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Abstract

Introduction. Bst polymerase plays a key role in the rapid diagnosis of infectious diseases due to its unique
biochemical properties and potential application in loop-mediated isothermal amplification (LAMP). Several
analogs of Bst polymerase have been described in the literature; however, these enzymes have not been widely
used in molecular diagnostics.

The aim of the study is to obtain recombinant Bst and Btlv polymerases with the Sso7d domain and to test new
possibilities for their application.

Materials and methods. Expression constructs carrying the polymerase gene were obtained using standard
genetic engineering methods. The target enzyme was produced in Escherichia coli cells. Purification was carried
out using metal-affinity chromatography methods followed by dialysis and concentration. RNA-dependent DNA
polymerase (reverse transcriptase) and DNA polymerase activities of the enzymes were determined using non-
radioactive methods with fluorescent detection. The functional properties of the enzymes were assessed using
the Amplisens SARS-CoV-2-IT reagent kit and a method designed for the detection of mumps virus RNA in
biological material using the LAMP format combined with reverse transcription.

Results. In the E. coli-based expression system, the following recombinant chimeric enzymes with displacing
activity have been obtained: Bst_Sso7d, Bst Sso7d_mut4 and Btlv_Sso7d. The developed cultivation and
purification protocols allow for the production of enzymes in soluble form with a yield of up to 25% of the collected
cell mass. Functional testing showed that in LAMP, the chimeric polymerases demonstrated similar activity to Bst
polymerase without the Sso7d domain. At the same time, the Btlv_Sso7d polymerase exhibited increased reverse
transcriptase activity and resistance to inhibitors.

Conclusion. The obtained chimeric polymerase Btlv_Sso7d, due to its improved properties, can be used in
reagent kits for the diagnosis of infectious diseases by the LAMP method when using nucleic acid extraction
methods.
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MonyyeHue n xapaktepucTnka xumepHbix Bst-nogo6HbIX nonumepas
N NX NpUMeHeHne B U3o0TepMnyeckon amnandpmrkauymm B coyeTaHnn

¢ a3Kcnpecc-metoaamu sbigeneHna PHK Ha npumepe Bupyca
ANNAEMNYECKOro napoTuta

3amortaeBa T.J1.%, leasesa E.A., Muxeesa 0.0., Mnka M.U., YepkawwuH E.A.,
YepkawwuHa A.C., AKUMKUH B.T.

LleHTpanbHbI Hay4YHO-NCCNIE[OBATENIbCKUN MHCTUTYT anvaemuonorumn PocnotpebHaasopa, Mockea, Poccusa

AHHOMauyusi

BBepneHue. Bst-nonumepasa vrpaet KiOYEBYHO pOrib B 3KCMPECC-AMArHOCTMKE MHMEKUNOHHBLIX 3aboneBaHui
6narofgapsi CBoMM yHUKarnbHbIM GMOXMMUYECKMM CBOMNCTBAM U BO3MOXHOCTU NPUMEHEHWS! B NETIIEBON M30TEPMU-
yeckor amnnudukaumm (LAMP). B nutepatype onmMcaHo HECKOMbKO aHanoroB Bst-nonnmepasbl, oaHako AaHHbIe
EepMEHTbI HE NOMYYMIM LLUMPOKOTO NPUMEHEHMS B MOMEKYNAPHON ANarHOCTUKE.

Llenb paboTbl — nony4eHne pekoMbuHaHTHbIx Bst- 1 Btlv-nonumepas ¢ Sso7d-goMeHoOM 1 TeCTUpOBaHME HOBbIX
BO3MOXHOCTEW AN X NPUMEHEHUS.

MaTtepunanbl 1 MeToAbl. AKCNPECCUOHHbIE KOHCTPYKLMM, HECYLLME TeH NonumMepasbl, Nonyyanu cTaHgapTHbIMU
MeToAaMMn reHeTu4ecKomn nHxeHepun. Llenesoi depmeHT Bbin HapaboTaH B kneTkax Escherichia coli. Ounctky
npoBoAunnM meTogamun metann-adpuHHON XxpomaTorpadum ¢ NOCNeayLMM ONanM3oM U KOHLEHTPUPOBAHMEM.
PHK-3aBucumyto JHK-nonumepasHyio (peseprtasHyto) n AHK-nonnvepasHyto akTMBHOCTM (bepMeHTOB onpeae-
NSANU C NOMOLLIbIO HEPaAMOAKTUBHBIX METOAUK C chryopecLIeHTHOW AeTekumen. PyHKLMoHanbeHble cBoMCTBa dep-
MEHTOB OLeHMBanu B Habope peareHToB «AMNNMCeHc SARS-CoV-2-IT» n B MeToanke, NpeaHa3Ha4YeHHom ans
onpegeneHus B buonornyeckom matepuane PHK Bupyca anugemuyeckoro napotuta B popmate LAMP, coBme-
LEHHOM ¢ obpaTHOWM TpaHCKpUNUMEN.

