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Abstract—Two eukaryotic cell lines, A549 and A431, with stable expression of the nucleocapsid protein
(N-protein) of the SARS-CoV-2 virus fused with the red fluorescent protein mRuby3 were obtained. Using
microscopy, the volumes of the cytoplasm and nucleus were determined for these cells. Using quantitative
immunoblotting techniques, the concentrations of the N-mRuby3 fusion protein in their cytoplasm were
assessed. They were 19 and 9 uM for A549 and A431 cells, respectively. Using these concentrations, the initial
rate of N-protein degradation in the studied cells was estimated from the decrease in cell fluorescence. In
A549 and A431 cells, it was the same (84 nM per hour). The approach of quantitatively describing the degra-
dation process can be applied to analyze the effectiveness of a wide class of antiviral drugs that cause degra-

dation of viral proteins.
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When developing new antiviral drugs (in particular,
against the SARS-CoV-2 coronavirus), it is often nec-
essary to obtain model cell systems to study this virus.
For most viruses, there is a key protein or proteins
without which the viral capsid cannot form. An exam-
ple of such proteins is the nucleocapsid protein (N-
protein) of the SARS-CoV-2 virus [1—3]. Usual inter-
action of antibody-like molecules with this protein can
result in the disruption of the formation of the viral
capsid, i.e., prevent the spread of viral infection [4]. To
study the interaction of various drugs with this protein,
it is most convenient to use cells with temporary or sta-
ble expression of this protein. In this work, two cell
lines with stable expression of the N-protein of the
SARS-CoV-2 virus were obtained as a model. In many
delivery systems, various antibody-like molecules are
commonly used [5]. For example, previously we
showed that modular nanotransporters (MNTs) con-
taining the NC2 monobody [6] to the N-protein of the
SARS-CoV-2 virus are capable of binding to this pro-
tein, both in solution and in cells [7]. If these MNTs
contain the DPETGEYL amino acid sequence, which
is capable of high-affinity binding to the Keap1 ubiq-
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uitin ligase [8], then the simultaneous binding of
MNTsto Keap1 and the N-protein should presumably
lead to the degradation of the N-protein as a result of
its ubiquitination [9]. In this study, we quantitatively
described the process of N-protein degradation in cells
under the influence of MNT. For this purpose, first of
all, the intracellular concentration of N-protein in the
obtained cell lines was assessed.

A549 and A431 cells, with stable expression of N-
protein fused to the fluorescent protein mRuby3 (IN-
mRuby3), were obtained by lentiviral transfection of
cells using plasmids pMD2.G, psPAX2, and pHAGE
N-mRuby3 (from SARS-CoV-2) IRES puro
(Addgene). Recombinant lentiviral particles were pre-
pared by cotransfection of HEK293T cells in a 25-cm?
flask with 2.3 ug pMD2.G, 4.3 ug psPAX2, and
10.2 uyg pHAGE N-mRuby3 (from SARS-CoV-2)
IRES puro using Calcium Phosphate Transfection
Reagent (Thermo Fisher Scientific). The virus sus-
pension was collected 72 h after transfection. Lentivi-
rus was concentrated using a Lenti-X concentrator
(TakaraBio) according to the protocol provided by the
company. Human lung adenocarcinoma A549 cells
and human epidermoid carcinoma A431 cells were
seeded into 24-well plates (1 x 10* cells per well) 1 day
before viral infection. To perform lentiviral transfec-
tion, lentiviral particles were added to a culture
medium containing 10 pg/mL polybrene (Sigma-
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Fig. 1. (a) Western blot with antibodies to the N-protein of the SARS-CoV-2 virus for lysates of N-mRuby3 transfected A549 cells
(1) and A431 cells (2) and recombinant N-protein concentrations: 200 (3), 600 (4), and 1000 nM (5). M—protein standards.
(b) Calibration curve of dependence of Western-blot total band intensity on N-protein concentration.

Aldrich). Stable cell lines were selected on medium
containing 1 pg/mL pyromycin (Acros Organics).
Transfection of cells with the N-mRuby3 fusion pro-
tein was determined visually using confocal micros-
copy in the mRuby3 channel using an LSM 510
META NLO multiphoton scanning microscope (Carl
Zeiss, Germany) with NA 0.4 lens (magnification
20x), as well as using Western blot analysis with anti-
bodies to the N-protein (PA5-116894, Invitrogen)
(Fig. 1a).

MNT expression was studied in the E. coli strain
Ros(DE3)pLysS. Autoiinduction of MNT expression
was performed by incubation at 18°C for 48 h. MNTs
were isolated from the soluble fraction [10] and then
purified by affinity chromatography on HisTrap FF
column (Cytiva). Denaturing electrophoresis in poly-
acrylamide gel showed a sufficient degree of purity of
the obtained MNTs (86.6%).

As a result of analysis of 69—87 images of cells
detached from the substrate, which was performed as
described in [11], the volumes of cells and their nuclei
were determined: cell volumes, 1814 + 87 and 1450 +
37 um?; nucleus volumes, 374 + 28 and 160 + 7 um?
for A549 and A431 cells, respectively. The N-mRuby3
fusion protein was located predominantly in the cyto-
plasm of A549 and A431 cells. The cytoplasm volume
was 1439 + 91 and 1289 + 38 um? for A549 and A431
cells, respectively. These values were subsequently
used to calculate the concentration of N-mRuby3 in
the cytoplasm.

