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Abstract

Introduction. Polymerase proteins PB1 and PB2 determine the cold-adapted phenotype of the influenza virus
A/Krasnodar/101/35/59 (H2N2), as was shown earlier.

Objective. The development of the reporter construct to determine the activity of viral polymerase at 33 and 37 °C
using the minigenome method.

Materials and methods. Co-transfection of Cos-1 cells with pHW2000 plasmids expressing viral polymerase
proteins PB1, PB2, PA, NP (minigenome) and reporter construct.

Results. Based on segment 8, two reporter constructs were created that contain a direct or inverted NS1-GFP-
NS2 sequence for the expression of NS2 and NS1 proteins translationally fused with green fluorescent protein
(GFP), which allowed the evaluation the transcriptional and/or replicative activity of viral polymerase.
Conclusion. Polymerase of virus A/Krasnodar/101/35/59 (H2N2) has higher replicative and transcriptional activity
at 33 °C than at 37 °C. Its transcriptional activity is more temperature-dependent than its replicative activity. The
replicative and transcriptional activity of polymerase A/Puerto Rico/8/34 virus (H1N1, Mount Sinai variant) have no
significant differences and do not depend on temperature.
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Pestome

BBepneHue. PaHee Obino nokasaHo, 4To nonumepasHesle 6enkv PB1 1 PB2 onpegenstoT xonogoaaanTpoBaHHbIN
deHoTtun Bupyca rpunna A/KpacHogap/101/35/59 (H2N2).

Llenb pa6otbl. Co3aath penopTepHble KOHCTPYKUMKU U ONPEeAEennTb akTUBHOCTb BUPYCHON nonvmMepassl npu 33 n
37 °C MeTogoM MUHUreHoMa.

MaTtepuanbi u Mmetoabl. CoBMecTHasn TpaHcdekums knetok Cos-1 nnasmugamm pHW2000, akcnpeccupyowmmm
6enku BupycHo nonumepassl PB1, PB2, PA, NP (MUHUreHOM) 1 penopTepHyH0 KOHCTPYKLMIO.

PesynbTathl. Ha ocHoBe cermeHTa 8 cos3faHbl ABe penopTepHble KOHCTPYKLMKU, KOTOpble coaepXaT NpsMyto nnm
MHBEPTMPOBaHHY0 nocnegoBatensHocTb NS1-GFP-NS2 ans akcnpeccumn 6enko NS2 n NS1, TpaHCnsiumMoHHO
CNUTHBIX C 3enéHbiM dnyopecueHTHbIM 6enkom (GFP), koTopble No3BoNuMnM OUEeHNTb TPAHCKPUMLNOHHYO U/unu
pennukaTuBHY0 QYHKLUN BUPYCHOWN Nonmmepasbl.

3akntoyeHue. MNonumepasa Bupyca A/KpacHonap/101/35/59 (H2N2) obnagaet 6onee BbICOKOW pennmKaTMBHON
N TPAHCKPUMLUUOHHOM akTuBHOCTbIO npu 33 °C, yem npu 37 °C. E& TpaHCKPUNLUMOHHAsA aKTMBHOCTb B GonbLuen
CTeneHn 3aBUCUT OT TeMnepaTypbl, YeM pennukaTueHas. PennukatuBHas M TPAHCKPUMLMOHHAA akTUBHOCTW Mo-
numepasbl Bupyca A/Puerto Rico/8/34 (H1N1, BapunaHT Mount Sinai) He UMEIOT CyLLEeCTBEHHbIX pasnuyni u He
3aBUCAT OT TemnepaTypsbl.

KnioueBble crnoBa: obpamHasi eeHemuka; eupyc 2punna A; rnonumepasa eupyca 2purina; MUHU2eHOM eupyca
epunina; 3eseHbil ¢hriyopecuyeHmHbIl 6eok; xonodoadanmuposaHHbIl 8upyc epurna

Onsa umtuposanus: VeaHos lN.A., Nlawko A.B., Koct B.1O., llomakuHa H.®., Ptuwes A.A., ByHbkosa H.U., Tumo-
deesa T.A., BanaHosa M.A., MoHoe C.A., lopwukos [.B., MapkywwuH C.I. OnpegeneHne akTMBHOCTY Nonumepasbl
xonogoaganTtupoBaHHoro Bupyca rpunna (Orthomyxoviridae: Alphainfluenzavirus) MeTogom MuHureHoma ¢ gnyo-
pecueHTHbIM 6enkom. Bonpockl supycomnoeuu. 2023; 68(6): 526—-535. DOI: https://doi.org/10.36233/0507-4088-
203 EDN: https://elibrary.ru/lxvxzf

®duHaHcMpoBaHuMe. ABTOPbI 3asiBMSIOT 06 OTCYTCTBUM BHELLHEro (oMHaHCMPOBaHUSI MPU NPOBEAEHUN UCCIIEQ0BaHNS.