Pe3synbraThl. B cucteme akcnpeccumn Ha ocHoBe KNeTok E. coli nonyyeHbl pekoMOrHaHTHbIE XMMepHble dep-
MEHTbI C BblTECHSAOLLEN akTUBHOCTLIO: Bst_Sso7d, Bst_Sso7d_mut4 n Btlv_Sso7d. PaspaboTaHHble npoTOKOMbI
KyNETUBUPOBAHNSA M OYUCTKM MO3BOMSAIOT nonyvatb oepMeHTbl B pacTBOpPUMON chopme ¢ Bbixogom Ao 25% oT
cobpaHHol KneTo4Hon macchl. DyHKLMOHaNbLHOE TECTMPOBaHUe nokasano, 4to B LAMP xumepHble nonvmepasbl
AEMOHCTPUPOBanu CXO4HYK akTUBHOCTb C Bst-nonumepason 6e3 Sso7d-gomeHa. Bmecte ¢ Tem nonumepasa
Btlv_Sso7d nmena noBbilLeHHY0 peBepTa3Hy0 akTMBHOCTb U YCTOMYMBOCTb K MHIMOUTOPaM.

3akntoueHue. NonyyeHHan xumepHas nonvmepasa Btlv_Sso7d, 6narogapsi cBOMM yny4lleHHbIM CBOWCTBaM,
MOXET ObITb MCMONb30BaHa B Habopax peareHToB ANS AMArHOCTUKM MHAEKUMOHHbIX 3aboneBaHuin MeToaoM
LAMP npu ncnonb3oBaHMn METOOOB 3KCMPECC-3KCTPAKLMM HYKIENHOBBIX KUCIIOT.

KnroueBble cnoBa: Bst-nonumepasa, 8bimecHsIow,asi akmugHoCcmsb, usomepmudeckas amniughukayus, ycmodu-
yueocmb K UuHeubumopam

UcmoyHuk ¢huHaHcupoeaHusi. ViccrnieqoBaHve BbINOSHEHO 3a CYET rocyaapcTBEHHOro GlogkeTa (theaepasbHbli Npo-
eKT «CaHuUTapHbIN WWT CTpaHbl — 6e30MacHOCTb A8 300P0Bbs (MPenynpexaeHne, BoIIBNEHNE, pearnpoBaHue)»).

KoHgbniukm uHnmepecos. ABTOpbI AeKNapupyoT OTCYTCTBME SBHbIX M NOTEHLMArbHbIX KOH(UKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ans yumupoearusi: 3amotaesa T.J1., lensesa E.A., Muxeesa 0O.0., NMuka M.W., YepkawuH E.A., YepkawmHa A.C.,
AxkumknH B.T. MonyyeHre n xapaktepucTvka XUMepHbIX Bst-nogoGHbIX nonvmepas v ux NpUMEHEHWE B U30TEPMU-
Yeckon amnnuduKkaumm B codeTaHMm ¢ aKcrpecc-metogamu BoigeneHns PHK Ha npumepe Bupyca anuaemMuyeckoro
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Introduction

Reducing the time of research with the help of rap-
id tests is one of the key trends in laboratory diagnos-
tics. This approach is particularly relevant for increas-
ing the throughput of the laboratory in the context of
mass screenings and allows medical personnel or epi-
demiologists to perform diagnostics in resource-limited
settings, which contributes to providing timely assis-
tance to patients, quickly identifying infected individ-
uals, promptly investigating infectious outbreaks, and
taking appropriate epidemiological measures, as well
as preventing the excessive prescription of preventive
and therapeutic measures. Such rapid tests must meet
certain requirements such as high accuracy and speed,
simplicity and accessibility, as well as high stability
during storage and transportation [1, 2].

The coronavirus pandemic has spurred the de-
velopment of isothermal amplification methods. The
loop-mediated isothermal amplification (LAMP) me-
thod [3-5] has high sensitivity and specificity, and an
important advantage is that the amplification reaction
occurs at a constant temperature (without thermal cy-
cling). This allows for research to be conducted both
in equipped clinical diagnostic laboratories and in field
conditions where specialized laboratory equipment is
not available. The key role in the further development
of reagent kits for the express diagnosis of infectious
diseases using the LAMP method belongs to Bst poly-
merase [6, 7] and its modifications. Bst polymerase is
a large fragment of DNA polymerase 1 (Bst-LF), iso-
lated from the Geobacillus stearothermophilus thermo-
philic bacterium (formerly known as Bacillus stearo-
thermophilus) [8] and having an optimal temperature
of 60-70°C. The enzyme was isolated by J. Stenesh et
al. in 1972 [9], four years before the discovery of Taq
polymerase [10, 11]. Subsequently, both for research
purposes and in production solutions, recombinant
enzymes, particularly Bst polymerase, cloned and ex-
pressed in Escherichia coli bacterial cells, have gener-
ally been used. The bacterial system based on E. coli
cells is characterized by simplicity and low cultivation
costs, high microbial growth rates, and a wide range
of different vectors for recombinant protein expression
have been developed for it. Approaches to cloning and
obtaining recombinant enzymes in a bacterial expres-
sion system based on E. coli cells have been described
for Bst polymerase and similar polymerases with dis-
placing activity from other organisms [12—-14]. Since
the specific catalytic activity of the enzyme is influ-
enced, among other factors, by the characteristics of the
nucleotide sequence of the gene, expression conditions,
as well as the extraction and purification protocol, all
these stages require optimization when obtaining any
enzyme.

