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The SARS2 coronavirus became a true scourge in the 
year 2020. This infectious agent was first identified in 
China in 2019 and by June 2020 there were practically no 
countries left unaffected by the pandemic. Apparently, the 
capabilities of modern medicine remain insufficient for 
effectively countering the threats arising from novel 
viruses. The main reasons for the rapid propagation of 
SARS-CoV-2 include its high contagiousness, the low 
reliability of rapid tests, and the excessive duration of 
comprehensive PCR diagnostics, which introduces 
unacceptable delays in the implementation of quarantine 
measures. Another reason for the rapid spreading of the 
COVID-19 is the current lack of drugs capable of 
completely inactivating coronaviruses in the human body. 
Coronaviruses are positive-sense RNA viruses belonging to 
the Coronaviridae family of the order Nidovirales, which 
are divided into four genera (α, β, γ, and δ). The SARS2 

virus belongs to the genus β. Coronaviruses contain four 
structural proteins: the S-protein (S), the envelope protein 
(E), the membrane protein (M), and the nucleocapsid 
protein (N),1 as well as an array of nonstructural (nsp1–16) 
and accessory proteins (ORF1–10). 

There are three strategies in the fight against the SARS2 
coronavirus.2 The first strategy involves testing the 
applicability of existing broad-spectrum antiviral drugs. 
The advantage of this strategy is that these drugs have been 
approved for clinical use in humans, thus their metabolic 
characteristics, potential efficacy, toxicity profile, and the 
potential side effects have been proved. The disadvantage 
is that the known antiviral drugs do not directly inactivate 
the SARS2 coronavirus, and at best can reduce the severity 
of the disease. The second strategy relies on the search 
through existing molecular libraries for potential inhibitory 
or virucidal agents against this coronavirus.3 The third 

Chemistry of Heterocyclic Compounds 2021, 57(4), 423–431 

Modeling the binding of protoporphyrin IX, verteporfin, 
and chlorin e6 to SARS-CoV-2 proteins 

Oskar I. Koifman1,2, Natalia Sh. Lebedeva1, 
Yury A. Gubarev1*, Mikhail O. Koifman2 

1 G. A. Krestov Institute of Solution Chemistry, Russian Academy of Sciences, 
1 Akademicheskaya St., Ivanovo 153045, Russia; e-mail: yury.gu@gmail.com 

2 Ivanovo State University of Chemistry and Technology, 
7 Sheremetevskii Ave., Ivanovo 153000, Russia  

Submitted October 9, 2020 
Accepted after revision March 10, 2021 

In this work, we analyze the latest data on the molecular docking of a range of SARS-CoV-2 proteins to protoporphyrin IX, verteporfin, 
and chlorin e6, as well as consider the prospects for using chlorins and porphyrins as agents for photoinactivation of the SARS2 virus. 

Keywords: chlorin e6, porphyrins, protoporphyrin IX, verteporfin, COVID-19, molecular docking, SARS-CoV-2.  

Translated from Khimiya Geterotsiklicheskikh Soedinenii, 
2021, 57(4), 423–431 

0009-3122/21/57(4)-0423©2021 Springer Science+Business Media, LLC 

DOI 10.1007/s10593-021-02920-8



Chemistry of Heterocyclic Compounds 2021, 57(4), 423–431 

424 

strategy is to develop new, specifically targeted drugs, for 
example, on the basis of coronavirus genome sequencing. 
Specifically tailored drugs against the SARS2 virus should 
clearly be expected to be superior, but the development of a 
totally new drug molecule from concept to authorization 
for clinical use can typically take 10–15 years.4 

