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Members of Ralstonia solanacearum species complex (RSSC) are causal agents of vascular wilt disease
in more than 450 crop species, including solanaceous plants such as potatoes, tomatoes, bell pepper,
eggplant, etc. These phytopathogens cause serious yield loss mostly in solanaceous crops which are grown
in tropical, subtropical, and temperate regions of the world. Yield losses comprise 80—100% in potato, up
t0 91% for tomato, 10-30% in tobacco, 33—90% in banana, and reduce crop productivity and yield. PCR-
methods are specific, sensitive and cost-effective approaches for the detection and identification of RSSC
members.

The objective of this study was to compare specificity of routinely used primer mix for PCR RSSC detec-
tion with the newly developed pairs of species-specific primers for ease of use diagnostics in a laboratory.

Materials and Methods. The conserved genomic regions of the 16S rRNA sequences of R. sola-
nacearum, R. pseudosolanacearum, and R. syzygii were selected for the design of primers for this study.
Newly created primer species specificity was tested in PCR using the DNA of the two targets and 12 non-
target strains of bacteria.

Results. Three pairs of newly created primers Rs-28(F)/Rs-193(R), Rs-28(F)/OLI-160(R),
Rs28(F)/OLI248(R) produced single specific fragments for bacterial strains of Ralstonia solanacearum:
166 bp, 132 bp, and 220 bp. products respectively. No PCR products were obtained during amplifica-
tion with the negative control or non-target DNA templates from other bacterial species.

Conclusion. Designed primers can be used for the development of PCR system for the qualitative and

quantitative detection of RSSC members.

Key words: PCR, Ralstonia solanacearum, RSSC, bacterial wilt.

Ralstonia solanacearum species
complex (RSSC) is a diverse group of plant
pathogens (R. solanacearum, Ralstonia
pseudosolanacearum, and Ralstonia syzygii),
which belongs to the family Burkholderiaceae
[1, 2]. Members of RSSC are gram-negative
soil-borne pathogens that cause devastating
losses in the world agrarian economy due to
lethal wilting in plants as a result of vascular
dysfunction [3—5] in susceptible hosts [6—9].
RSSC causes bacterial wilt disease in over 450
different crop plant species covering more than
54 botanical families such as Cucurbitaceae,
Brassicaceae, Solanaceae, Fabaceae,
Musaceae, Zingiberaceae, and Asteraceae over
the world [10-13].

Bacterial wilt is one of the most spread
diseases of the potato. High-level expansion
of the pathogen is associated with latently
infected planting material. The disease
is liable for causing substantial losses to
the potato industry where it exists [9,
14-16]. In European Union (EU), RSSC
was included in the EPPO A2 List of
pests recommended for controlling and
eradicating [2]. This actualizes necessity
of regular epidemiological monitoring of
RSSC. For routine practice, a detection
assay should be rapid, specific, and quite
sensitive. In addition, the methodology for
the extensive monitoring should not be labor
intensive and time-consuming. According
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to the EU control directive, wide range of
methodological approaches are acceptable for
primary screening and monitoring, including
serological techniques, the enzyme-linked
immunosorbent assay, and molecular
techniques such as PCR [17-20]. The latter
is reliable and unequivocal method, which
meets the majority of aforementioned
requirements and provides high levels of
confidence in identification, high sensitivity
and specificity.

RSSC is highly heterogenic. Initially,
R. solanacearum was divided into five races
and six biovars based on the host plants
and biochemical features. Currently, RSSC
is assorted into four phylotypes based on
the analysis of the ITS region [9, 19] and
strains’ geographic origins: Phylotype I
(Asia) —Ralstonia pseudosolanacearum;
Phylotype II (America) — R. solanacearum;
Phylotype III (Africa and India Ocean) —
Ralstonia pseudosolanacearum; Phylotype
IV (Indonesia) — Ralstonia syzygii [9, 19,
20]. The most widely used PCR assays for
quarantine purposes or to confirm the
introduction of the pathogen to areas where
it was not present are usually based on the
amplification of ribosomal gene sequences
(i.e., 16S or 16S-23S intergenic spacer region
of the ribosomal DNA [rDNA]) with the use
of species-specific RS primers for detection of
all RSSC strains [21].

The objective of this study was to compare
specificity of routinely used primer mix for
PCR RSSC detection with newly developed
pairs of species-specific primers for ease of use
in a diagnostic laboratory.

Materials and Methods

Bacterial strains and growth conditions.
The 14 strains from the Ukrainian National
Collection of Microorganisms were kindly
provided by Prof. V. Patyka (Department of
Phytopathogenic Bacteria, D. K. Zabolotny
Institute of Microbiology and Virology of the
National Academy of Sciences of Ukraine,
Kyiv). These reference strains, isolated from a
variety of hosts and geographic locations, are
representative causal agents of the bacterial
diseases of solanaceous plants (are listed in
Table 1.) Bacteria were grown at 28 °C on
potato agar (potato 500g/L, NaCl 5g/L, agar
20g/L) for 24-48 h.

DNA preparation. Bacterial genomic
DNA was extracted using the Agrosorb
NK kit (LLC Agrogen Novo, Ukraine). The
purity and quantity of isolated DNA were
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determined spectrophotometrically by
absorbance measurement of A260/A280
using a spectrophotometer NanoDrop 1000
(Thermo Fisher Scientific, USA) and DNA
concentration is estimated by measuring the
absorbance at 260 nm.

PCR analysis. A pair of primers OLI-
1/Y-2 was used for molecular identification
of Ralstonia solanacearum strains [2,
22]. The conserved genomic regions of the
16S rRNA sequences of R. solanacearum,
R. pseudosolanacearum, and R. syzygii were
selected for the design additional primers for
this study (Table 2).

Polymerase chain reaction was performed
in a final volume of 10 pl, and reaction mixture
consisted of 3.4 ul double-distilled water,
3.1 ul 2xPCR SuperMix (Bio-Helix, Taiwan)
1 pl primer mix (concentration 5 uM ), 2.5 ul
template DNA. Sterile double-distilled water
was used as a negative control to test for the
presence of contamination in PCR reagents.

PCR was carried out on a T100™ Thermal
Cycler (Bio-Rad Laboratories Ltd., USA).
After the initial denaturation step for 96 °C
at 2 min, reactions of amplification were
performed using 40 cycles. Cycles consisted
of a 20 s denaturation at 94 °C, 20 s of primer
annealing at 66 °C and 30 s extension at 72 °C,
followed by a final step at 72 °C 10 min and
cooling to 4 °C.

PCR-amplified fragments were
electrophoresed in the horizontal 2% (m/v)
agarose gel with ethidium bromide in SB
(Sodium Borate or Sodium Boric Acid) buffer
at 100 V for 1 hour.

Visualization of amplified fragments
was conducted by UV light (260 nm) and
photographed using Bio-Rad Gel DocTM
XR+ gel documentation system (Bio-Rad
Laboratories Ltd., USA).

Results and Discussion

The Ralstonia solanacearum (Smith 1896)
Yabuuchi et al. 1992 ATCC 11696 (ICMP
5712), also known as K60, is R. solanacearum
type strain, which belongs to phylotype II,
sequevar 7. K60 was isolated in 1953 from a
Marglobe tomato (Lycopersicon esculentum) in
Raleigh, North Carolina, USA, and has been
used extensively for bacterial wilt research
[23]. According to Seal et al. (1993) [22], the
use of specific primer OLI1 together with
the non-specific primer Y2 in PCR with an
annealing temperature of 68 °C allows specific
amplification of a single 287—-288 bp product
from the strain K60.
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Table 1. Bacterial strains used in the study

Species

Strain code

Ralstonia solanacearum (Smith 1896) Yabuuchi et
al. 1992

B-1109T = ATCC 11696, CFPB 2047, ICMP 5712,
ICPB PS256, LMG 2299, NCPPB 325
< Mypac B.A., 9049 <~ ICMP 5712 < NCPPB 325

Ralstonia solanacearum (Smith 1896) Yabuuchi et
al. 1992

B-1110 =ICMP 7859
< Mypac B.A., 9081 < ICMP 7859.

Clavibacter michiganensis subsp. michiganensis Ac-1996
Clavibacter michiganensis subsp. sepedonicus Ac-1995
Clavibacter michiganensis subsp. sepedonicus Ac-1997
Pectobacterium carotovorum B-1075
Pectobacterium atrosepticum B-1084
Pectobacterium atrosepticum B-1103
Pectobacterium carotovorum subsp. carotovorum B-1097
Pectobacterium carotovorum subsp. carotovorum B-1079
Pseudomonas syringae pv. syringae B-1022
Pseudomonas syringae pv. syringae B-1028
Xanthomonas campestris pv.campestris B-1070
Xanthomonas vesicatoria B-1060

Table 2. Primer sets used in this study

Primer Sequence (5'-3') Direction Reference
OLI* GGGGGTAGCTTGCTACCTGCC Forward Seal et al. (1993)
Y2 ACTCCTACGGGAGGCAGCAGTGGG Reverse Seal et al. (1993)
OLI160 CGGCCGCCTCCTATAGCATGA Reverse Designed in the study
OLI248 AGTCCCAGTGTGGCTGATCG Reverse Designed in the study
Rs28 TGGCGAACGGGTGAGTAATA Forward Designed in the study
Rs193 GGCCTTTACCCCACCAACTA Reverse Designed in the study

* All primers were synthesized by Metabion, Germany.

Fig. 1. PCR result using OLI1/Y2 specific primers:
1 — DNA size markers, Step Ladder 50 bp; 2 — negative control;
3 — Ralstonia solanacearum (Smith 1896) Yabuuchi et al. 1992 ICMP 5712;
4 — Ralstonia solanacearum (Smith 1896) Yabuuchi et al. 1992 ICMP 7859.
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The Ralstonia solanacearum (Smith 1896)
Yabuuchi et al. 1992 ICMP 7859 was isolated
by I. Herrera in 1974 from a potato (Solanum
tuberosum L.) in Morropon, Piura, Peru,
and was deposited in ICPM in 1983. Data
concerning PCR identification of this isolate
is absent. ICMP 5712 and ICMP 7859 both
belong to the same biovar I1[24].

According to Seal et al. [22], Y2 primer
was designed by Young et al. (1991) [25] to
amplify a partial segment (corresponding
to positions 4&337 of Escherichia coli 16S
rRNA) of most DNAs encoding 16s rRNA.
And, for specific PCR amplification of
specimens containing DNA of the RSSC
members, the non-specific primer Y2 is
used together with a specific primer OLI1
primer. In our experiments, OLI1/Y2 pair
of primers produced the unexpectedly
short 250-bp-long-fragment instead of
expected 288-bp-long-fragment from both
R. solanacearum strains: ICMP 5712 and
ICMP 7859 (Fig. 1). Relative humidity-
or/and temperature-induced transition
from B-DNA to A-DNA could be one of the
reasons of obtaining PCR product which
is shorter than expected, since in a B-A
transition, the long and narrow B-duplex is
converted to the under wound and compact
A-DNA structure [26—28].

Next, we tested specificity of newly
constructed primers for the amplification
of parts of consensus sequence for RSSC
[22]. The homology of the suggested primer
sequences was analyzed using the Basic
Local Alignment Search Tool (BLAST) to
avoid primer-template mismatches and to
increase their specificity to the wide range
of isolates. The primers were designed to
obtain relatively short PCR products that
would distinctly differ in length after the
electrophoresis. Reverse primers were
constructed (OLI-160 and OLI-248) on the
basis of forward primer, proposed by Seal
et al. (1993) [22]. Additionally, a pair of
primers Rs-28 and Rs-193, which formed
the amplification product within 166 bp
was selected. For the testing of newly
created primers specificity, we used two
abovementioned strains of R. solanacearum,
as well as 12 strains of other phytopathogenic
bacteria.

Seven pairs of constructed primers were
combined with the expected amplification
products of 160, 248, 193, 166, 132, 220,
and 260 bp correspondingly. The pairs of
primers OLI/OLI-160, OLI/OLI-248 and
OLI/Rs193 did not give any products. As
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one can see on the Fig. 2, four of seven
tested pairs of primers provided only single
specific fragments for bacterial strains of
Ralstonia solanacearum of expected length.
Namely, pairs of newly created primers
Rs-28(F)/Rs-193(R), Rs-28(F)/OLI-160(R),
Rs28(F)/OLI248(R) produced 166 bp,
132 bp, and 220 bp. products respectively.
Rs28(F)/Y2(R) pair produced 260-bp-long-
fragment. No PCR products were obtained
during amplification with the negative
control or non-target DNA templates from
other bacterial species.

Since the development of primers was
carried out in the perspective of creating
a PCR test system for the detection and
quantitative analysis of RSSC in potato
biomaterial, phytopathogens affecting
both solanaceous and some non-solanaceous
plants were chosen for the specificity testing
(Table 1).

For Clavibacter michiganensis subsp.
michiganensis, tomato is the most important
host. In addition, other solanaceous
plants including potato are susceptible
upon natural infection and/or artificial
inoculation [29].

Clavibacter sepedonicus is not widely
distributed in the areas where potato
evolved. Nevertheless, C. sepedonicus has
the tendency to exist asymptomatically as
latent infections in potato. Involuntary
spread of the bacterium to new places of
production occurs with the movement
of latently infected seed tubers used for
planting [30].

Pectobacterium spp. are pectolitic
necrotrophic pathogens responsible for a
blackleg and soft rot disease of potatoes
in many areas. These quarantine and
threatening pathogens cause considerable
economic and yield losses, both in field
production and storage [31].

Xanthomonas vesicatoria causes
bacterial spot disease in tomato and pepper,
as well as in various other Solanaceae, and
can be detected on fruits of potato [32].
The remaining two phytopathogens did
not affect solanaceous plant including
potato: Pseudomonas syringae affects
woody and herbaceous host plants [33] and
Xanthomonas campestris pv. campestris
causes black rot of crucifers [34]. Such a
wide range of phytopathogenic bacteria
of different host specificity allowed us to
thoroughly test the specificity of newly
created primers.
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Fig. 2. PCR results using Rs-28/Rs-193 (4), Rs-28/0LI-160 (B), Rs28/ OLI1248 (C)
and Rs28/Y2 (D) pairs of primers:

1 — DNA size markers, Step Ladder 50 bp; 2 — negative control; 3 — Ralstonia solanacearum (Smith 1896)
Yabuuchi et al. 1992 ICMP 5712; 4 — Ralstonia solanacearum (Smith 1896) Yabuuchi et al. 1992 ICMP
7859; 5 — Clavibacter michiganensis subsp. michiganensis (Ac-1996), 6 — Clavibacter michiganensis subsp.
sepedonicus (Ac-1995), 7 — Clavibacter michiganensis subsp. sepedonicus (Ac-1997), 8 — Pectobacterium
carotovorum (B-1075), 9 — Pectobacterium atrosepticum (B-1084), 10 — Pectobacterium atrosepticum
(B-1103), 11 — Pectobacterium carotovorum subsp. carotovorum (1097), 12 — Pectobacterium carotovorum
subsp. carotovorum (B-1079), 13 — Pseudomonas syringae pv. syringae (B-1022), 14 — Pseudomonas syringae
pv. syringae (B-1028), 15 — Xanthomonas campestris pv.campestris (B-1070), 16 — Xanthomonas vesicatoria
(B-1060).
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Conclusion

Based on 16S RNA and OLI1/Y2 primer
pairs, four primers specific for the RSSC
were designed and tested for species
specificity. Results of species specificity
testing evidence that three pairs of designed
primers, as well as constructed specific
forward primer RS28 paired with routinely
used non-specific Y2 reverse primer can be
used for the development of PCR system for
the qualitative and quantitative detection of
RSSC members.
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CTBOPEHHS CIIEIIU®TYHUX IIPAVIMEPIB JIJII AHAJII3Y TEHA 16S PPHEK
Y BUABJEHHI BUTOBOT'O KOMIIJIEKCY Ralstonia solanacearum

H. I'puyesa?, JI. Criexa®

'Kuischbkuit HanionanpHMit yHiBepeuTer iMeni Tapaca Illesuenka, Yrpaina
2TOB «Cuurenra», Kuis, YKpaina

E-mail: nataliyavorobiova@ukr.net

IIpencraBHUKHN BumoBoro KoMinekcy Ralstonia solanacearum (RSSC) € 30ymHUKaMU CyJUHHOTO
B’siHeHHA Oijbiie Hidk 450 BUIIB CiIbCHKOTOCIIONAPCHKUX KYJIBTYP, BKJIIOUAIOUN IACTbOHOBI POCIMHA,
Taki AK KapTOILIA, IIOMigopu, OoJarapchbKuii mepeib, 0akjaakanu Toiro. I1i (piTomaTorenu CIpUYNHSIOTD
Ceprio3Hi BTPATU BPOXKAIO IEePEBAYKHO MMACJIbOHOBUX KYJbTYDP, AKi BUPOMIYIOTH Y PeTrioHax CBIiTYy 3
TPOMiUYHUM, CyOTPOIIiUHNM Ta MOMipHUM KJiimMaTtoMm. BrpaTtu Bposkaio KomuBatooThesa Bix 80 o 100%
Iaa Kapromiai, go 91% s momigopis, 10—-30% gua tioTioHy, 33—90% mias 6aHaHIB, 3HUKYIOUN
MPOAYKTUBHICTD i BpOsKaliHiCTh 3a3HaueHuX KyabTyp. IIJIP € cerupiuaum, 4yTIUBUM Ta €eKOHOMIUHO
e(peKTUBHIM METOIOM JJIs BUSABJIEHHS Ta ineHTudikamii npegcraBaukis RSSC.