The main approaches to modifying the physico-
chemical characteristics of an enzyme according to the
practical objectives of the user are directed mutagene-

sis and the addition of protein domains with specified
properties [15, 16]. Such modifications allow for an
increased yield of soluble enzyme during expression
in E. coli cells, simplify the purification process, and
also produce enzymes with improved properties such as
higher activity and thermostability, as well as resistance
to salts and inhibitors. The unmodified Bst polymerase
has insufficient processivity because, in the native or-
ganism, it is primarily involved in DNA repair [17]. The
modified enzyme exhibits much greater processivity,
which is due to the presence of auxiliary proteins in the
cells that enhance the stability of the polymerase-DNA
complex. The Sso7d protein belongs to the family of
DNA-binding proteins isolated from the Sulfolobus ge-
nus archaeon, and is stable over a wide range of tem-
peratures and pH. Several authors describe a strategy
of fusing polymerases with the Sso7d protein or similar
proteins (Sto7d, SSB, TBD, DBD) to obtain chimeric
enzymes with increased processivity, displacing activi-
ty, thermostability and tolerance to inhibitors, including
urea, whole blood and NaCl [18-22].

Thermophilic bacteria of related species can devel-
op different survival strategies, which are due, among
other things, to differences in the properties of their en-
zymes. In this regard, potentially interesting directions
include the cloning and obtaining of recombinant DNA
polymerases from new sources, such as a related organ-
ism and the closest homolog — the Geobacillus ther-
moleovorans thermophilic bacterium (formerly known
as Bacillus thermoleovorans) [23, 24].

The aim of this study was to obtain chimeric Bst-
like polymerases from G. stearothermophilus and to
compare them with the homolog Btlv polymerase from
G. thermoleovorans to evaluate their potential appli-
cation in isothermal amplification reactions combined
with rapid RNA extraction methods.

Materials and methods

Obtaining the Bst_Sso7d, Bst_Sso7d_mut4,
Btlv_Sso7d genes

The nucleotide sequence encoding the amino acid
sequence of Btlv polymerase from G. thermoleovorans
was obtained by the assembly method using long over-
lapping primers—the staircase method [25]. Restriction
sites were introduced at the ends of the nucleotide se-
quence: Ndel at the 5' end and Xhol at the 3' end for sub-
sequent re-cloning into the pET16b+ expression vector.
As aresult, the pET16-Btlv-Nhis expression vector was
obtained. The correctness of the nucleotide sequence of
the cloned gene was confirmed by sequencing.

As sources of the Bst and Bst mut4 genes, plas-
mids previously obtained in the laboratory were used:
pET16 Bstand pET16_Bst NHis m4, respectively [7,
26]. The template for amplifying the Sso7d gene was
also the previously obtained construct pPSS, which
contains the wild-type Sso7d gene.
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Table 1. Primer sequences used for gene cloning
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Matrix Name 5'-3’ sequence PCR2
Bst_Sso7d
pET16_Bst BstF gaaaggaggaggagctctaacatctgcggaaggcgaaaaaccg
BstR agtctcgagttatttcgcatcataccagg v
pPSS SsoF tcgtcatatggcgaccgtgaagttcaagtataaag v
SsoR agatgttagagctcctcctcctttcttctgtttttccag
Bst_Sso7d_mut4
pET16_Bst_NHis_m4 BstF gaaaggaggaggagctctaacatctgcggaaggcgaaaaaccg
BstR agtctcgagttatttcgcatcataccagg \Y
pPSS SsoF tcgtcatatggcgaccgtgaagttcaagtataaag v
SsoR agatgttagagctcctcctcctttcttctgtttttccag
Btlv_Sso7d
pET16-Btlv-Nhis BtlvF gaaaggaggaggagctctaacatctcegtctictgaggaagaaaagec
BtlvR aagtctcgagttatttcgcatcataccaagtagaaccgtagtg v
pPSS SsoF tcgtcatatggcgaccgtgaagttcaagtataaag v
SsoR agatgttagagctcctcctectttcttetgtttttccag

To obtain the genes of chimeric enzymes, amplifi-
cation of the target enzyme gene and the Sso7d gene of
the DNA-binding domain was carried out. The obtained
amplicons were extracted and purified from the gel and
ligated together using flanking primers (Table 1).

To obtain protruding A-ends, the purified amplicon
was incubated for 30 minutes at 72°C in the presence
of Taq polymerase and a mixture of deoxynucleotides
(dNTPs). The target product was then cloned into the
pGEM-T vector (Promega). The presence of the target
sequence and its accuracy were confirmed by Sanger
sequencing.