KoHMNUKT nHTepecoB. ABTOpLI AeKNapypytoT OTCYTCTBUE SIBHbIX U NOTEHLMAmNbHbIX KOH(IIMKTOB MHTEPECOB,
CBsi3aHHbIX C Ny6rnvkKauuen HacTosiLLen CTaTbu.

Introduction

Influenza A virus, a member of the Orthomyxoviridae
family, has a segmented single-stranded negative-sense
RNA genome. Each of the 8 segments encodes 1-2 or
more viral proteins and is packaged as a ribonucleoprotein
(RNP). The latter includes viral negative-strand RNA
(viral genomic RNA, vRNA), covered with molecules of
viral protein NP in a bead-like manner, and one copy of
viral polymerase in the form of a heterotrimer of proteins
PB1, PB2, PA. From this structure in the nucleus of an
infected cell, viral polymerase carries out transcription and
subsequent replication of viral RNA. Segment 8 encodes
two proteins, NS1 and NEP/NS2, the latter being translated

from spliced messenger RNA (mRNA) and participating
in the transport of newly formed RNPs from the nucleus
to the cell membrane for the assembly of new virions.
Segments 4 and 6 encode surface glycoproteins HA and
NA, which serve as the main antigenic determinants
provoking the immune response in the infected organism
[1]. HA ensures interaction of the virion with receptors
and penetration of the viral genome into the cell, while
NA enables the egress of viral progeny from the cell.
The influenza virus has been a problem for mankind for
centuries and is most prevalent during seasonal influenza
epidemics, which in some cases are characterized by high
mortality. Vaccination remains one of the most effective
preventive measures against influenza. Nowadays, there
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is a huge variety of influenza vaccines based on different
technologies [1]. Among whole-virion vaccines, which
include inactivated and live attenuated vaccines, the
latter are considered the most effective. The mechanism
of their action is based on the fact that the vaccine strain
is able to replicate at a reduced temperature (25-33 °C),
which corresponds to the temperature in the human
nasal passages. In the lower respiratory tract, where the
temperature exceeds 37 °C, the virus loses its ability to
replicate and is eliminated from the body without causing
disease. Contact with the vaccine virus activates humoral
and cellular immunity, which protects the body from
severe disease when it encounters a wild-type virus. At
a certain point in time, attenuated cold-adapted strains
A/Leningrad/134/17/57 in Russia and A/Ann Arbor/6/60
in the USA were used as live vaccines against influenza
A H2N2 viruses [2—4]. Later, these strains were used as
attenuation donors to obtain reassortant vaccine strains
in which the genes of HA and NA surface proteins were
replaced with genes of circulating actual strains [5—7].

Significant progress in the development of influenza
vaccines has been achieved due to reverse genetics.
The essence of this method is that each of the eight
segments of the influenza A virus genome is cloned
in a plasmid. From these plasmids, acting like a
constructor, it is possible to assemble a virus with
specific properties [8§—10].

One of the viruses reconstructed by plasmid technology
was the A/Puerto Rico/8/34 (HIN1) virus with high
reproductive capacity in chicken embryos (CE). It was
supposed to be used as an internal protein gene donor in
the development of inactivated recombinant vaccines, in
particular, against the HSN1 virus [11].

The use of reverse genetics in the production of
influenza vaccines, including the live FluMist seasonal
influenza vaccine (http://www.flu.org.cn/en/news-11930.
html), is now license-approved in the USA [5]

Reverse genetics is widely used to study the function
of viral proteins and the mechanisms of their interaction
with host cellular factors. It is also used to elucidate the
role of specific genome regions and point mutations in
phenotype changes.

The use of plasmid technology makes it possible
to conduct research without assembling an entire
virus. For example, to determine the activity of viral
polymerase, it is sufficient to assemble a construct of
plasmids expressing PB1, PB2, PA, and NP proteins,
also known as the minigenome. To assess the expression
of the minigenome in transfected cells by fluorescent or
luminescent luminescence, a reporter gene expressing
green fluorescent protein (GFP) or luciferase is
additionally added into the construct [12, 13].

