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Complex formation processes of tetrasulfosubstituted cobalt(II) phthalocyanine with 
ORF3a accessory protein of SARS-CoV-2 coronavirus were studied. The interaction of 
ORF3a protein with SARS-CoV-2 virus with tetrasulfosubstituted cobalt(II) phthalocyanine 
aff ords a stable complex in which metallophthalocyanine exists in the monomeric form. 
The complex formation induces slight changes in the secondary structure of the protein by 
increasing the fraction of disordered fragments of the polypeptide chain. The photo irra-
diation of the complex of ORF3a protein of SARS-CoV-2 virus with tetrasulfosubstituted 
cobalt(II) phthalocyanine leads to the photooxidation of amino acid residues of the protein. 
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oxidation. 

Severe acute respiratory syndrome coronavirus 
(SARS-CoV-2) is the pathogen of COVID-19. Virion 
SARS-CoV-2 contains a single-chain RNA and 28 
specifi c proteins grouped into 16 non-structured 
proteins (from Nsp1 to Nsp16), four basic proteins 
(spike (S), membrane (M), nucleocapsid (N), enve-
lope protein (E)), and eight accessory proteins 
(ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF9b, 
ORF9c, and ORF10).2—5 Each of them perform its 
function and participates in diverse stages of the 
viral infection.6 Specifi c features of their binding 
with various ligands are being actively studied pres-
ently.7,8 It is reliably known that accessory proteins 
are not involved in virus replication but play the 

decisive role in host—virus interactions and in the 
modulation of immune response of the host, which 
induces cytokine storm.9—11 One of the most impor-
tant proteins for pathogenesis of COVID-19 is the 
ORF3a protein, which is the largest (275 amino 
acids) accessory and unique membrane protein. 
Protein ORF3a is responsible for virulence, infectiv-
ity, activity of ionic channels, and morphogenesis 
and release of virus. An analysis of the recombinant 
virus with ORF3a defi cient shows that ORF3a is 
insuffi  cient for SARS-CoV-2 replication in vitro and 
in vivo but makes a determining contribution to viral 
pathogenesis.12 Expression of ORF3a induces the 
activation of NF-κB (NF-kappaB is the transcription 
factor controlling gene expression of immune re-
sponse, apoptosis, and cell cycle) and induces che-
mokine generation, fragmentation of Golgi´s ap-
paratus, endoplasmic reticulum stress, accumulation 
of intracellular bubbles, and cell decay.13—15 The 
ORF3a protein is a viroporin, and the activity of this 
protein as a ionic channel is necessary because of its 
pro-apoptotic properties. The ORF3a interacts with 
caveolin and suppresses the transmission of IFN 
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signals of type I, but enhances fi brinogen secretion, 
which favors cytokine storm.16 Therefore, the ORF3a 
protein can become an important therapeutic target. 
Hence, it seems signifi cant to fi nd compounds form-
ing a strong complex with this protein, since this 
interaction can provide the inhibition of the main 
protein functions and, probably, would allow one to 
correct an immune response of the organism to viral 
infection and would lead to an adequate functioning 
of autophagy and apoptosis mechanisms. 

Macroheterocyclic compounds (MHCs) possess 
a unique set of physicochemical properties, and the 
insertion of peripheral substituents of various nature 
can provide a solubility in water of the indicated 
compounds and can also increase their selectivity 
and strength of binding with these or other protein 
fragments.17—21 Another important property of 
MHCs is their ability to generate (upon photoirra-
diation) singlet oxygen both in the individual state 
and in complexes with proteins.22 The generation of 
singlet oxygen by MHCs in complexes with proteins 
can result in irreversible changes in both the second-
ary and primary protein structure, which would 
fi nally provide a viricidal action of MHCs. Com-
pounds corresponding to the listed above conditions, 
particularly, cobalt(II) tetrasulfosubstituted phthalo-
cyanine (CoPc), were isolated in the previous work23 
devoted to the molecular modeling of ORF3a protein 
coupling with a number of MHCs. Therefore, the 
purpose of the present study was the study of complex 
formation processes of the ORF3a protein with CoPc 
and evaluation of protein damage upon the photo-
irradiation of the complexes. 

Results and Discussion

The electronic absorption spectrum (EAS) of 
cobalt(II) tetrasulfophthalocyanine in a phosphate 
buff er is shown in Fig. 1. 