Mema. TlopiBHAHHA crelu@ivyHOCTI cCTaHZAPTHO BUKOPHCTOBYBAHOI cyMiIlli mpaimMmepiB s
BuaBjeHHA npeactraBHuKiB RSSC meromom IIJIP 3 mapamMu HOBOCTBOPEHUX BuAocmernupiuHmx
mpaiiMepiB AJa 3PYUYHOCTI BUKOPUCTAHHSA B JiarHOCTUYHiT tabopaTopii.

Mamepiaau ma memodu. KoHncepBaTuBHi reHomMHi Ainaaku mocaimoBuocteir 16S pPHEK
R. solanacearum, R. pseudosolanacearum i R. syzygii 6yyo BigiOpaHO AJiA CTBOPEHHS ImpaliMepiB.
BunocnenmudiunicTs HOBOCTBOpPeHUX IpaniMepiB nepeBipaau 3a gonomoroio I1JIP 3 Bukopucranuam
OHEK nBox misboBux i 12 HelinboBUX mTaMiB OakTepiii.

Pesyavmamu. Tpu napu HOBocTBOpeHUX npaiimepiB Rs-28(F)/Rs-193(R), Rs-28(F)/OLI-160(R),
Rs28 (F)/OlI248(R) mpoaykysanu cuemudiuni ¢pparmenTu aad mramiB 6akTepiit Ralstonia
solanacearum: 166 nu, 132 nu i 220 ou. Koguux npoaykris IIJIP He Oyjo orpuMaHO Iig dac
amILTidikarii 3 HeraTUBHUM KOHTpoJieM a00 HeliboBumMu Matpuiiamu JIHK 3 inmux BuaiB 0axkTepiii.

Bucrosok. CTBopeHi mpaliMepy MOKHA BUKOPUCTOBYBATHU s po3dpobsenusa I1JIP TecT-cucremu
3 METOI0 AKiCHOTO0 Ta KiJIbKiCHOTO BUABJIeHHA ITpeacTaBHEuKiB RSSC.

Karuosi cnosa: I1JIP, Ralstonia solanacearum, RSSC, 6axkTepiiine B’ AHeHH.
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Aim. To compare Artemisia tilesii “hairy” root lines with different transferred genes in terms of
the relationship between the total content of flavonoids, the levels of antioxidant activity (AOA) and
reducing power (RP), as well as the activity of phenylalanine ammonia-lyase (PAL), chalcone syn-
thase (CHS), rolB and rolC genes.

Methods. We compared the root lines Nos. 10 and 16, obtained by transformation with the wild
Agrobacterium rhizogenes strain A4, lines Nos. 2 and 4, obtained using A. rhizogenes carrying
pSV124 vector with ifn-a2b and nptll genes, as well as the roots of non-transformed plants that were
cultivated in vitro. The presence and activity of rolB, rolC, PAL, and CHS genes were determined by
PCR and real-time PCR, respectively. The content of flavonoids, AOA and RP were determined by
standard tests with AlCl;, DPPH (2,2-diphenyl-1-picrylhydrazyl) and K;[Fe(CN)g] accordingly.

Results. The content of flavonoids in most of the lines was higher than in the control, and cor-
related with AOA and RP. Roots No. 10 were characterized by the fastest growth, which coincided
with higher activity of rolB and rolC genes. The activities of PAL and CHS in “hairy” roots were
lower than those in non-transformed ones.

Conclusions. Root lines carrying only rolB and rolC and lines with additional ifn-a2b and nptII
genes had similar ranges of flavonoids concentration, AOA and RP levels that exceeded those in the
control. The dependence of the root growth rate, and lack of the dependence of the flavonoids content
with the activity of the rol genes were demonstrated. PAL activity inversely correlated with flavo-
noids content in all experimental lines, which may be the result of overproduction of compounds in
transgenic roots.

Key words: Artemisia tilesii Ledeb., Agrobacterium rhizogenes, “hairy” roots, flavonoids, rol
genes, PAL and CHS genes, real-time PCR, antioxidant activity.

Medicinal plants have long been used
both in traditional medicine and in the
pharmaceutical industry. This is due to
the fact that they synthesize a number of
biologically active compounds that can be used
to treat human diseases. Among medicinal
plants, the genus Artemisia, or wormwood,
is quite famous. Many species belong to this
genus. In particular, “Plants of the World
Online”, an online database published by the
Royal Botanic Gardens, counts about 500
species of Artemisia, of which A. annua L.

has recently become the most famous. It has
been established that plants of this species
are capable of synthesizing artemisinin, a
compound with antimalarial and antitumor
properties[1, 2]. The Nobel Prize was awarded
to Chinese researcher Tu Youyou in 2015 for
such studies of annual wormwood (https://
www.nobelprize.org/prizes/medicine/2015/
tu/lecture/). Recently, publications have
appeared on the possibility of using wormwood
to inhibit the replication of the dangerous
SARS-CoV-2 virus [3].
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Among the numerous representatives
of the genus Artemisia, the little-studied
plants A. tilesii Ledeb., which have a very
limited natural area of growth [4], should be
singled out. It is known that they are used
by the population of Alaska, on the territory
of which they grow, for the treatment of
various diseases. Since this plant material is
scarcely available, genetic transformation and
establishing of “hairy” root cultures can be a
way to obtain biologically active compounds
from plants of this species. Such roots can
be maintained in vitro for decades, they are
able to grow in bioreactor conditions on a
nutrient medium that does not contain high-
value components [5]. In addition, “hairy”
roots synthesize the same compounds that
the mother plants contain. It should be noted
that due to the transfer of the rol genes of
A.rhizogenes in the process of transformation,
the content of valuable compounds can be
significantly increased [6—8]. Such features
make “hairy” root cultures of medicinal
plants a valuable source of biologically active
compounds [9, 10]. This is especially attractive
for those plants that are rare, endangered, or
not readily available.

It was determined that the bacterial rolB
gene is a powerful inducer of the secondary
metabolism of plants, affecting the activity
of the native genes of “hairy” roots [6, 11—
13]. For example, increased expression of
this gene positively correlated with increased
isochorismate synthase gene and with
anthraquinone production [14]. In this study,
the effect of the rolB gene exceeded the similar
effect of other A. rhizogenes genes, namely
rolA and rolC. The transfer of rol/B and rolC
genes to A. annua plants led to an increase in
the content of artemisinin, artesunate, and
dihydroartemisinin in transgenic plants [15].
In addition, an increase in the activity of genes
involved in the biosynthesis of artemisinin was
observed in these roots.

Previously, we obtained the “hairy” roots
of A. tilesii and analyzed the accumulation
of flavonoids and the level of antioxidant
activity [16]. Significant fluctuations of those
parameters were found in different lines, which
is probably due to the non-determined site of
incorporation of transferred genes into the
plant genome. At the same time, it is of great
interest to find out the features of correlation
between the activity of the transferred rol
genes of A. rhizogenes and the synthesis of
flavonoids in the lines transformed by the A4
wild strain of A. rhizogenes and the same strain
that additionally carried a plasmid with nptII
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and ifn-a2b genes. The present work was aimed
at comparing such “hairy” root lines regarding
the presence of an interrelation between the
total content of flavonoids and the level of
antioxidant activity, as well as the activity
of the plant’s own genes — phenylalanine
ammonia-lyase (PAL) and chalcone synthase
(CHS), and the rolB and rolC genes of
A.rhizogenes.

Materials and Methods

Plant material

Four A. tilesii “hairy” root lines from the
collection of the Institute of Cell Biology
and Genetic Engineering of the National
Academy of Sciences of Ukraine were used
as the plant material for the study [17]. We
obtained two of them (Nos. 10 and 16) by the
transformation using A. rhizogenes A4 wild
strain. The other two (Nos. 2 and 4) — using
A.rhizogenes carrying pCB124 vector with the
human interferon-a2b gene ifn-a2b and the
selective neomycin phosphotransferase nptIl
gene. The roots were grown at a temperature of
+24 °C for two weeks on the solidified nutrient
Murashige and Skoog medium (Duchefa
Biochemie) with halved macrosalt content
(1/2 MS) and the addition of sucrose at a
concentration of 20 g/1. For research, the roots
were separated from the nutrient medium and
washed with deionized water.

PCR analysis

Total plant DNA for polymerase chain
reaction (PCR) was isolated according to
the protocol [18], using the CTAB method.
The following pairs of primers were used:
5'-CCTGAATGAACTCCAGGACGAGGCA-3’
and 5 -GCTCTAGATCCAGAGTCCCGC-
TCAGAAG-3' (nptll, 622 bp, 65 °C);
5'-TTGATGCTCCTGGCACAG-3'
and 5'-TTCTGCTCTGACAACCTC-3’
(ifn-a2b, 396 bp, 60 °C); 5'-AT-
GGATCCCAAATTGCTATTCCTTCCACGA-3’
and b5'-TTAGGCTTCTTTCTTCAGGTT-
TACTGCAGC-3' (rolB, 592 bp, 56 °C);
5"-TGGAGGATGTGACAAGCAGC-3' and
5-ATGCCTCACCAACTCACCAGG-3' (rolC,
473 bp, 56 °C). The reaction was carried out
on a Mastercycler personal 5332 amplifier
(Eppendorf). PCR products were analyzed by
electrophoresis in 1.5% agarose gel in a Tris-
borate buffer system.

Real-time qPCR analysis
Total RNA was isolated from “hairy” root
samples (~200 mg) of transformed and control
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Table 1. Primer sequences of the genes used for PCR amplification

Gene name Primer sequences, Accession number in the
5-3' Gene bank or reference
B-actin Forward: ATCAGCAATACCAGGGAACATAGT EU531837
Reverse: AGGTGCCCTGAGGTCTTGTTCC
chalcone synthase (CHS) Forward: AGGCTAACAGAGGAGGGTA GQ468548
Reverse: CCAATTTACCGGCTTTCT
phenylalanine Forward: ACACTCGGTTAGCTATTGCTGCAA JF806362
ammonia-lyase (PAL) Reverse: CCATGGCGATTTCTGCACCT
rolB Forward: CTCACTCCAGCATGGAGCCA [16]
Reverse: ATTGTGTGGTGCCGCAAGCTA
rolC Forward: TGGAGGATGTGACAAGCAGC [16]
Reverse: ATGCCTCACCAACTCACCAGG

A. tilesii cultures according to the high-
throughput phenol-based method described
in the paper [19]. DNase treatment of each
RNA sample was performed in a 20 pl reaction
mixture containing 3 pg total RNA, 2 U
RNase-free DNase I (Thermo Fisher Scientific),
20 U RiboLock™ RNase inhibitor (Thermo
Fisher Scientific), 1x Reaction Buffer (Thermo
Fisher Scientific), adjusted to the final volume
with DEPC-treated Milli-Q water. The reaction
was carried out at 37 °C for 30 min using an
Applied Biosystems™ QuantStudio™ 5 Real-
Time PCR System (Thermo Fisher Scientific)
and stopped by adding 2 ul of 25 ntM EDTA,
followed by incubation at 65 °C for 10 min.
Reverse transcription (RT) was performed
in a reaction mix containing 10 pl DNase-
treated RNA sample, 40 U Maxima Reverse
Transcriptase (Thermo Fisher Scientific),
20 U RiboLock™ RNase inhibitor (Thermo
Fisher Scientific), 5 pM oligo(dT);s primer
(Metabion, Germany), 1 ntM dNTP (Thermo
Fisher Scientific), 1x Reaction Buffer (Thermo
Fisher Scientific), adjusted to a final volume
of 20 ul with DEPC-treated Milli-Q water. The
reaction was performed at 55 °C for 30 min in
a thermocycler and stopped by incubation at
85 °C for 5 min.

Gene expression analysis was performed
in 20 pl qPCR mix using HOT FIREPol —
— EvaGreen —» qPCR Mix Plus (no ROX;
Solis BioDyne, Estonia) according to the
manufacturer’s protocol. The reaction mixture
included gene-specific forward and reverse
primers (0.5 mM each), and 2 pl RT mixture
prepared above. The primer sets used for
amplification of flavonoid biosynthetic genes
and real-time qPCR conditions are given in
Table 1. Three amplification reactions per
sample were performed to obtain the average
expression levels of the genes and internal

standards. The relative expression levels of the
genes of interest were calculated according to
Pfaffl’s equation [20].

Total flavonoids content

Determination of the content of flavonoids
was carried out according to the Pekal and
Pyrzynska method with modifications[21]. To
prepare the extracts, the roots were separated
from the medium, washed with deionized
water, dried using filter paper, weighed
0.3 g each and homogenized in 3 ml of 70%
ethanol. The homogenate was centrifuged in an
Eppendorf Centrifuge 5415 C at 15 000 g for
10 min. The reaction mixture contained 0.25
ml of extract supernatant, 1 ml of deionized
water, 0.075 ml of 5% NaNO, solution. After
standing for 5 min, 0.075 ml of 10% AICl,
solution was added and held for another
5 min. Then 0.5 ml of 1M NaOH and 0.6 ml of
deionized water were added. Absorption was
determined at A = 510 nm on a Fluorate-02-
Panorama spectrofluorimeter. The calculation
of the total content of flavonoids was carried
out in the rutin equivalent (RE) according to
the following formula, and converted to grams
of fresh weight (FW):

C=(0.8842-0D) -V / m, (R = 0.9988)

where C — concentration of flavonoidsin 1.0 g
of fresh weight of plant material, mg RE/g
FW; OD — optical density of the investigated
solution, U; V — volume of ethanol used
to prepare the extract; m — mass of plant
material used for research.

Antioxidant activity (AOA)

The antioxidant activity of ethanol
extracts of “hairy” roots was studied using the
DPPH test according to the method described
in [22]. The optical density of the solutions was
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measured at a wavelength of A =515 nmon a
Fluorate-02-Panorama spectrofluorimeter.
The percentage of inhibition was calculated
according to the following formula:

where OD; — optical density of the DPPH
solution, U; OD, — optical density of the of
the reaction mixture after carrying out the
reaction with DPPH, U.

The effective concentration (ECj,) was
calculated as the fresh weight of the root (mg
FW) required to scavenge 50% of DPPH in the
reaction with the radical.

Reducing power (RP)

Determination of the ability of root
extracts to reduce iron ions Fe3" to Fe?"
was proceeded according to the method of
Zhao et al. [23] with modifications [16]. The
reaction mixture contained: 0.312 ml of 0.2 M
phosphate buffer (pH 6.6); 0.312 ml of 1%
potassium hexacyanoferrate(III) and ethanol
root extract, the concentration of which
was successively reduced. The cuvettes were
incubated in a water bath at 50 °C for 30 min.
After that, 0.312 ml of 10% trichloroacetic
acid, 1.25 ml of deionized water and 0.25 ml
of 0.1% iron(IIT) chloride were added to the
reaction mixture. The optical density was
measured at a wavelength of A = 700 nm on a
Fluorate-02-Panorama spectrofluorimeter.
Reducing power was characterized by the
effective concentration parameter (EC,;),
which corresponded to the roots weight (mg
FW) required to obtain OD = 0.5.

Weight gain

The terminal parts of the roots (growth
points) with a length of about 10 mm were
separated, weighed and cultivated on the
surface of the agarized 1/2 MS medium at a
temperature of +24 °C. After two weeks, the
grown roots were separated from the agar,
washed with distilled water, dried using filter
paper and weighed on a Sartorius balance with
a standard deviation of = 0.005 g. Weight gain
was determined as the difference between the
final and initial weights in terms of one growth
point.

Data analysis

All analyzes were performed in triplicate.
Results were calculated in Microsoft Excel
and presented as mean = SD. The data were
analyzed for statistical significance using
ANOVA followed by Tukey HSD test using R
software version 4.0.4. The difference between
mean values were considered statistically
significant at P < 0.05.
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Results and Discussion

PCR analysis of four A. tilesii lines selected
for research confirmed the presence of rolB
and rolC genes in all the lines (Nos. 2, 4, 10, 16)
and the absence of those genes in the control
roots (C). This result affirms the successful
transformation of all four lines (Fig. 1, A and
B) and presence of the genes during 8 years of
in vitro subcultivation.

Two lines (Nos. 10 and 16) were obtained
by A. rhizogenes-mediated transformation with
the A4 wild strain. The others two (Nos. 2 and
4) using A. rhizogenes, carrying the pCB124
vector with the human interferon-a2b gene
and the selective neomycin phosphotransferase
II gene, i.e., which additionally had ifn-a2b
and nptIl genes. PCR analysis confirmed the
presence of these genes in lines Nos. 2 and 4
(Fig. 1, C). These genes were not detected in
control roots.

It was established that the weight gain of
the root lines varied significantly (Fig. 2, 3).
Line No. 10 was characterized by the fastest
growth (weight gain was 2.31 = 0.22 g).
Weight gain of the roots Nos. 2, 16, and 4 was
1.52+0.09¢g,1.51+0.19g,and 1.77+0.13 g,
respectively.

The content of flavonoids in lines Nos. 2,
10 and 16 was higher than that in control roots
(2.31 = 0.42 mg RE/g FW) and varied from
3.86 = 0.22 mg RE/g FW in line No. 16 to
9.47+1.97 mg RE/g FW in line No. 2 (Fig. 4).
It should be noted that the content of those
compounds in line No.4 was 2.57 = 0.28 mg
RE / g FW and did not differ from the control.