Obtaining expression plasmid vectors containing
the Bst-Sso7d, Bst-mut4-Sso7d, Btlv-Sso7d genes

Plasmid DNA containing the gene of the chimeric
enzyme was treated with the Ndel and Xhol restriction
endonucleases, and the resulting restriction product
was cloned into the pET16b+ plasmid vector, which
had been pre-treated with the same restriction endo-
nucleases. As a result, expression vectors containing
genes that encode the following hybrid proteins were
obtained: Bst Sso7d with a molecular weight of 75
kDa, Bst Sso7d_mut4 with a molecular weight of 75.2
kDa, and Btlv_Sso7d with a molecular weight of 75
kDa. The accuracy of the nucleotide sequence of the
cloned genes was confirmed by sequencing.

Selection of E. coli strains for the expression of the
Bst _Sso7d, Bst_Sso7d_mut4, and Btlv_Sso7d genes

As host strains for the constructed expression
vectors pET16-Bst Sso7d, pET16-Bst Sso7d mut4,
and pET16-Btlv_Sso7d, the E. coli strains ER2566,
BL21de3 pLys, and Rosetta De3 were used. Trans-
formed cells were plated on LB medium (1% Bac-

to-tryptone, 0.5% yeast extract, 1% NaCl) with agar
containing 100 pg/mL ampicillin for ER2566 cells
and 20 pg/mL chloramphenicol for BL21 (DE3) pLys
and Rosetta (DE3) cells, and incubated for 16 hours
at 37°C to obtain individual colonies. Then, 7-8 col-
onies were transferred to 100 mL of LB medium with
100 pg/mL ampicillin and incubated for 18 hours at
37°C on a shaker at 180 rpm to obtain an overnight cul-
ture. The obtained overnight cultures of E. coli producer
strains were transferred to LB medium with 100 pg/mL
of ampicillin in Erlenmeyer flasks (the inoculation per-
centage was 2%) and incubated at 37°C with shaking
at 160 rpm. When the optical density of the bacterial
culture reached 0.8 optical units, isopropyl-p-D1-thio-
galactopyranoside was added to a concentration of
0.4 mM, and the culture was incubated at 23°C and 37°C
for 4 and 24 hours. The optical density was measured
spectrophotometrically at a wavelength of 595 nm. Cell
biomass was obtained by centrifugation for 20 minutes
at 4°C and 4000 rpm on an Avanti JXN-30 (Beckman
Coulter) centrifuge.

Isolation of Bst_Sso7d, Bst Sso7d_mut4,
and Btlv_Sso7d

The cell biomass (2 g) of E. coli BL21 (DE3)pLys/
pET16-Bst_Sso7d, BL21 (DE3)pLys/pET16-Bst_
Sso7d_mut4, and BL21 (DE3)pLys/pET16-Btlv_Sso7d
producer strains was re-suspended in a buffer solution
of 50 mM Tris-HCI, 100 mM NaCl, pH 8.5 with 1 mM
PMSF at a ratio of 1:10 (w/v) and disrupted using a
Branson sonifier 250 ultrasonic disintegrator (Bran-
son Ultrasonics) for 20 minutes at 4°C (cycle — 0.5 s,
amplitude — 50%). Then centrifuged at 8000 rpm for
30 minutes in an Allegra X-30R centrifuge (Beckman
Coulter). After centrifugation, the supernatant was di-
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luted 2-fold with a buffer solution of 50 mM Tris-HCI,
100 mM NaCl pH 8.5 and applied to the IMAC FF
chromatographic sorbent, which had been pre-equili-
brated with a buffer solution of 50 mM Tris-HCI, 100
mM NaCl pH 8.5 (buffer solution A). The removal
of contaminating proteins was carried out with buffer
solution A. The target protein was eluted with a linear
gradient of buffer solution A with 500 mM imidazole.

After metal-chelate chromatography, the fractions
containing the target protein were dialyzed against a
buffer solution of 20 mM Tris, 100 mM NaCl, 0.5%
Tween-20, 0.1 mM EDTA, pH 8.3. After dialysis, glyc-
erol was added to the protein solution to a final concen-
tration of 50%.

Determination of enzyme activity

The RNA-dependent DNA polymerase (reverse
transcriptase) activity of the enzymes was determined
using a non-radioactive method with fluorescent de-
tection, based on the formation of a duplex of polya-
denylated RNA and the oligonucleotide primer dT18,
into which the GelStar intercalating dye (Lonza) was
incorporated. The DNA polymerase activity of the en-
zymes was determined using a non-radioactive method
[27]. An oligonucleotide containing a hairpin structure
at the 3' end was used as the template. In the presence
of Mg?* ions, polymerases catalyzed the incorporation
of deoxynucleotides, thereby extending the matrix. The
described non-radioactive methods allow for the deter-
mination of enzyme activities using amplifiers with an
optical module for real-time fluorescence detection.

The stability of the enzymes to temperature expo-
sure was assessed using differential scanning fluorime-
try in the range of 55-85°C at 1°C increments, with a
step duration of 50 seconds. The melting curves were
detected in the Fam channel on the CFX 96 device
(Bio-Rad Laboratories).