According to the obtained EAS, tetrasulfosubsti-
tuted cobalt(II) phthalocyanine exists in a phosphate-
buff ered saline (PBS, рН 7.4) in the partially dimer-
ized state in spite of relatively high solubility in 
water caused by four peripheral sulfo groups. The 
absorption of the dimeric forms of MHCs is detected 
in a range of 629 nm, and the absorption maximum 
of the monomeric forms of MHCs is observed at 
665 nm. A probable reason for the equilibrium 

2 CoPc    (CoPc)2 (1)

is a high concentration of electrolytes in the PBS 
with pH 7.4, which provides osmomolarity of the 
buff er solution equal to the blood osmomolarity. The 
total amount of anions and cations in the PBS results 
in a decrease in the amount of free water for the 
hydration of CoPc. In addition, a high concentration 
of electrolytes in the PBS favors a partial neutraliz-
ation of negative charges of sulfo groups of CoPc and 
a decrease in the electrostatic repulsion between the 
adjacent likely charged fragments of CoPc, which 
results in their self-association. 

The EAS of ORF3a in the PBS are shown in Fig. 2.
The absorption in a range of 200—300 nm is 

typical of proteins. The EAS of the ORF3a protein 
exhibits two absorption maxima at 200—230 and 
278 nm, and the absorption bands are asymmetric. 
It is known that the absorption bands of the peptide 
bonds are located in a range of 190—220 nm, and 
the absorption maxima of aromatic amino acids are 
detected in the near-UV range (275—282 nm). The 
ORF3а composition includes 45 aromatic amino 
acids: 14 phenylalanine, 17 tyrosine, eight histidine, 
and six tryptophan residues with the absorption 
maxima at the wavelengths 257, 272, 270, and 
280 nm, respectively. We believe that the high light 
scattering can be due to ORF3a dimers, since the 
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Fig. 1. Electronic absorption spectrum of cobalt(II) tetrasulfo-
phthalocyanine (1.1•10–5 mol L–1) in a phosphate buff er.
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most part of the ORF3a protein of coronaviruses is 
known to function in vivo in the dimeric form.15,24 
The electrophoresis results show that a portion of the 
protein exists in the dimeric form in the studied 
solutions, since the bands at the molecular weights 
about 63 and 70 kDa are detected according to the 
markers. The consecutive increase in the protein 
concentration (see Fig. 2) results in an increase in 
the absorbance of the solutions, and the character of 
the change is linear (see Fig. 2, inset). This indicates 
that no changes occur in self-aggregation when the 
protein concentration is varied from 5.5•10–7 to 
5.5•10–6 mol L–1.

The results of spectrophotometric titration of 
a solution of CoPc (1.1•10–5 mol L–1) with a solu-
tion of the ORF3a protein (Fig. 3) will be considered 
below. 

A decrease in the intensity in the absorption ranges 
of both the MHC dimer and monomer is observed 
at the initial stage of titration. A further increase 
in the protein concentration, a change in the 
CoPc : ORF3a molar ratio from 7 : 1 to 2 : 1, results 
in a decrease in the absorption intensity at 625 nm 
(absorption of the dimer) and an increase in the 
absorption intensity of the monomer. These spectral 
changes unambiguously characterize the shift of 
equilibrium (1) toward monomerization. In addition, 

a phenomenon unusual for metallophthalocyanines 
was observed: bathochromic shift of the absorption 
Q band upon complex formation, which is 12 nm in 
the system under study. The shift of the Q band in-
dicates that the solvate/pseudo-solvate environment 
of CoPc has changed: probably, CoPc becomes sur-
rounded by amino acid residues of the protein upon 
complex formation. According to the molecular 
docking results,23 CoPc is predominantly bound in 
the immediate vicinity to domain V of the ORF3a 

Fig. 2. Electronic absorption spectra of ORF3a (5.5•10–7—5.5•10–6 mol L–1) in PBS; inset: absorbance at λ = 278 nm (A278) vs 
concentration of ORF3a in PBS; arrow shows the direction of increasing ORF3a concentration.
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Fig. 3. Electronic absorption spectra of CoPc during titration 
with ORF3a in PBS.
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protein (amino acid residues 160—163).25 This is 
a conservative motif inherent in the whole line of 
coronaviruses and involved in the transport of the 
ORF3a protein from Golgi´s apparatus to cellular 
and intracellular membranes, lipid droplets, and 
lysosomes. Domain V is responsible for the intracel-
lular transport of ORF3a. According to the molecu-
lar docking results, the CoPc complex with the 
ORF3a protein is stabilized due to the formation of 
several hydrogen bonds between the oxygen atoms 
of the peripheral SO3

– groups and amino acid resi-
dues Lys66a, Lys67a, Ar g68a, Tyr141a, Asp183a, 
Glu181a, Asp210b, Lys235b, Asp210a, Lys235a, 
Lys67b, Arg68b, Tyr141b, and Asp183b, where а and 
b are the ORF3a proteins in the dimer. Unfortunately, 
the performed IR spectral study did not allow us to 
confi rm or reject hydrogen bond formation involving 
the SO3

– groups of CoPc. This is caused by the fact 
that the characteristic frequencies of SO3

– vibrations 
arranged in the ranges 1350—1250 and 1100—
1000 cm–1 are not identifi ed in the spectrum of the 
complex with the protein, which is spectrally active 
in this spectral range. The secondary structure of the 
ORF3a protein changes after binding with CoPc: an 
inversion of the absorption intensity at 1638 and 
1617 cm–1 is observed in the Amide I range, and in 
the Amide III range the vibration band at 1254 cm–1 

shifts to the high-frequency range by 6 cm–1. This 
indicates an increase in the fraction of disordered 
fragments of the polypeptide chain upon CoPc 
binding. 