Improvement of reverse genetics technology as applied
to influenza virus consists of the design of plasmids for
specific purposes, simplification of synthesis of viral gene
copies in the form of cDNA by polymerase chain reaction
(PCR) and the method of their incorporation into plasmids
for cloning. The first systems for complete virus assembly
included 12 plasmids, later the number of plasmids was
reduced to 8 or less. The design of the double-stranded
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plasmid pHW2000 with two promoters made it possible
to synthesize mRNA for viral protein translation from an
inserted DNA fragment on one strand, and in the opposite
direction, on the complementary strand, to obtain VRNA,
which is subsequently incorporated into the RNP of
mature virions. In this case, a strong cytomegalovirus
(CMV) promoter, which is recognized by cellular RNA
polymerase II, is used for mRNA synthesis; a cellular
promoter for RNA polymerase 1 is used for vVRNA
synthesis [9, 10].

Studies at the molecular level of cold-adapted strains
have shown that most of the mutations responsible
for the ts-, ca-, att'-phenotype are localized in the
genes of the polymerase complex. Thus, for strain A/
Ann Arbor/6/60, point mutations in PB2 (N265S),
PB1 (K391E, D581G, and A661T), and NP (D34G)
were detected [14, 15]; for strain A/Leningrad/134/57,
mutations were found in PB2 (V478L), PB1 (K265N,
V5911), and NEP (M100I) [16]. Incorporation of these
mutations into the corresponding segments of different
influenza virus strains by reverse genetics resulted in
the manifestation of ts-, ca-, and att-phenotype traits to
different degrees depending on the virus strain in which
the mutations were introduced. One of the possible
mechanisms of attenuation and cold adaptation may
be related to the impairment of transcriptional and/or
replicative polymerase activity at elevated temperature.
L. Rodriguez et al. carried out a study [15] where the
minigenome method was used and it was shown that
incorporating appropriate mutations into the polymerase
segments of the A/Puerto Rico/8/34 (HINI1) strain
resulted in a significant decrease in its activity when the
temperature was increased to 37 and 39 °C.

During the search for new attenuation donors in
Russia, a cold-adapted strain A/Krasnodar/101/35/59
(H2N2) was obtained, which differed from its wild-
type progenitor by mutations in all segments except for
segment 8 [17, 18]. Two single mutations were present in
the polymerase proteins PB1 (1147T) and PB2 (V290L).
To elucidate their role in ts-phenotype formation, similar
substitutions were incorporated into A/WSN/33 (HINT1)
virus by reverse genetics, resulting in virus variants that
differed from the original strain by a single substitution
in PB1 (I147T) or in PB2 (V290L). The mutant variants
multiplied well in CE at 34 °C and poorly at elevated
temperatures [19-21].

The objective of the present study was to master the
influenza virus minigenome techniques and to create
reporter constructs carring fluorescent protein in order to
use them for studying the function of viral polymerases
in the processes of transcription and replication at
different temperature incubation. Polymerase protein
(PB1, PB2, PA) and NP genes from the cold-adapted
A/Krasnodar/101/35/59 (H2N2) strain and A/Puerto
Rico/8/34 (HIN1, Mount Sinai variant) strain were taken
for comparison.

'ts — thermosensitivity (reduced reproduction at high temperature);
ca — adaptation to growth at reduced temperature; att — attenuation.
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Materials and methods

Cloning of PB1, PB2, PA, and NP genes

Human influenza virus A/Puerto Rico/8/34 (HIN1),
Mount Sinai variant, was obtained from the collection of
the D.I. Ivanovsky Research Institute of Virology.

Viral RNA was isolated from the allantois fluid of infect-
ed CEs using the QIAamp Viral RNA mini kit (#52904;
Qiagen, Germany) according to the manufacturer’s in-
structions. Reverse transcription was performed at 42 °C
for 1 h in 25 pl of a reaction mixture containing 8 ul
of RNA, 1 pl of unil2 primer with a concentration of
50 ng/ul (13.5 nM), 10 ul of water, 1 ul of 10 mM dNTP,
5 ul of 5x buffer, and 100 units of MMLYV (Alpha Enzyme
LLC, Moscow). The obtained 3 pl of cDNA was used
in30 pul of PCR (94 °C—155s,52°C—15s,72°C—1 min,
30 cycles) with specific primers to synthesize full-length
genome segments [22] in the presence of 0.5 pl of Pfu
enzyme (Alpha Enzyme LLC, Moscow). Amplified frag-
ments were separated by electrophoresis in a 1.2% aga-
rose gel containing ethidium bromide and eluted from the
gel with Diatom DNA Elution kit (#D1031; Isogen Labo-
ratories LLC, Russia). The purified segments were cloned
into the pHW2000 vector by ligase-free method using T4
DNA polymerase [23]. The vector for cloning was kindly
provided by Dr R. Webster (St. Jude Children’s Research
Hospital, Memphis, USA).

