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Abstract—The noncovalent interaction between various polymethine dyes (45 compounds in total) and a
spike protein (S), one of the main structural component of the SARS-CoV-2 coronavirus, is studied in silico
(molecular docking) to develop effective probes to detect the virus. The interaction energies and the spatial
configurations of the complexes of the dye molecules with S are found. We showed that cationic polymethine
dyes and neutral squarylium dyes do not form stable complexes with S. Some anionic dyes having negative
total energies Etot may be recommended for practical research.
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INTRODUCTION
The pandemic of the new coronavirus SARS-CoV-2,

which began in 2019 and remains present today, has
posed a global challenge to find approaches to diag-
nose the coronavirus infection and treat sick patients.
From this point of view, it is important to develop
effective rapid analysis methods for the coronavirus
infection. One of these methods is the spectral-fluo-
rescent probe method, in which polymethine (cyanine
and squarylium) dyes may be used as probes. They
possess high extinction coefficients, absorption, and
emission in the long-wavelength region, covering the
optical transparency window of biological samples
and tissues; in addition, their photophysical and pho-
tochemical properties depend on the molecular envi-
ronment [1]. Cyanine and squarylium dyes can inter-
act with biomolecules to form noncovalent complexes
to increase the f luorescence, so that they may be used
as probes in systems containing biomolecules [2, 3].
The dyes (including cyanine) are considered as spec-
tral-fluorescent probes to study various viruses [4]. In
particular, the association of some cyanine dyes with
the bacteriophage MS2 was studied for its detection
and characterization; moreover, together with other
methods, molecular docking was used [5]. The devel-
opment of probes to detect coronavirus should include
the study of noncovalent interactions between dyes
and its molecular components. Various structures and
properties of polymethine dyes, which have a different
length of the polymethine chain, terminal heterocy-
cles, and substituents in the chain and in heterocycles,
required the use of in silico simulation to select the

effective candidate compounds for further studies of
their interaction with the virus in vitro. Molecular
docking is widely used to study the interaction
between various therapeutic agents and the protein
components of SARS-CoV-2, which provides valuable
information on the interaction energy (or affinity) of a
substrate molecule with the selected protein compo-
nents and the binding sites of a substrate with these
proteins [6–8].

The noncovalent interaction of various poly-
methine and squarylium dyes (45 compounds in total)
with one of the most important structural components
of the SARS-CoV-2 coronavirus, the spike protein (S),
which forms spikes on the surface of a viral particle, is
studied in this work. Both cationic and anionic dyes
are considered to reveal the influence of the charge on
this interaction.

EXPERIMENTAL
The molecular docking experiments were per-

formed using the DockThor website [9, 10] via a web
interface. The structure of the target protein S was
taken from DockThor. It is also available on the Pro-
tein Data Bank (PDB) website (ID 7BZ5) [11].

The hydrogen atoms were added, the hydrogen
bonds were optimized (pH 7), the antibodies and non-
protein molecules were removed, and the selenome-
thionine (Se–Met) residues in the structure were
replaced by the methionine residues (Met) (Dock-
Thor) in the PDB file of the spike protein structure.
The proposed structure of the target protein was used
25
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as is without the additional adjustment of the proton-
ation of the amino acid residues. The experiments
were carried out in the blind docking mode: the
approximation lattice size was 40 Å, the center was x =
–30.68, y = 30.43, and z = 22.38, with a sampling step
of 0.42 Å. The six best configurations were taken into
account to analyze the results.

An Avogadro molecular editor [12, 13] was used to
obtain the PDB structures of ligand dyes and to opti-
mize their geometry (MMFF94 force field). The
UCSF Chimera package [14, 15] was used for the 3D
visualization and analysis of the docking results.