Such an increase in the content of
flavonoids in extracts from most of “hairy”
root lines compared to non-transformed plants
can be explained by an increase in the level of
synthesis of secondary metabolites after the
transfer of rol genes, as they are known to be
activators of metabolism in plants. Significant
variability in the parameters between the
individual lines is probably caused by the non-
determined incorporation of transferred genes
into the plant genome. It is also important
to indicate that no differences in flavonoids
accumulation were observed between the two
groups of lines. “Hairy” roots obtained as a
result of transformation with a wild strain of
agrobacteria (lines Nos. 10 and 16) and those
containing ifn-a2b and nptll genes (lines Nos. 2
and 4) had approximately the same range of
flavonoids concentration. Therefore, it can
be concluded that these additional genes do
not affect the biosynthesis of polyphenolic
compounds.
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Fig. 1. Electrophoregrams of DNA amplification products in samples of A. tilesii with gene-specific primers
to rolB (A), rolC (B) and nptlliifn-0.2b (C)
Tracks: M — marker GeneRuler 1 kb DNA Ladder (Thermo Scientific); ¢ — DNA of control plant; 2, 4, 10, 16 —

“hairy” root lines Nos. 2, 4, 10, 16.

Fig. 2. “Hairy” roots of Artemisia tilesii: lines No. 2 (a), No. 4 (b), No. 10 (¢), No. 16 (d)

after two weeks of in vitro cultivation:
lines Nos. 2 and 4 were transformed with wild A. rhizogenes strain A4; lines Nos.10 and 16 were transformed

with A. rhizogenes carrying ifn-o.2b and nptII genes.

Similarly, the antioxidant activity and
reducing power of the studied lines were
higher than those of the control roots. For
example, in the line No. 2 EC;, was 1.92 mg
FW, and EC, ; was equal to 1.38 mg FW. It
was 4.68 and 3.42 times higher, respectively,
than the values in non-transformed roots. Both
EC;, and EC, 5 varied between different lines,
but it was found out that in all lines, the higher
was the flavonoid content, the lower was the
EC;, and EC, 5 values, and thus the higher was
the antioxidant activity and reducing power.
Such a correlation can be explained by the

antioxidant nature of polyphenolic compounds.
Polyphenols have the ideal chemical structure
to activate the scavenging of free radicals,
and they are more effective antioxidants than
tocopherols and ascorbates. The antioxidant
properties of polyphenols derive from their
high reactivity as hydrogen or electron
donors. The ability of flavonoids to change
the kinetics of peroxidation by changing the
order of lipid packing and reducing membrane
fluidity is another mechanism of the effect
as the radical scavengers [24, 25]. Similar to
the total content of flavonoids in the studied
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Fig. 3. Weight gain of the A. tilesii “hairy” roots:
columns 2 and 4 — lines Nos. 2 and 4 transformed with wild A. rhizogenes strain A4; 10 and 16 — lines Nos. 10
and 16 transformed with A. rhizogenes carrying ifn-a.2b and nptII genes.
Error bars with different small letters denote significant differences in values among four samples at P < 0.05
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Fig. 4. Total content of flavonoids in “hairy” and control (C) roots of A. tilesii:
columns 2 and 4 — lines Nos. 2 and 4 transformed with wild A. rhizogenes strain A4; 10 and 16 — lines Nos. 10
and 16 transformed with A. rhizogenes carrying ifn-o.2b and nptII genes.
Error bars with different small letters denote significant differences in values among four samples at P < 0.05

plant extracts, no differences were found in
the range of AOA and RP between the roots
obtained as a result of transformation with
A.rhizogenes wild strain and the bacterial strain
carrying additional genes (ifn-o.2b and nptII).
The results of real-time PCR showed that
the activity of the transferred rolB (Fig., 5 a)
and rolC (Fig. 5, b) genes was different in
the studied lines, regardless of agrobacteria
strain they were transformed with. It should
be noted that the activity of both genes in
line No. 10 was higher than in the other three
lines. The relative activity of rolB was 3.05—
9.34 times higher, and rolC was 2.46-5.38
times higher than in the other lines. The

18

relationship between the rol genes activity and
the weight gain of A. tilesii “hairy” roots was
studied. Indeed, line No. 10 had the fastest
growth rate compared to lines Nos. 2 and 16.
The same result was obtained when analyzing
the relative activity of the rolB gene. This
can be explained by the mechanisms of rol
genes action when they are transferred into
the plant genome. Specific root formation in
plants is the main function of rolB gene. It
has a decisive influence on the formation of
both lateral and adventive roots. Thus, the
difference in growth rate among “hairy” root
lines may be due to the difference in the rolB
gene expression level [26].
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Fig. 5. Relative activity of rolB (a) and rolC (b) genes in the “hairy” roots of A. tilesii after 2 weeks of
cultivation:
columns 2 and 4 — lines Nos. 2 and 4 transformed with wild A. rhizogenes strain A4; 10 and 16 — lines Nos. 10
and 16 transformed with A. rhizogenes carrying ifn-o.2b and nptII genes.
Error bars with different small letters denote significant differences in values among four samples at P < 0.05
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Fig. 6. Relative activity of PAL (a) and CHS (b) genes in the “hairy” roots of A. tilesii
after 2 weeks of cultivation:
columns 2 and 4 — lines Nos. 2 and 4 transformed with wild A. rhizogenes strain A4; 10 and 16 — lines Nos. 10
and 16 transformed with A. rhizogenes carrying ifn-o.2b and nptIl genes
Error bars with different small letters denote significant differences in values among four samples at P < 0.05

Although the results of this study
confirmed the influence of the activity of the
transferred rol genes on the growth rate of the
formed A. tilesii “hairy” roots, no interrelation
between their activity and the synthesis of
flavonoids was observed. This may be due
to the fact that the function of rol genes as
activators of secondary metabolism in plants
is determined not by the activity of these
transferred genes, but by the fact of their
presence, and the site of their incorporation
into the plant genome.

The study of the relative activity of
phenylalanine ammonia-lyase (PAL) and
chalcone synthase (CHS) showed that the
level of activity of these genes in the root
lines was different, but was lower than in
the control. Since these genes are involved in
the biosynthesis of polyphenolic compounds
such as flavonoids and phenylpropanoids
in plants, their activity may influence
flavonoids content. As it turned out, in all
experimental samples higher flavonoids
content corresponded to lower PAL activity.
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For example, the content of flavonoids in the
line No. 2 was the highest among all samples
and was 4.10 times higher than in control non-
transformed plants (Fig. 6, a). Similarly, PAL
activity in the line No. 2 was 8.62 times lower
than in the control. Such an inverse correlation
was observed in all experimental lines. This
can be explained by the reverse inhibition
of the PAL gene by the high content of the
synthesized product.

The level of CHS gene activity in control
plants was 4.01-16.72 times higher than in
A. tilesii “hairy” roots (Fig. 6, b). This result
could also be the outcome of reverse inhibition
of the chalcone synthase gene involved in the
synthesis of polyphenols. As in all previous
studies, the dependence between the activity of
the phenylalanine ammonia-lyase and chalcone
synthase genes and the presence of either rol
genes only or together with ifn-a2b and nptII
genes among the two groups of “hairy” roots
was not detected.

Conclutions

In this paper, for the first time, the
potential dependence of the activities of
bacterial rol genes and the plant’s own PAL
and CHS genes present in the “hairy” roots,
as well as their growth rate, total flavonoid
content, antioxidant activity and reducing
power on the presence of additional genes in
the transformed roots, namely nptIl and ifn-
2b, were studied. The study confirmed the
effect of rol genes as activators of secondary
metabolism, in particular, on increasing the
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OCOBJINBOCTI BIOCHHTE3Y ®JIABOHOIIIB ¥ «BOPOJATHUX» KOPEHAX
Artemisia tilesii Ledeb. 3 PISBHUMU IIEPEHECEHUMHA 'EHAMHU

T.A. Bozdanosuu', B. B. Mopzyn''2, O. P. Jlaxnero® 2,
A. M. Ilaxoscvruit', H. A. Mameeesa'

lIHCTHTy’l‘ KJIiTUHHOI 6iosorii Ta remeruuHoi iH:keHepii HamionanbHol akagemii Hayk YKpainu, Kuis
2<I>aRan>TeT 6ioTexnosorii Ta 6iorexuiku, HTY YKpainu
«KuiBchkuil mositexHiunmit inctrutyr imeni Irops CikopcbKoro»

E-mail: bogdanovych_tais@ukr.net

Mema. IlopiBHATH JiHil «0opomaTux» KOpPEHiIB 3 pisHUM HaOGOpPOM IIepeHEeCeHUX T'eHiB CTOCOBHO
HasIBHOCTiI B3a€MO3B’sI3KYy MiK 3araJbHUM BMicTOoM (hJIaBOHOIAiB, piBHeM aHTMoKcuaaHTHOl (AOA) Ta
BigHOBIIOBaIbHOI (BA) aKTUBHOCTI, a TAKOK aKTUBHOCTI BJIACHUX T'eHiB POCJUH — (heHiTamaHiH-aMOHiH-
smiasu (PAL) ta xankoucunTasu (CHS) i reuis rolB i rolC A. rhizogenes.

Memodu. Jlinii KopeniB Ne10 i 16 orpumano 3 Bukopuctauuam A. rhizogenes A4, Ne 2 ta 4 — 3
BUKOpuCTauHAM A. rhizogenes 3 BexTopom pCB124 (ifn-0.2b ra nptll reun).

Pesyavmamu. Bmict dpaaBoHOIAiB y Beix JiHiAX 6yB BUITUM 3a KOHTPOJIb i KopesioBas 3 AOA ta BA
akTuBHicTiO. Kopeni Nel0Q BigsHavasucs, HAHIIBUAIIINM POCTOM, IO 30irajocs 3 BUCOKOIO aKTHUBHiCTIO
rolB rta rolC reniB. AktuBHicTh PAL Ta CHS y «60pomaTux» KOpeHAX OyJa HUKUYOI 3a aKTUBHICTH y
HeTpaHCHOPMOBAHUX KOPEHIX.

BucHosku. JIiHii KopeHiB, m0 axux 0yja0 mepexeceno juire rolB Ta rolC, i ximii 3 momaTrkoBuMH
renamu ifn-oa2b ta nptll manu 6nusbKuUM miamasod KoHIleHTpalii gaaBonoixis, piBuis AOA ta BA,
AKi mepeBUIyBaju IIi MOKA3HMKMN B KOHTPOJi. BcTaHoBIeHO 3ajieKHICTh HMIBUAKOCTI POCTY KOPEHIiB
Ta BiICYTHICTH 3aJIe?KHOCTi BMicTy (hyiaBoHOIAIB Big akTuBHOCTI rol reHiB. AKTusHicTh PAL 0GepHEHO
cImiBBimHOCHIach i3 BMicTOM (PIaBOHOIAIB B ycCiX AOCHigHUX JiHiAX, 110 MOKe OYTH pes3yabTaToOM
HAAIIPOAYKIIII CIIONYK Yy TPAHCTEHHUX KOPEHAX.

Knwwuosi cnosa: Artemisia tilesii Ledeb., Agrobacterium rhizogenes—omnocepenkoBaHa Tpancpopmaris,
«bopomaTi» KopeHi, aBoHOIAU, rol TeHN, aHTUOKCUAAHTHA AaKTUBHICTbD.
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Aim. Study of the role of the complex between the aC region and the BN domain in the initial stages
of fibrin polymerization has been investigated.

Materials and Methods. Method of turbidimetry to study the influence of fibrinogen fragments D
and DD on the polymerization and methods of isolation, purification, fragmentation for fibrinogen,
monomer and cross-linked fibrin, fibrinogen X-fragment, Glu -plasminogen were used.

Results. It was shown that fragment DD completely inhibited polymerization process in all the sys-
tems examined (“Fg + Thr”, “Fg + Anc H”, “X + Thr”, “X + Anc H”). Fragment D inhibited fibrin polym-
erization at all stages in the system “Fg + Thr”, but in the system “Fg + Anc H” it almost did not influence
fibrin polymerization. In the both systems “X + Thr” and “X + Anc H” fragment D weakly inhibited the
self-assembly of fibrin molecules into protofibrils, but accelerated the process of lateral association in the
second system.

Conclusions. The data obtained indicated that the complex between the aC region and the BN domain
of fibrin desA, on the initial stage of polymerization supported the rate of self-assembling and lateral
association of fibrin desA protofibrils, protecting the oligomers against the depolymerizing influence of
fibrinogen.

Key words: fibrinogen, fibrin, fragment D, fragment DD, fragment X, BBN-domain-aC-region

complex.

Fibrinogen is a multidomain protein that is
involved in a series of biological processes in
an organism: blood clotting and fibrinolysis,
wound healing, angiogenesis, inflammation
and metastasis.

The polymerization of fibrin is a two-
stage process. On the first, enzymatic, stage,
thrombin transforms fibrinogen into fibrin
desA by cleaving fibrinopeptides A (FpA)
from the N-ends of Aca-chains. The removal
of fibrinopeptides A exposes the “A”-sites
of polymerization (“knobs”) complementary
to polymerization sites “a” (“holes”) located
in the y-module of the D region. Both

polymerization sites (“A” and “a”) are located
on the “facial” surface of fibrin desA molecule
[1]. It is considered that interaction between
polymerization sites “A” and “a” is a “driving
power” for fibrin polymerization — the self-
assembling of fibrin molecules into the fibril
network of the clot [2]. In the protofibrils
having formed out of fibrin desA, the removal of
fibrinopeptides B (FpB) by thrombin accelerates
significantly and polymerization cites “B”
(“B”-“knobs”) on the N-ends of B-chains are
exposed. The appearing of the sites “B” causes
the acceleration of protofibril lateral association
due to interaction between the sites “B”-“b” [3].
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After fibrinopeptide A removal of
fibrinogen molecule and forming of contacts
“A”-“a” and “C”-“c” in fibrin desA oligomers,
the connection between fibrinopeptide A and
the aC-region and the connection between aC
regions in fibrin desA molecule are broken
down [4, 5]. According to X-ray structural
analysis, the region 1-53 of the fibrinogen
BBN domain is quite mobile [6]. However,
after fibrinopeptide A removal and the DDE
triad formation the two sites of the region —
fibrinopeptide B (BB1-14) and Bp28-36 —
remain connected to the aC region [5, 7. 8].
As result, the domain BBN and the aC domain
form a new temporary structure with limited
mobility. It includes the region 37—54 of the
fibrin B chain, which has the length of about
50 A and binds this temporary structure to the
E module of the molecule. The structure can
be supposed to be located between neighboring
DDE triads in the protofibril. This assumption
was confirmed by the data of the X-ray
structural analysis of chicken fibrinogen [9].

An assumption was made that an important
role in providing the high rate of protofibril
formation is also played by BBN-domain-
aC-region complexes, which remain on the
surface of the molecule of fibrin desA [7,
8, 10]. The presence of the BBN-domain-
aC-region complex at the very beginning of
polymerization process, interactions “A”-
“a” and D-D-long, the formation of the DDE
triad altogether suggest an important role of
the complex in fibrin polymerization process.
These assumptions were confirmed by the
comparative analysis of the polymerization
processes of fibrinogen and, lacking for
aC regions, fibrinogen fragment X both
stimulated by thrombin and ancistron, and
by the inhibition of these processes by fibrin
fragments D and DD.

Materials and Methods

Fibrinogen was isolated from citrate human
blood plasma in the presence of soybean trypsin
inhibitor by salting out with Na,SO,[11]. Glu-
plasminogen was isolated from donor blood
plasma by affinity chromatography using
Lys-sepharose [12]. Ancistron — reptilase-
like enzyme was isolated from venom of
Agkistrodon halys halys (13). Fragment D was
purified from the plasmin digest of noncross-
linked fibrin by the method of ion-exchange
chromatography on CM-Sephadex G-50
(“Pharmacia”, Sweden) in accordance with
[14]. D dimer was obtained from the plasmin
digest of cross-linked fibrin by the aid of affine
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chromatography on fibrin-sepharose according
to [15]. D dimer was dialyzed against 0.05 M
ammonium acetate buffer pH 8.5 and freeze-
dried.

Preparation of fibrinogen fragment X.
Fragment X was isolated as described in
[16] with some modifications. Fibrinogen
dissolved in 0.02 M HEPES buffer pH 7.4,
0.15M NaCl, 1.0 mM CaCl, was treated with
plasmin in molar ratio of 1 mole of plasmin to
1000 mole of fibrinogen. Plasmin was formed
immediately in the reaction medium from
plasminogen activated by streptokinase in
molar ratio of plasminogen to streptokinase
as 10:1. The reaction was carried out during
20 min at 25 °C and was stopped by aprotinin
in 20-fold molar surplus. The digest was
passed through the Lys-Sepharose column,
concentrated and applied on the Sephacryl
S-300 column 3x100 cm, equilibrated with
0.05 M Tris-HCI buffer, pH 7.4, containing
2 M NaCl, 100 mM 6-aminocaproic acid, 1 mM
CaCl,. The fractions containing fragment X;
according to PAAGE were dialyzed against
0.02 M HEPES buffer pH 7.4 with 0.15 M
NaCl, 0.005% NaNj. The purity of the
preparation was tested by ELISA with anti-aC
and anti-BPN-domain monoclonal antibodies.
The fragment X preparation was frozen and
stored at —20 °C.