The obtained A549 and A431 cells were collected
from the substrate using trypsin treatment and subse-
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quent centrifugation. The cells were then suspended in
100 pL of phosphate buffer (pH 8.0) containing cOm-
plete (EDTA free protease inhibitor cocktail,
11873580001, www.sigmaaldrich.com) and 10 mM
EDTA. The number of cells in the studied samples was
measured using a MACSQuant Analyzer flow cytom-
eter (Miltenyi Biotec GmbH, France). Cells were
lysed by three cycles of freezing in liquid nitrogen and
thawing at 37°C. When cells are lysed, N-protein is
released and distributed throughout the entire volume
of the sample. The ratio of the volume of the sample to
the total volume of the cytoplasm of all cells contained
in the sample before lysis (the so-called dilution fac-
tor) was 126—280 and 197—371 for A549 and A431
cells, respectively (for three or four samples with dif-
ferent concentrations of cells).

The concentration of the N-mRuby3 protein in
A549 and A431 cell lysates was measured using N-pro-
tein calibration solutions of known concentrations.
The N-protein used for these purposes was obtained
and purified as described in [7]; its purity was 98.9%.
The obtained lysates of A549 and A431 cells were
loaded onto polyacrylamide gel together with N-pro-
tein of known concentration. Electrophoresis was fol-
lowed by immunoblotting. For this purpose, samples
were transferred to a 0.22-um nitrocellulose mem-
brane and stained with antibodies to N-protein and
secondary goat-antirabbit+Peroxidase antibodies
(G21234, ThermoFisher Scientific) (Fig. 1a). Using
the known N-protein concentration, calibration
curves were constructed (Fig. 1b) and used to calcu-
late the concentration of N-protein in the studied
Vol. 513
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QUANTITATIVE DESCRIPTION

Table 1. Relative fluorescence of A431 and A549 cells (the
fluorescence of cells to which MNT was not added was
taken as 100%) when they were incubated for different times
with 500 nM MNT. Mean values with corresponding stan-
dard error are shown (n = 8—17)

Incubation time, h A431 A549
0 100.00 = 0.48 100.00 + 0.77
15 86.04 +3.31 94.89 + 2.44
24 74.63 £ 3.41 89.20 + 1.36
39 60.55 + 1.59 85.69 + 1.30
48 63.35+1.94 88.43 £ 1.11

samples. Knowing the dilution factor of the N-mRu-
by3 protein during cell lysis and the concentration of
N-protein in the lysates, we calculated the N-mRuby3
concentration in the cytoplasm: 19.0£1.3 and 9.0 £
1.8 uM for A549 and A431 cells, respectively.

The differences in the N-mRuby3 concentrations
in A549 and A431 cells are clearly seen under a fluo-
rescence microscope: the fluorescence intensity of
AS549 cells is noticeably higher than that of A431 cells.
If we calculate the average fluorescence intensity of
mRuby3 in the area of cells and subtract from it the
average fluorescence intensity of the noise signal (for
areas without cells), then the ratio of the mRuby3 flu-
orescence intensity for A549 cells to that for A431 cells
is 1.6 £ 0.2. This value is close to the ratio of N-mRuby3
concentrations we determined for these two cell
lines (2.1 = 0.4). Thus, the difference in fluores-
cence of A549 and A431 cells reflects the difference
in the concentrations of the N-mRuby3 protein in
these cells.

Concentration of N-protein undergoing
degradation, uM
4 —

@ A431
0 A549

0 15 24 39 48
Incubation time, h

Fig. 2. Relationship between the concentration of degraded
N-protein and the time of incubation with 500 nM MNT of
A431 and A549 cells stably expressing N-protein fused to
mRuby3. Mean values with corresponding standard error are
shown (n = 8—17).
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The process of degradation of the N-mRuby3
fusion protein in A431 and A549 cells was monitored
using flow cytometry with a CytoFLEX S instrument
(Beckman Coulter) and a MACSQuant Analyzer
(Miltenyi Biotec, France) in the fluorescence channel
564—606 nm; fluorescence was excited using a laser
with a wavelength of 561 nm. Cells transiently express-
ing the N-mRuby3 protein were incubated with
500 nM MNT for a specified time, washed, removed
from the substrate, and analyzed with the flow cytom-
eter. Table 1 shows the fluorescence values of A431
and A549 cells at different times of incubation with
MNT. Assuming that the decrease in the fluorescence
intensity is caused by the degradation of the N-mRuby3
protein and knowing the concentrations of the N-pro-
tein in the cell lines studied, the dependence of the
concentration of the N-protein that undergoes degra-
dation on the duration of incubation with MNT can be
calculated (Fig. 2). It was found that, for A431 and
A549 cells, these dependences give the same initial
rate of N-protein degradation, equal to 84 + 7 nM per
hour (Fig. 2). It should be noted that the actual rate of
N-protein degradation may be higher, because the
fluorescent protein mRuby3, similarly to other fluo-
rescent proteins, may not be degraded completely [12].
This means that, even after degradation, residual
mRuby3 fluorescence can be observed.

Thus, in this work, cell lines A431 and A549 with
stable expression of the N-protein fused with the flu-
orescent protein mRuby3 were obtained. MNT added
to these cells caused N-protein degradation. The ini-
tial rate of N-protein degradation in cells was deter-
mined and shown to be the same for A431 and A549
cells. The proposed MNTs can become the basis for a
future antiviral drug, and the approach to quantitative
analysis of the degradation process can be used to ana-
lyze the efficacy of a wide class of drugs aimed at sup-
pressing the activity of various viruses.
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