Symmetrical monomethine, trimethine, pentam-
ethine, and heptamethine cyanines (cationic and
anionic) with various heterocycles (benzimidazolyl,
benzthiazolyl, and benzoxazolyl) and substituents in
heterocycles were studied. The trimethine cyanines
(carbocyanines) also had various substituents in the
meso-position of the polymethine chain (CH3, C2H5,
CH3O, CH3S, and Cl), because the meso-substituted
thiacarbocyanines were previously found to be effec-
tive probes for biomacromolecules [16]. Figure 1
shows the structures of the cyanine dyes. The
squarylium dyes, including squarylium indocyanines
and thiacyanines, which have anionic sulfonate groups
(Fig. 2), were also studied.

Trans-isomers of dyes were taken as the initial con-
formations in the cases of mono-, penta-, and hep-
tamethine cyanines [17]. The stability of possible dye–
protein complexes was assessed from the sign and the
value of the total energy Etot of the system obtained
after docking: the stable complexes are formed at suf-
ficiently low negative energies (i.e., high in absolute
value).

RESULTS
Docking of Cationic Cyanine Dyes

The interaction between the S and ten cationic
thia-trimethine cyanine and oxa-trimethine cyanine
dyes bearing the substituents in the meso-position of a
polymethine chain and terminal heterocycles (struc-
tures D1–D10, Fig. 1) was studied. The initial struc-
tures of the meso-substituted trimethine cyanine dyes
corresponded to their cis-configuration as the most
stable in an aqueous solution [18]. The study showed
that noncovalent interaction with a protein changes
the isomeric configuration of the dye molecules. In par-
ticular, the distorted trans-configurations are typical of
thiacarbocyanines D1–D4, and the strongly twisted
cis-form is characteristic of oxacarbocyanines D8. The
dye molecules are located at a distance of 7 to 10 Å from
the Leu184, Glu183, Phe131, and Phe96 residues.

All dyes have positive total energies Etot (31.24 ±
6.0 kcal mol–1); the lowest Etot value was observed for
oxacarbocyanine D8 (22.85 ± 1.07 kcal mol–1). The
high positive Etot values indicate that the cationic poly-
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methine dye complexes with S are presumably unsta-
ble. As a result, we mainly studied the anionic poly-
methine dyes.

Docking of Anionic Cyanine Dyes

Monomethine cyanines. The S-protein and the
series of six anionic monomethine cyanines bearing
benzoxazole and benzothiazole terminal heterocycles
and various substituents in the heterocyclic residues
(Fig. 1, structures 1.1–1.6) were studied with dock-
ing. The dye molecules are negatively charged due to
two sulfopropyl groups in the 3 and 3' positions. For
most of the dyes (except 1.4) have negative Etot values
were obtained (Table 1), which indicates that these
dyes are able to form stable complexes with S. The
monomethine cyanine dyes are located at a distance of
6 to 8 Å from the As95, Phe131, and Leu185 residues;
the configurations of thiacyanine dyes correspond to
the twisted trans-isomers; and those of oxacyanines,
to more planar trans-configurations. Figure 3a shows
the spatial docking of the dye complex 1.5 with S.

Trimethine cyanines. The interaction between S
and 15 meso-substituted anionic thia- and oxa-
trimethine cyanine (carbocyanine) dyes, whose mole-
cules are negatively charged due to the two sulfo
groups, is considered (Fig. 1, structures 2.1–2.15).
The starting structures of the dyes corresponded to
their cis configuration to be the most stable for meso-
substituted anionic carbocyanines in an aqueous solu-
tion [19]. The in silico results indicated that some dyes
were able to form energetically stable complexes with S.
In particular, the compounds 2.1–2.3, 2.9–2.11,
2.13, and 2.15 have negative total energies (Etot < 0;
Table 1), and oxacarbocyanines 2.10 and 2.11 have
the lowest Etot values. The bulky phenyl substituents
and the condensed benzene rings in the terminal het-
erogroups of the dyes can increase the Etot to positive
values (for dyes 2.4–2.8 and 2.14). The high positive
Etot values indicate that dye complexes 2.4–2.8, 2.12,
and 2.14 with S are unstable. In the S complexes, the
three-dimensional structures of oxacarbocyanine dyes
correspond mainly to the twisted cis- and periplanar
configurations; the thia-dyes can exist as periplanar
structures and distorted (nonplanar) trans-isomers. In
the S complexes, the trimethinecyanines are located at
a distance of 5 to 8 Å from Glu183 and 10 to 12 Å from
the Phe96 and Phe131 residues. Figure 3b shows the
spatial complex of dye 2.1 with S.