Constructs of 8 phW2000 plasmids including genome
segments for assembly of A/Krasnodar/101/35/59
(H2N2) virus were created in the laboratory of genetics of
RNA-containing viruses of the I.I. Mechnikov Research
Institute of Vaccines and Serums (Moscow) [24], as
described previously [19, 20].

A reporter construct with the GFP gene

Segment 8 of A/Krasnodar/101/35/59 (H2N2) virus
encoding NS1 and NEP/NS2 proteins (as a result of
splicing) was replaced with a reporter construct created
as described in [25]. The splicing site for NS2 was
removed from this segment by PCR and ligase-free
cloning methods [23]. The sequence of the segment
between the NS1 stop codon and the 3'UTR was then
replaced with a sequence containing the GFP gene
and the spliced NS2 gene, separated by the sequence
for peptide 2A, where the ribosome frameshift occurs.
The final construct included NS1, GFP, the sequence
for peptide 2A and the NS2 gene arranged sequentially
in the same reading frame. Translation of the mRNA
of this construct produced two distinct proteins, NS1,
translationally fused to GFP, and NS2. The construct
was named NS1GFPNS2 (Fig. 1 a). The CMV promoter
was then removed from the vector part of this construct
using PCR and ligase-free cloning techniques [23], and
the construct was named dCMV (Fig. 2). Similarly,
a plasmid construct in which the sequence of the
NS1GFPNS2 segment was inverted was obtained. The
construct was named dCMVrev (Fig. 3).

The structure of the primers used in this study is
available upon request. The structure of all constructs
incorporated into plasmids was confirmed by sequencing.

OPUTUHAJbHbBIE NCCNEAOBAHUA

Assessment of influenza virus minigenome activity
by NSI1-GFP protein expression

The immortal cell line Cos-1 was cultured at 37 °C in
an atmosphere of 5% CO, in DMEM medium contain-
ing 10% fetal calf serum and antibiotics. Cells were over-
seeded once every 2 days using 0.25% trypsin in Versen
solution, and their confluency of 70-90% was maintained.
For transfection, cells were seeded with a confluency
of 70% in 6-well plates with coverslips at the bottom.
Transfection was performed using Lipofectamine-3000
(Thermo Fisher Scientific, USA) according to the manu-
facturer’s instructions. 2 pg of DNA was added to a well
of a 6-well plate. After transfection, cells were incubated
overnight at 33 or 37 °C and fixed with 3% paraformal-
dehyde solution on phosphate buffer (PBS). Next, cov-
erslips with attached fixed cells were washed with PBS
and mounted microscopically using a solution contain-
ing 9.1% Moviol 4-88 and 2.3% glycerol in 100 mM Tris-
HCI, pH 8.5.

a/a

o/b
33°C 37°C
Fig. 1. NS1GFPNS2 reporter construct (control).

a — modified segment 8 of A/Krasnodar/101/35/59 (H2N2) influenza virus is
inserted in the plasmid which includes the NSI gene (with a removed splicing
site for NS2), the green fluorescent protein gene (GFP), and spliced NS2 gene.
Cellular RNA polymerase II uses the CMV promoter of the NSIGFPNS2
reporter to synthesize mRNA (mRNA) followed by translation of NS2 and
fused NS1-GFP proteins; b — expression of the fused NS1-GFP protein in
transfected Cos-1 cells cultured at 33 °C (left) and 37 °C (right). The scale
ruler is 10 microns.