The effect of D and DD-dimer fragments
on the fibrinogen polymerization, initiated
by thrombin or ancistron, was studied with
turbidimetry method using spectrophotometer
SF 2000 at 350 nm (17, 18).

Results and Discussion

To clarify the role of the BBN-domain-
C-region complex in fibrin polymerization
process, we compared the rates of the
polymerization of fibrin desA and desAB
forms, which that either contained this
complex or did not and the influence of
polymerization inhibitors (fragments
D and DD) on the separate stages of the
polymerization process.

The BPN-domain-oaC-region complex was
present in the native fibrinogen molecule but
was absent in fibrinogen fragment X, causing
higher maximal clot turbidity level for the
polymerization of fibrinogen in both thrombin
(Thr) and ancistron H (Anc H) containing
systems (Fig. 1.1, 1.2). In the system “Fg
+ Thr”, fragment D inhibited significantly
all the stages of fibrin polymerization:
protofibrill self-assembling, lateral association
of protofibrils and the reaching of the maximal
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Fig. 1. Influence of fragment D on polymerization of fibrinogen and fibrinogen fragment X initiated by
thrombin (7) and ancistron (2) in reaction medium containing 0.02 M HEPES, pH7.4, 0.15 M NaCl and 1 mM

Concentration of fibrinogen was 0.3 uM, fibrinogen fragment X — 0.3 uM, fibrin fragment D — 1.8 pM,

thrombin and ancistron — 0.1 NIH/ml.

clot turbidity level (Fig. 1.1). Thrombin,
having removed fibrinopeptide A, started to
remove fibrinopeptide B after a short delay
connected with the formation of protofibrils,
which resulted in the degradation of the
complex formed by the BBN domain and the
aC region and thus the increasing of the
accessibility of polymerization sites “A”,
“B”, “C” for fragment D. In the system “Fg +
Anc H”, fragment D almost did not make an
influence on fibrin polymerization process,
because the complex of the BN domain and
the aC region remained in this system and
protected polymerization sites A and C against
inhibition by fragment D. Additionally, in the
complex mentioned, the aC regions promoted
the self-assembling of fibrin molecules into
protofibrills and the lateral association
of the last ones. In the system “X + Thr”
(Fig. 1.1), fragment D weakly inhibited the
self-assembling of fibrin molecules into
protofibrils and did not influence the process
of lateral association. In the fragment desA-X,
the D region interacted with the E region
more effectively than isolated fragment D,
because this interaction carried out by two
pairs of polymerization sites, “A”-“a” and
“C”-“c”, while the interaction with fragment
D was due to one pair of polymerization sites.
In the system “X + Anc H” (Fig. 1.2), while
fibrinopeptide B in fragment X remained
intact, fragment D weakly inhibited the self-
assembly of fibrin molecules into protofibrils
but accelerated the lateral association of
protofibrils. This could be explained by the

inclusion of fragment D into the structure of
a clot, which was mediated by the presence
of fibrinopeptide B and/or primary lateral
association yC-yC contacts of D-fragments
(1). The absence of aC region in fragment X
and the desintegration of the complex of the
BN domain and the oC region in fibrin desA
resulted in the deceleration of protofibril
formation and lateral association, which
indicated an important role of the complexes
in these processes.

Fragment DD completely inhibited
polymerization process in all the systems
examined (“Fg + Thr”, “Fg + Anc H”, “X +
Thr”, “X + Anc H”), evidently, due to the
presence of three pairs of polymerization
sites (2a, 2b i 2c) localized in a single molecule
and thus providing highly affine interaction
between fragment DD and fibrin desA or
fragment X on the very initial stages of
polymerization. It is also essential that the
binding of the DD fragment to the E region
of the desA or desAB fibrin molecules blocks
the end-to-end interaction of the D regions of
the fibrin molecules at formation the basic
structures of the protofibril — the DED
triads.

In contrast to fragment D, which has three
polymerization sites (a, b, c), fragment DD has
a double number of these sites (2a, 2b, 2¢) and
thus completely blocks polymerization process
of either fibrin desA or fibrin fragment X
by competing effectively with the D regions
of fibrin or fragment X for polymerization
centres A, B and C.
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Fig. 2. Comparison of the effects of fragments D and DD on initiated by thrombin and ancistron of fibrinogen
polymerization

Reaction medium contained 0.3 uM fibrinogen and fibrinogen fragment X — 0.3 uM, fibrin fragment D —

1.8 uM of each, in 0.02 M HEPES, pH 7.4, 0.15 M NaCl, 1 mM CaCl,. Concentration DD — 0.9 uM, thrombin

and ancistron — 0.1 NIH/ml.

Conclusions

In fibrin desA, when, previously
connected to the aC regions, fibrinopeptides
A are removed, the complex between the BN
domain and the oC region becomes mobile
and able to give access to polymerization sites
on the molecule for other fibrin molecules
or oligomers for further interactions. The
mobility of the complex may be confirmed
by the fact that fragment D inhibits
polymerization of fibrin only partially and
fragment DD does it completely in all the cases
examined, which indicates the displacement
of the complex by a more affine inhibitor.
According to the evidence obtained, present
only in fibrin desA molecules, the complex
favours the interaction exactly of fibrin desA
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molecules with each other resulting in the
formation of the DDE triad and promotes
further protofibril formation and the lateral
association of the protofibrils. Thus, the
complex plays an important role in the growth
of fibrin protofibrils as the result of the
process of fibrin desA polymerization.
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BIIJINB DI DD ®PATMEHTIB ®IBPUHY HA ITOJIIMEPU3AIIIIO ®IBPUHOTEHY
TA HOTO ®PATMEHTA X, IO ARTUBYIOTHCA TPOMBIHOM ABO AHITUCTPOHOM

Ifan II. IO., I'ozonincvka I'. K., Ilnamonosa T. M.,
Mapynuu P. IO., Y0oeenko A. B., Makxozonenro €. M.

TacturyT 6ioximii im. O. B. ITannagina Hanionanbuoi Akagemii Hayk YKpainu, Kuis

E-mail: ymakogonenko @gmail. com

Mema. Docaig:xyBaau poab KoMmiekcy Misk oC-perionom ta BPN-gomenom, axuii GopMmyeTbes
nicaa BumaneHasa FpA ma moaekyai pibpunHy desA, Ha MIOYAaTKOBHUX eTamnax mojimepusanii piopuny.

Memodu. Hnsa sBuBuennsa suauBy D i DD ¢pparmenTiB i6puHoreny Ha mojgimMmepusaiiio Gi6puHOTEHY
i pparmenTy pi6bpuHoreny X 6yJio BUKOPUCTAHO MeTOXA TypOigmmerpii, a TaK0oK MeTOqU BUAIJEHHSI,
oumnIieHHA Ta (pparmMenraiii Qi6puHOreHy, MOHOMEPHOTO Ta MNOIEPeuHO-IpomuToro (Gpi6bpuHy,
IJIa3MiHOTeHYy.

Pesynvmamu. ITokasano, mo dparmenT DD noBHicTiO ranspmMyBaB mpoiiec mosimepusanii y Beix
mocaimkenux cucremax («Fg + Thr», «Fg + Anc H», «X + Thr», «X + Anc H»). ®parmenT D iurioysas
moJriMmepusaiiiro piopuHy Ha Beix cragiax y cucremi «Fg + Thr», ane B cuctemi «Fg + Anc H» maiiike He
BILJIMBAB Ha moJjimepusariio ¢pi6bpuny. B 060x cucremax «X + Thr» i «X + Anc H» ¢pparmenT D ciabo
IPUTHIUYBaB caM030UpaHHA MOJIEKYJ piopuHy B TpoTodidpuan, aje IpUCKOPIOBAB IIPOIlec JaTepaalbHOl
acoriarii y npyriii cucremi.

Bucnosrxu. Orpumani gani cBiguars, mo kommiaexkc Midk oC-periorom ta BRN-gomenom ¢ibpuny
desA Ha mouaTkoBi#l craxii moamimepwmsanii migTpuMye MBUAKICTL caMO30MpPaHHS Ta JaTepaabHOIL
acoriamii mporodibpua piopuny desA, 3axuIanuu Aoro oJiroMepu Bij JemoiMepru3yBaabHOIO BILIUBY
¢idbpuHOTreny.

Knwouwosi cnosa: pibpunoreH, gidbpun, @pparment DD, ¢pparmenT X, kommiekc BRN-gomeH-0.C-perioH.
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Chelidonium majus is a well-known source of biologically active compounds. Most of them are alka-
loids, which are used in researches and for tradition medicine. In this study, we explored the influence of
C. majus crude total extract onto blood coagulation system in vitro, primary and secondary hemostasis.

Aim. To study influence of C. majus extract onto blood coagulation process.

Methods. Turbidimetry of blood plasma, APTT test with chromogenic substrates, and platelet aggre-

gation were used in the work.

Results. We demonstrated moderate stimulating effect of the extract on platelets (the rate of platelet
aggregation increased up to 10%, followed by disaggregation). Extract also increased the rate of platelet

aggregation stimulated by 12.5 mcM of ADP.

We observed the increase in the plasma clotting time in the presence of the extract, that corresponded
to the 274, 411, 685, 1370 mcg of dry extract, from 70 s in control to 80, 90, 170 and 180 s, respectively,
in turbidimetry test of plasma stimulated by APTT-reagent.

However, APTT test with the chromogenic substrate of thrombin (S2238) did not show significant

influence of this plant’s extract on thrombin activity.

Conclusions. Thus, we can conclude that anticoagulant activity of Chelidonium majus extract corre-
sponded to the direct inhibition of fibrin polymerization.

Key words: Chelidonium majus, platelet activation, plasma coagulation, thrombin.

Chelidonium majus is known as celandine,
common celandine, or greater celandine [1—
3]. It belongs to the Papaveraceae family of
dicotyledonous plants, and like its relative
Papaver somniferum, comprises numerous
biologically active compounds. This is a
perennial herb, that grows in Europe and
the Mediterranean, and is also common in
America. Closely related species grow in
Eurasia and Japan. Plants have a straight,
branched stem 50—70 cm high.

Basal leaves are petiolate, deeply
pinnate. They have three to five pairs of
rounded or ovoid lobes. The upper leaves
lobe is larger, usually, they are three-lobed.

The leaves are glaucous below and green
above. The upper leaves are sessile. The
flowers are actinomorphic, golden yellow,
with a characteristic formula *K,C,A G s
[4]. The fruit is a polyspermous pod-shaped
capsule.

There are a lot of biologically active
compounds, such as alkaloids, in Chelidonium
majus herb. This plant, its juice, herb and
roots are used for science and for traditional
medicine. In traditional medicine, it was
used to improve eyesight and as sedative,
antispasmodic and for curing bronchitis,
whooping cough, asthma, jaundice,
gallstones, and gallbladder pain (celandine)

29



BIOTECHNOLOGIA ACTA, V. 15, No 3, 2022

[1]. Juice with latex is used to treat skin
diseases and problems such as warts,
ringworm and corns [1].

Also isoquinolin extracted from
Chelidonium majus was active against some
pathogenic bacteria and Candida [5].

It consists of more than 35 compounds [2,
3]. It comprises a lot of alkaloids, derivatives
of benzophenanthridine: homohelidonine,
chelidonine, chelerythrine, chelidocystatin,
coptisine, sanguinarine, berberine, protopine,
sparteine and another [1, 6, 7]. It consists of
non-alkaloid compounds, such as ascorbic
acid, carotene, saponins, bitters, latex and
protein [8, 9].

Also, it consists of agarose-like
polysaccharides, yellow or orange milky
juice. The experience of using this plant in
traditional medicine was not so successful
because of cytotoxicity [10], which was shown
in clinical trials [11].

The aim of the present work was to study
the influence of Celidonium majus extract
onto hemostasis, blood coagulation process.
This work highlights the influence of C. majus
total water extract on protein and cellular
hemostasis in vitro.

Material and Methods

We prepared Chelidonium herb in May
during its flowering, dried in the shadow
at 25 °C, and packed in cardboard boxes for
the further use. The dried herb was cut into
small pieces with scissors and steamed in a
tris-HCI buffer, pH 7.4, and then was heated
to 100 °C for 12 hours in a foam box. We
routinely used 4 g of cut herb per 200 ml of
buffer. Also, 1 ml of extract was dried on the
small Petry dish with weight control before
and after filling and drying, which helped to
calculate the mass of dry extract per 1 ml.
Blood plasma and platelet-rich plasma samples
were obtained from blood of healthy donors.
Volunteers signed informed consent prior to
the blood sampling according to the Helsinki
declaration. Platelet aggregation was studied
using Solar AP2110 Aggregometer (Belarus).
Blood plasma clotting was measured using
Solar CGL-2410 Coagulometer (Belarus).
Chromogenic substrate assay was performed
using Multiscan EX (Thermo, USA).

Fibrin formation in blood plasma under the
action of APTT-reagent was determined using
POP spectrophotometer (Optizen, Korea). The
scattering of light was measured at 350 nm.
The following reagents were consecutively
added to the 10 mm spectrophotometric
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cuvette: blood plasma (100 mcl) was mixed
with 100 mcl of APTT-reagent and incubated
3 minutes at 37 °C. Then 0.05 M tris-HCI
buffer, pH 7.4, containing 0.15 M NaCl
(400-600 mcl) and 100 mcl 0.025 M CaCl,
were added to start the reaction. Analysis of
the turbidity curves were performed using a
specialized computer program.

Results and Discussion

In our study we used volumes of Chelido-
nium majus extract (0, 20, 30, 50, 100 mcl)
that corresponded to the 0, 274, 370.5,
617.5, 1235 mcg of dry extract, that was
characterized in [12].

For the determining of the effects of
Chelidonium majus extract on platelets we
performed aggregometry studies. Platelets
in the platelet-rich blood plasma (250 mcl)
were mixed with 25 mcl of 0.025 M of CaCl, at
37 °C and 20 mcl (274 mcg) of the extract or
equivalent volume of 0.05 M tris-HCI buffer at
25 °C. We demonstrated moderate stimulating
effect of the extract on platelets (the rate of
platelet aggregation increased by up to 10%,
followed by disaggregation). The extract also
increased the rate of platelet aggregation
stimulated by 12.5 mcM of ADP [12].

To study the effect of the extract of
proteins on the blood coagulation system we
applied activated partial thromboplastin time
(APTT) test. It was performed in accordance
with the following procedure. 0.1 ml of blood
plasma was mixed with an equal volume
of APTT-reagent (Siemens, Germany) and
incubated for 8 min at 37 °C. Then the extract
of Chelidonium majus or equal volume of
0.05 M tris-HCI buffer, pH 7.4, was added.
After that the coagulation was initiated by
adding of 0.1 ml of 0.025 M CaCl, solution. As
aresult, we observed the increase in the plasma
clotting time in the presence of 0, 20, 30, 50,
100 mecl of the extract (that corresponded
to the 0, 274, 370.5, 617.5, 1235 mcg of dry
extract) from 70 s in control to 80, 90, 170 and
180 s, respectively (Fig. 1).

The inhibition of blood clotting could be
explained by the direct action on the fibrin
polymerization, or by the suppression of
the clotting cascade factors activities. To
clarify the reasons of the observed effect we
measured the thrombin activity in the APTT-
activated blood plasma using thrombin-
specific chromogenic substrate S2238 H-D-
Phe-Pip-Arg-pNA at 405 nm. The analysis
was performed in 0.05 M Tris-HCI buffer,
pH 7.4, at 37 °C. Chromogenic substrate was
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Fig. 1. Time of blood plasma clotting induced by APTT-reagent in the presence of Chelidonium majus extract:
(0, 20, 30, 50, 100 mcl of extract corresponded to the 0, 274, 370.5, 617.5, 1235 mcg of dry extract).
APTT — activated partial thromboplastin time. * P <0.05.
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Fig. 2. Activity of thrombin generated in blood plasma under the action of APTT-reagent
in the presence of Chelidonium majus extract:
(10, 30 mcl corresponded to 123.5, 370.5 mcg of dry extract). APTT — activated partial thromboplastin time.

taken in the final concentration 30 mcM. The
tested amount of Chelidonium majus extract
ranged from 10 to 30 mcl that corresponded
to the 123.5, 274, 370.5 mcg of dry extract.
The experiment did not show any inhibition
or facilitation of thrombin activity in the
presence of studied extract (Fig. 2).

This finding allowed us to conclude that
Chelidonium majus extract compounds did
not act on the clotting cascade factors, and the
overall anticoagulant effect of the extract can
be connected to the direct inhibition of fibrin
polymerization.

To prove this hypothesis, we performed a
turbidity study of the fibrin formation in the

presence of Chelidonium majus extract. The
tested amount of Chelidonium majus extract
ranged from 30 to 100 mcl that corresponded
to the 123.5 and 1235 mcg of dry extract. We
demonstrated that fibrin polymerization was
significantly inhibited by the studied extract,
which was direct evidence of the action of
Chelidonium majus extract on the fibrin
polymerization (Fig. 3).

