repair, as the structu
re of collagen-elastin components of the
framework is satisfactorily preserved, and
antigenic molecules are properly eliminated
and thus reduces the antigenicity of such
material [9-11].

Sodium dodecyl sulfate (SDS) is one of the
most commonly used anionic detergents to
create extracellular matrices, as it can more
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efficiently washout cytoplasmic proteins and
remnants of nuclear components from tissues
than other detergents [12, 13]. For example,
it was the main detergent used to decellularize
cardiac perfusion in all rats [12]. Thus, in
a number of studies, colleagues described
protocols for material SDS processing in
accordance with the standard requirements
for complete removal of cells and elimination
of at least 90% of host DNA from tissues and
organs of different species [14-17].

Another detergent often used in
conjunction with SDS is Triton X-100, a
non-ionic detergent that can remove cellular
contents and help wash residual SDS from
the ECM [12, 18]. Although the use of Triton
X-100 eliminates cells from the heart valve,
it is less effective in clearing the myocardium
and aortic wall of cellular residues [19].

Unfortunately, today there is no
ideal biomaterial that would meet all the
requirements of cardiac surgery and has
athrombogenicity, elasticity, durability,
minimal antigenicity, lack of immunogenicity
and cytotoxicity, and strength, i.e. was
close to the characteristics of mnatural
tissues. Therefore, the search for methods of
biotechnological transformation of xenotissue,
their development and improvement, which
could provide high quality material obtaining,
that will significantly improve the life quality
of children with congenital heart disease,
reduce the number of repeated -cardiac
surgeries and the cost of treatment.

Materials and Methods

The procedure for tissue obtaining

The material for the study was the cattle
pericardium. The pericardial sac was extracted
from outbred 12-18-month-old bulls after
slaughter at the TOV “Antonovsky Meat
Processing Plant“. All animals underwent
veterinary inspection. In the process of
organ removal, the rules of asepsis with
the maximal available atraumaticity and
taking into account the anatomical features
of animals, as well as in accordance with the
basic principles of bioethics and bioethical
expertise, consistent with the provisions of
the “European Convention for the Protection
of Vertebrate Animals which are used for
experimental and other purposes (Strasbourg,
France, 1985) and in accordance with the
Law of Ukraine Ne 3447-IV “On Protection of
Animals from Cruel Treatment* (2006, latest
edition 2009). The biomaterial was transported
to the laboratory for one hour in a sterile
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Hanks solution in a container on ice. Then
the pericardial sac was carefully prepared,
separating the serous layer from the fibrous
one. Fatty appendages and excess connective
tissue were removed from the latter. To wash
the fragments of the isolated pericardium
from the remnants of blood components, it
was placed in flasks with distilled water with
a volume of 1 000 ml and stirred continuously
(70 rpm) for 3 hours at 4 °C.

Protocol for decellularization of the bovine
pericardium

Cattle pericardial samples were
decellularized as follows: a 40x40 mm
pericardial sample was placed in a 200 ml
bottle containing 100 ml of 0.1% solution
of SDS (Sigma-Aldrich, USA) with constant
shaking (200 rpm) for 40 days at 4 °C[11]. The
next step was to stabilize and fix the obtained
samples. We provided stabilization and
fixation of all obtained samples in a solution
of 70 % ethanol for 24 h at t 4 °C with constant
stirring at 200 rpm. Then all fragments of
the decellularized pericardium were washed
with sterile NaCl solution for 24 h at 4 °C with
constant stirring at 200 rpm. An additional
stage of chemical decellularization was
achieved using the crosslinking method: EDC/
NHS solution — MES (10 mM of 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), 10 mM of N-Hydroxy-
succinimide) and MES solution (pH 5.6) 6
(0.05 M of 2 — morpholinoethane sulfonic
acid). Native pericardium was used as a
control.

Histological staining (hematoxylin-eosin
and DAPI )

Hematoxylin — eosin. Histopathological
examination of tissue samples includes
fixation in 10 % solution of neutral buffered
formalin (pH 7.4) for at least 3 days at a
temperature of 4 °C. Tissues were fixed after
rapid freezing and sectioning with a cryostat
(6 nm thick). Validation of cell nucleus removal
was performed according to the standard
hematoxylin and eosin (H&E) staining
protocol. Stained samples were examined
using an Olympus BX 51 light microscope.

DAPI. DAPI staining (4’,6-diamidino-2-
phenylindole, dihydrochloride) was performed
directly by incubating a tissue sample (luminal
side up) with 25 ug/ml DAPI diluted in PBS for
2 min (in the dark). Achieving maximal tissue
thickness, adventitia and middle layer were
removed using the approach proposed by Jelev
et al.[20]. The ECM was fixed on the plate with
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forceps under a microscope. The intima layer
was carefully removed by stretching it with
forceps, simultaneously with cutting the edges
with a scalpel, followed by restoration in PBS.
DAPI stains were also applied to paraffin-
embedded cross-sections (5 ym thick) following
standard fixation, dehydration, embedding,
cutting, dewaxing, rehydration, and staining
protocols. Images were taken using an Olympus
BX 40 fluorescent microscope (Tokyo, Japan).

DNA quantitative evaluation

DNA extraction was performed using
Easy Blood and Tissue DNA kit (Qiagen,
Germany). 10—-25 mg of tissue from external
materials before decellularization, or from
decellularized samples, were briefly treated
with proteinase K to quantify the total amount
of nucleic acid, ng/mg of dry tissue, and
calculate the percentage of DNA removal after
decellularization. Fluorescence measurements
(photons per second) were performed at room
temperature in a room of 23-24 °C, using a
spectrofluorometer Qubit 3.0 to count photons.
The limit of DNA detection was 0.2 ng/ng of
nucleic acid.

Biomechanical testing. The biomechanical
properties of bovine pericardium for flaps
with a size of 20x40 mm were analyzed. To
determine the maximal tensile strength at
break (F,,.), the pericardial samples were
loaded separately between 2 steel rods and
clamped vertically in a test machine (IMADA,
MX2 — 110, Japan).

In vitro cytotoxicity assessment

To determine cytotoxicity, the matrix
samples were cultured in a suspension of human
fibroblasts. From the obtained material by 3
fragments from each sample were cut with an
areaof about 8—10 mm?. Cells were inoculated by
applying 150 ul of concentrated cell suspension
on decellularized pericardial samples moistened
with standard growth medium (DMEM + 10%
of serum). Impregnation lasted 30 minutes.
The number of inoculated on fragments cells
was 300 thousand. They were then transferred
to a standard 6-well tissue culture plate and
immersed in growth medium DMEM + 10%
of serum, cultivation was performed under
standard conditions of 37 °C and 5% of CO,
[21]. For histological examination, DEM
samples were fixed in 10% buffered formalin
embedded in paraffin. Sections were made
(5 pm). Hematoxylin / eosin samples were
obtained (light microscopy) [22]. Images were
taken using an Olympus BX 51 light microscope
(Tokyo, Japan).

In vivo biocompatibility test

For the study, 10 Wistar rats were kept in
a pathogen-free environment. Decellularized
and pre-sterilized bovine pericardium was
implanted subcutaneously in the interscapular
space and explanted after 8 weeks. The
animals were divided into 2 groups. The
groups were as follows: Control group:
native bovine pericardium (n = 5), group 1:
bovine pericardium decellularized with 0.1%
solution of SDS (n = 5). Wool was removed
from the skin surface of rats in the area of
the operating field and treated with a 70%
solution of ethyl alcohol. The operation was
performed under sterile conditions. Xylazine
(Alfasan, Netherlands) at a dose of 1 mg/kg
of body weight in combination with ketamine
(Biolik, Ukraine) at a dose of 10 mg/kg was
used for intramuscular anesthesia. An incision
of 2 cm was made in the back of the animal, and
the subcutaneous pockets were formed with a
pointed spatula, separating the subcutaneous
tissue from the muscle layer. The prepared
1x1 cm implants were placed in the lumen of
the pocket, which were fixed at the corners
to the muscle tissue with noose sutures
“Polypropylene* (“Golnit“, Ukraine). The
skin was closed with a continuous suture, the
thread, which did not delaminate, was treated
with an antiseptic — a solution “Betadine*
(“EGIS Pharmaceuticals, PLC*, Hungry).
The implants were removed for histological
analysis 3 months after surgery.