Puc. 1. Penoprepnas xonctpykuus NS1GFPNS2 (kontposns).

a — BCTPOCHHBIH B IIa3MHIy MOAN(UINPOBAHHBINA CETMEHT 8 BHpYyca TPUII-
nma A/Kpacuonap/101/35/59 (H2N2) Bkmtodaer reH NS/ (¢ yoaleHHBIM caii-
TOM crutaiicunra 1yt NS2), red 3eneHoro ¢uyopecuupytomero oenka (GFP),
crutadicupoBanHblil ren NS2. Kierounas PHK-nonumepasa II ¢ npomoropa
CMV cunresupyer MPHK (mRNA) konctpykumu NS1GFPNS2, ¢ korto-
poii Tpancimpytotcest 6enku NS2 u NS1, tpancimsiuuonHo ciutHbiid ¢ GFP;
6 — skcnipeccus cautHoro 6enka NS1-GFP B TpaHcdenupoBaHHBIX KieTKax
Cos-1, kynsruBupyemsix rpu 33 °C (ciesa) u 37 °C (cnpaBa). MacmiraGHast
nuHeika — 10 MKM.
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Fig. 2. The dCMV reporter construct for evaluating
the transcriptional activity of viral RNA-dependent RNA
polymerase (RdRp).

The CMV promoter has been removed from a plasmid carrying inserted

NSI1GFPNS2 sequence. On one chain of the inserted double-stranded DNA

fragment, cellular RNA polymerase I (Poll) synthesizes virionic RNA (VRNA)

from the Poll promoter. Then, the viral RNA polymerase RdRp, expressed by

the minigenome, uses this VRNA for synthesis of mRNA that translates NS1-
GFP and NS2 proteins.

Puc. 2. Penioprepnas xonctpyknnst dACMV 11 OIeHKH TpaHCKPHTI-
UOHHOH akTBHOCTH BUpycHOIt PHK-3aBucumoii PHK-nonumepa-
361 (RdRp).

B mnasmuzpe ¢ BcTpoeHHOH mocnenoBarenbHOCTEI0O NSIGFPNS2 ynanen

npomoTtop CMV. Ha oniHOi1 ienu BCTpOSHHOTO IBYXIETIOYEYHOTo (hparMeHTa

JHK xnerounas PHK-nomumepasa I (Poll) ¢ mpomotopa Poll cuntesupyer

Bupuonnyo PHK (VRNA), ¢ koropoii Bupycuas PHK-nmonumepasza RdRp,

9KCIPECCHpyeMasi MUHUTEHOMOM, B pe3yJbTaTe TPAaHCKPHUIIIIMH CHHTE3HPYeT
mRNA ns Tpancnsnuu 6enkoB NS1-GFP u NS2.

To observe fluorescence in cells, an Imager M2 mi-
croscope (Carl Zeiss, Germany) with a FITC filter and
a 40x objective lens was used. Cell images were ac-
quired using an AxioCam 503 mono digital camera and
saved in tiff format with 16-bit resolution. Images were
processed and analyzed using ImageJ? software. Before
analyzing the image, background fluorescence was re-
moved from the image. For this purpose, the average
value of fluorescence in the area where cells were absent
was measured in the image. The obtained value was sub-
tracted from the fluorescence values for each point of
the image. To exclude parts of the image outside of cells
from the analysis, the brightness threshold was manual-
ly adjusted. Individual cells in the image were identified
using the command to analyze particles. The average flu-
orescence level was then measured for each cell. Three
independent transfection experiments were performed
for each reporter construct. Between 10 and 40 measure-
ments were taken in each experiment. The total num-
ber of measurements in all independent experiments for
each construct was used to calculate the average fluo-
rescence value.

“Free software, developed by Wayne Rasband, NIH, USA.
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Fig. 3. The dCMVrev reporter construct for evaluating
the replicative and transcriptional activity of viral RNA-dependent
RNA polymerase (RdRp).

An inverted double-stranded DNA fragment NS1GFPNS?2 is inserted in the
plasmid in which the CMV promoter is deleted. Cellular RNA polymerase
I (Poll) synthesizes a complementary NS1IGFPNS2 chain (cRNA) of an
inserted construct. Viral RNA-dependent RNA polymerase (RdRp) replicates
viral RNA (VRNA) from cRNA. Then RdRp uses VRNA as a template for
synthesis of mRNA for following translation of NS1-GFP and NS2 proteins.

Puc. 3. Penoprepnas koHctpykuust dCMVrev [uist OLleHKH perinKa-
TUBHOH U TPaHCKPUILMOHHOH akTUBHOCTH BupycHoi PHK-3aBucu-
moii PHK-nmonmmepasst (RARp).