In this study, we showed the opposite
influence of Chelidonium majus water extract
on the factors of clotting cascade and on the
platelets. The same result was obtained in
the series of experiments: studied substance
inhibited the clotting and slightly activated
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Fig. 3. Turbidity study of blood plasma activated by APTT-reagent in the presence
of Chelidonium majus extract:
(10, 30 mcl corresponded to 123.5, 370.5 mcg of dry extract). APTT — activated partial thromboplastin time.
Typical curves for 3 independent experiments are presented.

platelets. Platelets were moderately activated,
but clot formation in the plasma was inhibited
for a long period. We did not study these
effects in intact fresh blood. There were
difficulties in studying fibrin formation in
turbidimetry methods in spectrophotometer
cuvette, because of random oscillation of basal
level of light scattering. This phenomenon may
occur because of latex particles presented in
the extract.

It is important to underline that the study
was performed with in vitro isolated platelets
or with platelet poor plasma components of the
hemostasis system. This is a reduced model of
the blood coagulation system, so the effects
of pharmacokinetics and pharmacodynamics
on the whole organism were not studied.
Also, in this brief screening study, the goal
of identification and isolation of active
compounds was not performed. We suggest
that some compounds of the extract may
directly inhibit fibrin polymerization because
there is no influence of the extract on thrombin
in our experiments with a chromogenic
substrate.

Also, it was shown that berberine, which is
found in this plant, can activate platelets [12,
13] and cause their apoptosis [13]. It can also
affect gene expression [14].

It is well-known that pure berberine is
hydrophobic and did not form water solution.
To make it soluble, the authors of [14] used a
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carrier — fullerene Cg, to immobilize berberine
on its surface.

However, berberine from Chelidonium
majus was shown to be water soluble. This
alkaloid is carried by some proteins like
CmMLP1 [6], which makes it well soluble
in water. Also, it can react with HCI from
the extraction buffer, forming more soluble
salt. Hydrochloride of berberine, obtained
by treating this alkaloid by HCl-containing
buffer, is sparingly soluble in water and
biochemically active compound [15, 16].

Conclusions

Thus, we can conclude that the
anticoagulant activity of Chelidonium majus
extract possibly corresponded to the direct
inhibition of fibrin polymerization. The
ability of the water extract of Chelidonium
majus to activate platelets was demonstrated
for the first time. We can suggest, that this
effect may be caused by berberine. However,
this effect was rather moderate. We presume
that the studied effect on plasma was rather
nonspecific, however this question needs
further exploration.
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BOJHUI EKCTPAKT Chelidonium majus THIIIIIOE ATPETAIIIIO TPOMBOITUTIB
I IPUTHIYYE OJIMEPH3AIIIIO GIBPHHY B IIJIA3MI KPOBI

Mapynuuy P. IO., Yepruwenko B. O., Yepnuwenxo T. M., Karawnuxk C. O.,
Menvwosa B. O., Makozonenko €. M., I'ydsenko A. B.

IacturyT 6ioximii im. O. B. ITannanina Hamionanbuoi Axkagemii Hayk YKpainu, Kuis
E-mail: rostmarbiotech@gmail.com

Chelidonium majus (Hucrorin 3Buuaiinmii abo BeJnKUil) € 1o0pe BijoMuM KepesoM 0ioJ0oTiuHo
AKTUBHUX CIIOJYK, OLJIBIITICTh 3 AKUX € aJKaJIoiJaMu, 1110 iX BUKOPUCTOBYIOTh Y HAYI[i Ta TPAAUITI HHI
MenunuHi. Mu mociigsKyBaju BILIUB BOAHOTO eKcTpaKkTy Chelidonium majus Ha cucTemMy 3cigaHHS
KPOBI in vitro, IepBUHHUHN Ta BTOPUHHUU I'eMOoCTa3.

Mema. BuBuntu BiuB ekctpakty Chelidonium majus Ha mpoiiec 3ropTaHHA KPOBi.

Memodu. Typbigumerpisa miaaszmu KpoBi, AHTYU-TecT 3 BUKOPUCTAHHAM XPOMOTEHHUX CyOCTpaTiB
Ta arperaris TPOMOOIIUTiB.

Pesyavmamu. IIporeMOHCTPOBAHO IOMipHY CTHMYJIIOBAJbHY Hil0 €KCTPAKTy Ha TPOoMOOIIUTH
(mBuUAKicTh arperartii TpomboruTie cranopusa 1o 10 % 3 momasibInoo mesarperaiiero). EKcTpakT
TaKOJK IIiABUIIYBAB IIBUAKICTE arperaiiii TpomooiuTtis, crumyabosany 12,5 mxM ADP.

B rypbizmmMerpuunomMy TecTi 3 BUKOpucTaHHAM akTubailil sropramua AUYTY-pearenTom
criocTepiraysu 36iJbIITeHHSA Yacy 3CiJaHHSA IJIa3MU KPOBi 3a IPUCYTHOCTI eKCTPAKTy B KiJIBKOCTI, 1110
Bimmosimama 1370, 685, 411, 274 MKr cyxoro ekcrpaxkty 3 70 ¢ B KouTtpoJi g0 170, 90, 801 180 ¢
BigmoBimHO.

Bognouac, Tect AUTY iz xpomorenHuM cyocTpaToM TpoMm6iny (S2238) He moKasaB iCTOTHOTO
BILIVBY €KCTPAKTY Ii€l POCAWHY Ha aKTUBHICTH TPOMOiHY.

BucHosxu. TakuM YMHOM, aHTUKOATYJISHTHA aKTUBHICTE eKcTpakTy Chelidonium majus noyaraJia
y 6esmmocepeHLOMY IPUTHiUeHH] mosiMmepusaii piopuny.

Knwuoei cnoea: Chelidonium majus, aktTupaiis TpoMOOIIUTIB, KOATyJIAIiA MJIa3MU, TPOMOiH.
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The aim of the work was to obtain a producer strain with increased lysine accumulation using the
chemical mutagenesis method.

Methods. To achieve the goal, we used the method of treating the lysine-producing strain with the
chemical mutagen N-methyl-N-nitro-N-nitrosoguanidine, cultivating the resulting clone and deter-
mining the accumulation of lysine in flasks and a bioreactor.

Results. The optimal concentrations and duration of mutagen action for the production of mutant
microorganisms were found. Clones with the maximum lysine accumulation were selected. Mutagenesis
was carried out consecutively three times. As a result, lysine-producing strain Brevibacterium sp.
IMV B-7796 auxotrophic regarding leucine and threonine with maximum accumulation of the target
amino acid was obtained.

Conclusions. The lysine producer Brevibacterium sp. IMV B-7796 was obtained, which produced
65.0 g/dm?® of lysine in a bioreactor under conditions of periodic cultivation with feeding. The
Brevibacterium sp. IMV B-7796 strain was proposed as a basis for the creation of a genetically modified

strain with increased accumulation of lysine for further use in industrial lysine technology.

Key words: Brevibacterium sp., lysine, chemical mutagenesis, producer strain.

L-lysine is one of the essential amino
acids, which is mainly used as feed additive.
Traditional fodder crops such as corn, wheat
or barley are low in lysine. The addition of
0.5% by weight of L-lysine increases the
feed quality in the same way as the addition
of 20% soybean meal [1]. The production of
lysine globally was 2,200,000 tons per year as
of 2014 [2]. As a feed additive, only L-form
of lysine is effective, which is produced
mainly by microbiological synthesis. In the
microbiological production of a-amino acids
and, in particular, lysine [3], the producer
strains of Brevibacterium sp. (synonym
of C. glutamicum [1]) are used.

Brevibacterium sp. are gram-positive,
asporogenic, non-pathogenic bacteria,
which by their nature are usually not
capable of metabolites oversynthesis [2]. To

further increase producer’s productivity,
traditional selection or genetic engineering
are used. One of the ways to increase
the strain’s productivity is the selection
of auxotrophic producers capable of
oversynthesis of amino acids. Most of
industrial lysine-producing strains are
auxotrophic mutants [4, 5]. With the help
of mutagenesis and selection, producers
with auxotrophies for various amino acids,
vitamins and resistance to antimetabolites
were obtained. Producers with such
mutations demonstrated a gradual increase
in productivity [6, 7]. N-methyl-N'-nitro-
N-nitrosoguanidine (NTG or MNNG) is one
of the effective mutagens that leads to a
change in the microorganism’s phenotype,
in particular, it induces auxotrophy and
resistance to antibiotics [8—10].
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Materials and Methods

The change in lysine accumulation by
the producer strain Brevibacterium sp.
IMV B-7447 [11] from the “Collection of
microorganisms strains and plant lines for food
and agricultural biotechnology of the State
Enterprice “Institute of Food Biotechnology
and Genomics of the National Academy of
Sciences of Ukraine” was studied for using a
mutagen.

Cultivation conditions and mediums. The
strain was grown in dipped meat-peptone
agar enriched with glucose for 24 hours.
Composition of enriched meat-peptone agar
(MPAer.) (g/dm?®): nutrient broth — 23.0,
glucose — 10.0, yeast extract — 5.0, agar —
30.0, distilled water, pH 7.0+0.1

For the selection of colonies and
auxotrophic detection, a minimal medium
(MM) with the following composition (g/dm?)
was used: glucose — 30.0, (NH,),SO, — 10.0,
KH,PO, — 2.0, MgSO, — 0.4, agar — 30.0;
with the antimetabolite S-(2-aminoethyl)-
L-cysteine (AEC, thialisin) (Sigma, USA) or
amino acids (leucine, isoleucine, threonine,
homoserine, methionine).

As an inoculation medium, the following
composition was used (g/dm?): glucose — 70.0,
corn extract (KE) — 30; KE hydrolysate —
40; chalk — 10. Subsequently, 10% (by
volume) of the inoculum was added to the
enzymatic medium. As an enzymatic medium,
the following composition was used (g/dm?®):
glucose — 120.0, KE — 35.0; salt hydrolysate
KE — 45; (NH,),SO, — 40; MgSO, — 0.5;
KH,PO, — 2.0 mg, biotin — 200 pg/ml,
thiamine — 250 ng/ml, glucose, amino acids,
and 2% dry sterile chalk were added after
sterilization. Cultivation of bacteria was
carried out for 72 h in a shaker-incubator
“BIOSAN” ES-20 (Latvia) at a temperature of
30 °C and a speed of 240 rpm.

Cultivation of a lysine-producing strain in
a bioreactor

Cultivation was carried out in a bioreactor
“Sartorius Biostat B TWIN” (Germany) with
a paddle stirrer and a flask volume of 10 dm?.
The inoculum (10% by volume) was introduced
into the bioreactor to the enzymatic medium
with the initial volume of the medium filling
30% of the bioreactor volume.

The inoculation medium composition
(g/dm?®): molasses — 60, KE hydrolysate —
40, KE — 30, CaCO5 — 10, tap water. A culture
loop from slant agar grown for 24 h was added
to the medium. One shoal was distributed

36

into flasks (0.5 dm?®) containing 30 ml of
inoculation medium. Cultivation was carried
out in a shaker-incubator for 20—22 hours at
a temperature of 30 °C and a speed of 250 rpm.

The enzymatic medium composition
(g/dm?): glucose — 120, KE hydrolysate —
45, KE — 35, (NH,),SO, — 40; MgS0O, — 0.5;
KH,PO, — 2.0, leucine — 0.7, biotin — 200 ng,
thiamin — 250 ng, tap water. Glucose
was added to the medium separately after
sterilization. Biotin, thiamin and leucine were
added to the sterile medium in the form of
sterile solutions.

The carbohydrate nutrition composition:
glucose, molasses, MgSO,, (NH,),SO,, tap
water. The growth nutrition composition: corn
extract, KE hydrolysate, tap water, KH,PO,,
(NH,),HPO,, solutions of biotin and thiamine.
Ready feed in 2 dm? glass bottles (Simax, Czech
Republic) was connected to the bioreactor.
Ammonia water (25% ) was used for maintain
the pH, as a defoamer — “Propinol B400”.

The inoculum was grown using orbital
shaker-incubator for 24 hours, and 10% by
volume was added to the bioreactor with the
enzymatic medium (initial volume 3 dm?®).
The optical density of the inoculum was 0.3
units, pH 5.6—5.8. Technological parameters
of cultivation were as follows: stirrer
revolutions — (700—-800) rpm; temperature —
30 °C; pH 7.0; air supply — (1.0-1.2) vol /rpm.

Carbohydrate feeding was added depending
on the drop in glucose level. Growth feeding
was administered guided by cultivation
parameters such as ECO, (concentration of
carbon dioxide in the exhaust gas mixture) and
pO, (oxygen concentration in the medium).
pH was adjusted automatically with ammonia
water. The defoamer was added when the foam
amount in the bioreactor flask exceed the
predetermined level.

Chemical mutagenesis. Bacterial suspension
(cell titer 106~107) was prepared from daily
shoal in sterile physiological solution. The
suspension of the selected clones was kept in
a shaker (220 min™') at a temperature of 30—
32 °C for 5—30 min in a Tris-malate buffer
(pH 6.0) containing 100, 200, 300, 400 and
500 ng/dm?® NTG, respectively. Then the
cells were washed in 0.1 M Tris-phosphate
buffer with pH 7.2. The bacterial suspension
obtained by the dilution method was sown in
Petri dishes in the MC containing the lysine
analog — S-(2-aminoethyl)-L-cysteine (AEC) at
a concentration of 0.4 mg/dm?3. The number of
surviving cells was determined by the number
of brevibacteria strains colonies grown in
MPAer.
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Auxotrophy research was carried out
according to the methodology [12], modified for
the needs of bacterial producers and nutrient
media. To determine the strains auxotrophy,
a bacterial suspension was taken, which was
prepared as follows: a two-day culture was
selected from cultures of MPAer, and diluted in
sterile physiological solution to a concentration
of 1x10° colony-forming units (CFU)/dm?,
which corresponded to 0.5 units of optical
density (OD). The obtained inoculum was
transferred sterilely into: complete medium
(MPAer), MM, MM with the investigated
amino acid and MM with the investigated
antimetabolite (MM+AEC), respectively.
Auxotrophy was determined by the presence of
bacterial growth on the selected medium.

The medium pH was determined using
a pH-meter “pH-150” (RF). Determination
of glucose concentration was carried out
using Fehling’s solutions according to the
method [13]. The amount of ammonium
nitrogen was determined according to the
method [14]. OG was measured by a KFK-
3 photoelectrocolorimeter (RF) in cuvettes
with a size between the walls of d =5 mm at a
wavelength of 440 nm. The amount of amino
acids was determined with the amino acid
analyzer “AAA-400” (Ingos, Czech Republic).
Cytological studies were performed using a
microscope “Laboval4” (Carl Zeiss, Germany).
Photographs were taken with a “Canon
PowerShot A640” camera (Japan).

Statistical data processing was done
using Microsoft Excel. All experiments were
performed in three replicates. The difference
between two mean values was considered
significant at P < 0.05.

Results and Discussion

One of the ways to obtain high-performance
lysine producers is to obtain regulatory
mutants, which are selected by insensitivity
of their homoserine dehydrogenase enzyme
to threonine. S-(2-aminoethyl)-L-cysteine
(thialysine) was used as a selective agent.
The resulting mutants were resistant to
AEC and had two regulatory mutations
that disrupted the retroinhibition of both
homoserine dehydrogenase and aspartate
kinase. Mutation in the gene coding aspartate
kinase synthesis resulted in the loss of
sensitivity to the reciprocal inhibition by
lysine and threonine. In this case, the
maximum accumulation of threonine and
lysine occurred [15]. The tendency to increase
the rate of lysine accumulation in mutants

was associated with inhibition of homoserine
dehydrogenase and homoserine kinase activity,
as well as insensitivity of aspartate kinase to
retroinhibition [16].

Only those cells in which the mechanism of
negative regulation of amino acid biosynthesis
was disrupted, and which synthesized an
excess of the target amino acid, survived
and formed colonies on the minimal medium
with the AEC antimetabolite; this served as a
criterion for the selection of mutant clones.

The most efficient of chemical mutagens,
NTG, creates alkylation of bases in the
replication fork, and forms mutants with
transitions, transversions, and deletions.
Mutations are found in most lysine producers
treated with NTG, that prevent inhibition of
aspartate kinase activity through the feedback
of the coordinated action of L-lysine and
L-threonine (gene lysC) or reduce the activity
of homoserine dehydrogenase and reduce
the availability of L-threonine in cells and
thus also reduce the activity of kinase (gene
hom), which is important for the creation of
genetically modified strains[9, 10].

Considering the above, we determined
the effect of NTG on the cells bacterial
suspension of the strain Brevibacterium sp.
IMV B-7447 to increase the accumulation of
lysine. The percentage of cells that survived
was determined by the number of colonies
that grew on MPAer with AEC. Cell survival
under the influence of NTG varied depending
on its concentration and duration of action.
Within two minutes of NTG exposure at a
concentration higher than 200 pg/dm?, no
living cells remained. The greatest mutagenic
effect, in which cell survival ranged from 0.1
to 1%, was obtained using a concentration of
NTG of 100 png/dm? and an exposure time of
20 min (Fig. 1).

After cultivation of the obtained clones on
MPAer medium, colonies of different colors
(without pigments, yellow and pink) and sizes
were obtained (Fig. 2), which were selected for
further determination of lysine production.

After 72 hours cultivation on the enzymatic
medium, the obtained clones were studied
and analyzed. The lysine accumulation by the
resulting colonies exceeded its accumulation
by the original strain. Colonies with a pink
color eventually returned (after 2—3 reseeding)
to the original yellow color, which indicated
the mutation instability. Further studies were
carried out only for the colonies of yellow color
according to the following scheme (Fig. 3).