Statistical analysis. Statistical signifi-
cance was analyzed using variation analysis
and t-test, if necessary. P < 0.05 value was
regarded as statistically significant. Variation
and statistical processing of the obtained
results was performed using StatalC software.

Results and Discussion

It is known that cellular components,
including nucleic acids of xenogeneic tissues,
arestrong antigensthat trigger immunological
reactions in the recipient, which provokes
graft rejection. A decellularization protocol
is considered to be effective, using which all
components of the cell and nucleic residues are
completely removed [23].

To assess the decellularization process,
histological examination of samples stained
with hemotoxylin-eosin and by the DAPI
method was performed. Basophilically stained
bovine pericardial cells and the bright glow of
fluorescent dye were detected in the control
samples, which confirms the presence of
nucleic acids (Fig. 1). At the same time, the
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absence of cells in hematoxylin-eosin staining
and the absence of glow in DAPI were recorded
for the bovine decellularized pyricard of the
experimental group. The absence of nuclear
elements was seen by staining in both ways
after 21 days of decellularization. There was
also no obvious difference in the structure and
distribution between the collagen and elastin
fibers of the decellularized extracellular
matrix and the native bovine pericardium.

In the samples of the experimental group,
the DNA concentration was recorded at the level
of 5ng /mg on the 35th day of decellularization
(Fig. 2). Thus, the degree of matrix purification
of decellularized bovine pericardium tissue
from nucleic acid residues was 99.8 % compared
with native samples (Table 1). A statistically
significant difference was found between the
DNA concentrations of the experimental and
control groups (P < 0.05).

The study of biomechanical properties
showed that the decellularized matrix not
only did not change its natural properties, but
also gained greater strength after the process
of purification and cross-linking. This is
evidenced by an increase almost 2 times of the
maximal tensile strength value in the samples
of the experimental group (Table 1).

The study of the cytotoxic effect of the
decellularized extracellular matrix showed
that after two months of cultivation the
culture of human fibroblast cells were placed
in a uniform layer on the surface of the sample.
Some groups of fibroblasts penetrated to a
depth of 350 pum, but only in places where the
fiber bundles were less dense (Fig. 3). Collagen

— e —
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and elastin components of the matrix are well
expressed, fiber bundles are strong, ordered.

The ultimate goal of implantation is
bioimplant integration into the host tissue,
with its subsequent regeneration [24]. Fig.
5 presents a histological examination of
the explanted pericardium in control rats
implanted with untreated/native bovine
pericardium. As expected, the pericardium
is completely degraded and eliminated, there
is only connective and muscle tissue of the
operated animal. The tissue is infiltrated with
leukocytes, which indicates inflammatory
processes in this area.

At the same time, in comparison with
the control, the histology data indicate the
successful biointegration of the implant in the
rats of the experimental group (Fig. 6). In the
tissues, implant replacement with growing
immature connective tissue was noted. In the
area of implant, the increased vascularization
of connective tissue is also observed, capillaries
are formed, which are filled with erythrocytes.
There was a lower level of macrophages
and monocytes filtration in decellularized
tissues of the pericardium compared to non-
decellularized tissues of the control group.

This study made it possible to obtain a
scaffold made of xenotissue, which in its
biomechanical and biological characteristics is
similar to the native bovine pericardium. Ionic
detergent SDS was used in the decellularization
process. The scientific literature confirms
the effective use of this detergent, the action
of which is aimed at cleaning the matrix by
solubilizing the cytoplasmic and nuclear

A

B

Fig. 1. Imaging of histological sections of bovine cellular and decellulorized pericardium. Hematoxylin and
eosin staining (light microscopy, x200) and DAPI (fluorescence microscopy, x200):
A — control group (native pericardium); B — experimental group (0.1% solution of SDS)
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Table 1. Comparative evaluation of native and decellularized bovine pericardium

Research / indicators Control group Experimental group
Histology Presence of bai(gl)ll“lsilically stained Absence of cells
DAPI The presence of the glpw of cells No glow of cells nuclear material
nuclear material
Average DNA content
1436 = 116.8 0.5 +=0.448%*
(ng/mg), n=>5
Fmax, maximal tensile strength 6.84 = 0.69 0.548 + 0.65%
(kef) . . . .
Cytotoxicity - None after 2 months
Biocompatibility, inflammatory g I
reaction**

* statistically significant compared with the control group (P < 0.05).

*%* To obtain more objective data, a semi-quantitative assessment of inflammatory reaction severity was
performed: 0 — no signs; + — single cells (neutrophils, lymphocytes, macrophages, eosinophils); ++ — small
foci; +++ — separate and massive foci; ++++ — large infiltrates.

0,1% SD5

—g—CSample 1
=—g=—Sample 2
g Samiple 3

Sample 4

g SETIRE 5

14 days 21 days 28 days 35days

Fig. 2. DNA concentration (ng/mg)
in pericardium samples decellularized with 0.1%
solution of SDS

membranes, denaturation of proteins and
removal of nuclear residues [25—27].

At the same time, it is known that SDS
can bind to and deform collagen fibers.
Due to hydrogen bonds of collagen fibers
rupture, tissue edema may develop [23, 28].
SDS is reported to interact very strongly
with extracellular matrix proteins, making
it difficult to remove SDS completely [29].
Ning Lia and colleagues also noted that
residual SDS in decellularized tissues can
lead to insufficient settling of host cells after
implantation, causing less implant durability
and inhibiting growth. This was clearly
correlated in rat implantation studies, where
peri-implant necrosis was found around about
1% of SDS-treated implants [22]. Based on
these facts, it was hypothesized that the use
of a low concentration of 0.1% solution of
SDS will allow for effective decellularization,
while maintaining the architectonics of the

matrix and not affect the biocompatible
properties of scaffold. This study confirms
the hypothesis and demonstrates the effective
use of low-concentration SDS detergent for
decellularization of the bovine pericardium.
Tran Ha Le Bao et al. also showed that 0.1%
solution of SDS is better fit for porcine
pericardial decellularization than 0.3% or
0.5% solution of SDS, because the biological
properties of scaffold were better preser-
ved [31].

In our study, the absence of cells and their
components was confirmed by histological
and molecular genetic studies. Examination
of hematoxylin-eosin-stained samples showed
the absence of nuclear elements and the
preservation of scaffold matrix structure.
Complete removal of all cellular components
is virtually impossible with any method of
decellularization [32]. Quantitative evaluation
of residual DNA can be used as an additional
marker in determining the effectiveness of
the decellularization process. DNA analysis
showed that decellularization was able to
remove 99.8% of nucleic acids from the
extracellular matrix.

The absence of scaffold toxic effects on
donor cells is an important part of selection
for further transplantation. In this study,
the cytotoxicity of scaffold was determined
by comparing different microscopy samples
to identify the number and location of human
fibroblasts cultured on the obtained tissue
sample. Histological analysis made it possible
to establish the levels of structural changes
in the fibers together with the position of
fibroblast cells after prolonged cultivation.
In our study, we did not observe any in vitro
cytotoxic effect for a decellularized matrix
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20, L

Fig. 3. Histological examination for cytotoxicity in samples of the experimental group (pericardium decellu-
larized with 0.1% solution of SDS) after 2 months of cultivation
(Congo staining and H/E, light microscopy, x 200, x50)

Fig. 4. Histological examination of the explanted pericardium of control rats
(tricolor Masson staining method, light microscopy, x200)

Fig. 5. Histological analysis of decellularized pericardial implants and evaluation of rat tissue response
after subcutaneous implantation (tricolor Masson staining method, light microscopy, x200)
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with a law concentration of 0.1% solution of
SDS for 2 months of cultivation. Although
in most experiments the cytotoxic effect for
a short period of time (24 to 48 hours) was
studied, long-term studies are more effective
for the transplant stage [25—-27, 31].