The optimal ion concentrations in the reaction
mixture were selected similarly to the analysis of poly-
merase activity using KCI concentrations in the range
of 50-500 mM.

Analytical methods

The protein concentration was determined using
the QuDye Protein kit (LLC LumiProbe RUS) on the
Qubit 4 fluorimeter (Thermo Scientific), and the protein
purity was assessed using SDS-PAGE electrophoresis
under denaturing conditions [28]. When performing
SDS-PAGE electrophoresis under denaturing condi-
tions, a protein length marker — a molecular weight
marker (ThermoScientific) — was used.

Loop-mediated isothermal amplification
combined with reverse transcription

To assess the potential use of the obtained chi-
meric enzymes in new reagent kits for the diagnosis
of infectious diseases, testing was conducted on the

AmpliSens SARS-CoV-2-IT reagent kit (RU No. FSS
2021/14599). As samples, a genetic construct repre-
senting the MS2 bacteriophage with a specific insertion
of the coronavirus ORFlab gene was used. The reac-
tion mixtures contained 0.8 pL of the tested enzymes
at a concentration of 0.288 U/uL or the same amount
of Bst polymerase without the Sso7d domain, as well
as Reverse Transcriptase (MMLvV). Each sample was
amplified in 3 replicates on the Rotor-Gene Q device
(Qiagen).

The functional properties of the enzymes were also
tested in a laboratory method designed for detecting the
RNA of the mumps virus in biological material using
the LAMP format with combined reverse transcription.
We amplified a fragment of the phosphoprotein gene
of the mumps virus (amplicon size 225 base pairs, GC
content 54%). Urine and oropharyngeal mucosal swabs
were used as samples, and the presence of mumps virus
RNA was confirmed by Sanger sequencing using the
BigDye Terminator v1.1 Cycle Sequencing Kit (Ther-
mo Fisher Scientific) on the 3500xL Genetic Analyzer
(Thermo Fisher Scientific).

Nucleic acid extraction was performed using the
EDEM express kit (RU No. 2010/07828), as well as a
lysis solution containing guanidine hydrochloride. As
a control extraction method, the RIBO-prep reagent
kit (RU No. FSS 2008/03147) was used. The reaction
mixtures contained oligonucleotides complementary to
the target amplification sites, as well as an intercalating
dye, which allowed for the registration of the accumula-
tion of the specific amplification product by measuring
the intensity of the fluorescent signal in real-time mode;
as well as a mixture of glycerin with thioglycerol, salts,
and surfactants (all additional reagents used were de-
veloped and produced at the Central Research Institute
of Epidemiology of Rospotrebnadzor). As a control
batch, the non-mutated form of Bst polymerase without
the Sso7d domain was used at a protein concentration
equal to that of the tested enzymes. The reaction was
conducted according to the program: 37°C for 5 min-
utes, 65°C for 30 seconds, 40 cycles with detection in
the FAM channel (total duration 25 minutes).

Assessment of enzyme stability to LAMP inhibitors

To assess the stability of LAMP enzymes against
inhibitors, mucin (Sigma-Aldrich) was used, as well as
pre-characterized residual samples of human biologi-
cal material (urine, pharyngeal mucosa swabs, plasma,
and whole blood). Swabs from the oropharyngeal mu-
cosa were stored in a transport medium for the stor-
age and transport of respiratory swabs (RU No. FSS
2009/05011; Central Research Institute of Epidemiolo-
gy of Rospotrebnadzor).

Inhibitors were added to the reaction mixture for
LAMP. The reaction was conducted according to the
program: 37°C for 5 minutes, 65°C for 30 seconds,
40 cycles with detection in the FAM channel (total
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duration 25 minutes). The results were evaluated
based on the presence/absence of the fluorescent signal
(detected/not detected) and the values of the threshold
cycles (Ct), which is sufficient for diagnostic systems
with qualitative determination.

Results

The Sso7d family includes small, numerous,
non-specific DNA-binding proteins, first discovered
in the Archaea sulfolobus hyperthermophilic bacteri-
um. They have a mass of 7-10 kDa and exhibit various
types of functional activity: stabilization of the double
helix, annealing of DNA at temperatures above its melt-
ing point, and prevention of protein aggregation. More-
over, such proteins alter the conformation of DNA,
causing the unwinding of the DNA double helix [29].

To obtain recombinant Bst mut4- and Btlv-poly-
merases, unique synthetic sequences were developed
with consideration of codon usage optimization for ex-
pression in E. coli. Next, the Sso7d gene was attached
to the Bst- and Btlv-polymerase genes, and these con-
structs were cloned into the pET16b+expression vector
for prokaryotic expression in E. coli cells. During the
selection of host strains for the expression of the genes
Bst Sso7d, Bst Sso7d mut4 and Btlv_Sso7d, the dy-
namics of enzyme accumulation were studied at differ-
ent temperatures (23 and 37°C) and induction times for
protein biosynthesis (4 and 24 hours). As a result, it was
shown that all enzymes were effectively accumulated
in a soluble form at 23°C for 24 hours in E. coli BL21
(DE3)pLys cells (Tables 2—4).

