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Background: The outbreak and continued spread of coronavirus infection (COVID-19) sets the goal of finding new
tools and methods to develop analytical procedures and tests to detect, study infection and prevent morbidity.
Methods: The noncovalent binding of cyanine and squarylium dyes of different classes (60 compounds in total) with
the proteases NSP3, NSP5, and NSP12 of SARS-CoV-2 was studied by the method of molecular docking.

Results: The interaction energies and spatial configurations of dye molecules in complexes with NSP3, NSP5, and
NSP12 have been determined.

Conclusion: A number of anionic dyes showing lower values of the total energy E,, could be recommended for
practical research in the development of agents for the detection and inactivation of the coronavirus.
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Author summary: Using molecular docking modeling, the noncovalent interaction of a large number of cyanine and
squarylium dyes of various classes with SARS-CoV-2 coronavirus proteases has been studied. It has been found that
electrostatic ligand—protein interactions (Coulomb interactions) can play an important role in the stability of noncovalent
complexes. Based on the data obtained, the selection of dyes for further practical research has been carried out with the
aim of developing spectral-fluorescent probes for detection of SARS-CoV-2. In addition, it is concluded that meso-

substituted thiacarbocyanines may be promising for use in photoinactivation of the coronavirus.

INTRODUCTION

The ongoing pandemic of the SARS-CoV-2 determines
the need to search for new means and methods both for
therapeutic purposes and for the development of
analytical procedures and tests in order to detect, study,
and prevent the spread of coronavirus infection.

One of the most powerful approaches currently
applied in studies involving viruses include the use of
fluorescent probes and labels, e.g., cyanine dyes SYBR
gold [1], YO, YOYO, YO-PRO and BOXTO-PRO [2];
Cy5 [3] and Cy3 [4], monomethine oxacyanines [5]. In
this respect, cyanine dyes represent an attractive class of
fluorescent probes and markers whose main advantages
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lie in the high extinction coefficients, absorption and
emission in UV to NIR spectral ranges covering the
optical window for biological samples, and their
photophysical and photochemical properties, which
depend on the molecular environment [6]. Furthermore,
cyanine dyes (and related squarylium dyes) are capable
of noncovalent interaction with biomolecules with
fluorescence growth, which creates the prerequisites for
their use as probes in biomolecular systems [7,8]. The
variety of structures and properties of cyanine dyes of
different classes (which contain a polymethine chain of
different length, different terminal heterocycles and
substituents) requires molecular modeling in silico in
preliminary screening the compounds. Modeling using
molecular docking is widely used to study the
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interaction of drugs with the protein components of
SARS-CoV-2, which provides valuable information
about the binding sites of the substrate with the selected
protein components and the interaction energy (or
affinity) of the substrate molecule with these proteins
[9-11].

In the present work, the noncovalent interaction of
various classes of polymethine and squarylium dyes
(about 60 compounds) with proteases NSP3, NSPS5,
NSP12, being nonstructural proteins of SARS-CoV-2,
was modeled using the in silico molecular docking
method. We studied polymethine dyes of various
structures, differing in the length of the polymethine
chain, terminal heterocycles, substituents in the
polymethine chain and heterocycles. To reveal the
influence of the charge of the dye molecule on this
interaction, cationic, neutral, and anionic dyes were
studied.

As an energetic characteristic of ligand—protein
noncovalent binding, the affinity parameter (also known
as an energy scoring function) is often used in docking
studies [9, 12, 13]. However, in our case this parameter
exhibits only slight variations as a function of the
structure (or charge) of the dyes studied (see Tables 1,
2). This could be the consequence of its complex nature,
which is largely based on experimental data on the

dye—protein binding constants [14—17]. Since there is no
such literature data on binding polymethine dyes with
SARS-CoV-2 proteases (even with any proteases), the
affinity values obtained using DockThor seem to be not
very reliable for the system under study. As an
alternative, to characterize the possible binding of the
dyes to proteases, the total energy parameter (£, ) is
used [18, 19], which is obtained in DockThor from the
MMFF94S force field and is composed of the
intermolecular and intramolecular interactions according
to the electrostatic and van der Waals potentials and the
torsional energy of the ligand [14, 20]. We found that
the E,, parameter varied much greater than the affinity
parameter with changing the structure of the
polymethine dye; therefore, this parameter was chosen
by us in the present work as a stability characteristic of
the possible noncovalent binding between polymethine
dyes and SARSCoV-2 proteases.