The ideal scaffold should not only be
free of any cells, have sufficient stability,
be able to withstand mechanical loads for a
long time, while maintaining the structure
of the extracellular matrix, but also when
implanted to integrate into the donor tissue
[23]. That is, the created matrix is the basis
forits settling by donor cells. One of the most
important requirements for the safety of
the scaffold is the biocompatible properties
of the biomaterial determination [33, 34].
Our study has demonstrated a high level of
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meJrJIApu3aIiii mepmkapay BeJIMKOI porartoi
xynoou 0.1% posumHOM [JOIeruicyabdaTy
HaTpio. EKkcriepuMeHT BKJIIOUAB CTaHAAPTHI Ii-
CTOJIOTiUHi, MiKPOCKOIIiUHi, MOJEKYJIAPHO-Te-
HeTUYHi, Oiomexamiuni wmetomu. Cxaddosg
IPOTECTOBAHWI HA ITUTOTOKCUUYHICTH in vitro
Ta G6iocymicHicTb in vivo. IlokasaHO BUCOKY
CTYHiHb OUYMCTKYN MO3aKJIITUHHOTO IEIeTIOJIA-
PU30BAaHOTO MATPUKCY BiJf KIiTUH Ta IX KOMIIO-
HeHTiB. Biomexamiuni xapaKTepucTuku OyJan
TaKUMHU CAMUMU, AK i HATUBHOrO IIepUKap/a.
IIpu moBroTpuMBaJIOMy KOHTAKTi He CIIOCTEpi-
raJid IIUTOTOKCUYHOIrO BILIMBY Ha KJIITUHU JIIO-
nuun. Bigmiueno GioimTerpaiiiro ckap@oany B
TKaHUHU Ja00paTOPHUX TBAPWH, IO IiATBEP-
IJKY€ MOTEeHIIIHY MOMKJINBICTh BUKOPUCTAHHS
iIMILTAaHTY B KapAioXipypriyHUM TPaKTHAILi.

Knwouwosi cnoea: mepuxkapn BeJamKoi poratoi
xXymobu, cxadoJig, mereamasapusalis, Kapaio-
iMIIIaHT, TKAHUHHA iHXKEeHepid.
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ITenbio uccienoBaHus OGBLIO OIEHUTH CBOM-
cTBa cKa(pdoiizia, IMOJTYyUeHHOTO IPH IeIleIF0Id-
pusanuu nepuKapia KpymHoro poraToro cCKoTa
0.1% pactBopoM nomernuicyabdara HATPUS.
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JOoTUu4YecKre, MUKPOCKOIINYECKUe, MOJIEKYJIAP-
HO-TeHeTHUeCcKue, 0MoMexXaHnUYeCcKrue MeTOIbI.
Craddoiss mTpOTECTUPOBAH Ha IIUTOTOKCHY-
HOCTB in vitro m OMOCOBMECTHMOCTDL in Uivo.
ITorkasana BBICOKAsA CTEIEHb OUMCTKU BHEKJIE-
TOUHOTO [JeIleJIOJIAPU3UPOBAHOTO MaTpUKca
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The plasminogen/plasmin system plays a crucial role in both fibrinolysis and the of cell functions
in a wide range of normal and pathological processes. Investigation of plasminogen/plasmin
functions requires the availability of well-characterized and effective molecular tools, such as
antibodies. In the present work, the isolation and characterization of rabbit polyclonal antibodies
against human plasminogen are described, and approaches for the identification of plasminogen and
its fragments using the purified antibodies are demonstrated. For the antibodies isolation, standard
animal immunization and blood collection procedures, serum isolation, protein salting out and
affinity chromatography were performed. For the antibodies characterization and application, the
following methods were used: enzyme linked immunoassay (ELISA), Western blotting, FITC-protein
conjugation, flow cytometry and spectrofluorometry. Obtained polyclonal rabbit anti-human
plasminogen antibodies interact with human Glu- and Lys-plasminogen, kringles 1-3 and 1-4 of
plasminogen, mini-plasminogen, the heavy and light chain of plasmin. We propose the application of
anti-plasminogen antibodies for the direct ELISA, Western blot analysis, and for flow cytometry and
spectrofluorometric analysis of plasminogen binding with cells. Produced anti-plasminogen
antibodies may represent promising tools for the investigation of plasminogen/plasmin system
functions, either fibrinolytic or signaling.

Key words: plasminogen, rabbit polyclonal antibodies, affinity chromatography, ELISA, Western
blotting, FITC-coupling, flow cytometry, spectrofluorometry.

Plasminogen is a key component of molecule contains lysine (Lys-plasminogen)

the fibrinolytic system and an inactive
precursor of the main fibrinolytic
enzyme plasmin (3.4.21.7). Plasminogen
conversion to plasmin is mediated by
plasminogen activators, either tissue-
type or urokinase-type ones, on cells and
fibrin surface. Plasmin regulates fibrin
clot lifetime, maintains normal circulation
and blood vessels passability [1], mediates
extracellular matrix proteolysis during cell
migration, and influences cell signaling [2].

Human plasminogen 1is a one-chain
glycoprotein with a molecular weight of
92 kDa and 791 amino acid residues. Intact
zymogen, normal for the circulation,
contains glutamic acid on N-terminus (Glu-
plasminogen). Partially degraded plasminogen
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and appears on primary stages of fibrinolysis
or under pathological conditions as a result of
proteolytic activity in blood [3].

Plasminogen molecule consists of
N-terminal domain, 5 kringle domains (K1-5)
and serine-protease domain. Glu-plasminogen
molecule is folded due to the N-terminal
peptide interaction with K4 and K5, whereas
N-terminal peptide cleavage in Lys-form of the
zymogen leads to deployment of the molecule.
Kringle domains are responsible for the
substrate and cell receptor binding and serine-
protease domain after the zymogen activation
is able to cleave substrates. Degradation of
plasminogen molecule by proteases (elastase,
trypsin, plasmin, etc.) leads to plasminogen
kringle-containing fragments formation,
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which have antiangiogenic properties and thus
are called angiostatins [4].

Plasminogen/plasmin interacts with a wide
range of cell types. Plasminogen receptors were
found on platelets, neutrophiles, macrophages,
endotheliocytes, smooth muscle cells, fibro-
blasts, neuronal cells and different types of
cancer cells [5]. Plasminogen/plasmin mediates
cell signaling during inflammation, inducing
proinflammatory cytokines production and
macrophages chemoattraction, as well as
metastasis, cell migration and proliferation,
angiogenesis, tissue remodeling, myogenesis,
neuritogenesis [6—8].

Plasminogen fragments, known as
angiostatins, have mostly opposite function
than parent molecule, inhibiting cell
proliferation, migration, wound healing, and
sometimes exhibit their functions through
distinctive cell receptors [9, 10].

Investigation of plasminogen/plasmin func-
tions requires an availability of well-characteri-
zed and effectiveinstruments, such as antibodies.
Polyclonal antibodies against plasminogen can
be used for measurement of plasminogen level
and identification of the zymogen/enzyme and
its degraded forms in different type of samples,
studying of plasminogen/plasmin interaction
with cells and tissues, blockage of plasminogen
functional activity, etec.

The aim of the present work was to isolate
and characterize rabbit polyclonal antibodies
against human plasminogen and to develop
approach for the identification of plasminogen
interaction with cells.

Materials and Methods

Proteins isolation

Glu-plasminogen was purified from
citrate donor blood plasma using the Lysine-
Sepharose 4B affinity chromatography in
the presence of 1000 IU/ml aprotinin (AWD
pharma, Germany) with subsequent salting
out [11]. Salting out was performed with
(NH,),SO, (0.4 g per 1 mL of eluted protein
solution) overnight at 4 °C, precipitate was
centrifuged at 2,000 g and 4 °C for 30 min and
then dissolved in 50 mM tris/HCI buffer with
150 mM NaCl (TBS), pH 7.4, in the presence of
100 mcM p-nitrophenyl guanidine benzoate to
avoid plasmin activity. Plasminogen solution
was dialyzed against TBS, pH 7.4, using 12 kDa
dialysis tubing (Merck-Millipore, Germany)
and stored at —20 °C.

Lys-plasminogen was purified from the
blood plasma fraction III, ; by Cohn using the
abovementioned method.

Plasmin was obtained by activation of Glu-
plasminogen with urokinase-Sepharose 4B[12]
and stored at —20 °C in TBS, pH 7.4, with 50%
glycerol.

Plasminogen fragment kringle 1-3 was
isolated from plasminogen hydrolysate, obtained
by elastase-mediated hydrolysis, using affinity
chromatography as described elsewhere [13].