NTG-1, NTG-2, NTG-3 clones were initially
grown on the slant MPAer for 24 hours, then
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a loop with the cells was transferred to the
inoculation medium for cultivation. After 24
hours they were passed into the flasks with
enzymatic medium to select the clone with
the greatest lysine accumulation. Cultivation
of clones in a glucose enzymatic medium was
carried out under conditions of aeration and
T =31=1°C for 72 h (Fig. 4).

All clones produced lysine, but NTG-3 had
the maximum level of lysine accumulation
(36.0 g/dm?®) after 72 h cultivation in flasks
(medium with glucose).

Brevibacterium sp. NTG-3 clone obtained
by chemical mutagenesis was an auxotroph
for threonine and leucine, while the parent
strain Brevibacterium sp. IMV B-7447 was an
auxotroph for leucine and methionine.

The initial culture and the resulting clone
were tested for sensitivity to antibiotics. Both

100 |

The ammount of viable cells, %

strains have been shown to be susceptible to
antibiotics such as azithromycin, ampicillin,
ceftriaxone, benzylpenicillin, gentamicin,
tetracycline, streptomycin, and kanamycin and
resistant to chloramphenicol.

To establish the stability of the Brevi-
bacterium sp. NTG-3 clone with a changed
phenotype, the clone was passed (for two
months with an interval of two weeks)
on a solid and liquid medium, and the
accumulation of lysine was determined. The
production of lysine by the clone did not
change during the passing and amounted
to 36.0 — 36.2 g/dm3. The Brevibacterium
sp. NTG-3 culture was deposited in the
Depository of the Institute of Microbiology
and Virology of the National Academy of
Sciences of Ukraine as Brevibacterium sp.
IMV B-7796.

15 20

Mutagen exposure time, min.

Fig. 1. Cell survival of Brevibacterium sp. IMV B-7447 under the NTG influence
at a concentration of 100 pg/dm?®

Fig. 2. Colonies on MPAer medium after treatment
with NTG mutant strain Brevibacterium sp. IMV B-7447
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Starting strain:
Brevibacterium sp. IMV
B-7447
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IMV B-7447.
Selection of clones on
medium with AEC

v
NTG-mutagenesis of
clones obtained after
NTG-1. Selection of

clones on medium
with AEC

]

The NTG-3 strain
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with AEC

Fig. 3. Scheme for the producing the strain with increased lysine accumulation
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Fig. 4. Dynamics of lysine accumulation by clones after chemical mutagenesis (P < 0,05)

To develop the lysine technology and its
further scaling, periodic cultivation with
feeding was carried out in the Biostat B TWIN
bioreactor.

During the cultivation of the strain, the
accumulation of lysine in the culture medium
was determined (Fig. 5).

On the first day of cultivation under
periodic conditions, the producer strain used
up to 25% of carbohydrates for biomass
synthesis. Further, in spite of the background
decrease in the growth rate, the cells actively
synthesized lysine.

The rate of lysine accumulation by the
producer strain Brevibacterium sp. IMV
B-7796 was 0.96 g/dm?3/h. Within 69 hours,

the strain accumulated 65=2 g/dm? lysine,
and the bioconversion of carbohydrates was
48% . Further cultivation was not appropriate,
the amount of lysine in the culture liquid
decreased, which may be due to the use of
lysine by the culture to accumulate biomass.

Conclusions

The effect of chemical mutagenesis
(NTG) on cells of the Brevibacterium sp.
IMV B-7797 strain was shown. Cell survival
under the influence of NTG varied depending
on its concentration and duration of action.
Within two minutes of NTG exposure at
a concentration higher than 200 pg/dm?3,
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Fig. 5. Accumulation of lysine by Brevibacterium sp. IMV B-7796 in a bioreactor
Note: The initial concentration of lysine in the medium with the inoculum was 0.1 g/dm?

no living cells remained. The greatest
mutagenic effect was obtained using a
NTG concentration of 100 pg/dm?® and
an exposure time of 20 minutes. In order
to achieve the maximum accumulation
of lysine, mutagenesis was carried out
consecutively three times. A lysine-
producing strain of Brevibacterium sp.
IMV B-7796 with a lysine accumulation
rate of 0.96 g/dm3/h, which accumulated
65+2 g/dm? lysine within 69 hours, had a
carbohydrate bioconversion of 48% under
conditions of periodic cultivation with
feeding. The strain Brevibacterium sp.
IMV B-7796 is proposed to be used in the
future to create a recombinant strain with
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XIMIYHUN MYTATEHE3 IITAMY-ITPOJYIIEHTA JIIBUHY Brevibacterium sp. IMB B-7447
Anopiaw I'.C., Beiitko H. €., Ticynosa O. O., [llyavea C. M.
Y «IactutyTt xapuoBoi 6iorexHosorii Ta renomikuy HAH Vikpainu», Kuis
E-mail: shulga5@i.ua

Mema po6omu — OTPUMATH IITAM-IPOAYIEHT i3 MiABUIEHUM HAKOMUUYEHHAM JIIBUHY 3a JOIIOMOTOIO
MeTOLy XiMiuHOrO MyTareHesy.

Memodu. [Iyia nocsiTHEHHA MeTH BUKOPUCTOBYBAJIU MeTO/1 00pobieHHA XiMiuHUM MyTareHom N-MeTuJI-
N-miTpo-N-HiTpO30oryaHiIMHOM IITAMY-IPOAYIIEHTA JidWHY 3 KYJbTUBYBAHHAM OTPUMAaHOTO KJIOHY Ta
BU3HAUEHHAM HAKOIMUYEHHS JII3UHY B KoJi0ax i 6iopeakTopi.

Pesyavmamu. BcTaHOBIIEHO ONITUMAJIBHI KOHITEHTPAILI] Ta Yac Oii MyTareHy IJid OfepsKaHHA MyTaHTHUX
MiKpooOpraHiamis i Bifi6paHo KJOHU 3 MAaKCUMAJbLHUM HAKONMUYEHHAM JiduHy. MyTareHe3 mpoBOAUIIN
TOCJiJOBHO TpUUi. SIK pe3yapTaT, OTPUMAaHO ayKCOTPOMYHUN 3a JEUIIUHOM Ta TPEOHIHOM IIITaM-IPOAYIIEHT
aisuny Brevibacterium sp. IMB B-7796 3 MmakcUMaJIbHIM HAKOIUUYEHHAM I[1JIOBOI AMiHOKKCJIOTH.

Bucnosku. OTpuMano IpoayieHT Jisuny Brevibacterium sp. IMB B-7796, 110 Hakonuuysas 65,0 I‘/,IIMS
JiduHy B OiopeaKTopi 3a yMOB IIepiOAMYHOr0 KyJIbTUBYBaHHA 3 mimxusiaenuam. Illtam Brevibacterium
sp. IMB B-7796 3ampomloHOBAaHO IJisI CTBOPEHHS Ha OT0 OCHOBI reHeTUUYHO-MOAU(PIKOBAHOTrO IIITaMy 3
OiABUIIEHUM HAKOIMMMYEHHAM Ji3WHY 1 MOJATBIIINM BUKOPUCTAHHAM Y IPOMMUCJIOBiY TeXHOJIOTI JIisUHY.

Knawouosi cnosea: Brevibacterium sp., JTisuH, XiMiuHNiT MyTareses, MITaM-IPOIAYIEHT.
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Aim. The purpose of the work was to determine the effect of trichloroacetic (TCA) and perchloric
(HC10,) acids on the result of ninhydrin reaction with various amino acids.

Methods. A standard method of amino acid detection using a ninhydrin reagent was applied.
Optical spectra and density of reaction products were determined spectrophotometrically.

Results and conclusions. As a result, it was found that the studied acids change the spectral
characteristics of the products of the ninhydrin reaction with amino acids. TCA significantly reduced
the optical density of chromophores, and HClO, also led to a significant shift of the spectra of the
reaction products into the short-wavelength region. An exception was the reaction with proline, as a
result of which a well-defined maximum appeared in the product spectrum: A = 620 nm in the presence
of TCA and A = 515 nm with HCIO,. At the same time, in the presence of HC1O,, the reaction became
highly specific for proline.

The conditions for the ninhydrin reaction with proline upon addition of HClO, were analyzed in
detail. As a result, a new method of highly specific determination of proline in the presence of other

amino acids was proposed.

Key words: ninhydrin reaction, amino acids, proline, trichloroacetic acid, perchloric acid.

For practical purposes, proteinases
are widely used in various industrial
biotechnological processes [1-4] and
medicine [56—7]. The reaction of amino
acids with ninhydrin, which is a well-
known reagent for proteins, peptides, and
amino acids, is most often used to study
proteolytic activity [8]. Moore and Stein
made a significant contribution to the
widespread use of the ninhydrin reaction
[9]. These scientists analyzed in detail
the main indicators and parameters of
the reaction (properties of chromogenic
products, duration of heat treatment and
color preservation time, pH value, intensity
of color and spectra of the products based
on interaction with individual amino acids),
proposed a method of color stabilization, etc.
Thanks to the work of Moore and Stein, the
method of determining amino acids using
the ninhydrin reaction has become routine
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and is widely used in the chromatographic
analysis of the amino acid composition of
proteins, as well as in studying the activity
of proteinases, collagenases, etc. [10].

Despite the ancient history of ninhydrin
reaction, all its features have not yet been
ascertained. Thus, we did not find detailed
information in the literature about how
protein precipitants — perchlorate (HCIO,)
and trichloroacetic (TCA) acids — will
affect the result of ninhydrin reaction with
amino acids. These acids are usually used
to separate the high-polymer molecules
of substrate and enzyme from hydrolysis
products [9], which is important for a more
accurate analysis of proteolytic activity.
Therewith, it should be emphasized that
the ninhydrin reaction is not specific and
the vast majority of amino acids form a
chromogenic product with approximately
the same optical density [8].
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Thereby, the aim of the work was to
determine how TCA and HCIO, will affect
the specificity and peculiarities of ninhydrin
reaction with various amino acids (optical
spectrum, duration of chromogenic products
preservation, time of heat treatment, etc.).

Materials and Methods
L-amino acids (Serva), TCA and HClOy,
dimethylsulfoxide (DMSO), methyl

cellosolve (MC), isopropanol of the “ag”
or “rg”x qualification were used in the
work. Ninhydrin was purified by double
recrystallization from water.

The effect of TCA was studied at a final
concentration of 4.5% and 10%, and the
effect of perchloric acid was in the range of
final concentration from 4.1% to 10.4%. It
is known that the minimum indicated doses
of these acids are sufficient for proteins
separation and low-molecular products
of their hydrolysis [11]. Therefore, lower
concentrations of acids were not studied.

In the experiments, a scheme for detecting
amino acids using a ninhydrin reagent was
used as a standard, as described in [10]. As
a control, a volume of water equivalent to
the volume of acid precipitant used in the
experiment was added to 0.5 ml of a 1 mM
aqueous solution of amino acids. After 15—
20 min ninhydrin solution was poured in
and the mixture was incubated in a boiling
water bath (95+3 °C). The volume of the
ninhydrin reagent and the duration of heat
treatment were varied depending on the
experiment tasks. After cooling the mixture
to room temperature (10 min), a solvent
(ethanol, isopropanol, methylcellosolve,
dimethylsulfoxide or a mixture of the
last two) was added. The optical spectra
and optical density of the reaction

products were determined on a Cary 60 UV-
Vis spectrophotometer in quartz cuvettes
with an absorbing layer thickness of 1 cm.

The ninhydrin reaction result (chromogenic
product yield) was expressed in units of optical
density. Experiments were performed in 3-5
independent repetitions. Data processing was
carried out using standard Microsoft Excel
package: average arithmetic values and their
standard errors were calculated, as well as
graphs were constructed and approximation
equations and their probability level were
obtained.

Results and Discussion

It was found that the ninhydrin reaction
result depended both on the applied
precipitants and on the investigated amino
acids. In the presence of TCA, for all amino
acids (except imino acids), the optical
absorption spectrum maximum of the reaction
products remained unchanged and amounted
to 570 nm, as in the standard method [10].
However, this acid in most cases significantly
reduced the optical density (Table 1).

As it can be seen from the presented data
(Table 1), it is difficult to find a connection
between the structure of the amino acid and
the effect of TCA on chromogenic products
formation of the ninhydrin reaction.
The formation of the colored product is
significantly inhibited when studying amino
acids of completely different groups (noted
in Table 1 with a gray marker). Oxyproline
in the studied conditions did not have a
pronounced peak in the spectrum at all. At
the same time, the minimum studied doses of
TCA practically did not affect the analysis of
glycine and alanine, and the effect of high acid
concentration was relatively moderate.

Table 1. The effect of TCA on the ninhydrin reaction result

Reaction Researched amino acids ™"
conditions Gly Ala Leu Glu Gln Arg Trp His Lis Cys
Control, with- | 1.50/ | 2.09/ | 2.10/ | 2.01/ | 1.73/ | 1.02/ | 1.20/ 1.20/ 1.55/ 1.42/
out TCA 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100% 100% 100%
4.5% TCA 1.48/ | 2.00/ | 0.41/ | 0.42/ | 1.16/ | 0.20/ | 0.16/ | 0.73/ 0.66/ 1.25/
9070 99% 96% 20% 20% 66% 20% 20% 60% 43% 88%
10.0% TCA 1.20/ | 1.44/ | 0.00/ | 0.00/ | 0.16/ | 0.00/ | 0.00/ | 0.08/ 0.00/ 0.24/
e 80% 67% 0% 0% 9% 0% 0% 7% 0% 17%

Note: * — the value of the optical density in the maximum zone of the optical spectrum (A = 570 nm) and
#% _ its level in the experiment compared to the control in % are indicated; experimental conditions — 1.5 cm®
of ninhydrin reagent was added to 0.5 cm® of a 1 mM amino acid solution, the duration of heat treatment was
20 min, the final solvent of the reaction products: 3 cm® of a mixture of isopropanol and water in a 1:1 ratio.
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A special picture was observed when
determining proline. In the presence of TCA
in the reaction mixture, a clearly defined
wavelength maximum of A = 620 nm appeard in
the optical spectrum of the reaction products
(Fig. 1). Furthermore, in the case of proline,
an increase in TCA concentration led to an
increase in the optical density of the resulting
solution unlike the options with other amino
acids.

Compared with TCA, the influence of
HClO4 on the ninhydrin reaction result was
more significant (Fig. 2). For all investigated
amino acids, the maximum characteristic
of the reaction under standard conditions
(AL = 570 nm) completely disappeared in the
optical absorption spectra of the chromogenic
reaction product. At the same time, the total
optical density also decreased significantly.
The reaction with lysine and tryptophan
revealed an increase in optical density in a
highly stretched region in the range of A =
460-500 nm. Only with proline, the reaction
product spectrum had a well-defined maximum
at A = 515 nm, absent for other amino acids,
including oxyproline.

Thus, the addition both perchloric acid and
TCA ensured the specificity of the reaction to
proline.

The ninhydrin reagent used as a standard
[10] had a pH value of 5.5. After adding
TCA or HClO, to the amino acid solution, the
acidity of the amino acid mixture with the
ninhydrin reagent increased significantly

and was < 2. The peculiar behavior of proline
in the ninhydrin reaction in an acidic medium
was noted long ago [12]. Various methods of
determining proline using an acidic ninhydrin
reagent were proposed, of which the Bates’ et
al. one became the most popular [13].

Without special analytical studies, it is
difficult to estimate the chemical mechanism
of action concerning the investigated
precipitating acids on the ninhydrin reaction
result with amino acids. Perhaps, being
strong oxidants and reagents capable of
nucleophilic substitution, they affect the key
stages of the reaction such as oxidation of
amino acids and condensation of the resulting
products. The role of HCIO, as a cyclization
catalyst is also known [14]. Friedman and
Sigel [15] showed that the reaction of amino
acids with ninhydrin depends both on the
basicity of amino groups and steric features
of amino components.

The high specificity of proline detection
with a ninhydrin reagent in the presence
of HClO, prompts detailed analysis and
optimization of the main conditions for the
procedure. First of all, it is necessary to
analyze the following points:

1) to choose the optimal concentration of
perchloric acid,

2) to specify the dependence of the reaction
results on the duration of heat treatment with
aninhydrin reagent,

3) to determine the shelf life of the
chromogenic product,

o
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Fig. 1. Spectrum of proline reaction products with ninhydrin in the presence of TCA:
1 — proline without TCA, 2 — proline with 4.5 % TCA, 3 — proline with 10 % TCA, experimental conditions:
0.5 cm® of 1 mM imino acid solution, 1.5 cm?® of ninhydrin solution, heat treatment duration was 20 min, after
cooling 3 cm? of isopropanol mixture and water (1:1) were added.
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Fig. 2. Reaction products spectra of the studied amino acids with ninhydrin in the presence of 4.1% HCl1O,:
a) 1 — lysine, 2 — tryptophan, 3 — proline, 4 — histidine, 5§ — cysteine, 6 — glutamine;
b) 1 — oxyproline, 2 — arginine, 3 — glycine, 4 — alanine, 5 — leucine;
experimental conditions: 0.5 cm®of 1 mM amino acid solution, 1 ml of ninhydrin solution, heat treatment
duration was 40 min, after cooling 2 cm? of DMSO and MC (1:1) mixture were added.