RESULTS
Molecular docking of cationic dyes
The interaction of cationic meso-substituted thia- and

oxa-carbocyanine dyes with proteases NSP3, NSP5 and
NSP12 was studied. The structural formulas of the dyes

Table 1 Results of molecular docking of anionic squarylium dyes SQ1.1-SQ1.7 with proteases NSP3, NSP5, NSP12

E,; (kcal mol ") Evygy (kcal mol™) E,, (kcal mol ")

Dye Run Aff. (kcal mol™)

NSP3 SQl1.1 18 -7.71 19.35+1.82 -10.35+5.89 -35.90+5.74
SQ1.2 5 -7.79 23.20+3.09 -935+9.15 -43.81+11.07
SQ1.3 5 —8.14 -57.7+£2.7 0.57+9.9 —53.5+11.2
SQ1.4 15 -7.04 43.56 +£1.98 -1.30 £ 6.33 -53.09 +7.49
SQL.5 23 —7.18 44.59 £ 0.86 —6.63 £5.65 —46.71 £5.94
SQ1.6 22 —7.25 4.80+2.87 -5.73+£7.23 -49.20+9.28
SQ1.7 3 -7.12 -59.85+1.38 -7.76 £7.70 —43.93 + 8.65

NSP5 SQI.1 24 -9.01 26.10+2.59 -21.67+5.84 —19.69 £ 6.38
SQ1.2 7 —7.45 20.70 +2.28 —15.02+2.17 —44.92 £4.10
SQ1.3 12 —7.83 -68.4+1.24 —12.25+53 —-548+5.3
SQ1.4 15 -8.41 38.06 + 3.88 —22.83 £ 8.02 -46.24 +£7.23
SQL.5 8 -8.59 38.46 +5.75 -29.72 £ 5.28 —41.73+13.48
SQ1.6 7 —8.632 -0.15 £ 6.69 —21.84 + 6.86 —43.52 +£12.02
SQ1.7 14 —-8.06 —65.97+1.98 —25.65+6.53 -33.01+5.89

NSP12 SQI1.1 3 —7.74 -36.66 + 3.16 —13.27+3.18 -50.59 £5.29
SQ1.2 24 -7.23 11.14+ 1.19 —-11.51+5.34 —58.86 = 5.96
SQ1.3 7 —7.08 -76.9+1.2 —14.02+3.8 —62.5+4.2
SQ1.4 9 —6.67 23.36 +4.22 —15.68 +7.31 —62.55+9.23
SQL.5 22 -6.70 29.99 + 1.62 -15.99 + 8.13 -57.97 +£8.13
SQ1.6 24 —7.05 -1441+1.84 —10.79 £ 5.42 —64.79 £5.22
SQ1.7 22 —8.08 —77.65+4.53 —12.84 £ 5.77 -58.70 £2.47
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Table 2 Results of molecular docking of anionic cyanine dyes with proteases NSP3, NSP5, NSP12