Plasminogen fragments kringles 1-3 + 1-4
and mini-plasminogen were kindly provided
by Dr. Artem Tykhomyrov (Palladin Instiute
of Biochemistry of the National Academy of
Sciences of Ukraine).

Tissue-type plasminogen activator used
in the study was from Boerhinger Ingelheim
(Actilyse).

Plasminogen-Sepharose synthesis

Plasminogen conjugation to Sepharose was
performed using CNBr-activated Sepharose
4B (Sigma Aldrich, USA) according the
manufacturer’s recommendation. CNBr-
activated Sepharose was swelled in cold 1 mM
HCl for 30 min and washed with 0.1 M NaHCO4
buffer containing 0.5 M NaCl, pH 8.3-8.5
(coupling buffer). Plasminogen was dialyzed
against coupling buffer and conjugated with
CNBr-Sepharose during 8 h(5 mg protein per
cm?® of gel), then washed with 5 gel volumes of
coupling buffer. Sepharose uncoupled CNBr-
groups were blocked with 100 mM glycine
in coupling buffer for 2 h at 4 °C and washed
with TBS, pH 7.4. Plasminogen-Sepharose was
stored in TBS, pH 7.4, containing 100 mcM
p-nitrophenyl guanidine benzoate to avoid
possible plasmin activation and conservated
with 0.02% sodium azide.

Rabbit immunization and antiserum
preparation

Rabbit immunization was performed in
accordance with the recommendations [14].
Male rabbits weighing about 3 kg were kept
on the standard diet in the animal house of
Palladin Institute of Biochemistry of NASU.
Each rabbit was immunized by an emulsion
containing 0.1 mg of human plasminogen in
0.5 ml TBS, pH 7.4, and 0.5 ml of complete
Freund's adjuvant (Sigma Aldrich, USA).
Six subcutaneous injections were given
symmetrically in dorsal thoracic and lumbar
regions. In 2 weeks, animals had boost
immunization with incomplete Freund's
adjuvant (Sigma Aldrich, USA). In 10 days,
the blood serum was tested for ELISA and the
presence and titer of antibodies specific to the
introduced antigen. In 12—-15 days, blood was
collected for 3 times.

51



BIOTECHNOLOGIA ACTA, V. 13, No 6, 2020

Blood was collected from marginal ear vein
by venipuncture into glass tubes and incubated
at 4 °C for 16 hours for clot formation. After
the clot removal serum was centrifuged to
remove the debris at 200 g for 15 min at 4 °C.
The supernatant was used for the antibody
purification.

Anti-plasminogen antibodies isolation

The globulin fraction of blood proteins was
isolated by salting out from blood serum using
saturated solution of (NH,),SO, in volume
ratio 1:1 during 16 hours with subsequent
centrifugation 15 min at 1,000 g and 4 °C. The
precipitate was dissolved in TBS, pH 7.4, and
dialyzed. Total immunoglobulin G fraction was
isolated from globulin solution using affinity
chromatography on Protein A-Sepharose (Sigma
Aldrich, USA) as described elsewhere [14].

Immunoglobulin G solution, purified
on Protein A-Sepharose, was applied on
Plasminogen-Sepharose equilibrated with
TBS pH 7.4 in volume ratio of protein
solution : affinity gel 1.5:1, then the column
was washed with TBS pH 7.4. Plasminogen-
specific antibodies were eluted with 200 mM
glycine, pH 2.8, and immediately mixed with
1 M tris-HCI, pH 8.5, in volume ratio 100:8.
Protein concentration in eluate was controlled
by light absorption at 280 nm. Fractions,
containing the antibodies, were -collected,
mixed, dialyzed against TBS, pH 7.4, and
concentrated using Amicon 100 centrifugal
devices (Merck-Millipore, Germany). Purified
antibodies were stored with glycerol (volume
ratio 1:1) at —20 °C.

FITC-labelling of plasminogen-specific
antibodies

Antibodies-FITC conjugation was carried
out using FITC (fluorescein isothiocyanate,
Sigma Aldrich, USA)[15]. FITC stock solution
1 mg/ml in DMSO was added to antibodies
(2mg/mlin 0.1 M sodium carbonate buffer, pH
9.0) in volume ratio 50: 1000 and the reaction
mixture was incubated for 8 hours at 4°C in the
dark, than the excess of the label was blocked
by NH,CI in a final concentration of 50 mM
during 2 hours 4 °C in the dark and dialyzed
against 0.05 M sodium-phosphate buffer with
0.15 M NaCl (PBS), pH 7.4, overnight at 4 °C.
F/P ratio was 3.2. FITC-labeled antibodies
were stored with 25% glycerol at —20 °C.

Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulfate (SDS) (Fluka,
Germany) was performed using standard method
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[16]. For the protein purity evaluation, gels
after the procedure were stained with 0.025%
CoomassieBrilliant BlueR250in 25% isopropanol
with 10% acetic acid (w/v/v)and washed with 7%
acetic acid overnight. For Western blot analysis
gels were washed twice with distilled water to
remove SDS without staining.

Western and far-blot analysis

Western blotting was performed using
standard approach [17]. Electrophoresis
was performed without reducing agents,
except plasmin sample, which contained 1%
B-mercaptoethanol. Proteins were transferred
from polyacrylamide gel onto 0.45 mcm pore
size nitrocellulose membrane (GVS, Italy). The
membrane then was blocked with 5% fat-free
skimmilk solutionduring2hat37°C,incubated
2h with 1 meg/ml anti-plasminogen antibodies
in PBS pH 7.4 and then 1 h with anti-rabbit
secondary peroxidase-conjugated antibodies
(Sigma Aldrich, USA) diluted according to the
manufacturer recommendations. After each
antibody, the membrane was washed 5 times
x 5 min with PBS, pH 7.4, containing 0.1%
Tween-20 and 5 times x 5 min with PBS, pH 7.4.
Washed membrane was stained with 4-chloro-
6-naphtol (Sigma Aldrich, USA) methanol
solution 30 mg/mL and 3% hydrogen peroxide
in PBS, pH 7.4 (volume ratio 10 : 90 : 2).

Enzyme linked immunoassay

Proteins (1 mcg in 100 mcL of PBS, pH 7.4)
were immobilized in 96-wells high-sorption
microplates (NUNC Maxi-Sorp, Denmark) for
2 h at 37 °C and thoroughly washed by PBS,
pH 7.4, containing 0.1% Tween-20 and PBS,
pH 7.4. Then wells were blocked by 200 mcL
of 1% BSA solution in PBS, pH 7.4, for 1 h
at 37°C. After blocking, plasminogen-specific
antibodies (0-5 mecg/100 mcL of PBS, pH 7.4)
were added into the wells and incubated for 1 h
at 37 °C and washed. For the determination of
the primary antibodies interaction with the
immobilized proteins, goat secondary anti-
rabbit antibodies conjugated with alkaline
phosphatase (Sigma Aldrich, USA) were
used as recommended by the manufacturer,
and after washing, developed for 30 min
using chromogenic phosphatase substrate —
500 mcg/mL p-nitrophenyl phosphate (Sigma
Aldrich, USA) in 10% diethanolamine, pH
9.8, and measured by Multiscan microplate
reader (Thermo Scientific, USA) at 405 nm.

Platelet preparation
Blood was collected from two healthy
volunteers was collected by venipuncture and
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immediately mixed with anticoagulant (3.2%
sodium citrate) in 9:1 volume ratio. Platelets
were isolated from blood using the approach
described elsewhere [18]. Platelets count was
performed using an aggregometer (Solar AT-
02, Belarus).

Platelets (5x10° cells) were incubated with
Glu-plasminogen (1 mcM final concentration)
in 20 mM HEPES buffer, containing 137 mM
NaCl, 4 mM KCl, 0.2 mM MgCl,, pH 7.4, for 10
min at 37 °C, washed twice by centrifugation
(1,000 g for 10 min at 25 °C), and then
incubated with 5 meg/mL of FITC-labeled anti-
plasminogen antibodies in PBS with 1% BSA,
pH 7.4, for 20 min at 37 °C and washed twice.

Spectrofluorometric analysis

Binding of FITC-labeled plasminogen-
specific antibodies was analyzed using flow
cytometry and steady-state spectrofluoro-
metry.