4) to find out the optimal ratio of the main
components of the reaction mixture (non-
hydric reagent and solvent),

5) to deafine the effect of other amino acids
on the detection of proline (interference of
proline with other components of proteins),

6) to find the linear dependence region of
the optical density on proline concentration.

Elucidation of the above will contribute
to a method development for proline specific
determination. This method will primarily
help to study the importance of this aminoacid
in the protective reactions of organisms, and
will also be useful for studying the functioning
of proteinases, especially collagenases.
The results of the search for the optimal
concentration of HClO, are shown in Fig. 3.
As it can be seen, increasing the acid dose
is responsible for a negative effect on the
detection of the colored product. Perhaps this
is related to the increased destruction of the
aminoacid by high concentrations of perchloric
acid.

The influence of heat treatment duration
on the final product optical density is
given in Fig. 4, from which it can be seen
that the reaction reaches a maximum in an
hour. According to various protocols, the
recommended processing time was from 20 to
60 min [16]. Thus, the obtained results fit into
the specified terms.

The weak point of the ninhydrin reaction
was the relative instability of the colored
products. Different ways of increasing their
stability are known: addition of complexing
cations (Co?", Cu?*, Ca?', etc.), use of non-
aqueous solvents, pH value choice[8, 9, 17, 18].

The results of different solvents using
after heat treatment were compared, as well as
pH value changes (Table 2). It can be seen that
ethanol and isopropanol, as the most frequently
used solvents for ninhydrin reaction products
[8, 9, 16—18] did not provide color stability
under our conditions. Thus, when using
isopropanol, a finely dispersed chromophore
precipitate was noticed in the reaction mixture
already after an hour, which caused a decrease
in optical density indicators. It is known that
one of the colored products of the ninhydrin
reaction, hydrindanthin, dissolves very poorly
in aqueous media and is unstable. Reducing
the acidity of the environment by adding
alkali (options No. 3 and 4) did not give a
positive result. The most effective solvents
were DMSO, MC and their mixture. With their
use, the chromophores remained stable under
these conditions for an hour. Perhaps this was
primarily due to the high solubility of these
substances. The introduction of reducing agents
(dithiothreitol or ascorbic acid) did not protect
the reaction products, but on the contrary,
worsened the result.
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Fig. 3. The influence of different concentrations of HC1O, on the chromogenic product yield in the ninhydrin
reaction
Optical absorption (OA) at a Wavelengsth of A=515nm.
Experimental conditions: 0.050, 0.075, 0.100, 0.125, 0.150 cm® of 45% HCl1O,, 1 cm? of ninhydrin reag;
were added to 0.5 cm® of 1 mM prohne solution; after heat treatment (45 min) and cooling (10 min), 2 ecm® of a
mixture of DMSO and MC (1:1) was added. R?is the reliability value of the linear approximation.
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Fig. 4. Quantity dependence of the obtained colored product (optical absorption, 515 nm) on the duration of
treatment in a boiling water bath (mln)
Experimental conditions: 0.5 cm?® of 1 mM proline solution with 0.05 em?® of 45% HCIO,4, 1 cm® of ninhydrin
reagent; after the end of heat treatment and cooling (10 min), 2 cm? of a mixture of DMSO and MC (1:1) was
added. R? is the reliability value of the polynomial approximation.

It also was found that the stability of the solvent (Tables 4, 5) leads to an increase in
ninhydrin reaction products depended not the value of the optical density of the reaction
only on the solvents used, but on the duration mixture. From the data presented, a tendency
of heat treatment as well (Table 3). As it can to stabilize the color could be observed with
be seen from the presented data, stability an increase in the relative proportion of the
was achieved when the reaction mixture was solvent. However, excessive dilution of the
heated for 30 min and above. At the same time, mixture with a solvent significantly impaired
high values of optical density, convenient for the analytical significance of the measurement.
analysis, were provided. From the given data (Tables 3-5), it

The ratio of its components is important can also be assumed that the ninhydrin
for the reaction optimization. Naturally, an reaction requires a certain time to stabilize
increase in the relative dose of the ninhydrin the chromogenic products. This requires
reagent and a decrease in the amount of about 30 min after heat treatment. Thus
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Table 2. Stability dependence of ninhydrin products with proline on the solvents composition in
perchloric acid presence

Reaction conditions: the solvent com- Optical density change (%) in time after the start of
No. of | Position of the reaction products; the measurements (min)
option final pH value in the mixture
0 30 60 90 | 120 | 150 | 180
1 Ethanol + water (2:1); pH < 2 100% | 87 | 80 > | = | = | «»
2 Isopropanol+water (1:1); pH< 2 100%* 53%% 36™* «» 247% | «—» «»
3 | Isopropanol+water (1:1); pH 5.5-6.5 100% | 55%% | 39%% | «—» | 28" | «» | «>»
Isopropanol+water (1:1)+9 MM NaOH; | 100* | 49™% | 41** > | 20| = | «»
4 |pH5.5-6.5
5 | DMSO; pH<2 100% | 93%* | 90" | 87*F | 81™% | 77** | 73**
6 | MC;pH<2 100* | 89%* | 80*" | 76" | 67" | 65°F | 63"
7 | DMSO+ MC (1:1); pH<2 100% | 97%% | 90** | 89%% | 67" | 677 | 627
8 | DMSO + 10 MM dithiothreitol; pH < 2 100% | 77 | 70"* | 66™F | 63%F | 617" | 57"
9 | DMSO + 10 MM ascorbic ac; pH < 2 100% | 54%% | 37%F | 20%% | 22%% | 20"F | «—»

Note: * the initial measurement of the optical density of the reaction products was carried out after 30 min

after completlon of the reaction, the value of which was taken as 100 % ;

— the final value of the optical density in comparison with the initial value;

«—» — measurements were not performed.
Experimental conditions: 0.5 cm? of a 1 mM solution of proline with 0.05 cm? of 45% HCI1O,4 (in option Ne.

3, another 0.05 cm® of 0.1 N NaOH was added), 1 cm? of ninhydrin reagent; after heat treatment (30 min) and

cooling (10 min), 2 cm?® of a certain solvent was added (in option Ne. 4, 0.2 cm3 of 0.1 N NaOH was added to the

solvent).
Table 3. Color preservation of the ninhydrin products with proline in the presence
of perchloric acid at different times of heat treatment
Optical density change (%) in time after completion
Duration of heat Initial optical of the reaction (min)
treatment (min) density
10 30 40 60 120
5 0.120=+ 0.004 100% 79** T4%% 73%% 70%*
10 0.250+ 0.008 100% 89** 8T 85%%* 79%%
20 0.700=+ 0.022 100% 94 %% 93%* 90** 83%*
30 1.100=+0.034 100% 95% 94 %% 91 %% 83%*
40 1.260=+ 0.038 100% 95%* 94 %% 91 %% 83%*
60 1.440=+ 0.044 100% 96%* 93%* 91 %% 83%*
120 1.510=+0.045 100% 95%* 93%* 91#%* 84

Note: * — the initial measurement of the optical density of the products was carried out after 10 min after
completion of the reaction, the value of which was taken as 100% ;

*%* — the final value of the optical density in comparison with the 1n1tlal one.

Experimental conditions: 0.5 cm® of 1 mM proline solution with 0.05 cm 3of 45% HCIO,4, 1 cm® of ninhydrin
reagent; after the end of heat treatment and cooling (10 min), 2 cm?® of DMSO+MC (1:1) mixture was added.
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Table 4. Products stability dependence of the ninhydrin reaction with proline in the presence
of perchloric acid on the ratio of proline solution volumes and ninhydrin reagent volume
and the volume ratio to the volume of reaction solvent mixture

. Changes of
Ninhydrin re- ng)lllil:llz ;(?ltlll(;i(:)ilt::)e Solvent Solvent volume ra- Initial O(I)}tlcal detI}SIty
agent volume, | P volume, tio to the total vol- optical (%) over time,
3 the volume of the 3 . : min
cm . . cm ume of the mixture density
ninhydrin reagent
30 60
0.25 1.0: 0.5 3.75 0.83:1.00 0.42+0.01 100 107*
0.50 1.0:1.0 3.50 0.78:1.00 0.61=0.02 100 102*
1.00 1.0:2.0 3.00 0.67:1.00 0.97+0.02 100 98*
1.50 1.0:3.0 2.50 0.56 :1.00 1.11+0.04 100 96+
2.00 1.0:4.0 2.00 0.44:1.00 1.38+0.04 100 93*

Note: the initial measurement was made after 30 min after completion of the reaction and cooling (10 min),

which value was taken as 100% ;

* — optical density value compared to the initial one.

Experimental conditions: 0.5 cm?® of 1 mM proline solution + 0.05 cm? of 45% HCI1O,; the volume of the
reaction mixture in all versions is constant (4.50 cm3); duration of heat treatment — 45 min; solvent was a
mixture of DMSO+MC (1:1).

Table 5. Ninhydrin reaction optimization with proline in the presence of perchloric acid according
to the solvent volume ratio to the reaction mixture volume

Solvent volume . Changes of optical density value (% ) of the reac-

em®, (total volun;e Solvent volume ra- Im?lal tion products in relation to the initial measure-

of the reaction tio to the volume of optical ment during observation (min)

ixt the reaction mixture density

mixture, cm®) 30 min 60 min 90 min
1.5 (3.05) 1:1.0 1.09+0.04 100 98* 94 %
2.0 (3.55) 1:1.3 1.04+0.03 100 98* 93*
2.5 (4.05) 1:1.7 1.00+0.03 100 99+% 95%
3.0 (4.55) 1:2.0 0.98+0.03 100 99+ 97*
4.0 (5.55) 1:2.7 0.83+0.03 100 102* 100%
4.5 (6.05) 1:3.0 0.83+0.03 100 105* 105*

Note: the initial measurement was made after 30 min after completion of the reaction and cooling (10 min),
the value of which was taken as 100% ; * — optical density value compared to the initial one. Experimental
conditions: 0.5 cm?® of 1 mM proline solution + 0.05 em® of 45% HCI10,4; volume of ninhydrin reagent — 1 cm®;
the total volume of the reaction mixture in different versions is not the same; duration of heat treatment was
45 min; the solvent was a mixture of DMSO+MC (1:1).

(Tables 4, 5), it is exactly after this time the
optical density of products slowly decreases (no
more than 1-3% per hour.

Based on the experiments, we can
recommend the most optimal conditions
for conducting the ninhydrin reaction with
proline in the presence of perchloric acid: to
0.5 cm? of the proline solution it need to add
HClO, solution to a final concentration of
4-4.1%, to add 1 cm?® of the ninhydrin reagent
(according to the prescription work 10), to
hold in a boiling water bath for up to 60 min,
to cool to room temperature and at the end to
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add 3 cm? of the DMSO + MC mixture. To make
the measurement at a wavelength of 515 nm
30 min later.

The proposed method is also convenient
from the point of view that the same
ninhydrin reagent can be used both for the
specific determination of proline and for
the determination of other amino acids by
conventional methods.

Despite the fact that separately all the
studied amino acids did not show a noticeable
reaction with ninhydrin in the presence of
perchloric acid, it is necessary to check their
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effect on the detection of proline by analyzing
mixtures of amino acids (Table 6). To assess
the interference of amino acids with proline,
the deviation degree of the reference values
obtained for proline from the optical density
indicators of the mixtures was calculated.
As can be seen from the table, a significant
part of the investigated amino acids in
equimolar ratios with proline (glycine, alanine,
oxyproline, arginine, glutamic and aspartic
acids, etc.) have a weak influence on the
determination of proline.

The SH group is a nucleophile, therefore
it can participate in nucleophilic addition
or substitution reactions and compete with
NH, groups of amino acids for the reaction
with ninhydrin [15, 17]. As a result of such
competition, the amount of chromogen in the
ninhydrin reaction of proline in the presence
of methionine and cysteine was decreased. The
increase in color with lysine is associated with

the interaction of ninhydrin with the g-amino
group of the amino acid [8].

For comparison, a similar analysis was
performed according to the widely used
method of Bates et al. [13], which is considered
a reference. In the most cases, the proposed
method provided greater specificity for
proline determination in the presence of other
amino acids and was superior to the reference
method.

A number of successive dilutions of proline
were prepared to construct a calibration graph.
Proline solutions with a concentration from
0.01 mmol/dm? (0.576 ng in the analyzed
sample of 0.5 cm?®) to 20.00 mmol/dm?
(1151.300 pg in the analyzed sample) were
analyzed.

The range of application of the proposed
method, that is, the preservation of the
linear relationship between the optical
density and the amount of amino acid,

Table 6. Proline interference with other amino acids in reaction with ninhydrin
in the presence of perchloric acid

The degree of deviation of the optical density (% ) of the mixture of
Amino acids amino acids in relation to the values for proline
The original method The method of Bates et al., 1973
Proline 1 MM 0.0 0.0
Proline 1 MM + glycine 1 MM +0.5 +7.2
Proline 1 MM + alanine 1 MM +1.6 +18.2
Proline 1 MM + valine 1 MM -4.8 +14.5
Proline 1 MM + oxyproline 1 MM +0.2 +3.3
Proline 1 MM + threonine 1 mM -5.0 +5.8
Proline 1 MM + methionine 1 MM -8.3 +19.6
Proline 1 MM + arginine 1 mM -1.2 -4.5
Proline 1 MM + asparagine 1 MM -1.6 +11.9
Proline 1 MM + glutamine 1 MM -1.8 -8.6
Proline 1 MM + lysine 1 MM +5.8 +4.9
Proline 1 MM + leucine 1 MM -2.0 +3.2
Proline 1 MM + isoleucine 1 MM +0.2 +9.4
Proline 1 MM + cysteine 1 MM -3.3 -3.2
Proline 1 MM + histidine 1 mM -6.0 +19.7
Proline 1 MM + phenylalanine 1 mM -5.9 -1.2
Proline 1 MM + tryptophan 1 mM +1.6 -18.6
Proline 1 MM + tyrosine 1 mM +1.5 +8.3
Proline 1 mM + glutamic acid 1 MM -1.2 +5.3
Proline 1 mM + aspartic acid 1 MM +1.3 -12.9

49



BIOTECHNOLOGIA ACTA, V. 15, No 3, 2022

OA 450

4.00 Y= 1.1069)( +0.0186

e

=5

R*=0.992

-
[ Beprxanstian ocs (Havenui) - ocHosksis

nfH

3.50
3.00

2.50

3

2.00

/!/

1.50

1,00
0.50

0.00

Proline concentration, mmol/dm3

is maintained up to a concentration
of 4.00 mmol/dm? (230.26 ng in the analyzed
sample) with an approximation coefficient of
R2= 0.992 (Fig. 5). Proline detection limit:
0.01 mmol/dm? (0.576 pg in the analyzed
sample); the limit of quantitative determination
is 0.02 mmol/dm?® (1.151 pg in the analyzed
sample). The average standard error (SE) for the
entire range of measurements is 3.32% of the
optical density of the samples.

Thus, the study of the effect of acid
precipitants of proteins made it possible
to propose a method for the specific
determination of proline using a standard
ninhydrin reagent. The main results of the
work can be formulated as follows.

Trichloroacetic (TCA) and perchloric
(HC10O4) acids change the spectral
characteristics of the products of the
ninhydrin reaction with amino acids.

In the presence of TCA, the optical density
of reaction products decreases for most amino
acids without TCA shifting the maximum
of the optical spectrum. In the presence of
HCI10,, for most amino acids, the maximum
characteristic of the ninhydrin reaction under
standard conditions (A = 570 nm) completely
disappears and the optical spectrum of the
chromophore shifts to the short-wavelength
zone. At the same time, the total optical
density of the chromophore also decreases
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BIIJINB KUCJOTHUX OCAIKYBAYIB ITPOTEIHIB HA CIIEITU®IYHICTH PEAKIIII
HIHTTAPUHY 3 AMIHORHCJIOTAMUI

B.A. Tonmikos, I.1. Pomanoscvka
disuko-ximiuawnii incruryt im. O. B. Borarcskoro HAH Ykpainu, Omeca
E-mail: v.a.toptikov@gmail.com

Mema. BusraunTtu Bnaus tpuxyaoponrosoi (TCA) Ta mepxmoparsaoi (HClO4) Kucior Ha pesyabTat
peaxIlii HiHTiApUHY 3 PiIBHUMU aMiHOKMCJIOTAMMU.

Memodu. 3acTOCOBYBaJIM CTAaHIAPTHUI METO/] BUABJIEHHSA aMiHOKHCJIOT 3 BUKOPHUCTAHHAM HiHTiAPUHHOTO
pearerTa. OOTUYHI CIIEKTPH Ta I'YCTUHY MPOAYKTIB peakIlil BU3HAUAIN CIIEKTPOPOTOMETPUUHO.

Pesyavmamu ma eucHo8xku. BuaBieHO, IO AOCHiNKyBaHiI KUCJIOTH 3MiHIOIOTH CIEKTPAaJbHI
XapaKTepPUCTUKMU IMPOAYKTIB HiHrigApuHHOI peakiiii 3 amiHokucaoramu. TCA cyTTeBO 3HUIKYE ONTUUHY
ryctury xpomodopis, a HClO, mo Toro :x Ipu3BOAUTH O 3HAYHOT'O 3MiIl[eHHs CIEKTPiB IPOJYKTIB peaKIii
Y KOPOTKOXBUJIBLOBY 00JIacTh. BUHATKOM € peakIlis 3 IPOJIiHOM, ¥ Pe3yJabTaTi AKOI ¥ CIIEKTPi MIPOAYKTiB
3’ABIAETHCA YiTKO BUpaskeHUH MakcuMyM: A = 620 um 3a npucyTtHocTi TCA Ta A = 515 M 3 HClO,. Ilpn
nromy 3a npucyTtHocTi HClO4 peakiia crae BucokocmenudiuHOO II[0A0 IPOIIiny.