Pentamethine cyanines. The molecular docking of
six thia- and oxa-pentamethine cyanine dyes (dicar-
bocyanines 3.1–3.6, Fig. 1) showed that such com-
pounds can potentially form stable complexes with S
(Table 2). The pentamethine cyanines have negative total
energies (except dye 3.2), and the lowest Etot values were
obtained for the oxa dyes 3.6 and 3.5 (Table 2) as in the
case of trimethine cyanines.
F PHYSICAL CHEMISTRY B  Vol. 15  No. 1  2021
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Fig. 1. Structural formulas of cationic and anionic mono-, tri-, penta-, and heptamethine cyanine dyes.
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Fig. 2. Structural formulas of squarylium dyes.
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SD1.5   X = S,  R1 = −CH3,  R2 = H,  R3 = −(CH2)3SO3
−

SD1.6   X = S,  R1 = R2 = −Cl,  R3 = −(CH2)3SO3
−

SD1.7   X = S,  R1 = −SO3 ,  R2 = H,  R3 = −C2H5
−

Fig. 3. Spatial docking of dyes with S (PDB ID 7BZ5 structure): (a) oxa-monomethine cyanine 1.5, (b) thiacarbocyanine 2.1,
and (c) squarylium dye SD1.3. 

(a) (b) (c)
The configurations of thia-dyes 3.1–3.4 in the pro-
tein-bound state correspond to distorted trans-iso-
mers and twisted periplanar configurations. The sim-
ulation data indicate that oxa-dyes 3.5 and 3.6 possess
more planar trans-configurations.

Heptamethine cyanins. The docking of anionic thi-
heptamethine cyanines 4.2–4.6 and oxaheptamethine
cyanines 4.7–4.10 (tricarbocyanines) with S showed
that the dyes without substituents in the terminal het-
erocyclic moieties of 4.5 and 4.10 have negative Etot
values (Table 2). The introduction of methoxyl sub-
stituents into the terminal groups (dyes 4.4 and 4.9)
further decreases the Etot value of thiacyanine and has
an insignificant effect on the Etot of the oxa-dye. At the
same time, the introduction of additional condensed
benzene rings into the heterocyclic fragments sharply
increases the Etot value to positive values for dyes 4.2,
4.3, and 4.8. A positive Etot value was also observed for
indocyanine 4.1 bearing condensed benzene rings
(indocyanine green) (Table 2). The heptamethine
RUSSIAN JOURNAL O
cyanine molecules in the complex with S are located at
a distance of 6 to 13 Å from the Pro93, AS94, Phe131,
and Glu183 residues; the configurations of the dye
molecules correspond mainly to trans-isomers.

Docking of Squarylium Dyes

Together with the classical polymethine dyes, the
interaction of their related compounds, the squarylium
dyes, with S was studied. Complexes of S with
13 squarylium dyes having different structures and
molecular charges (neutral SD1–SD6 and anionic
SD1.1–SD1.7 with sulfonate groups, Fig. 2) were
simulated with molecular docking. The cis-isomers
served as the starting structures for the SD1.1–SD1.7
dyes. Positive Etot values were observed for all neutral
compounds SD1–SD6. Indeed, the Etot values for
SD3, which has OH groups in the terminal rings, are
45.7 ± 1.69 kcal mol–1, whereas the Etot value is lower
by a factor of (almost) 11 (4.1 ± 0.36 kcal mol–1) for
F PHYSICAL CHEMISTRY B  Vol. 15  No. 1  2021
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Table 1. Molecular docking data of anionic mono- and trimethine cyanine dyes with S: total interaction energy Etot (kcal mol–1),
Van der Waals interaction energy EvdW, and electrostatic energy Eel