NSP3 NSP5 NSP12

Dye X

Run Aff. (kcal mol™") E, (kcalmol™) Run Aff. (kcal mol™") E, (kcalmol)) Ryn Aff. (kcal mol™) E, (kcal mol™)
SQl.1 16 -6.55 —454+2.1 5 771 —438+1.13 20 —7.14 ~47.6+2.6
SQ1.2 22 -6.21 -158+151 16 -7.98 —21.6+1.96 2 742 224432
SQ1.3 5 22 -6.95 -33.9+051 12 -8.06 293+071 22 -7.58 —41.1+3.7
SQ1.4 1 -6.56 334+1.14 14 -8.01 23.0+ 1.03 3 —7.34 32.1+0.69
SQ1.5 15 -6.82 —-62.1+23 11 ~7.40 —69.2+42 22 -7.21 —632+2.7
SQ1.6 © 21 -6.71 —543+33 18 -8.18 -603+1.64 10 -7.55 -55.9+29
SQ1.7  C(CHy), 15 -7.26 352+1.76 12 -8.19 -35.2+1.76 4 —6.96 ~39.9+0.97
SQ2.1 22 -7.02 ~19.8+2.8 11 -8.46 -19.23+2.7 18 -7.22 —242+1.71
SQ2.2 6 -6.97 —24.5+1.96 - - - - - -
SQ2.3 5 20 -8.06 1725128 11 -9.50 ~1.78+2.5 4 -8.50 15.5+1.82
SQ2.4 19 -6.96 -5.16+1.35 3 931 -3.14+4.7 22 ~7.58 —6.38+2.4
SQ2.5 19 -6.76 427 £1.1 15 —7.60 —512+32 24 —4.02 419+ 1.11
SQ2.6 16 -7.75 ~39.1+1.5 21 —7.87 —479+35 1 —7.58 ~39.3+0.98
SQ2.7 0 3 —6.49 584+1.19 10 -7.99 4648182 10 -7.53 56.1+0.87
SQ2.8 15 —6.84 ~7.97+0.70 8 9.82 26.6+2.5 20 -8.42 —7.48 +0.66
SQ2.9 13 -6.58 ~59.2+2.1 9 9.12 ~72.8+2.0 21 ~1.70 -59.3+1.38
SQ2.10 C(CH;), 8 -6.97 -26.7£1.12 1 -8.22 -27.7£3.0 23 -7.37 -32.0+34
SQ2.11 S 11 -6.56 —22.8+1.86 7 —7.41 283145 21 -7.93 -313+29
SQ2.12 0 8 -6.71 -109.0£0.85 19 —7.64 —124.2 3.6 1 —7.74 —120.1 £0.82
SQ2.13 C(CHy, 18 -6.96 -81.6+ 1.4 22 -8.04 -833+2.7 17 ~7.60 —91.1+2.03
SQ3.1 21 -7.62 355+1.16 10 —7.24 —43.8+24 2 —7.63 ~38.2+0.96
SQ3.2 s 8 -6.63 -393+1.3 4 -8.08 —437+29 1 -7.79 43821
SQ3.3 1 —7.48 —462+2.6 11 9.16 507143 19 -8.18 —42.6+1.51
SQ3.4 0 17 -6.24 —572+2.1 6 -8.64 —66.5+2.6 6 —7.44 -59.1+1.05
SQ3.5 7 7131 —60.8 + 1.44 ~7.60 -732+1.04 22 ~1.72 —66.6+1.15
SQ3.6  C(CHy), 15 -7.10 -19.01+2.7 1 -8.21 -17.67£2.8 8 -7.31 —16.47+1.48
SQ4.1 23 —7.89 —4.64+0.67 2 -8.68 471424 13 ~7.80 -39.1+0.87
SQ4.2 S 9 —7.43 259+22 16 -8.76 -35.1+2.7 15 -6.70 294+1.17
SQ4.3 24 —7.37 -18.8+1.09 5 9.11 28.7+2.1 9 -7.76 —28.1+3.4
SQ4.4 2 -6.53 ~14.0+1.76 7 -8.86 ~14.64+0.98 4 -8.67 —18.41 +1.47
SQ4.5 9 724 —38.1+5.2 8 -8.12 —451+22 19 -8.11 -37.6+1.36
SQ4.7 © 4 -8.34 -39.8+23 16 831 —475+2.0 1 -7.76 —46.2+1.46
SQ4.6 15 -7.33 ~46.9+1.81 7 -8.03 514+138 22 —7.64 —45.5+0.62
SQ48 C(CHy), 18 -7.89 215425 6 -10.5 25.0 +2.64 9 -7.97 17.01 +£3.2

are shown in Fig. 1 (structures C1-C10), the dyes differ
from each other both by substituents at position 9 of the
polymethine chain (meso position) and by substituents
in terminal heterocycles (R2 and R3 for structures
C1-C10). The initial isomeric configuration of
carbocyanines C1-C10 corresponds to the cis
configuration as the most stable for meso-substituted
carbocyanines in polar solvents [21].

All cationic carbocyanines are characterized by
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positive values of total energy E, , when interacting with
the proteases. The maximum positive £, value was
obtained for dyes C6 and C10 (Supplementary Table
S1). In the case of docking with NSP5 and NSP12, the
highest £, , values were obtained for C1 (26.71 = 0.35
kcal mol ™). The lowest E,, values (but also positive)
was obtained for C8 with NSP5 and NSP 12 (14.75 +
1.50 and 16.03 + 1.75 kcal mol™" respectively). Upon
docking the cationic carbocyanines with NSP3, NSP5,
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R

R, X X R,
>\)\/<\
R, '}‘ '}‘ R,
1 R,
C1 X=S R=CH;, R,=-C,H; C6 X=S R=-C,H; R,=-C,H; R,=-OCH,
C2 X=S R=-C,H; R;=-C,H, C7 X=S R=R,=-0OCH, R,=-C,H,
C3 X=S R=-0OCH; R;=-C,H; C8 X=0 R=-C,H, R,=-CH,
C4 X=S R=-SCH, R,=-C,H; C9 X=0 R=-C,H; R,=-C,H, R,=-CH,
C5 X=S R=-CI R,=-C,H; C10 X=C(CH;), R=-CH, R,=-C,H,
R, R, O R R,

R, R, OH R, R,
SQ1 R,=R,=H
SQ2 R,=-I
SQ3 R,=-OH R,=-
SQ4 R,=-OH
SQ5 R,=-Br
SQ6 R,=-OH R,=-Br

Figure 1.