Flow cytometry was performed using
Coulter Epics XL flow cytometer (Beckman
Coulter, USA) via FL1 channel (5615-535 nm)
for FITC label. For each sample 30,000 events
were chosen as sample size. Population of
untreated platelets was used as a control.

Steady-state  spectrofluorometry  was
performed using QuantaMaster spectrofluo-
rometer (Photon Technology International,
Canada), excitation wavelength was 490 nm,
emission was measured at 520 nm.

Data analysis

Data was analyzed and presented using
standard tools of GraphPad Prism 7 software.
The flow cytometry results are presented using
“FCS Express V3” software.

Results and Discussion

Glu-plasminogen used for rabbit immuniza-
tion and Plasminogen-Sepharose synthesis
was electrophoretically pure (Fig. 1, a).
Blood serum of immunized animals contained
150-kDa protein fraction, complying the
immunoglobulin G molecular weight (Fig. 1, b,
Ser). The antibodies purified with subsequent
use of protein A- and Plasminogen-sepharose
were electrophoretically pure (Fig. 1, b, AB).
Specific antibodies yield was 7.1%.

Analysis of the purified antibodies binding
to Glu- and Lys- forms of human plasminogen
demonstrates the same affinity: saturation of
1 mcg of immobilized plasminogen is reached
at the antibody concentration 0.5 mecg/ml,
for Glu-plasminogen K; = 5.02 = 1.20 nM,
for Lys-plasminogen K; = 5.40 = 1.27 nM

(Fig. 2). Recommended antibodies dilution for
the direct ELISA is 0.5 mcg/mL. Tissue-type
plasminogen activator was used in the assay as
negative control to discern possible antibodies
cross-reaction with kringle domain-containing
non-plasminogen proteins and it is confirmed
that the obtained antibodies have specificity to
plasminogen.

To clarify which plasminogen domain
contains antigenic determinant for the antibo-
dies, Western-blot analysis was applied
(Fig. 3, a). Optimal antibodies dilution
(1 mecg/mL) was chosen using dot-blot analysis
(data not shown). The ability of the antibodies
to interact with plasminogen, heavy and light
chains of plasmin, plasminogen fragments
K 1-3, K 1-4 and mini-plasminogen was
demonstrated. Moreover, the use of anti-
plasminogen antibodies allows to distinct
different forms of plasminogen fragments in
the mixture (Fig.3, track K1-4+K1-3), which
canrepresentdifferent angiostatins[4, 19, 20].
Western blot analysis of platelet lysate (whole
cell, 108 cells/track, in 5 x Laemmli buffer)
confirms plasminogen and its fragments to be
presenced in platelets (Fig. 3, b), among which
is typical one with molecular weight near 50
kDa complying angiostatin that can be released
by platelets [21]. Therefore, the obtained
antibodies can be applied for the determination
either plasminogen or plasminogen fragments,
including angiostatins.

Plasmin sample contains [-mercapto-
ethanol to divide heavy (63 kDa) and light
(26 kDa) chains. Western blotting was applied
for the analysis.

a b
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Fig. 1. Electrophoregram of (a) purified human
Glu-plasminogen, used for the animal immuniza-
tion and (b) the rabbit serum (Ser) and affinity
purified anti-plasminogen antibodies (AB)
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Investigation of plasminogen or
plasminogen fragments interaction with
cells can be carried out using fluorometric
techniques. For this purpose, the anti-
plasminogen antibodies are conjugated with
different fluorescent labels and applied for
the fluorometric analysis. To test the obtained
antibodies suitability for these applications,
we performed FITC-labeling of the antibodies
and demonstrated Glu-plasminogen binding to
platelets with flow cytometry and steady state
spectrofluorometric analysis.
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Fig. 2. Binding of purified polyclonal antibodies
against plasminogen with Glu-plasminogen
(Glu-Pg), Lys-plasminogen (Lys-Pg), and tissue-
type plasminogen activator (tPA) evaluated by
ELISA
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Fig. 4 demonstrates typical fluorescence
histograms of native washed human platelets,
bound with anti-plasminogen FITC-labeled
antibodies before and after incubation with
exogenic plasminogen. Data obtained with
flow cytometry and presented with FCS
Express 3 software. As a control, platelet
autofluorescence was monitored. Results
indicate that washed platelets absorb
plasminogen from plasma on their surface and,
when isolated, can bind additional exogenous
zymogen amount (median value is 4.7 for the
platelets-FITC-antibodies interaction, and 8.3
for the platelets-plasminogen-FITC-antibodies
interaction, comparing with 1.03 of platelets
autofluorescence).

Steady-state fluorometry analysis
indicates the same results (Fig. 5, a): washed
platelets surface contains plasminogen
or its fragments and can bind additional
exogenous plasminogen. Washed platelets can
bind additionally FITC-antibodies after the
preincubation with exogenous plasminogen
comparing with the labeled antibodies binding
level without plasminogen addition (Fig. 5, b).

Platelets autofluorescence serves as a
control. Mean values obtained for washed
platelets of two healthy volunteers.

It is well established that platelets are
able to bind plasminogen, and the cells
washed from platelet reach plasma interact
with the zymogen through different partner
proteins, which can be removed from the cell
surface by gel-filtration on Sepharose 2B,
but not washing by centrifugation [22-25],
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Fig. 3. Interaction of purified polyclonal antibodies against plasminogen:
a — Glu-plasminogen (Glu-Pg), mini-plasminogen (Mini-Pg), plasminogen kringles 1-4+1-3 (K14+K1-3),
kringles 1-3 (K1-3) and plasmin (Pm+bME); b — platelets lysate (Plt lys).
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platelets distribution of untreated
(Control), only FITC-antibodies treated
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Fig. 5. Spectrofluorometric analysis of Glu-plasminogen binding to intact platelets using FITC-labeled anti-
plasminogen antibodies:
a — Typical fluorescence spectra of untreated — autofluorescence (Control), only FITC-antibodies (FITC-ab)
treated and plasminogen and FITC-antibodies treated (Pg+FITC-ab) platelets; b — Fluorescence intensity
FITC-antibodies (FITC-ab) treated and plasminogen and FITC-antibodies treated (Pg+FITC-ab) platelets at
maximum FITC emission wavelength (520 nm)

thus the results obtained using FITC-labeled
anti-plasminogen antibodies comply with the
previously published data.

Theresults of the present work demonstrate
that rabbit polyclonal antibodies against
human Glu-plasminogen can be used for the
detection of full-length molecules of Glu- and
Lys-forms of zymogen, as well as kringle-
and protease-domain containing fragments.
FITC-labeled anti-plasminogen antibodies are
suitable for plasminogen detection on cells
using fluorometric approaches and allow
evaluating changes in bound plasminogen
levels depending on the different functional

states of cells. To perform the identification
of intact or fragmented forms of the zymogen,
the Western blot analysis can be applied.

The obtained antibodies can represent
a promising tool for the investigation of
plasminogen/plasmin system functions, either
fibrinolytic or signaling, for example platelet
physiology, cell migration, tumor growth,
angiogenesis, inflammation, etc.
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IIOJIKJIOHAJIbHI AHTHTIJIA
A0 IIJIASMIHOTEHY JIIOJAWNHH:
OYHMIIEHHS, XAPARTEPUCTHUEKA
TA 3ACTOCYBAHHA