The synthesized 1  :  1 complex of the ORF3a 
protein with CoPc was photoirradiated with the vis-
ible light (400—700 nm) for 1 h. The obtained 
sample was studied by IR spectroscopy and using the 
western blot method. The IR spectrum of the irradi-
ated protein complex with CoPc diff ers substantially 
from the initial sample (Fig. 4). As can be seen from 
the recorded IR spectra, the photoirradiation results 
in substantial changes in the spectrum: new bands 
appear, a number of bands disappears, and the ratio 
of intensities of the most part of bands changes. All 
the data described indicates a change in both the 
secondary and primary structures of the protein. The 
study by the electrophoresis method revealed a smear 
in the range below 20 kDa (Fig. 5).

Thus, the complex formation processes of the 
ORF3a protein of the SARS-CoV-2 virus with tetra-
sulfosubstituted cobalt(II) phthalocyanine were stud-
ied for the fi rst time. The formation of the complex 
was proved using spectral methods. The binding of 
CoPc by the protein was found to exert an insignifi -
cant eff ect on the secondary protein structure by 
increasing the fraction of disordered fragments. The 

Fig. 4. IR spectra of the initial (1) and irradiated (2) complex of ORF3a with CoPc in KBr.
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photoirradiation of the protein complex with СоРс 
results in changes in both the secondary and primary 
structures of the protein. The results obtained dem-
onstrate that CoPc can be a potential active drug 
capable of changing the primary protein structure 
upon photoirradiation. 

Experimental

Electronic absorption spectra were recorded on an 
AvaSpec-2048 spectrometer (Avantes GmbH, Holland) 
in quartz tubes with an optical path length of 10 mm at 
25 C in a temperature-maintained cell. IR spectra were 
detected on an Avatar 360 FT-IR spectrometer (Thermo 
Nicolet, USA) in a range of 4000—500 cm–1 in KBr 
pellets. 1H NMR spectra were obtained on a Bruker 
Avance-500 instrument (USA) using tetramethylsilane as 
the internal standard. MALDI-TOF mass spectra of 
positive ions were measured on a Shimandzu AXIMA 
Confi dence time-of-fl ight mass spectrometer with matrix-
associated laser desorption (Japan) and on a Bruker 
Daltonics Ultrafl ex instrument (USA). Elemental analy-
sis was carried out on a FlashEA 1112 analyzer (Thermo 
Electron Corp., Italy).

The ORF3a protein was expressed at the Lobachesky 
State University of Nizhny Novgorod in two stages. 
Plasmids pGBW-m4046959 (AddGene #145722) bearing 
target protein sequences were used as the matrix for the 
polymerase chain reaction (PCR). Authenticity of the 
obtained protein samples was determined by immuno-
blotting with antibodies to the oligohistidine sequence 
localized on the C-end of the proteins. 

The solution was irradiated with a white photodiode 
lamp (400—700 nm) with a power of 10 W in plastic 
conic 200-L microtubes at 25 С for 1 h. The light was 
directed to the tubes from above, and the distance from 
the lamp to the tubes was 5 cm.

Cobalt(II) tetrasulfophthalocyanine was synthesized 
and purifi ed according to earlier described procedures.26 
The degree of purity of the used tetrasulfophthalocyanine 
was at least 98%. EAS (DMSO), λmax (logε): 664 (5.15), 
602 (4.50), 330 (4.85). 1H NMR (D2O), δ: 10.02 (br.s), 
9.76 (br.s), 8.68 (br.s), 8.38 (br.s), 8.09 (m), 7.87 (m). MS 
MALDI-TOF MS: found m/z 891.53 [М]+; calculated for 
C32H16CoN8O12S4 891.71. Found (%): С, 42.62; Н, 1.89; 
N, 12.38; О, 22.01; S, 14.11. C32H16CoN8O8S4. Calculat-
ed (%): С, 43.10; Н, 1.81; N, 12.57; О, 21.53; S, 14.38.

Spectrophotometric studies were carried out in a solu-
tion of phosphate-buff ered saline (PBS) (Merck) at pH 7.4.

This work was fi nancially supported by the Russian 
Foundation for Basic Research (Project No. 20-04-
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