For the purification of enzymes from cellular pro-
teins, metal-affinity chromatography with a linear imid-
azole gradient was used (Fig. 1).

Fractions with a purity of over 90% were pooled
and dialyzed against a buffer solution of 20 mM Tris,
100 mM NacCl, 0.5% Tween-20, 0.1 mM EDTA pH 8.3,

Table 3. Selection of host strains for the expression of Bst_
Sso7d_mut4 genes

E-coli host Cultivation Protein Cell biomass
strain conditions content, % extraction, g/L
ER2566 23°C,4h 10 2,1
23°C, 24 h 11 2,5
37°C,4h 14 2,5
37°C, 24 h 16 1,7
Rosetta De3 23°C,4h 19 2,2
23°C, 24 h 21 24
37°C,4h 21 2,3
37°C,24h 22 2,5
BL21 De3 pLys 23°C,4h 21 21
23°C, 24 h 23 2,6
37°C,4h 21 2,5
37°C, 24 h 20 2,7
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Table 2. Selection of host strains for the expression of Bst_
Sso7d genes

E-coli host Cultivation Protein Cell biomass
strain conditions content, % extraction, g/L
ER2566 23°C,4h 10 2,1
23°C, 24 h 15 2,3
37°C,4h 12 2,3
37°C, 24 h 12 2,5
Rosetta De3 23°C,4h 23 2,4
23°C, 24 h 23 2,6
37°C,4h 21 2,5
37°C, 24 h 24 2,9
BL21 De3 pLys 23°C,4h 23 2,7
23°C, 24 h 25 3,14
37°C,4h 24 2,9
37°C, 24 h 21 3,2

followed by concentration. According to the electro-
phoretic analysis, the enzyme purity was at least 90%
(Fig. 2) with a concentration of at least 2 mg/mL.

It is worth noting that, despite the higher percent-
age of protein content from the total mass of wet cells:
in the case of Bst_Sso7d expression — 25% compared
to 23% for Bst Sso7d mut4 and Btlv_Sso7d, after pu-
rification, the latter two enzymes showed higher yields.
This is due to the fact that optimizing the codon com-
position of the coding sequence leads to an increase in
the yield of the protein in a soluble form.

Testing the polymerase activity of the isolated en-
zymes Bst Sso7d, Bst Sso7d mut4, and Btlv_Sso7d
was conducted on samples of MS2 bacteriophage
RNA with a specific insert containing a fragment of
the SARS-CoV-2 genome, using the reverse transcrip-

Table 4. Selection of host strains for the expression of Btlv_
Sso7d genes

E-coli host Cultivation Protein Cell biomass
strain conditions content, % extraction, g/L
ER2566 23°C,4h 18 2,0
23°C, 24 h 16 2,5
37°C,4h 16 2,4
37°C, 24 h 14 2,8
Rosetta De3 23°C,4 h 18 2,3
23°C, 24 h 17 24
37°C,4h 19 2,5
37°C, 24 h 19 2,7
BL21 De3 pLys 23°C,4h 21 2,4
23°C,24 h 23 2,5
37°C,4h 23 25

37°C, 24 h 21 2,7
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tion LAMP method with reagents from the AmpliSens
SARS-CoV-2-IT kit. The concentration of the template
was 10° copies per reaction. All new enzymes exhibit-
ed polymerase activity; however, the average threshold
cycle values differed from the control batch of Bst poly-
merase without the Sso7d domain, with an increase in
values by an average of 3.73 for Bst Sso7d, 3.42 for
Bst_Sso7d_mut4 and 2.88 for Btlv_Sso7d (Fig. 3),
which may indicate suboptimal reaction conditions for
the new enzymes.

All the studied enzymes showed comparable re-
sults in experiments assessing their resistance to tem-
perature exposure (Fig. 4).
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The isolated enzymes Bst Sso7d, Bst Sso7d
mut4, and the comparison enzyme exhibited weak
RNA-dependent DNA polymerase (reverse transcrip-
tase) activity both in the method [7] and when tested in
the AmpliSens SARS-CoV-2-IT kit without the reverse
transcriptase enzyme. At the same time, Btlv_Sso7d
polymerase exhibited reverse transcriptase activity
comparable to that of reverse transcriptase (MMLv),
but only in the presence of KCI and (NH,),SO,, which
allows the enzyme to be used not only for DNA/cD-
NA amplification but also for RNA reverse transcrip-
tion. Changing the composition of the reaction mixture
(mainly the addition of KCI) allowed for an increase
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Fig. 1. Electrophoregram of purified enzymes Bst_Sso7d (a), Bst_Sso7d_mut4 (b), and Btlv_Sso7d (c).

M — molecular weight marker; 1 — clarified cell lysate; 2 — wash with metal-chelating resin; subsequent — fractions after affinity
chromatography.



398

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(4)
DOI: https://doi.org/10.36233/0372-9311-604

-

198
100
70

54
40

35

F LR =

)

25

15

i

Fig. 2. Electropherogram of the purification of enzymes
Bst_Sso7d_mut4, Bst_Sso7d, and Btlv_Sso7d.

