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Abstract—Based on previous studies, two antibody-like molecules, monobodies, capable of high-affinity
interaction with the SARS-CoV-2 nucleocapsid protein (dissociation constant of tens of nM) were selected.
For delivery to target cells, genetically engineered constructs containing monobody and TAT peptide, placed
either at the N- or C-terminus of the resulting polypeptide, were produced and expressed in E. coli. The con-
struct with the highest affinity to the SARS-CoV-2 nucleocapsid protein was revealed with the use of ther-
mophoresis technique. Cellular thermal shift assay demonstrated the ability of this construct to interact with
the nucleocapsid protein within HEK293T cells transfected with the SARS-CoV-2 nucleocapsid protein
fused to the mRuby3 fluorescent protein. Replacement of TAT peptide to S10 shuttle peptide, containing
endosomolytic peptide, significantly improved the penetration of the construct into the target cells.
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The need to develop new antiviral drugs has
become clearer than ever against the backdrop of the
SARS-CoV-2 coronavirus pandemic. Along with the
classical low-molecular-weight inhibitors of viral
activity [1], it seems very promising to use antiviral
drugs containing antibodies or antibody-like mole-
cules that can be obtained for almost any protein anti-
gen. In this regard, antibody-like molecules may be
more promising due to their relatively small size com-
pared to natural antibodies, while retaining the desired
specificity and affinity [2]. One of the viral proteins
that are critical for the assembly of the virus can be
selected as a target. For the SARS-CoV-2 virus, this
protein can be the nucleocapsid protein, or the N pro-
tein, which binds to viral RNA and takes an active part
in the assembly and packaging of the virus and also has
a number of other important functions for the virus
[3–5]. In our previous work [6], we showed that sev-
eral antibody-like molecules, monobodies (Fn-N), to
the SARS-CoV N protein, created on the basis of the
tenth domain of human type 3 fibronectin [7], are able
to interact with high affinity with the N protein of the
SARS-CoV-2 virus. For nonspecific delivery of these
monobodies into cells, a cell-penetrating peptide can
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be attached to them (for example, the TAT peptide, a
peptide from the HIV-1 transcription transactivator
protein) [8]. This was done for two monobodies Fn-
N15 and Fn-N20, with the TAT peptide being located
at the N- or C-terminus of the construct. The con-
struct with the highest affinity for the N protein was
selected from the obtained constructs. Next, the abil-
ity of this construct to bind to the N protein in HEK-
293T cells was studied. To improve the efficiency of
penetration into cells, a construct containing the shut-
tle peptide S10 instead of the TAT peptide was also
studied [9].

Using genetic engineering methods, we obtained
four plasmids, each of which contained a gene encod-
ing an antibody-like molecule with a His tag and a
TAT peptide at the N- or C-terminus. Plasmids
encoding SARS-CoV-2 N protein with His-tag and
SARS-CoV-2 N protein fused to the mRuby3 f luores-
cent protein were kindly provided by ShineGene com-
pany (China) and Dr. Raphael Gaudin (Addgene
plasmid no. 170466), respectively. The antibody-like
molecules fused with the TAT peptide and N protein
were expressed in E. coli strain BL21(DE3). The
expression of Fn-N with TAT and N protein was
induced with 500 μM IPTG for 20 h at 37°C for Fn-N
with TAT and for 3 h at 37°C for N protein. Fn-N with
TAT and N protein were isolated from the insoluble
fraction [10] and then purified by affinity chromatog-
raphy on columns packed with HisTrap FF for Fn-N
with TAT and Protino® Ni-TED Resin for N protein.
0



DELIVERY OF ANTIBODY-LIKE MOLECULES, MONOBODIES, CAPABLE 221

Fig. 1. Dependences of relative f luorescence intensities
(fluorescence intensity before the start of thermophoresis is
taken as 100%) 20 s after the start of thermophoresis on the
concentration of polypeptide constructs at a constant con-
centration of the N protein (40 nM). Standard errors (SE) of
relative fluorescence intensities are shown (8–12 replicates).
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The isolated proteins were stored in a buffer contain-
ing 10 mM HEPES and 150 mM NaCl (pH 8).

Denaturing polyacrylamide gel electrophoresis
demonstrated a sufficient degree of purity of the
obtained proteins (98.9% for N protein, 98.8% for
TAT-Fn-N15, 96% for Fn-N15-TAT, 61.5% for TAT-
Fn-N20, 97.5% for Fn-N20-TAT, and 94.4% for S10-
Fn-N15).

The interaction of the obtained polypeptide con-
structs with the N protein was studied as described in
[6] by thermophoresis on a Monolith NT.115 Series
instrument (NanoTemper Technologies GmbH, Ger-
many) in a buffer containing 10 mM HEPES and
150 mM NaCl (pH 7). The N protein was labeled with
the AF488 fluorescent dye as described in [6]. The
degree of modification was 2.2 AF488 molecules per
one N protein molecule. Cellular thermal shift analy-
sis was performed on HEK293T cells transiently trans-
formed with the N protein fused to the mRuby3 f luo-
rescent protein as described in [11], except that the
fluorescence of the samples was measured in capillar-
ies on a Monolith NT.115 Series instrument (Nano-
Temper Technologies GmbH, Germany). For each
polypeptide concentration, the sample was divided
into four aliquots. The number of cells in aliquots and
the percentage of transfection with the N protein (20–
30%) fused with the red protein were determined using
a MACSQuant Analyzer f low cytometer (Miltenyi
Biotec, France). One aliquot was not heated, and the
other three aliquots were heated to temperatures of 45,
50, and 55°C, respectively, for 3 min. Then, cell ali-
quots were lysed by four cycles of freezing in liquid
nitrogen and thawing at 37°C. To separate from cell
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debris and denatured proteins, the lysed cells were
centrifuged at 8000 g for 1 h. The f luorescence of the
buffer was subtracted from the f luorescence of each of
the supernatants, and the resulting difference was nor-
malized to the number of cells in the sample. The
background value obtained for HEK293T cells not
transformed with the N protein was subtracted from
this normalized f luorescence. The obtained f luores-
cence value was normalized to the f luorescence of
samples that were not subjected to heating.