AmnanizoBaHO yMOBU INpOBeJeHHA HiHrigpmuHOI peakiii 3 mposinom mpu pomaBanui HClO,.
3amponoHOBaHO CIIOCi0 BCOKOCIeIu(pivHOT0 BUBHAUEHHS MPOJIiHY 3a MPUCYTHOCTI iHIITX aMiHOKHCJIOT.

Knwuosi cnosa: HiHTifpUHHA peaKIlisd, aMiHOKUCIOTH, IIPOJIiH, TPUXJIOPOIITOBA KUCJIOTA, IIePXJI0paT-
Ha KHCJIoTAa.
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Aim. Treatment by indirect anticoagulants (vitamin K antagonists) requires a personalized approach
for controlling the overall level of prothrombin and the accumulation of its decarboxylated forms. The
purpose of this work was to optimize the method for monitoring of the therapy with indirect
anticoagulants.

Methods. An analysis was performed of 41 blood plasma samples from patients with cardiovascular
pathologies. Activated partial thromboplastin time (APTT), prothrombin time, ecamulin time, statistical
data analysis (“Statistica 7”) have been used.

Results. APTT test allowed identifying theindividual sensitivity of patients toindirect anticoagulants.
In particular, 20% of patients showed a decrease in the total level of prothrombin, which, together with
the accumulation of decarboxylated forms, leads to a risk of bleeding. Individual insensitivity to the
action of vitamin K antagonists was determined in 11% of patients.

Conclusion. To control the efficacy of indirect anticoagulants therapy, we developed test with
ecamulin (protease from the venom of Echis multisquamatis) was used as a prothrombin activator, which
can activate not only functionally active prothrombin, but also its decarboxylated forms. Use of ecamulin
simultaneously with thromboplastin allows determining in the blood plasma the content of not only
functionally active prothrombin, but also the total level of prothrombin, which makes it possible to

control the accumulation of decarboxylated prothrombin.

Key words: prothrombin, vitamin K, indirect anticoagulants, thrombolytic therapy.

Currently, four classes of antithrombotic
preparations are used clinically for the
prevention and treatment of thrombosis: direct
anticoagulants (heparin, low molecular weight
heparins, inhibitors of thrombin and factor
Xa); indirect anticoagulants (inhibitors that
affect vitamin K-dependent clotting factors);
antiplatelet agents (including non-steroidal
anti-inflammatory drugs and clopidogrel that
affect platelet adhesion and aggregation);
thrombolytic drugs (agents that activate the
fibrinolytic system, through the conversion of
plasminogen to plasmin) [1-3].
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A special place in the prevention of
thrombosis belongs to oral anticoagulants,
or indirect anticoagulants (IA), which are
antagonists of vitamin K. The latter is
necessary for the synthesis of functionally
active coagulation factors, namely the vitamin
K-dependent proteins: prothrombin, factors
VII, IX, X, proteins C and S. These factors are
key components of the coagulation cascade,
and their functional activity determines the
hemostatic potential of the blood (Fig. 1).
As a result, of impaired post-translational
y-carboxylation of vitamin K-dependent
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Fig. 1. Actions of anticoagulants on the factors of the blood coagulation system [8]
Indirect anticoagulants disrupt the carboxylation of blood coagulation factors, thereby preventing the activa-
tion of proenzymes (prothrombin, factor X, factors VII and IX). In contrast, direct anticoagulants act on the
active enzymes of the coagulation cascade, predominantly thrombin or factor Xa.

proteins, a number of factors of the blood
coagulation system enter the blood in
the decarboxylated functionally inactive
forms [4, 5]. That leads to a decrease in
the procoagulant potential of the blood
coagulation system, thereby contributing to
the risk of bleeding. This requires constant
and systematic determination of the content/
activity of vitamin K-dependent factors of
the hemostasis system and determines the
need for regular monitoring of the degree of
hypocoagulation [1, 5-7].

Materials and Methods

APTT-reagent, thromboplastin (thromborel
S, Siemens, Germany), CaCl, solution were
purchased from Berichrom. Ecamulin
was purified from the venom of Echis
multisquamatis according to the method of
Solovjev et al [8].

Collection of blood plasma of patients.
Samples were taken from 41 patients with
cardiovascular pathologies (aged 34—
80, n=41), who were given warfarin as
anticoagulant therapy. Blood collection was
performed during anticoagulant therapy.
Platelet-poor blood plasma was prepared from
citrated blood by centrifugation at 1200 g
during 30 min. Sodium Citrate (3.8%) added
immediately after collection to the whole blood
at 1:9 ratio was used as an anticoagulant [9].
All work was done in accordance with the

Declaration of Helsinki. Studies were conducted
according to the Ethical Committee Approval
No. 8 form 11.05.2018 (Shupyk National
Medical Academy of Postgraduate Education
of Ministry of Health of Ukraine).

Activated partial thromboplastin time.
Activated partial thromboplastin time (APTT)
was performed according to the following
procedure: 0.1 ml of studied blood plasma was
mixed with equal volume of APTT-reagent and
incubated during 3 minutes at 37 °C. Then the
coagulation was initiated by adding of 0.1 ml
of 0.025 M solution of CaCl, and clotting time
was monitored. Time of clotting was evaluated
using coagulometer CT2410 (Solar, Belarus).

When clotting time in APTT-test was
prolonged we performed the APTT mixing
study (inhibitory correction probe) as follows:
0.05 ml of studied blood plasma was mixed
with 0.05 ml of control blood plasma sample,
0.1 ml of APTT-reagent and incubated during
3 minutes at 37 °C. Blood clotting was detected
as described above. Normalization of blood
clotting time indicated the deficiency of the
clotting factors, otherwise the accumulation
of blood clotting inhibitors was assumed [10].

Mixing study determines if the patient has
a factor deficiency or the presence of a factor-
inhibiting antibody. Data are interpreted as Dr
Castellone indicated in her work: if the plasma
of the patient is suspected of being factor
deficient, adding the pooled normal plasma
will add back the deficient clotting factor,
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and the APTT will correct itself. If there is
no correction in the corresponding APTT, the
plasma of the patient contains an inhibitor,
which prevents the ability of the pooled normal
plasma to correct itself [11].

Prothrombin time. Thromboplastin reagent
(INR = 1.1) was measured as follows: clotting
was initiated by mixing 0.1 ml of blood plasma
with 0.1 ml of 0.025 M CaCl, and 0.1 ml of
thromboplastin reagent, time of clotting was
monitored. Thromboplastin acts through tissue
factor pathway of coagulation and activates
only carboxylated and uncleaved forms of
prothrombin. Time of clotting was evaluated
using coagulometer CT2410 (Solar, Belarus).
Results of prothrombin test were presented
as International normalized ratio (INR)
calculated by formula: INR = (Ap/An)*', Ap —
studied blood plasma clotting time; An — blood
plasma clotting time of healthy control; ISI —
international sensitivity index [9].

Ecamaulin time.Ecamulin testisbased on the
application of ecamulin, prothrombin activator
from the venom of Echis multisquamatis.
Ecamulin activates prothrombin, des-gamma-
carboxy-prothrombin and prethrombin
1 thus permitting the determination of total
prothrombin level [12].

Results of ecamulin test were presented
as ecamulin ratio (ER) calculated by formula:
ER = Ap/An; Ap — studied blood plasma
clotting time; An — blood plasma clotting time
of healthy control.

Statistical data analysis. Statistical data
analysis was performed using Microsoft
Excel. All assays were performed in series of
three replicates and the data were fitted with
standard errors using “Statistica 7”.

Results and Discussion

The state of the blood coagulation system
was analyzed in patients (n =41) with
cardiovascular pathologies who underwent
a course of anticoagulant therapy with IA
(warfarin). The state of the blood coagulation
system was monitored using the activated
partial thromboplastin time (APTT) test. The
clotting time of the blood plasma of these
patientsin the APTT test was increased by 1.5—
2.5 times compared with the norm (45s). APTT
mixing test led to the normalization of clotting
time, which indicated the accumulation of
decarboxylated forms (PIVKA-proteins)
of coagulation factors in the blood plasma
of patients. To determine the content of
functionally active prothrombin, which is a
key component of the coagulation cascade,
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we used the prothrombin time (PT) diagnostic
test with thromboplastin as a prothrombin
activator. To assess the decarboxylated forms
of prothrombin, we used the “ecamulin time”
test, a PT test optimized by us, in which
ecamulin (analogous to ecarin) was used
instead of thromboplastin as an activator of
prothrombin. The content of functionally
active prothrombin was expressed as a
prothrombin ratio (PR); the content of total
prothrombin (functionally active and inactive)
was expressed as an ecamulin ratio (EO).

Based on the data obtained, the patients
were divided into three groups: group 1 —
patients with an effectively selected dose of
IA (the potential of the coagulation system is
reduced by 35—-55%), group 2 — patients who
are tolerant to IA (the procoagulant potential
is fully preserved), group 3 — patients
with hypersensitivity to IA (overdose of TA
preparations) (Fig. 2).

For patients of the first group, a decrease
in PR by 35-55% (0.6) compared with the
norm (1.0 = 0.1) is seen, which indicates the
accumulation of decarboxylated prothrombin
and a decrease in blood coagulation potential.

In the blood plasma of the second group of
patients (Fig. 2), decarboxylated prothrombin,
the presence of which is due to vitamin K
deficiency, was not detected (ER = PR), which
indicates the tolerance to IA.

In patients of the third group, a decrease
in functionally active prothrombin to 20—-30%
was revealed against the background of a low
content of total prothrombin (less than 70%).
Such a significant decrease in coagulation
potential may be accompanied by bleeding, and
in such patients the use of IA is contraindicated.

Recent studies show high efficiency of IAs
in the prevention and treatment of thrombotic
complications and in reducing the risk of
thrombosis [13, 14]. However, the individual
sensitivity of the patient necessitates selecting
the dose of IA preparations and monitoring
their performance, which is due both to the
characteristics of the patient’s condition
(age, platelet function, concomitant diseases,
nutrition, hypertension, stroke consequences,
alcohol dependence), and the problem of
compatibility of the drugs used [2, 3, 5].

It should be noted that the total level of
prothrombin in the blood plasma of patients
can vary between 90-110%. The decrease
in the potential of the coagulation system
(accumulation of decarboxylated prothrombin
forms) must be determined taking into
account the total level of prothrombin in the
patient in question, and not the average level
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Fig. 2. Prothrombin (PR) and ecamulin (ER) ratios, obtained from the analysis of blood plasma of patients

of prothrombin in the blood plasma of donors.
The therapeutic interval for the content
of functionally active prothrombin in the
treatment of IA should be within 30-50%,
which corresponds to an INR value of 2—3 [9].

The main control method throughout the
clinical use of the IA has been and remains the
determination of the prothrombin clotting
time of blood plasma (in some cases, of the
whole blood). The principle of the method is
to determine the clotting time of blood plasma
after the addition of thromboplastin in the
presence of calcium ions. The test implements
a number of successive and interrelated
reactions, and the clotting time of blood
plasma depends not only on the total rate of
the process of activation of coagulation factors,
but also on the presence of inhibitors of fibrin
polymerization and thrombin inhibitors. Hence,
with the obvious simplicity of the test itself,
the evaluation of its results is a serious problem
that has not been finally resolved to date. In
addition, the determination of prothrombin
time does not provide information on the
presence and content of functionally inactive
(decarboxylated) forms of prothrombin,
since thromboplastin does not activate them.
Therefore, to control the effectiveness of TA
preparations, we developed test conditions
in which ecamulin (a prothrombin activator
from the venom of Echis multisquamatis) was
used as a prothrombin activator. Ecamulin,
unlike thromboplastin, is able to activate not
only functionally active prothrombin, but
also its decarboxylated forms [15-17], so the
use of this method, which we have optimized,
makes it possible to control the total level of

prothrombin in blood plasma. Thus, with the
parallel use of these two activators, it is possible
to determine the content in the blood plasma of
not only functionally active prothrombin, but
also its decarboxylated forms.

The information content of our optimized
method for monitoring the performance of
IA therapy is evidenced by the results, on the
basis of which the first group of patients was
identified. According to the “ecamulin time”
test, the content of functionally inactive forms
of prothrombin is 40% of the total prothrombin
level (Fig. 2). The content of functionally active
prothrombin with effective therapy is reduced
by 40-50% [15]. In addition, there is a decrease
in the procoagulant potential, which indicates
a correctly selected dose of the IA and high
efficiency of treatment. The accumulation of
functionally inactive forms of prothrombin
in the blood plasma of patients of the first
group also confirms a significant increase in
the clotting time of blood plasma in the APTT
screening test.

Comparative analysis of the results obtained
during the activation of prothrombin in the
blood plasma of patients with thromboplastin
and ecamulin allowed us to identify a group
of patients with low sensitivity to IA drugs
(group 2). This conclusion was made on the basis
that the level of prothrombin determined using
thromboplastin and ecamulin was the same,
which indicates the absence of decarboxylated
forms of prothrombin. In such patients, either
the dose of IAs should be increased to control
the occurrence of decarboxylated prothrombin,
or the IAs should be discontinued in favor of
other anticoagulants.
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For patients of the third group, thereisarisk
of bleeding: the content of total prothrombin
is <70%, and the level of functionally active
prothrombin is reduced to 20—-30% . The reason
for the decrease in the level of the latter may be
the high sensitivity to the IAs. In these patients,
IAs are contraindicated [18]. Perhaps, in such
cases, the dose of IAs should be reduced and
additional monitoring is needed to determine
the reasons for the decrease in the total level
of prothrombin.

It should also be noted that different
sensitivity of patients to IAs, in particular
to warfarin, can be genetically determined.
Therefore, an individual approach to the dosage
of IA based on the results of genetic testing can
contribute to reducing the risk of hemorrhagic
complications [13, 19].

Although the determination of prothrombin
time is a generally accepted method for
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JIikyBaHHS HeNIPAMUMU aHTUKoaryJsHTamu (aHTaroHicramu Bitaminy K) morpebye iHguBigyaabrHOTO
miaAXOoAy IJid KOHTPOJIIO 3araJbHOT0 PiBHA MPOTPOMOiHY Ta HAKOIUYEHHA HOT0 IeKapOoKCUIboBaHUX (hopM.

Mema. OutumisyBaTu METO MOHITOPUHTY Tepallii HeIpAMUMU aHTUKOATYJIAHTaAMU.

Memodu. IIpoBeneno anamis 41 3paska ImaasMu KPOBIi IMaIlieHTiB i3 cepIrieBo-CyAUHHOIO ATOJIOTi€0.
Bukopucrano meronm JaabopaTOpHOI AiarHOCTUKM JJd BU3HAUEHHA aKTHUBOBAHOTO YaCTKOBOTO
TpoMmbomiacTuroBoro uacy (AUTY), mporpombinoBoro uacy (II4), ekamyainosoro uacy (EY), craTuctuanmiz
aHaJis ganux («Statistica 7»).

Pesyavmamu. Tect AUYTY gaB sMory BUABUTHU iHAUBiAyaJlbHY UYTJAUBICTh IAIi€HTIB 10 HEIPAMUX
aHTUKOAryJAHTiB. 30KpeMa, v 20% mnamieHTiB BUABJIEHO 3HU)KEHHA 3araJbHOTO PiBHA mpoTpoMbOinHy,
110 Pa3oM 3 HAKONMWYEHHAM HOTo MeKapOboKCHIbOBAaHUX (POPM IPUBBOAUTH OO PO3BUTKY KPOBOTEUi.
IaguBigyanbay HeuyTIUBicTh Ko aii anTarouicris Biraminy K 0ys0 Busuauerno B 11% marfienris.

Bucnogok. J1y1a KOHTPOJIIO e(peKTUBHOCTI Teparrii HempAMUME aHTUKOATYyJIAHTaAMU HaAMU PO3POOJIEHO
TECT, B AKOMY AK aKTUBATOP IPOTPOMOiHY BUKOPUCTAHO eKaMyJIiH (IpoTeasa 3 oTpyTu Echis multisquamatis),
AKUH MOJKe aKTUBYBATH He TiIbKY QYHKIIOHAJIBHO aKTUBHUHA TPOTPOMGiH, aje i iioro rekap6oKCcuIbOBaHI
dopmu. 3acTocyBaHHA eKaAMYJIIHY OTHOYACHO 3 TPOMOOIIJIACTUHOM Jla€ 3MOTY BU3HAUYATH B IJIa3Mi KPOBi
BMicT He TiIbKU (GYHKI[IOHAJBHO aKTUBHOTO NPOTPOMOiHYy, aje ii 3araJbHOTO PiBHA IIPOTPOMOIHY, IO
YMOKJIUBIIIOE KOHTPOJIb HAKONMUUEHHS TeKapOOKCUILOBAHOTO MMPOTPOMOiHY.

Kanamwouwosi cnosa: nporpoM06iH, BiTamin K, HenmpAMi aHTUKOATyJIAHTH, TPOMOOJiTUUHA Tepamis.
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