B nna3Muy BCTpoeH MHBEPTUPOBaHHBIN AByxuenoueynslii JJHK-pparment

NSIGFPNS2 u ynanen npomorop CMV. Knerounas PHK-nomumepasza I

(Poll) cunTesupyet kommiemenTapHyto nerns NS1GFPNS2 BerpoeHHO# KoH-

crpykunn (cRNA). Bupycnas PHK-3aBucumas PHK-nommmepasa (RdRp)

permuipyert ¢ Hee BupycHyto PHK (VRNA), Ha KoTOpoii 3aTeM CHHTE3UpyeT
mRNA mst tpancsinym 6enxoB NS1-GFP u NS2.

Statistical analysis of data was performed using Statis-
tica software (StatSoft, USA). The Mann—Whitney test
was used for statistical analysis of differences in the flu-
orescence level at different incubation temperatures of
transfected cells. Differences were considered statistical-
ly significant at p < 0.05.

Results and discussion

Minigenome and reporter construct with fluorescent
protein

The minimal set of plasmids capable of replicating
the function of influenza virus polymerase in an infected
cell consists of four plasmids with PB1, PB2, PA, and
NP segments. One chain of each plasmid vector contains
CMV promoter, which is recognized by cellular RNA
polymerase II synthesizing the mRNA from the inserted
segment for subsequent translation of the viral protein.
The opposite strand contains the promoter for cellular
RNA polymerase I, which can synthesize VRNA from the
same segment (Fig. 1 a).

In order to observe the functioning of such an incomplete
genome (minigenome) in a living cell under the microscope
with the help of fluorescence, a reporter construct was creat-
ed. The control of the experiment was a plasmid with a mod-
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33°C 37°C

ified segment 8, from which the NEP/NS2 protein and the
NSI1 protein with attached GFP were expressed separately.
When cells were transfected with that single plasmid, green
luminescence was observed in them (Fig. 1 ).

Transcriptional activity

The dCMV reporter plasmid (Fig. 2) with a deleted
CMV promoter for cellular RNA polymerase II can
function in a living cell only in the presence of viral
RNA-dependent RNA polymerase (RdRp) generated by
co-transfection of the dCMV reporter plasmid together
with plasmids carrying the viral genes PB2, PB1, PA, and
NP. Through cellular Poll, a vVRNA(-) is synthesised from
one DNA(+) strand of the integrated double-stranded
dCMV reporter construct, on which the viral RdRp builds
an mRNA for translation of the fluorescent protein. The
presence of fluorescence indicates the transcriptional
activity of the viral polymerase.

Replicative and transcriptional activity

In the case of the dCMVrev reporter plasmid (Fig. 3),
in which the inserted NS1GFPNS2 fragment is inverted, a
complementary cRNA(+) is synthesised in the cell due to
the activity of cellular RNA polymerase I from the comple-
mentary DNA(—) chain of the insertion. Then replication
takes place, i.e. as a result of activity of viral RNA poly-
merase VRNA(-) is formed, which at the stage of transcrip-
tion serves as a template for synthesis of mRNA, from which
the fluorescent protein is translated. Thus, the expression of
NSI1-GFP protein can be used to assess the replicative and
transcriptional activity of the viral polymerase RdRp.

Activity of viral polymerase at different temperatures

The minigenome method was used to study the
polymerase activity of A/Puerto Rico/8/34 (HIN1) and

OPUTUHAJbHbBIE NCCNEAOBAHUA

Fig. 4. Expression of NS1-GFP in Cos-1 cells after transfection with
a reporter construct without a CMV promoter (dCMV) together
with the minigenome of A/Krasnodar/101/35/59 (H2N2) virus
(bottom row), or A/Puerto Rico/8/34 (HIN1) (top row) at 33 °C
(left column) and 37 °C (right column).

The scale ruler is 10 microns.

Puc. 4. Oxcnpeccuss NS1-GFP B kierkax Cos-1 nocie TpaHcdek-
LU PETIOPTEPHON KOHCTPYKINH 6e3 mpomoropa CMV (dCMV) co-
BMECTHO ¢ MUHUTeHOMOM Bupyca A/KpacHomap/101/35/59 (H2N2)
(amxHU# psan) mubdo A/Puerto Rico/8/34 (HIN1) (BepxHuit psix) mpu

33 °C (neBas xomoHka) u 37 °C (mpaBasi KOJIOHKA).

MacurabHast nuHerika — 10 MKM.

A/Krasnodar/101/35/59 (H2N2) viruses at different
temperatures.