OH
R, X X R,
[e) / / /
R A R,
R3 O

w;U—Z

SQ1.1 X=C(CH,), R,=-SO, R,=C,H;
SQ1.2 X=C(CH,), R,=—(CH,),SO,"
SQ1.3 X=S R,;=-(CH,),SO,

SQ14 X=S R,=-CH, R;=—(CH,);SO;
SQ1.5 X=S R,=-OCH, R,=—(CH,),SO,
SQ1.6 X=S R,,=-Cl R,;==(CH,),SO,"
SQ1.7 X=S R,=-SO,” R,=C,H,

Structural formulas of cationic carbocyanines, as well as neutral and anionic squarylium dyes. Substituents

R, in the dye structures not mentioned in the legend are hydrogens (—H).

and NSP12, close values of the total energy of cationic
carbocyanines were obtained (with the exception of C6,
C8, C10), on average, 33.54 £+ 5.39, 26.20 £ 5.18, and
28.24 + 4.73 keal mol ™, respectively. The positive E|
values may indicate lower stability of possible
noncovalent complexes of cationic polymethine dyes
with proteases NSP3, NSP5, and NSP12.

Note that for cationic thia- and oxa-carbocyanine dyes
(including C1 and C10), the values of electrostatic
interaction and van der Waals energies (£, and Ey,y,
respectively) were found to be negative, albeit small
(Supplementary Materials).

Molecular docking with proteases NSP3, NSPS5,
NSP12 showed that cationic carbocyanines in comp-
lexes with these proteins are generally characterized by
distorted (twisted and partially out-of-plane) cis configu-
rations.

Molecular docking of squarylium dyes
The interaction with proteases NSP3, NSP5, NSP12 of
six uncharged squarylium dyes was studied. The

structural formulas of the dyes are shown in Fig. 1
(structures SQ1-SQ6).

© The Author(s) 2021. Published by Higher Education Press

Positive values of the total energy E, , were obtained
for docking of uncharged squarylium dyes with NSP3
(Supplementary Table S2). In particular, for dyes SQ3
and SQ4 having substituents R, = OH, E,, = 52.66 +
0.30 and 7.15 + 0.81 kcal mol ™, respectively, while
docking of the unsubstituted dye SQ1 gave a lower (but
also positive) value of £, , (5.32 + 0.66 kcal mol ™). The
electrostatic interaction energies E, and the van der
Waals energies Ey 4, were found to be negative; their
average values are —12.9 £ 2.46 and —17.98 + 2.39 kcal
mol ™, respectively. The positive E,, values may
indicate lower stability of complexes of uncharged
squarylium dyes with NSP3.

In the case of docking with NSP5 and NSP12,
negative £, values were obtained for dyes SQI1 and
SQ4, which may suggest the possibility of the formation
of stable noncovalent complexes of dyes of this type
with these proteins (Supplementary Materials). In
particular, upon docking of SQ1 and SQ4 with NSP5,
E, = 619 + 1.36 and —1.92 + 1.48 kcal mol ',
respectively, were obtained; the docking for NSP12
gave comparable E, , values (-3.51 £ 0.95 and —6.90 +
1.33 kecal mol™, respectively). The values of E, and
E 4w were found to be negative, while the contribution
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of the Coulomb interaction was higher, which may
indicate the predominant contribution of electrostatic
interaction in the stability of the complex.

In a complex with NSP5, the molecules of uncharged
squarylium dyes are located at a distance of 67 A from
ARG4, 19-20 A from THR169, ~10 A from GLY283,
and 19-22 A from TRP218 residues. For NSP12,
distances of about 5-8 A to PRO540, 12-13 A to
THR476, 11-14 A to ALA717, and 9-10 A to VALS6
residues were obtained.

Along with uncharged squarylium dyes, molecular
docking of seven anionic squarylium dyes (structures
SQI1.1-SQ1.7 in Fig. 1) with proteases NSP3, NSP5,
NSP12 was performed. As a result of docking, positive
values of the total energy were obtained for most of the
studied anionic squarylium dyes (£, > 0; Table 1). The
largest positive E, , values were obtained for dye SQ1.5,
which has OCH, groups in benzothiazole heterocycles
(Table 1). Strongly negative E,, values were obtained
upon docking the squarylium dyes SQI1.1, SQI.3,
SQ1.6, and SQ1.7. Despite the different positions of the
sulfonate groups, SQ1.3 and SQI1.7 have comparable
negative E,, values (~ —60/ —75 kcal mol ™', Table 1).