T. A. Auenko
C. M. Xapuenkro

Iamcruryr 6ioximii im. O. B. ITannagina
HAH VYxkpainu, Kuis

E-mail: tetyanaa.yatsenko@gmail.com

IInasmiHoren/miaasmiHoBa cucremMa Bifi-
rpae BUpiIIaJbHy PoJb y (PiOpuHOIi3i Ta pery-
JIOBaHHI QYHKIIN KJIITUH y IIIXPOKOMY Aiara-
30HI HOPMAJIbHUX Ta IATOJIOTIiYHUX IIPOIEeCciB.
HocaimkeHHA POJII IJIa3MiHOTeHY/IJIa3MiHy
moTpedye moope oXxapaKTepru30oBaHUX Ta eder-
TUBHUX 1HCTPYMEHTiB, 30KpeMa aHTUTija. ¥
po0oTi ommcaHO BUIIJIEHHS MOJiKJIOHAJIBHUX
AHTUTIJT KPOJIA TPOTH ILJIABMiHOTEHY JIOAU-
HU Ta HaJaHO iX XapaKTEePUCTHUKY, a TaKOXK
3aIIPOIIOHOBAHO IIiAXoau 10 imeHTU(diKaIii
mJaasMiHOTeHYy Ta #Moro (pparMeHTiB 3 BHKO-
PUCTAHHAM OAEPKAHUX aHTHUTIJN. 3 METOI0 BU-
IiJIeHHS aHTUTIiJ 3aCTOCOBYBaJIU CTAaHAAPTHY
mporeaypy imyuisarii TBapuu i 3a60py Kposi,
BUJIJIEHHA CUPOBATKW, BUCOJIEHHS IIPOTEiHIB
Ta adginHy xpomarorpadir. [lyia xapaxTepu-
CTUKU Ta 3aCTOCYBaHHA AHTUTIJI BUKOPUCTO-
ByBaJIM TaKi MeToAM: iMyHOEH3UMHUM aHAaJIi3,
BeCTepH-0JI0T, KOH Ioraiilo mpoTeiHiB, mpoTo-
KOBY ITMUTOMETPiI0 Ta CIEKTPOQIyOopPOMETPifo.
IToxazano, 1o anTuTiaa B3aemoniroTs 3 Glu- i
Lys-nnagminoreHom  JIOOWHW, KPUHTJIAMU
1-3 ta 1-4 mnasmiHoreny, MiHi-TITa3miHOTE-
HOM, BaKKWUM Ta JEeTKUM JIaHIIOTaMU I1JIa3Mi-
Hy. IIpomoHyeThCsA 3acTOCYBaHHA AHTUTLI 0
IJIa3MiHOTEHY y HOPAMOMY iMyHOEH3UMHOMY
aHaJizi, BecTepH-OJIOT-aHAJiI3y Ta micasa Mi-
yeHHA (DJIYOPECIEHTHOIO MiTKOIO Y IPOTOKOBIi
OUTOMETPil Ta CIeKTPO(PTOPOMETPUIHOMY aHa-
Jizi 3B’sI3yBaHHA MJIa3MiHOTEeHY 3 KJIiTHHAMMU.
OrpuMaHi aHTHTiJIa OO IIJIa3MiHOTEeHY € IIep-
CIEeKTUBHUMU iHCTPYMEHTAMU JIJIS TOCJIioKeH-
HA AK (piOpUHOTITHUHUX, TaK i CUTHAJIBHUX
G yHKIIiN IIa3MiHOTeH /TIJIa3MiHOBOI CUCTEMMU.

Knrowosi cnoeéa: 1miasMiHOIeH, IIOJiKJOHAJIbHI
aHTHUTiNIa Kpoad, adimrHa xpomarorpadisda,
iMyHOeH3UMHUN amaais, BecTepH-6si0T, FITC-
MiUYeHHH, IPOTOKOBA mIuTOMETpPid,
CIIeKTPOhJIyOpUMeTPid.

IIOJINKJIOHAJIBHBIE AHTHTEJIA
K IITASMHUHOTI'EHY YEJOBERA:
OYHUCTKA, XAPARTEPUCTHEKA
N ITPUMEHEHHE

T.A. Auenkro
C. M. Xapuenko

Wuacturyr 6uoxumuu um. A. B. ITannagura
HAH VYkpaunnbl, Kues

E-mail: tetyanaa.yatsenko@gmail.com

IInasMuHOreH/mIa3sMUHOBASA CUCTEMA UTPa-
€T PeIarIy0 pPoJb B GQUOPUHOIN3E U PEryJis-
muy QYHKINHA KJIETOK B IIIMPOKOM AHAIa30He
HOPMAJbHBIX U IIATOJOTHMYECKUX IIPOIECCOB.
HccnenoBanue posn IJIa3MHUHOTeHA/ILJIa3MIHA
TpedyeT HAJIUYUSI XOPOIIO OXapaKTepU30BAH-
HbIX U 3((eKTUBHBIX WHCTPYMEHTOB, TaKUX
KaK aHTuUTesla. B paboTe OMMCAaHO BLITEJIEHUE
MOJINKJOHAJIBHBIX AHTUTEJ KPOJHKAa IIPOTUB
IJIa3MUHOTEHA 4YeJIOBeKa U IIpUBeleHa X Xa-
PaKTEepUCTUKA, a TaKiKe IPeJIOKEeHbI IT0X0IbI
K HAeHTU(PUKANU ILJIa3MUHOTEeHa U ero (ppar-
MEHTOB C MCIIOJIb30BAaHUEM IIOJIYUYEHHBIX AHTHU-
TeJi. 11 BbIAeJIeHnA aHTUTe]I IPUMEeHIIN CTaH-
IapTHYIO IIPOIEeAyPYy UMMYHU3AIINN JKUBOTHBIX
u 3a0opa KpPOBU, BBIJEJIEHNE CBIBOPOTKMU, BBI-
caJuBaHNe TPOTEeNHOB U a(pGUHHYIO XpPOMaTo-
rpaduro. [I1a XxapaKTepUCTUKU U IIPUMEHEHUA
AHTHUTEeJ OBLLIM HCIOJb30BAHBI CJIEAYIOIINE Me-
TOABI: WMMYHOSH3WMHBIN aHAJIN3, BeCTEPH-
osioTTuHT, KoHbOTanusa FITC-nmporenHoB, Ipo-
TOYHASA IIUTOMETPHUA U CHEeKTPOPIYOPOMETPUI.
ITokasaHo, YTO aHTHUTeJa B3aUMOIEHCTBYIOT C
Glu- u Lys-mimasMUHOTEHOM YeJIOBeKa, KPUH-
raamu 1-3 u 1-4 mrasMuHOTeHa, MUHU-ILJIA3MU-
HOT'€HOM, TSKeJION 1 JIETKOM IelsaMU ILJIa3MU-
Ha. IIpemyiaraercss MCIOJb30BaHUE AHTUTEN K
IJIa3MUHOTEeHY IJIA IPAMOTO MMMYHOSH3UMHO-
ro aHaJIN3a, BeCTePH-0JI0T-aHAIN3a U TI0CJIe Me-
yeHUA (PIIyOPECIIeHTHON METKOM! AJIsI IIPOTOUHOM
IMUTOMETPUN U CHEeKTPOMIYOPOMETPUUECKOTO
aHaJI3a CBABBIBAHUA IJIA3MUHOTEHA C KJIETKA-
mu. IlomyueHHBbIe aHTHUTeJA K ILJIA3MUHOTEHY
ABJIAIOTCA IIEPCIEKTUBHBIMU WNHCTPYMEHTaMU
ISl UCCJIeOBaHUA KaK (QUOPUHOJIUTUUECKUX,
TaK W CUTHAJIBHBIX (YHKIUN ILJIa3MUHOTEH/
TJIAa3MUHOBOM CHCTEMBI.

Knrwouesvle cnosa: mni1asMuHOTeH, HOJNKJIOHAb-
Hble aHTUTeJa KPoJnKa, appuHHad XpoMaTorpa-
dusa, UMMYHOSH3UMHBIN aHAJIN3, BECTEpPH-OJIOT,
FITC-meuenune, OpoToUHAaA quTOMETpud,
CIIEKTPOIIYyOPUMETPUA.
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Recombinant plasmids containing target sequences are widely used as positive controls for PCR
laboratory diagnostics. The aim of the study was development of recombinant positive control con-
taining a fragment of B646L gene of African swine fever virus. The sequence of interest encodes
targets of all the PCR assays for African swine fever laboratory diagnostics recommended by World
Organisation for Animal Health. A plasmid containing 1763 bp insertion was cloned in E. coli DH5«.
strain. After purification, the plasmid ten-fold serial dulutions were used as a positive control while
PRC testing. A minimal detectable copy number was 20 copies per reaction for both conventional and
real-time PCR assays. The developed plasmid could be used as a safe and effective positive control

while ASF laboratory diagnostics by PCR.

Key words: African swine fever virus, molecular cloning, PCR, positive recombinant control.