For each virus, a minigenome was obtained in Cos-1
cell culture by simultaneous transfection with plasmids
expressing PB2, PB1, PA, and NP proteins together with
a dCMV or dCM Vrev reporter construct. The transfected
cells were cultured at 33 or 37 °C. The transfection had an
efficiency of 5-10%.

When cells were transfected with reporter constructs
alone (without viral minigenome), specific GFP
fluorescence was absent (data not shown). When reporter
constructs were co-transfected together with plasmids
carrying PB2, PB1, PA, and NP genes of both viruses,
fluorescent luminescence was observed in transfected
cells. In the case of the A/Puerto Rico/8/34 (HIN1) virus
minigenome, there was no significant difference in the
fluorescence of cells cultured at different temperatures
(Fig. 4, 5, top row). However, when co-expressed with
polymerase reporter constructs of cold-adapted A/
Krasnodar/101/35/59 (H2N2) strain, cell fluorescence
was significantly higher at a lower temperature (33 °C)
(Fig. 4, 5, bottom row).

Quantification showed that when the temperature was
increased to 37 °C, GFP fluorescence was significantly
reduced for the minigenome of the cold-adapted A/
Krasnodar/101/35/59 (H2N2) strain in combination
with both dCMVrev and dCMV reporter constructs
(Fig. 6, grey bar).

The ratio of fluorescence of the reporter construct
within the corresponding minigenome at 33 and 37 °C
(F33/F37, Table) serves as a criterion for assessing the
temperature dependence of polymerase activity.

For the minigenome of the cold-adapted A/
Krasnodar/101/35/59 (H2N2) strain, the GFP fluorescence
decreases with increasing temperature approximately 5-fold
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for the dCMV reporter construct and approximately 3-fold
for the dCMVrev reporter construct (Fig. 6), indicating
increased polymerase activity at 33 °C of the cold-adapted
strain polymerase. At the same time, its transcriptional
activity is more temperature dependent than its replicative
activity (a coefficient of 4.9 vs. 2.7, Table).

For A/Puerto Rico/8/34 (HIN1) virus polymerase, no
significant temperature dependence and no significant
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Fig. 5. Expression of NS1-GFP in Cos-1 cells after cotransfec-
tion with a reporter construct carrying an inverted NS1GFPNS2
sequence and deleted a CMV promoter (dCM Vrev) together with
the minigenome of A/Krasnodar/101/35/59 (H2N2) (bottom row) or
A/Puerto Rico/8/34 (HIN1) (top row) viruses at 33 °C (left column)
and 37 °C (right column).

The scale ruler is 10 microns.
Puc. 5. Oxcnpeccnst NS1-GFP B knerkax Cos-1 nocie Tpancex-
LI PENOPTEPHOIT KOHCTPYKIMU ¢ HHBEPTUPOBAHHOI MOCIEA0Ba-
tenbHOCTRI0 NS1GFPNS2 1 6e3 mpomoropa CMV (dCM Vrev) co-
BMeCTHO ¢ MuHUTeHOMOM Bupyca A/KpacHonap/101/35/59 (H2N2)
(amxHHUH psn) mbo A/Puerto Rico/8/34 (HIN1) (BepxHuii psix) mpu
33 °C (neBas xonmoHka) U 37 °C (mpaBasi KOIOHKA).

Macmtabuas muHerika — 10 MKM.

Fig. 6. NS1-GFP fluorescence in conventional units (Arbitrary
Units — A.U., Y-axis) at a temperature of 33 °C (black column)
and 37 °C (gray column) in Cos-1 cells transfected by reporter
constructs together with the virus minigenome of A/Puerto
Rico/8/34 (PR8) or A/Krasnodar/101/35/59 (Krasnodar).

In each column, the arithmetic mean is given according to the results of three
independent experiments with a standard deviation. The dCMV construct
characterizes polymerase activity mainly during transcription, and dCMVrev
characterizes polymerase activity during replication and transcription.
* — significant difference at p < 0.008. Designations: CMV/NS1GFPNS2 —
NS1GFPNS?2 reporter construct with CMV promoter (control); dCMYV is a reporter
construct of NSIGFPNS2 without a CMV promoter; dCMVrev is a reporter
construct without a CMV promoter with an inverted NS1GFPNS2 sequence.