Dye X Etot EvdW Eel

Monomethine cyanines

1.1

S
(thia-)

–41.5 ± 2.5 –8.2 ± 2.3 –38.6 ± 5.7

1.2 –13.1 ± 0.7 –11.8 ± 6.6 –33.1 ± 6.2

1.3 –29.3 ± 0.9 –10.0 ± 6.0 35.0 ± 5.3

1.4 35.8 ± 1.4 –12.5 ± 3.0 –33.2 ± 3.1

1.5 O
(oxa-)

–58.6 ± 3.2 –11.7 ± 5.8 –34.4 ± 7.6

1.6 –52.3 ± 2.8 –12.5 ± 5.7 –35.5 ± 5.4

Trimethine cyanines

2.1

S
(thia-)

–13.7 ± 1.6 –5.9 ± 4.8 –38.6 ± 5.9

2.2 –24.2 ± 0.95 –18.5 ± 1.2 –32.4 ± 1.5

2.3 –19.1 ± 1.6 –5.2 ± 1.2 –41.7 ± 4.1

2.4 18.8 ± 0.47 –14.9 ± 6.2 –41.9 ± 9.1

2.5 0.38 ± 1.02 –6.89 ± 4.2 –41.4 ± 5.0

2.6 7.06 ± 2.8 –16.5 ± 6.7 –30.2 ± 8.0

2.7 48.3 ± 1.3 –12.7 ± 8.1 –37.1 ± 5.0

2.8 84.5 ± 1.0 –18.0 ± 4.7 –31.6 ± 5.0

2.9 –18.2 ± 0.97 –10.2 ± 7.0 –38.0 ± 6.2

2.10

O
(oxa-)

–32.4 ± 0.46 –10.4 ± 7.9 –33.6 ± 8.7

2.11 –30.0 ± 0.50 –10.6 ± 6.3 –37.3 ± 6.4

2.12 63.5 ± 2.1 –6.9 ± 5.1 –40.6 ± 5.7

2.13 –1.05 ± 0.78 –17.6 ± 2.7 –34.9 ± 5.0

2.14 51.9 ± 0.71 –11.6 ± 3.7 –35.4 ± 4.13

2.15 –9.5 ± 1.3 –15.8 ± 4.8 –32.3 ± 7.2
the SD1 dye, which has no such substituents. The high
positive Etot values indicate that such dye complexes
with S are unstable.

Low Etot values (Table 2) were obtained for the
thia-dyes SD1.3 and SD1.7 after the docking of S
complexes with squarylium dyes bearing indole and
benzthiazole hetero groups SD1.1–SD1.7 (Fig. 2)
and having a negative charge due to two sulfonate
groups. The structure of the SD1.3 dye in the complex
corresponds to a planar conformation, whereas the
SD1.7 dye is twisted and the terminal heterogroups
are out-of-plane. The SD1.3 and SD1.7 dye mole-
cules are located at a distance of 5 to 10 Å from the
Pro130, Pro93, Glu132, and Glu183 residues. The
other squarylium dyes had positive Etot values. Figure 3c
shows the spatial structure of the complex of SD1.3 dye
with S obtained after docking.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
DISCUSSION