At a fixed concentration of N-AF488 (40 nM), we
used thermophoresis to obtain the dependences of rel-
ative f luorescence (f luorescence before thermophore-
sis was taken as 100%) 20 s after the start of thermo-
phoresis on the concentration of the obtained con-
structs (Fig. 1). Four such dependences were obtained
for each experiment, and the whole experiment was
repeated two or three times. For each curve, the disso-
ciation constant of the complex of the polypeptide
construct with the N protein was determined. It was
averaged over all 8–12 curves, and the relative mea-
surement error was determined. The dissociation con-
stants of the complexes of constructs with the N pro-
tein were 46 ± 5, 710 ± 260, 350 ± 80, and 190 ±
90 nM for constructs TAT-Fn-N15, Fn-N15-TAT,
TAT-Fn-N20, and Fn-N20-TAT, respectively. Thus,
the best affinity for the N protein is observed for the
TAT-Fn-N15 construct. For the S10-Fn-N15 con-
struct (Fig. 1), the dissociation constant with the
N protein was 700 ± 270 nM.

To study the interaction of the obtained constructs
with the N protein in the cell, a variant of cellular ther-
mal shift analysis in which the concentration of the
added polypeptide construct changes was used [12].
Such dependences were obtained for the constructs
TAT-Fn-N15 and S10-Fn-N15 on HEK293T cells at
different temperatures, e.g., at 50°C (Fig. 2a). Inter-
polation of the sigmoid curve makes it possible to
determine the amplitude of the transition, ∆t, as well
as to determine the proportion of the complex of the
construct with the N protein at the selected tempera-
ture, ∆/∆t, at any concentration of the construct
(Fig. 2a). This fraction can be extrapolated with a lin-
ear relationship to a temperature of 37°C (Fig. 2b)
and, thereby, obtain the dependences of the propor-
tion of the complex of the construct with the N protein
on the concentration of the construct outside the cells
at physiological temperatures (Fig. 2c). For the TAT-
Fn-N15 and S10-Fn-N15 constructs, using the
obtained curves, it was found that EC50 = 10.1 ± 0.8
and 3.5 ± 0.8 μM, respectively (Fig. 2c).

Thus, out of the four constructs obtained (two
monobodies and the TAT peptide at the N or C termi-
nus), the TAT-Fn-N15 construct has the highest
affinity for the N protein of the SARS-CoV2 virus
(dissociation constant 46 ± 5 nM). Cellular thermal
shift analysis showed that this construct can penetrate
HEK293T cells and interact in them with the N pro-
6  2022
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Fig. 2. (a) Dependence of relative f luorescence intensities (relative to the f luorescence intensity of the sample not subjected to
heating) on the concentration of TAT-Fn-N15 construct obtained by heating for 3 min at 50°C. The data were interpolated with
a sigmoid regression curve. (b) Temperature dependence of the ratio of the proportion of the TAT-Fn-N15 complex with the N
protein (∆) to the transition amplitude (∆t) at 10 μM TAT-Fn-N15. The straight line shows the extrapolation of the experimental
data to 37°C. (c) Dependences of the proportion of the S10-Fn-N15 or TAT-Fn-N15 complexes with the N protein on the con-
centration of the construct outside the cells under physiological conditions.
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tein fused to the mRuby3 fluorescent protein. The
inclusion of the S10 shuttle peptide [9], which con-
tains both the improved TAT peptide and the endoso-
molytic peptide, instead of the TAT peptide, leads to a
threefold decrease in EC50 (Fig. 2c). Despite the fact
that the affinity of the S10-Fn-N15 construct for the
N protein is 15 times lower than the affinity of the
TAT-Fn-N15 construct, this is well compensated by
the increase in the efficiency of penetration of the
construct with S10 compared to the construct with the
TAT peptide into cells. It should be noted that, previ-
ously, the S10 shuttle peptide was added simultane-
ously with the delivered construct; i.e., they did not
form a chemical bond with each other [9]. In the pres-
ent study, it was shown that the S10 is also effective in
fused constructs. However, in the resulting construct,
S10 significantly decreases the affinity of the mono-
body for the N protein. The effectiveness of the con-
struct can be further increased by increasing this affin-
ity, for example, by inserting an additional spacer
between the S10 and the monobody, or by choosing a
different monobody.

As a result of this study, we demonstrated that the
S10-Fn-N15 construct has the highest efficiency of
interaction with the N protein of the SARS-CoV-2
virus in HEK293T cells. This construct can potentially
become the basis of an antiviral drug targeting both
SARS-CoV and SARS-CoV-2.
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