M — molecular weight marker; 1, 3, 5 — clarified cell lysate of Bst_
Sso7d_mut4, Bst_ Sso7d, and Btlv_Sso7d respectively;
2, 4, 6 — final purified enzyme preparations of Bst_Sso7d_mut4,
Bst_ Sso7d, and Btlv_Sso7d respectively.

in the polymerase activity of all chimeric enzymes,
with the optimal concentration of KCI in the buffer for
LAMP being 200 mM (Fig. 5).

LAMP-based reagent kits allow for the reduction
of amplification time from 1.5-2.5 hours (PCR meth-
od) to 25-40 minutes, while maintaining high specific-
ity due to the use of 4-6 oligonucleotides. However,
the process of nucleic acid extraction from biological
material is still quite lengthy. The samples under inves-
tigation are treated with a lysis solution, resulting in the
destruction of bacterial cell walls and viral envelopes,
followed by the release of cellular components and
nucleic acids into the solution. The subsequent wash
steps in the extraction protocol allow for the removal of

SCIENCE AND PRACTICE

substances and cell components from the solution that
inhibit PCR. Express methods are characterized by the
absence of a washing step or the presence of only one
washing step: clinical material taken in a special trans-
port medium (for example, TS-EDEM) is subjected to
thermal treatment and centrifugation, resulting in the
precipitation of insoluble components, while the nucle-
ic acids remaining in the supernatant are used for PCR.
However, after disinfection without extraction or after
express extraction, RNA/DNA samples contain impuri-
ties that can act as PCR inhibitors, such as components
of transport media, lysis buffer, blood, swabs, urine and
other biomaterials.

The functional properties of the polymerases
obtained in the study were tested for resistance to the
most commonly encountered inhibitors (components of
whole blood, plasma, urine, mucin) in the LAMP reac-
tion in a model system using positive control samples.
Inhibitors were added to the reaction mixture contain-
ing primers from the AmpliSens SARS-CoV-2-IT re-
agent kit and isolated MS2 bacteriophage RNA with
a specific insert containing a fragment of the SARS-
CoV-2 genome. The results were evaluated based on
the presence/absence of the fluorescent signal (detect-
ed/not detected), which is sufficient for diagnostic sys-
tems with qualitative determination (Table 5).

Modified enzymes based on Bst polymerase, con-
taining the DNA-binding domain Sso7D: Bst_Sso7d and
Bst_Sso7d mut4, demonstrated reduced stability in the
presence of whole blood and urine in the reaction mix-
ture compared to the control enzyme. At the same time,
the Btlv_Sso7d enzyme is characterized by higher resis-
tance to the presence of whole blood (10 vol. %), plas-
ma (1 vol. %), and urine (10 vol. %). All enzymes retain
their activity in the presence of mucin up to 0.5 mg/ml.

Further experiments to determine the effect of in-
hibitors on the efficiency of the LAMP reaction were

Ct Fluorescence, rel. units
40 -
OBst (control) 0.8
35 1 OBst Sso7d
30 A mBst_Sso7d_mut4 0.6
25 B Btlv_Sso7d
20 A 0.4
= 1 = Bst (control)
15 - T » 2 ® Bst_Sso7d
10 - - 0.2 3 © Bst_Sso7d_mut4
‘ 4 = Btlv_Sso7d
13.48 1 0 Threslhold ‘j ‘f | | | . |
0 5 10 15 20 25 30 35 40
10° copies/reaction Cycle
Fig. 3. Evaluation of the activity of the obtained polymerases in the AmpliSens SARS-CoV-2-IT reagent kit (mean threshold

cycle

values).
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Fig. 4. Thermostability of chimeric polymerases.
a — thermal denaturation profiles; b — derivatives of fluorescence values with respect to temperature.

conducted only using the Btlv_Sso7d enzyme. The
resistance of the Btlv_Sso7d polymerase to inhibitors
from biological material (mucus from oropharyngeal
swabs, salts from urine), components of the transport
medium (transport medium for storing and transporting
respiratory swabs (RU No. FSS 2009/05011)), and the
lysis solution (1M guanidine hydrochloride) was also
tested on 12 clinical urine samples and 12 oropharyn-
geal mucosa swab samples containing mumps virus
RNA at a concentration of 10°-10% copies/mL, isolat-
ed by three different methods: a precipitation-based
method using the RIBO-prep kit; the EDEM express
method; treatment with a 1M guanidine hydrochloride
solution (for disinfecting the biological material) with-
out subsequent washes. All isolated samples were then
compared using the LAMP method without the addition
of reverse transcriptase (MMLYV) (Fig. 6).

When using Btlv_Sso7d polymerase, unlike the
control enzyme, the LAMP reaction maintains its effi-
ciency under all studied conditions, and all biological
samples containing mumps virus RNA used in the study
are identified as positive. There is also a less significant
increase in Ct values when analyzing samples after nu-
cleic acid extraction using the EDEM express method,
compared to the control enzyme. This confirms that the
Btlv_Sso7d polymerase possesses sufficient reverse tran-
scriptase activity and increased inhibitor tolerance for
the qualitative detection of mumps virus RNA (Fig. 6).