The energies of electrostatic interaction and the van
der Waals energies for the anionic squarylium dyes
SQ1.1-SQ1.7 were found to be negative. On average,
E, is 1.7-4.3 times higher in absolute value than £y 4,

which indicates a significant contribution of electrostatic
interaction forces to stabilization of dye—protein
complexes.

The squarylium dyes SQ1.3 and SQ1.7 in a complex
with NSP3 have twisted (close to perplanar) configu-
rations. Docking SQ1.3 with NSP5 protease gives an
almost planar structure of the dye (Fig. 2A, C), while the
original isomeric configuration of the dye was retained.
In the case of SQ1.7 with NSP12, the initial isomeric
configuration is also generally retained, but the terminal
heterocycles are somewhat twisted (by ~15-20°) relative
to each other (Fig. 2B, D).

In a complex with NSP3, squarylium dye molecules
are located at a distance of ~7 A from GLU165, 7-13 A
from PRO245, and 9-13 A from TYR205 residues. The
distance from the dye molecule to THR263 is ~14 and
~20 A for SQ1.3 and SQ1.7, respectively. In the case of
NSPS3, the ligand molecules are located at a distance of
8-10 A from THR169 and GLY215, ~11-13 A from
ALA285 and ~15 A from GLY195; the distance to
GLY283 is 5 and 14 A for SQ1.3 and SQ1.7, respec-
tively. In a dye complex with NSP12, the distances
about 5-6 A to PRO540 and LYS718 residues, 8-10 A
to GLUS87, and 1214 A to ASN472 were obtained.

Using UCSF Chimera [22], we performed surface
binding analysis and search for hydrogen bonds between
atoms of ligands and proteins, and search for interatomic

Figure 2.
$Q1.3 (C), SQ1.7 (D).
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Result of docking of dyes SQ1.3 with NSP5 (A) and SQ1.7 with NSP12 (B), initial configurations of dyes:
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clashes and contacts (based on van der Waals radii of
molecules).

Upon the interaction of dyes SQ1.3 and SQ1.7 with
NSP3, surface binding analysis did not reveal hydrogen
bonding of the types with proteins. However, for both
dyes, a single interatomic contact (0.62-0.65 A) was
found between one of the sulfonate groups of SQ1.3 and
SQ1.7 with ASP162 and GLU201, respectively.

In the case of proteases NSP5 and NSP12, the search
for interatomic collisions and contacts did not reveal
direct (favorable or unfavorable) interactions. For
squarylium dyes SQ1.3, SQ1.7 and protease NSPS5,
hydrogen bond interactions are found at distances of
2-3 A between the terminal sulfonate groups of the dyes
and ASP216 and SER284 (for SQ1.3) and GLU288 of
NSP5 (for SQ1.7). Dye SQI1.3 also forms a hydrogen
bond (2 A) with LYS541 of protease NSP12, but due to

R; X X R,
>\/<\
R, N v R,
R, (CHy)s (CHy); R,
SO, SO,
1.1 X=S
1.2 X=S R,;=—C,H,~ 21
1.3 X=S R,=-0OCH, 292
14 X=S R,,=-OCH,O- 23
1.5 X=0 24
1.6 X=0 R;=-OCH, 25
1.7 X=C(CH,), 26
R,
R,
R
R,
n=2 Ry;=-(CH,),SO;,"
31 X=8
32 X=S R,=-OCH,
3.3 X=0 R,=-OCH,
34 X=0
35 X=0 R,;=-OCH,0O-
3.6 X=C(CH,),
Figure 3.

the legend are hydrogens (-H).

© The Author(s) 2021. Published by Higher Education Press

the O atom of the squarylium ring (see Supplementary
Fig. S1).

Docking of anionic cyanine dyes

Molecular docking was also performed with a series of
34 anionic cyanines with different polymethine chain
lengths: 7 anionic monomethine cyanine dyes (Fig. 3,
structures 1.1-1.7), 13 trimethine cyanine dyes (thia-
and oxacarbocyanines, Fig.3, structures 2.1-2.13), 6
pentamethine cyanine dyes (structures 3.1-3.6) and 8
heptamethine cyanine dyes (structures 4.1-4.8). The
meso-substituted thia- and oxacarbocyanines corres-
ponded to cis configuration.

The docking has shown that most (80%) of the chosen
compounds are characterized by negative values of the
total energy (E,, < —15 kcal mol', see Table2).