Puc. 6. diyopecuenims NS1-GFP B ycnoBubIX ennHunax (Arbi-
trary Units — A.U., BepTuKanbHas mKajina) npu temmeparype 33 °C
(aepHsiii cronber) u 37 °C (cepsiii cronberr) B kinetkax Cos-1,
TpaHC(]EIMPOBAHHBIX PEHOPTEPHBIMH KOHCTPYKIMSIMH COBMECTHO
¢ MuHUTeHOMOM BUpycoB A/Puerto Rico/8/34 (PRS8)
nmu A/Kpacnomap/101/35/59 (Krasnodar).

B kax10M cTONOLE IPUBEICHO CPEaHEE apU(PMETHICCKOE 3HAYCHHE 110 PE3YIlb-
TaTaM TPeX HEe3aBHCHMBIX SKCIIEPHMEHTOB CO CPEAHEKBaAPATHUHBIM OTKIIOHE-
uueMm. Koncrpykimst dCMV xapakrepusyeT aKTHBHOCTb HOJHMEpasbl IIPed-
MyIIECTBEHHO npH TpaHckpumnuy, a dCMVrev — aKTUBHOCTB TTONHMEpa3bl
TIPY PEIUTHKALUK ¥ TPAHCKPUNIUK. * — mocToBepHOE pasnuune mpu p < 0,008.
O6o3nauenmss: CMV/NS1GFPNS2 — penoprepHas koHcTpykiust NS1GFPNS2
¢ CMV mnpomotopom (koHTpoins); dCMV — penoprepHasi KOHCTpyKuus NS-
IGFPNS2 6e3 mpomotopa CMV; dCMVrev — penoprepHasi KOHCTPYKLHs Oe3
npomoropa CMV ¢ uHBepTHpOBaHHOI ocnenoBarenbHOCTEI0 NS1GFPNS2.

differences in transcriptional and replicative +
transcriptional activity were found (Fig. 6, Table).

Conclusion

Two reporter constructs with fluorescent protein based
on the segment 8 of the A/Krasnodar/101/35/59 (H2N2)
strain were created, which allow the control of the
replicative and transcriptional activities of proteins of the
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Table. The ratio of replicative and transcriptional activities of RNA-dependent RNA polymerase of viruses A/Krasnodar/101/35/59 (H2N2)
and A/Puerto Rico/8/34 (H1N1) at temperatures 33 and 37 °C based on the fluorescence intensity (F33/F37) of the green protein expressed by

the reporter construct

Tabnuya. CooTHOLIEHHE PEIVIMKATUBHON M TPaHCKpUNIMOHHOH akTHBHOCcTeli PHK-3aBucumoii PHK-nonumepassl Bupyco A/KpacHo-
nap/101/35/59 (H2N2) u A/Puerto Rico/8/34 (HIN1) npu Temneparype 33 u 37 °C Ha ocHOBaHMH HHTeHCHBHOCTH (uiyopecuenuuu (O, /D)

3eJ1eHOr0 0eJIKa, IKCIPECCHPYEMOro PeNopTEPHOii KOHCTPYKIHe

The function of viral polymerase (reporter construct), F33/F37 value
DyHKIHUS BUPYCHOHU MONMMeEpashl (penopTepHas KOHCTPYKIHs), 3Hadenne O, /@,

Minigenome of virus

MHUHHTEHOM BHpyca transcription replication + transcription
(dCMV) (dCMVrev)
TPaHCKPHUIILHS PpEIUINKALHS + TPAHCKPHUITIIHS
Control, NSIGFPNS2 1,3 _
KonTponb, NSIGFPNS2
A/Puerto Rico/8/34 1,1 1,2
A/Krasnodar/101/35/59 49 2,7

A/Kpacnonap/101/35/59

Note. Designation according to Fig. 6.

Ilpumeyanue. O603HaYEHNU, KaK Ha pHC. 6.

influenza virus polymerase complex by the minigenome 8.
method.

Using the minigenome method, it was shown that the
polymerase of cold-adapted A/Krasnodar/101/35/59 o
(H2N2) virus has higher replicative and transcriptional
activity at 33 °C than at 37 °C, in contrast to the
polymerase of A/Puerto Rico/8/34 virus (HIN1, Mount
Sinai variant), whose activity does not differ significantly
at 33 and 37 °C.

The results of the study, obtained with the help of the
minigenome method, not only confirmed the conclusions
of earlier studies carried out by other methods
[20, 21] that the ts-phenotype of the cold-adapted A/

Krasnodar/101/35/59 (H2N2) strain is caused by the 12

viral polymerase, but also showed that the transcriptional
activity of the polymerase of this strain is more

temperature-dependent than its replicative activity. 13.
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