Due to its higher tolerance to inhibitors, the use of
the new Btlv_Sso7d polymerase in isothermal amplifi-
cation reactions based on the LAMP method, combined
with rapid nucleic acid extraction methods that include
only the lysis stage, will expedite molecular diagnostics
and make it possible to use LAMP-based tests in field
conditions or at the bedside of a patient.

Discussion

The LAMP method is a promising direction in the
molecular diagnosis of infectious diseases. The main
advantage of the method is the shorter analysis time:
the amplification stage takes only 25—40 minutes, while
the sensitivity and specificity of the method are com-
parable to that of PCR [1, 2]. The isothermal reaction
mode allows for the use of simpler equipment for con-
ducting the reaction: a thermostat with a fluorescence
detection module instead of an amplifier.

Besides the actual amplification stage, any anal-
ysis most often includes the nucleic acid extraction
stage. The extraction of nucleic acids is carried out to
eliminate the main amplification inhibitors that may
be present in biological samples. On average, depend-

120 ~
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Fig. 5. Optimal KCI concentration for chimeric polymerases.
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Bst-polymerase (urine) Bst-polymerase (swab)

40 - 40 -
35 - 35 -
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Fig. 6. Detection of the mumps virus in biological samples using LAMP with various polymerases without the addition
of reverse transcriptase.

ing on the method used, the extraction stage can take
from 1 to 3 hours. Reducing this stage by using express
nucleic acid extraction methods (10-30 minutes) will
significantly decrease the overall research time. For the
successful implementation of such a strategy, the de-
velopment and application of enzymes resistant to the
main amplification inhibitors are necessary.

The Bst polymerases obtained in this study, con-
taining the DNA-binding domain Sso7d: Bst Sso7d

and Bst Sso7d mut4, demonstrated reduced stability
in the presence of whole blood and urine in the reaction
mixture compared to the control enzyme without addi-
tional domains. At the same time, the Btlv_Sso7d en-
zyme is characterized by higher resistance to the pres-
ence of whole blood (10 vol. %), plasma (1 vol. %),
and urine (10 vol. %). All enzymes retain their activ-
ity in the presence of mucin up to 0.5 mg/ml. These
data demonstrate that the addition of the DNA-binding

Table 5. Comparison of the effects of inhibitors on the detection of mumps virus RNA using the tested enzymes

Inhibitors Detection of mumps virus RNA
Name Concentration Bst-polymerase (control) Bst_Sso7d Bst_Sso7d_mut4 Btlv_Sso7d
0 + + + +
0,5 + + + +
Whole blood, vol. % 10 ¥ ¥ ¥ ¥
2,5 + - - +
5,0 + - - +
10,0 - - - +
Blood plasma, vol. % 0 * * * *
1 - — = +
0 + + + +
Mucin, mg/ml 0,2 + + + +
0,5 + + + +
0 + + + +
Urine, vol. % 5 + = = +
10 - - - +
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domain did not lead to increased resistance to the in-
hibitory effect of urine and whole blood in the case of
Bst polymerase. Similar studies have been published in
the literature, indicating the opposite effect when using
various Bst-like polymerases [17, 18, 30, 31]. Howev-
er, the related chimeric enzyme Btlv_Sso7d obtained in
this work demonstrates high resistance to the inhibitory
effect of whole blood, plasma and urine components on
the LAMP reaction. Such a difference in results may
be explained by the characteristics of the genetic en-
gineering constructs, the presence or absence of addi-
tional spacers between the DNA-binding domain and
the polymerase, the structure of these spacers, and the
conditions of cultivation and purification of recombi-
nant proteins. The obtained data demonstrate the need
for further detailed studies in this area to determine the
influence of DNA-binding domains on the properties of
chimeric enzymes in each specific case and to establish
the relationships between the structure and functions of
chimeric enzymes.

Conclusion

In a bacterial expression system based on E. coli
cells, recombinant chimeric enzymes with displacing
activity have been obtained: Bst Sso7d, Bst Sso7d
mut4 and Btlv_Sso7d. The developed protocols for ob-
taining and purifying the enzymes allow for the produc-
tion of soluble enzymes with a yield of up to 25% of the
total collected cell mass. In LAMP reactions, chimeric
polymerases demonstrated similar activity to Bst poly-
merase without the Sso7d domain. At the same time,
Btlv_Sso7d polymerase is characterized by increased
reverse transcriptase activity and resistance to inhibi-
tors, which allows it to be used in reagent kits for the
diagnosis of infectious diseases by the LAMP method
in combination with express nucleic acid extraction
through thermal inactivation or lysis in the presence of
guanidine chloride without subsequent washes from the
components of the biological material and lysis solu-
tion. This significantly reduced the required time for the
analysis.

As the demand for rapid and accurate diagnosis of
infectious diseases grows, the use of LAMP methods,
and consequently, Bst polymerase analogs with im-
proved properties, will only increase.
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