R, R,

R, X o X = R,
R; '|“ N* R,
Re (CH,), (CHy), Ra

SO, SO,
X=S R=-CH, 2.7 X=0 R=-CH, R,=—OCH,

X=S R=-CH, R,=-Cl
X=S R=-CH, R;=—C¢H;
X=S R=-C,H,R,=-OCH,
X=0 R=-CH,

X=0 R=-CH, R,=-CH,

R,
X X

AN S AN
\ n AF Re
R5 RS RA

n=3 R;=—(CH,),SO;

4.1
4.2
43
4.4
45
46
47
438

X=8
X=8
X=8
X=0
X=0
X=0
X=0
X=C(CH;),

R,=-OCH,

Ry,==C,Hs~
R;=—0OCH;

2.8 X=0 R=-C,H; R,=—C/H;
2.9 X=0R=-CH, R,,=—C,H,-
2.10 X=C(CH,), R=-CH,

2.11 X=S R=-CH, R,=-SO,"
212 X=0 R=-CH, R,=-SO;
2.13 X=C(CH,), R=—CH,R,=-SO,"

R,

R,,=—OCH,0-

R,,=—0OCH,O-
R;,==C,H,-

Structural formulas of the studied anionic cyanine dyes. Substituents R, in the dye structures not mentioned in
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Significant negative £, values were obtained for anio-
nic monomethine cyanine dyes, especially for their
benzoxazole derivatives, which are significantly higher
in absolute value than FE,, for their benzothiazole
analogues. In particular, upon docking of oxa-
monomethine cyanine 1.5 with NSP3, the E, , value was
1.3 times higher in absolute value than that for the thia
analogue 1.1. Similar results were obtained for docking
the dyes with proteases NSP5 and NSP12: for oxa-dye
1.5 E,, is significantly higher in absolute value than for
dye 1.1 (Table 2).

Docking of trimethine cyanine dyes (carbocyanines)
with proteases of SARS-CoV-2 has also shown that
anionic meso-substituted carbocyanines could form
energetically stable complexes with E,_, < 0. In
particular, upon docking of oxacarbocyanines 2.5 and
2.6 with NSP3, E, . was obtained in the range of -39 /
—43 keal mol ™. Thiacarbocyanines show more moderate
E,, values (Table 2).

Molecular docking of carbocyanines with four
sulfonate groups (compounds 2.11-2.13) gives signifi-
cantly more negative values of the total energy (£, ~
~76.8 + 40 kcal mol™), due to the large contribution of
electrostatic interaction to stabilization of the comple-
xes. The most negative £, values were obtained for
oxacarbocyanine dyes; for example, upon docking of
dye 2.12 with NSP12, E, , = —120.05 + 0.82 kcal mol ™,
with £ =—-59.3 = 3.0 kcal mol . Thiacarbocyanine dye
2.11 shows more moderate £, values (Table 2).
Negative values of E|, were obtained for docking of
pentamethine cyanine (dicarbocyanine) dyes (especially
for oxa-dicarbocyanines 3.3-3.5) with all proteases,
which may suggest the stability of the intermolecular
complexes of these dyes.

The study of the interaction with proteases of anionic
heptamethine cyanine dyes (compounds 4.1-4.8) has
shown that for most of these dyes noncovalent
interaction could be energetically possible, leading to
the formation of stable complexes. E, , < 0 was obtained
for all the dyes except 4.8 (indo-derivative). The lowest
total energy values were obtained for oxa-dyes 4.5-4.7
(Table 2).

Docking of anionic cyanines with SARS-CoV-2
proteases has shown that such dyes could bind to
NSP12, NSP3, NSP5 proteins in different conforma-
tions. Monomethine cyanines are characterized by
twisted (nonplanar) configurations of their molecules in
protease-bound states; however, for oxa-dyes 1.5, 1.6
with NSP3, NSP5, NSP12 almost planar (energetically
optimal) configurations are also possible (see results for
1.5 with NSP3, Fig. 4A, C). For monomethine cyanine
dyes, surface binding analysis did not reveal the
presence of hydrogen bonds and interatomic clashes
with NSP3, NSP5, NSP12. A planar, undistorted
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configuration is typical, in particular, for thiacarbocya-
nine 2.1 in a complex with NSP3. Docking with NSP5
gives a twisted cis configuration for dye 2.1, with the
methyl group being almost perpendicular to the plane of
one of the heterocycles, and the other being rotated by
an angle of ~15° In the case of the interaction of
oxacarbocyanine 2.5 with NSP12, the calculation gives
a cis-form twisted by ~45°. Docking of heptamethine
cyanine 4.5 with NSP3 gives a twisted perplanar form;
dye 4.5 with NSP5 has a crescent (bent due to the
distorted bond angles of the polymethine chain, Fig. 4B,
D) structure; in the case of NSP12, the structure of the
dye molecule is almost planar (with the terminal
heterocycles being approximately in the same plane and
bonds 2-8 and 8-9 of the polymethine chain being
somewhat twisted).