African swine fever (ASF)is a viral disease,
affecting domestic pigs and wild boars. Acute
ASF form is characterized by hemorrhagic
fever and results in high mortality. The
causative agent is the ASF virus (ASFV), a
giant enveloped DNA virus, the only member
of the Asfarviridae family. African wild boars
and soft ticks of the Ornithodoros genus are the
natural virus hosts. In the wild boar reservoir
the infection is usually asymptomatic [1, 2].
Since a vaccine and treatment are unavailable,
the disease causes significant economic
losses and poses a threat to pig industry in all
European countries. For these reasons, ASF
is a notifiable disease according to the World
Organization for Animal Health [3].

ASF is endemic in sub-Saharan countries
and Sardinia. In 2007 ASFV was detected in
Georgia for the first time. Probably, the virus
of the genotype Il from Africa was introduced to
the new territory via sea. Since 2007 ASFV has
rapidly spread to Azerbaijan, Armenia, Russia,
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Belarus, Ukraine, Poland, Estonia, Lithuania,
Latvia, Moldova, the Czech Republic, Romania,
Hungary, Bulgaria, Serbia, the Slovak Republic
and Germany, where it caused numerous
outbreaks among domestic pigs and wild boars.
In September 2018 ASFV has been detected
in wild boars in Belgium for the first time
since eradication in 1985. Belgium is the first
country of Western Europe, where the disease
reoccurred after its introduction to Georgia [4,
5]. In August 2018 ASF for the first time was
confirmed in China, which is the world biggest
pork producer. Until now the disease has spread
to Vietnam, Cambodia, Indonesia, Mongolia,
the Republic of Korea, the Democratic People’s
Republic of Korea, Myanmar, Philippines,
Laos, Papua New Guinea, India and other Asian
countries [5]. Thus, rapid virus detection and
strict quarantine measures implementation is
crucial for the disease control.

Different laboratory tests are used for ASF
diagnostics. Assays, directed towards virus
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isolation, antigen or antibodies detection
are time-consuming and may generate false-
negative results. Molecular methods, such as
conventional and real-time PCR, are highly
sensitive and rapid technique for virus
detection. They are appropriate for routine
diagnostics and surveillance of the ASF and
could be used for a wide isolates variety of
different virus genotypes testing. According
to the OIE guidelines, conventional and real-
time PRC assays are recommended for ASFV
detection [6]. These assays are aimed at
identifying the sequences in positions 115—
371 [7], 648-714 [8] and 1627-1877 [9] of
gene B646L that encodes viral protein p72.

PCR assays require using positive controls
for valid results obtaining. It's preferable not
to use virus culture as a positive control for
biosafety and biosecurity providing. Plasmid
positive controls use is reliable for such
purposes.

The aim of the study was to develope
a universal positive recombinant control
containing all the mentioned sequences, wich
can be used for both conventional and real-
time PCR assays recommended by OIE.

Materials and Methods

The plasmid map was designed using the
Clone Manager Professional 9 (Scientific and
Educational Software, USA). The insertion
of 1763 bp B646L gene fragment in positions
115-1877 was synthesized using conventional
PCR. The following primers were used for this
assay:

Primer PPA-1: AGTTATGGGAAACCCGACCC
[7];
King 2: GATACCACAAGATCAGGCCGT [9].

ASF virus strain Georgia 2007 was used
as a positive DNA template. The reference
DNA of the ASF virus was obtained from the
European Union Reference Laboratory for
African Swine Fever (Spain). Reaction mix was
prepared according to the following protocol
(per 1 sample): AmpliTaq Gold polymerase
(Applied Biosystems, USA) 1.25 U/50 mcl —
0.13 mcl, PE-buffer 1X — 2.5 mecl, ANTP mix
0.2 mM — 0.5 mcl, MgCl, 1.5 mecM — 1.5 mcl,
primer PPA-1 10 mcM — 0.5 mcl, Primer-2
10 yM — 0.5 mcl, DNA matrix — 5 mecl,
adjusted with water up to the final volume of
20 mcl. Thermal cycling was performed using
the following program: one cycle at 95 °C for
5 min, followed by 40 cycles at 95 °C for 30 s,
60 °C for 30 s, 72 °C for 30 s, final elongation
at 72 °C for 10 min. Amplification was verified
by amplicons visualising in 1% agarose gel.

The size of the PCR product was 1763 bp.
The amplicons were isolated from the gel
using GeneJET Gel Extraction Kit (Thermo
Scientific, USA). The DNA concentration was
determined using a DS-11 spectrophotometer
(DeNovix, USA).

PCR product was inserted into the vector
using InsTAClone PCR Cloning Kit (Thermo
Scientific, USA) with the vector to insertion
ratio 1:5. Ligation was performed overnight
at +4 °C. E. coli DH50. (Thermo Scientific,
USA) Calcium Chloride competent cells were
transformed via heat-shock with the ligated
plasmid. Transformed cells were verified using
blue-white screening and confirmed by the
mentioned above PCR. After the transformed
bacteria cultivation, the plasmid was isolated
using GeneJ ET Plasmid Miniprep Kit (Thermo
Scientific, USA).

Isolated plasmids were used as a positive
template for PCR assays with PPA1/2[7] and
King 1/2 [9] sets. The reaction mixture for
conventional PCR per 1 reaction contained
12.5 mcl of DreamTaq Green PCR Master Mix
(2X) (Thermo Scientific, USA), 1 mcl of 10 pM
PPA-1 primer, 1 mcl of 10 pM PPA-2 primer,
5.5 mcl of water and 5 mcl of a template. The
cycling was performed using the following
protocol: one cycle at 95 °C for 5 min, 40 cycles
at 95 °C for 30 s, 62 °C for 30 s, 72 °C for 30 s,
final elongation at 72 °C for 5 min and 257 bp
amplicons were visualized by electrophoresis
in 1.5% agarose gel. Real-time PCR reaction
mixture was prepared using 10 mcl of TagMan
Fast Advanced Master Mix (2X) (Applied
Biosystems, USA), 0,5 mcl of 10 pM probe,
0,4 mcl of each 20 pM primer, 6,7 mcl of
water, 2 mcl of a template. Real-time PCR
was carried out according to the following
protocol: one cycle at 95 °C for 5 min, 40 cycles
at 95 °C for 15 s, 58 °C for 30 s, 60 °C for 30 s,
the fluorescent signal was recorded at FAM
channel at every 60 °C step.

Results and Discussion

The plasmid with a 1763 bp B646L gene
fragment ligated into the pTZ57R/T vector
was constructed. The total length of the
plasmid is 4649 bp (Fig. 1).

The vector encodes an ampicillin resistance
and a lacZ genes, which were used as selective
markers for transformed E. coli DH5a clones.
Ten white single colonies were screened with
conventional PCR and confirmed as containing
a 1763 bp B646L gene fragment.

The series of ten-fold dilutions,
containing 10°, 10%, 103, 100 and 10 copies of
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Fig. 1. The plasmid pTZ57R/T_ASF map

the plasmid DNA in 1 mcl, were prepared for
a minimum copy number detection testing.
The pTZ57R/T_ASF plasmid is detected by
both real-time PCR (Fig. 2) and conventional
PCR (Fig. 3) at dilution up to 10 copies per
ul, corresponding to 20 copies per reaction.
The successful result for both target regions
proved that the whole sequence of interest
was ligated correctly into the vector and can
be used as a positive control sample.

PCR is considered to be a “gold standard”
test for an early ASFV detection. However,
its results can be regarded as true only in
case of positive and negative controls use,
which ensure performance of the reaction
and help to avoid false-posive and false
negative results obtaining [10].

Substantions of different types
containing the gene of interest can be used
as positive control. DNA extracted from
reference culture of microorganism is an
optimal kind of positive control sample.
However, this approach has limitations
while dangerous diseases diagnostics, as
laboratory must meet special biosafety
requirements to be permitted to cultivate
that kind of agents. Even though a
laboratory has the permittion, a cultivation
of hazardous agents, biomass producing and
concentration is associated with additional
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risks. In case of inactivated microorganisms
use, resiaduals of inactivating substances
(formaldehyde, ethanol, etc.) may affect
PCR acting asinhibitors[10]. DNA extracted
from clinical material can also be used as
positive control. Advantage of this type
of material is a close simulation of tested
samples, so the influence of sample matrix
on result eliminates. However, variation
of Ct values obtained during real-time PCR
testing of samples from different patients/
animals as positive control should be taken
into account [11].