The results obtained show that the total charge of a
dye molecule has the primary effect on the stability of
noncovalent dye–S complexes. The Etot value is posi-
tive for cationic dye molecules or neutral molecules in
the case of squarylium dyes, which indicates that com-
plexes with S are unstable. At the same time, the neg-
ative Etot values, indicating the possible stability of the
complexes, were typical only of the anionic dyes. All
this indicates that Coulomb interactions play an
important role in binding a dye to S. In addition, the
Eel value for all the anionic dyes, which characterizes
the Coulomb interactions, is negative and is more than
EvdW in absolute value, which characterizes the Van der
Waals interactions in the complex (Tables 1, 2). This
also indicates that Coulomb forces play the leading
role in the formation of a complex.
l. 15  No. 1  2021
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Table 2. Molecular docking data for anionic penta-, heptamethine cyanine, and squarylium dyes with S: total interaction
energy Etot, Van der Waals interaction energy EvdW, and electrostatic energy Eel (kcal mol–1)

Dye X Etot EvdW Eel

Pentamethine cyanines

3.1

S
(thia-)

–30.8 ± 2.0 –10.5 ± 5.6 –39.8 ± 7.0

3.2 58.3 ± 1.14 –22.4 ± 3.4 –33.5 ± 2.6

3.3 –34.6 ± 2.1 –11.8 ± 3.4 –40.5 ± 4.8

3.4 –11.4 ± 0.89 –10.4 ± 5.3 –45.3 ± 4.6

3.5 O
(oxa-)

–39.2 ± 3.2 –5.3 ± 7.6 –47.9 ± 4.9

3.6 –53.4 ± 1.42 –13.3 ± 6.0 –37.7 ± 6.4

Heptamethine cyanins

4.1 C(CH3)2 (indo-) 15.9 ± 0.77 –20.6 ± 5.9 –35.7 ± 5.3

4.2

S
(thia-)

10.3 ± 1.24 –16.3 ± 2.46 –39.4 ± 4.3

4.3 60.7 ± 2.6 –17.3 ± 6.7 –41.0 ± 8.5

4.4 –45.0 ± 2.0 –18.7 ± 3.8 –30.1 ± 6.1

4.5 –21.7 ± 1.1 –16.0 ± 5.8 –36.3 ± 6.4

4.6 –20.0 ± 0.72 –10.9 ± 9.0 –45.2 ± 11.9

4.7

O
(oxa-)

–12.7 ± 3.3 –17.2 ± 3.7 –35.4 ± 6.0

4.8 59.1 ± 0.95 –15.6 ± 7.2 –36.9 ± 7.9

4.9 –32.8 ± 1.04 –13.0 ± 5.4 –38.8 ± 4.3

4.10 –38.4 ± 1.65 –8.3 ± 4.0 –45.1 ± 6.3

Squarylium dyes

SD1.1
C(CH3)2

19.6 ± 1.89 –12.9 ± 3.5 –33.4 ± 4.6

SD1.2 22.7 ± 0.86 –2.83 ± 3.8 –49.1 ± 5.6

SD1.3

S

–63.0 ± 3.7 –7.84 ± 5.1 –50.5 ± 7.9

SD1.4 39.2 ± 6.7 –2.18 ± 2.1 –54.8 ± 4.9

SD1.5 39.2 ± 2.6 –0.91 ± 5.6 –57.9 ± 4.8

SD1.6 3.31 ± 1.73 –13.87 ± 5.8 –45.1 ± 9.0

SD1.7 –60.7 ± 2.2 –7.1 ± 1.30 –46.0 ± 2.4
Some structural differences also influence the sta-
bility of the complexes with S, together with the
charge. In particular, the presence or absence of addi-
tional condensed benzene or dioxymethylene rings in
the terminal heterocycles in a molecule plays an
important role. It is clear that many dyes without such
cycles (1.1, 1.5, 2.1, 2.10, 3.1, 3.6, 4.5, 4.10, and
SD1.3 dyes) have negative Etot values, which indicates
that they are stable. At the same time, some condensed
rings or bulky substituents (for example, –C6H5) often
lead to the instability of the complexes, which is
expressed in positive Etot values (1.4, 2.4, 2.7, 2.8,
2.14, 3.2, 4.1–4.3, and 4.8 dyes). This is probably due
to the lower compactness of the latter and higher steric
RUSSIAN JOURNAL O
hindrances in the formation of a complex than in the
case of dyes without additional cycles. In addition,
there are more negative Etot values for oxa-dyes com-
pared to those of the corresponding thia- and indo-
analogs (1.5–1.1, 2.10–2.1, 2.15–2.8, 3.6–3.1, 3.5–
3.3, 4.10–4.5, and 4.7–4.2 pairs of dyes, as well as
4.1, apart from pairs 2.12–2.2 and 4.9–4.4). This is
also probably due to the more compact structure of
oxa-dyes in comparison with that of the thia- and
indo-analogs.