In a possible complex with NSP3, the molecules of
the considered cyanine and squarylium dyes are located
at a distance of 4-7 A from GLU165, 7.8-11.5 A from
TYR169, 9.2-14 A from TYR205, and 7-13 A from
LYS155 residues. Dye docking with NSP5 gives
distances of 11.6-14 A from the centers of dye
molecules to ARG279 and TRP218 residues, 7.6-8.8 A
to VAL171, 11-21 A to ALAI29, and 9.4-11 A to
ASP289 (pentamethine and heptamethine cyanines are
located somewhat further from ALA129, ASP289 and
ARG279 than molecules of monomethine cyanines and
squarylium dyes). In the case of the NSP12 protease,
distances of 4.4-11.4 A to PRO540, about 12—-14 A to
GLY536 and ALA470, and 7.0-21 A to VALS6
residues were obtained.

Surface binding analysis of thiacarbocyanine dye 2.1
with NSP3 revealed the formation of hydrogen bonds
between the atoms of the sulfonate groups of the dye
and residues LEU176, ASN175, GLN172 (2 A), and a
single interatomic contact (0.61 A) with VAL200. In the
case of NSP5 and NSP12, the analysis did not reveal the
presence of hydrogen bonds, but revealed interatomic
clashes of the dye in the case of NSP5 (~0.6 A with
ASP289). Oxacarbocyanine dye 2.13 with NSP3 forms
no hydrogen bonds; the sulfonate group of the dye is in
close contact with ARG164 (Supplementary Figs. S2,
S3). In the case of NSP5 and 2.13, a hydrogen bond is
formed between the sulfonate group of the dye and
GLY282 (3 A); the dye does not form interatomic
contacts with the protein. On the contrary, 2.13 does not
form hydrogen bonds with NSP12; an interatomic
contact (0.67 A) was found between the atoms of the
sulfonate group of the dye and SER679.

For the thia-dye 3.2 with NSP3, an interatomic clash
was detected between the atoms of the sulfonate group
of the dye and GLU165 residue, but no hydrogen bonds
were found. Surface binding analysis did not reveal the
presence of hydrogen bonds and interatomic clashes for

© The Author(s) 2021. Published by Higher Education Press
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Figure 4. Results of docking of anionic dyes with SARS-CoV-2 proteases. (A) 1.5 with NSP3 and (B) 4.5 with NSP5;

(C) initial configurations of dyes 1.5 and (D) 4.5.

dye 3.4 with NSP3 (Supplementary Figs. S4, S5). With
NSP5, dye 3.4 forms hydrogen bonds between the
sulfonate group and LEU282 (Supplementary Fig. S6).
Dye 3.3 forms a hydrogen bond between the sulfonate
group and GLU731 of NSP12 (Supplementary Figs. S7,
S8). Surface binding analysis of the interaction of dyes
42 and 4.6 did not reveal hydrogen bonds and
interatomic clashes with NSP3—NSP12.

DISCUSSION

The results of molecular docking obtained have shown
that stability of noncovalent complexes between cyanine
dyes and SARS-CoV-2 proteases is substantially
affected by electrostatic ligand—protein interactions
(Coulomb interactions). In particular, E,, > 0 for
cationic (C1-C9) or neutral (SQ1-SQ6) dyes, which
may indicate a lower stability of complexes of such dyes
with proteases. On the other hand, negative E,, values
were obtained for many anionic dyes, which may
characterize the higher stability of the corresponding
complexes. Especially low E,, values were found for
carbocyanines with four sulfonate groups in the
molecule, which increase the negative charge of the dye.
In addition, for anionic dyes the E value significantly
exceeds E, 4y, in absolute value, which also indicates the

© The Author(s) 2021. Published by Higher Education Press

leading role of Coulomb forces in the formation of the
complexes.

Structural differences in dye molecules have a
significant effect on the stability of complexes with
proteases NSP3, NSP5, NSP12. For squarylium dyes
(SQ1.1-SQ1.7), the presence of anionic sulfonate
groups in the molecule, in general, can lower the E
values, which may indicate the increased stability of
complexes with proteases. In addition, the position of
sulfonate groups in the molecule appears to be also
capable of influencing the binding to proteases. At the
same time, the introduction of other substituents (—-CH,,
—OCH,, —Cl) into the terminal nuclei of the molecule
often increases E, ,, possibly due to steric hindrances to
the formation of a stable complex. The steric factor can
also explain the increase in E,, on passing from thia- to
indo-dyes SQI1.1 and SQ1.2.