Recombinant plasmids are widely used as
both inner and outer positive controls while
PCR testing. Many kits available commercially
include recombinant plasmid containing gene
of interest as a positive control sample. OIE
suggests using recombinant plasmid DNA as
positive control while diagnostics testing by
PCR [12]. They can be easily obtained in big
amount from transformed bacteria during
short time. This process does not require special
conditions and can be performed even in BSL-1
laboratory as bacteria strains used for cloning
are safe for a researcher and environment.
Plasmid DNA is also an excellent material
for the absolute quantification and qPCR
assay validation [13]. Plasmid purification
kits ensure that the final product contains
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Fig. 2. The results of pTZ57R/T_ASF minimal copy number detection using real-time PCR
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Fig. 3. The results of pTZ57R/T_ASF minimal copy number detection using conventional PCR

pure plasmid DNA. Thus, gene copy number
calculation in plasmid DNA sample is more
accurate than in one containing DNA of both
host organism and pathogen.

Plasmid DNA containing different
fragments of ASFV genome (p72 gene,
topoisomerase II gene etc.) are commonly
used as a positive control in plentiful
diagnostic kits and during scientific studies
[14-17]. We have developed the recombinant
plasmid containing region of B646L gene,
which includes target sequences for all the
PCR assays recommended by OIE for ASF
diagnosis. It makes the developed plasmid
the universal positive control for ASFV

genome detection by PCR according to OIE
guidance [6].

However, there are some limitations for
work with plasmids. Since plamid is a circular
molecule, this structureis morestable than liner
DNA. In case of multicopy plasmid (including
pTZ57R/T) use, a huge amount of plasmids
are produced during cloning procedure. These
issues should be considered while working with
plasmids, as they can result in contamination of
reagents, equipment or surfaces. Even though
plasmid use in the laboratory diagnostics
poses a threat of contamination, plasmid
contamination of the sample can be easily
distinguished from the cross-contamination by
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native viral DNA using vector-specific primers
(e.g., M13 primers).

Thus, being quantifiable, renewable and
stable, recombinant plasmid is a good choice
for PCR positive control during laboratory
diagnostic testings.
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PO3POBJIEHHA PEKOMBIHAHTHOTI'O
IMO3UTUBHOI'O KOHTPOJILHOT'O
3PA3KA IJI JETEKIIIL
BIPYCY A®@PUKAHCHKOI YYMU CBUHEN
3A JTOIIOMOTI' OO ILJIP

M. Kim
O. 3nenko
0. Conodankin
B. Boriomin
A. TI'epinosuy

HanionanbHU HAyKOBUI IIEHTD
«IHCTHTYT €eKCIIEpUMEHTANBHO]I 1 KIIiHiuHOT
BeTepUHAPHOI MeIUIIUHU »
HamiomanpHol akazemii arpapHuX HayK
Vkpainu, XapkiB

E-mail: cardiotissue@gmail.com

PexombiHaHTHI miasmigu, 110 MicTATH IiJabO-
Bi IIOCJIi JOBHOCTI, YaCTO BUKOPHUCTOBYIOTH Y J1abo-
paToOpHil mAiarHOCTUIL AK IMOBUTUBHUUA KOHTPOJD
nas IIJIP. MeToro gocirigkeHHsa 0yJI0 po3pobIeH-
HSI PeKOMOiHAHTHOTO ITO3WTUBHOTO KOHTPOJIO,
10 MicTuTh (pparmMeHT reHa Bipycy Adpukah-
cbKoi yymm cBuHe#. Ila mocaimoBHiCTE Komye
ninboBi minauku ycix ITJIP-meromuk, 1o ix pe-
KOMeHye ma JjabopaTopHoi miarmoctuku AYC
BceecBiTHa opramisariis oxopoHu 3I0pPOB’d TBa-
puH. Ilmasminy, 1o MicTUTHL BCTaBKY pPO3Mipom
1763 mH, wkaoumyBanu y Escherichia coli mramy
DHbo. Ilicaa ouuineHHsa mecATHUKPATHI cepilimi
posBenenHsa naasmiguoi JJHK 6yso Bukopucrano
nin yac mpoBenenuda IIJIP. MinimasbHa KiTbKicTh
KOMOi# mmasMigu, IO AETEeKTYEThCA KJIACUYHOIO
I1JIP Ta I1JIP y pesxuMmi peaJibHOT'O Yacy, CTAaHOBU-
aa 20 xomi#t Ha peakiito. Pospobaeny miaasmimy
MOKHA BUKOPHUCTOBYBATU AK 0e3lMeuHUi i eder-
TUBHUU MO3UTUBHUI KOHTPOJBHUN 3pa3oK y pasi
aaboparopuoi miarumoctuku AYC 3a momomororo
I1JIP.

Knwuosi crosa: Bipyc appruKaHCHKOI YyMU CBU-
Heli, MOJIeKYJIAPHe KJIoHyBaHHsd, IIJIP, pexom0i-
HAHTHUU MO3UTUBHUN KOHTPOJIb.

PASPABOTKA PEKOMBUHAHTHOI'O
IIO3UTUBHOI'O RKOHTPOJBHOI'O
OBPA3IIA AJIA JETERKIITUN
BUPYCA A®PUKAHCKOM YYMBI
CBUHEH C IIOMOIIBIO TP

M. Rum
O. 3nenko
O.Conodankun
B. Boromun
A. T'epusnosuu

HamuonanbHBIN HayYHBIN EHTD
«AHCTUTYT BKCIIEPUMEHTAIBHON U KJINHUYECKON
BeTEePUHAPHON MEIUITNHBI»
HamnuonanpHoU akageMuu arpapHbIX HAYK
VYipaunbl, XapbKoB

E-mail: cardiotissue@gmail.com

PexoMOuUHaHTHBIE IMJIA3MHUILI, COAEPIKAIILE
IeJIeBbI€ IIOCJIEeI0BATEIbHOCTH, YACTO UCIOJIb3Y-
I0TCA B Ja00OpaTOPHOII AMArHOCTUKE B KauecTBe
OJIOXKUTEeNbHOTO KOHTpoasa nua IITIP. Ilesabro
nccaenoBaHUS Oblaa paspaboTKa PeKOMOMHAHT-
HOTO IIOJIOKUTEJIBHOTO KOHTPOJS, COZEpIKaIre-
ro pparMeHT reHa Bupyca a()PUKaHCKOTO UYMBbI
CBUHEN. JTa IIOCJeJ0BATEIbHOCTh KOAUPYET Iie-
aeBble y4yacTKu Bcex IIIIP-meTonmk, peKoMeH-
IOBaHHBIX AJA JabopaTopHoii nmarHocTuku AYC
BcemupHoO#t opranusamnueil o oxpaHe 3J0POBbA
JKUBOTHBIX. IlmasmMupy, cOZep’KaIlyi0 BCTaBKY
pasmepom 1763 mH, kaoHUpPOBanu B Escherichia
coli mrramma DH5a. ITociie ouncTKY gecsaTUKpAT-
HBIe cepuiiHble pasBefeHus nasmugaoit JJHK
ObLIM WCIIOJBb30BaHBI npu npoBegerHuu IIIIP.
MunnMmaibHOE KOJWYECTBO KOMHUHK ILIA3MUILI,
nerektTupyemoii kiaaccuueckoir IIITP u ITITP B pe-
JKHMe peaJbHOr0 BpeMeH!, cocTaBisaaa 20 konuii
Ha peaknuio. PazpaboTaHHy0 MJIa3MHUAY MOMKHO
HCIIOJIb30BaTh KaK 0e30macHBIN 1 9)deKTUBHBIHI
TIOJIOKUTEJTbHBIN KOHTPOJBHBIN 00paser Ipu Jia-
6oparopuoit fuaramoctuke AYC ¢ momorsio ITITP.

Knrwouesvte cnosa: BuUpyc a@pUKAHCKON YyMBbI

CBUHEH, MOJEKyJApHoe KJoHumpoBaume, IIIIP,
PEKOMOMHAHTHBIN IIOJOKUTEIbHBIA KOHTPOJIb.
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