A substantially negative Etot value, which is a crite-
rion of the stability of complexes with S, indicates that
the following dyes may be used as probes: monome-
thine cyanines 1.1–1.3, 1.5, and 1.6; trimethine
F PHYSICAL CHEMISTRY B  Vol. 15  No. 1  2021
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cyanine dyes 2.1–2.3, 2.9–2.11, and 2.15; pentam-
ethine cyanines 3.1 and 3.3–3.6; heptamethine
cyanines 4.4–4.7, 4.9, and 4.10; and squarylium dyes
SD1.3 and SD1.7.

If the dyes are used as spectral-fluorescent probes,
how sharply the spectral-fluorescent properties of
dyes change during the complexation, together with
the stability of the complexes, is an important param-
eter. Spectral shifts and an increase in f luorescence are
typical of polymethine dyes during their noncovalent
binding to biomacromolecules [2]. A significant sharp
increase in the intensity of the f luorescence is
observed for meso-substituted carbocyanines
(trimethine cyanine dyes) due to the shift in the
mobile cis–trans equilibrium, which makes it possible
to detect very low concentrations of biomolecules,
when they are used as f luorescent probes [20]. Thi-
acarbocyanines 2.2, 2.3, and 2.9, together with
oxacarbocyanines 2.10 and 2.11, are extremely prom-
ising for further studies from this point of view.

It is important that dyes should absorb and f luo-
resce in the “transparency window” of the biological
tissues (more than 600–650 nm [21, 22]). The dyes
with a longer polymethine chain (pentamethine
cyanines, heptamethine cyanines, and squarylium
dyes) satisfy these conditions. Almost all pentam-
ethine cyanines (except 3.2), heptamethine cyanines
4.4–4.7, 4.9, and 4.10, and squarylium dyes SD1.3
and SD1.7 are considered promising.

The photochemical properties of polymethine dyes
can also be changed together with their spectral-fluo-
rescent properties when they bind to the biomolecules.
In particular, there is an increase in the quantum yield
to the triplet state for trimethine cyanines [23, 24].
This property can further be used for photodynamic
therapy—the damage to the target biomolecule under
light (for example, a component of a virus, with which
a dye binds, to inactivate the virus). Riboflavin
together with UV light irradiation is currently used for
the photochemical inactivation of the MERS-CoV
and SARS-CoV-2 coronaviruses in blood serum [25,
26]. This study opens up the possibilities of using
trimethine cyanine dyes, which form complexes with
the biological components of viruses, for the same
purpose. In this case, visible light, which penetrates
deeper into the biological tissues than ultraviolet light,
could be used. The trimethine cyanine dyes in the trip-
let state could initiate the damage to a biomolecule in
such a complex.

CONCLUSIONS

The noncovalent interaction between various poly-
methine (cyanine and squarylium) dyes and the spike
protein (S) of the SARS-CoV-2 coronavirus was stud-
ied by molecular docking. We showed that cationic or
neutral dyes do not form stable complexes with this
protein but some anionic dyes that could potentially
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
form such complexes have been found. This made it
possible to select dyes for further practical studies to
develop spectral-fluorescent probes to detect SARS-
CoV-2. We also showed that trimethine cyanine dyes
may be used for photodynamic therapy to inactivate
coronavirus.
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