For cyanine dyes, the presence of bulky substituents
(rings) in the terminal heterocycles of their molecules
can increase the E, , values, which may be interpreted as
destabilization of complexes (dyes 1.2, 1.4,2.3,2.4,2.7,
2.8, 4.3, 4.4). This effect is probably due to greater steric
hindrances upon complexation than in the case of the
dyes without additional cycles.

For oxa-dyes, on the whole, more negative E, , values
were obtained than for the corresponding thia- and indo-
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analogues. As an illustration, it is possible to compare
the energies of dyes 1.5 — 1.1 — 1.7 (monomethine
cyanines), 2.5 — 2.1 — 2.10 (anionic carbocyanines), 3.4
— 3.1 — 3.6 (dicarbocyanines), 4.4 — 4.3 — 4.8 (tricar-
bocyanines). Possibly, this is also due to the more
compact structure of oxa-dyes than thia and indo
analogues.

Hence, from the criterion of E,, value, the following
dyes can be selected as promising: SQ1.7, 1.5, 1.6, 2.9,
3.4, 3.5, 4.6, as well as carbocyanines with 4 sulfonate
groups 2.11-2.13.

When using dyes for the spectral detection of proteins,
an important role is played by the change in the spectral-
fluorescent properties of the dyes upon complexation. A
sharp growth of fluorescence is observed for meso-
substituted carbocyanines (trimethine cyanines) due to a
shift in the dynamic cis—trans equilibrium, which allows
detection of very low concentrations of biomolecules
when the dyes are used as fluorescent probes
[7,8,23,24].

Enhancement of the process of intersystem crossing to
the triplet state leads to population of triplet energy
levels of carbocyanines in complexes with biomolecules
[25, 26]. This determines the possibility of photoche-
mical reactions involving excited triplet states of the
dyes in these systems and can potentially lead to the
formation of reactive oxygen species (photodynamic
effect). Thus, cyanines may be promising for light-
induced damage to the components of the virus (proteins
to which the dye binds), and thus inactivation of the
virus itself. Note that UV photoinactivation of MERS-
CoV and SARS-CoV-2 coronaviruses in blood serum by
riboflavin is currently being studied [27, 28]. From the
points of view considered, meso-substituted thiacarboc-
yanines may be promising for further practical research.

MATERIALS AND METHODS

The molecular docking was performed using DockThor
[29,30]. We used the target protein structures proposed
on the DockThor PDB website. The proteases NSP3
(PDB code 6w9c [31], NSP5 (main protease; PDB code
6lu7 [32]), and NSP12 (PDB code 7bv2 [33]) are “wild
type” (isolated in 2019 in Wuhan, China). Hydrogen
atoms were added to PDB structures and hydrogen
bonds were optimized (pH 7); antibodies and non-
protein molecules (water, ions, cofactors and ligands)
were removed (DockThor). The proposed structures of
proteins NSP3, NSP5, NSP12 were used “as is”; the
additional adjustment of protonation of amino acid
residues was not performed.

The experiments were carried out in the blind docking
mode, the approximation grating size was 40 A, the
center was at x = —30.68, y = 30.43, z = 22.38, with a
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discretization step of 0.42 A. When analyzing the results,
the 6 best configurations were taken into account.

To create PDB structures of ligand dyes and optimize
their geometry (MMFF94 force field), the Avogadro
molecular editor was used [34,35]. The UCSF Chimera
package [22,36] was used for 3D visualization and
analysis of docking results.

Symmetric mono-, tri-, penta-, and heptamethine
cyanine dyes, both cationic and anionic (having
negatively charged sulfonate groups) with various
heterocycles (benzimidazolyl, benzothiazolyl, benzoxa-
zolyl) and substituents in heterocycles, were studied.
Trimethine cyanines (carbocyanines) also had various
substituents in the meso position of the polymethine
chain (CH,;, C,H;, CH;0, CH,S, CI), since meso-
substituted  thiacarbocyanines =~ were  previously
characterized as effective probes for biomacromolecules
[7,8,23,24]. Also studied were squarylium dyes, inclu-
ding squarylium indo- and thiacyanines with anionic
sulfonate groups.

The stability of possible dye—protein complexes was
judged by the sign and value of the total energy of the
system FE,, obtained as a result of docking: it was
supposed that the formation of stable complexes is more
probable at sufficiently low (i.e., large in absolute value)
negative energies.

Data and materials availability

Research data is available upon request. The raw data
was generated using DockThor. Evidence supporting the
findings of this study is available from the respective
author P.P. upon request.
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