At the present time, most of research efforts follow the 
second strategy and are devoted to modeling the molecular 
docking of SARS2 virus proteins with various ligands. The 
decoded sequences of SARS-CoV-2 proteins enable the 
application of computer modeling methods to calculate the 
ligand binding energy of proteins, providing the needed 
speed of library search for the identification of potential 
lead compounds for new drug design. There are several 
well-known molecular docking platforms available, such as 
SwissDock,5 DockThor,6 AutoDock Vina,7 Surflex,8 
GOLD,9 and rDock.10 The objects of modeling are usually 
the structural and nonstructural proteins of SARS2 virus, 
however, so far no compound has been found that would be 
capable of inactivating the SARS2 virus. For example, 
Cherkasov with coworkers3c reported the binding of more 
than a billion compounds from the ZINC15 library to the 
main protease of SARS2 virus.11 The top 1000 ligands – 
inhibitors of the main protease have been identified, but the 
list does not contain any porphyrin-like structures. This is 
rather unexpected, since it is believed that compounds of 
the porphyrin, chlorin, and phthalocyanine series are 
among the most promising substances for photoinactivation 
of viral and drug-resistant bacterial infections.12 The 
advantages of tetrapyrrole macroheterocyclic compounds 
over other drugs are that, by binding to a target, they are 
able to inhibit the virus, and upon subsequent irradiation 
with light they have virucidal activity. This approach 
avoids the possibility of mutations or developing drug 
resistance. Considering the reported strong antiviral 
activity of protoporphyrin IX and verteporfin against the 
SARS2 virus,13 the idea of using porphyrins to combat 
COVID-19 infection is very relevant. An important factor 
in favor of the use of porphyrins is that a number of 
compounds belonging to the porphyrin class have been 
approved for clinical use by the Food and Drug 
Administration (FDA, USA) and have been also authorized 
for use in Russia and Europe. When high-affinity binding 
of porphyrins or their analogs to the proteins of SARS2 
virus is achieved, it is possible to develop effective 
methods for the treatment of coronavirus infections using 
photoinactivation,14 which is quite convenient to perform in 
the respiratory tract, and the low dark toxicity of the 
considered macroheterocyclic compounds is expected to 
minimize the side effects.  

Chlorin e6 belongs to the class of porphyrin compounds 
and, along with protoporphyrin IX and verteporfin, is 
already used in clinical practice. Chlorin e6 can be 
successfully employed in photodynamic therapy, as it 
generates singlet oxygen with a high quantum yield, 
absorbs light in the ''therapeutic window'' and is sufficiently 
soluble in physiological media.15 Therefore, it can be used 
for the inactivation of viruses, while the weaker aromaticity 
of chlorin e6, compared to porphyrins, can provide for 

stronger afinity toward the proteins of SARS2 virus. 
Protoporphyrin IX and verteporfin differ by the nature and 
positions of peripheral substituents, which can also affect 
the binding localization and energy of tetrapyrrole 
compound with the proteins of SARS2 virus. This 
assumption was verified by modeling the binding of 
chlorin e6, protoporphyrin IX, and verteporfin with a series 
of SARS-CoV-2 proteins. The following potential targets 
were selected: the N-terminal RNA-binding domain of 
nucleocapsid protein (NTD, 6m3m), the S-protein (6vyb), 
the main protease (6y2e), the ORF3a (6xdc), ORF9b 
(6z4u), and ORF7A (6w37) proteins, with the selection 
primarily guided by the biochemical functions of proteins 
that determine various stages of the virus life cycle. For 
example, the main functions of the nucleocapsid  protein 
are binding to the viral genome and its packing into a 
conformation suitable for replication and transcription. 
During infection, the nucleocapsid protein is prominently 
expressed, and is capable of eliciting immune response 
against the SARS2 virus.16 The general domain architecture 
of the coronavirus nucleocapsid protein consists of three 
different parts: a highly conserved N-terminal RNA-
binding domain (NTD),17 a C-terminal dimerization 
domain (CTD), and an internally disordered central serine/
arginine linker. The NTD protein of SARS2 virus is a 
highly promising target for fighting coronavirus infections. 

The main protease (Mpro, 3CLpro, nsp5) plays an 
important role in the translation and replication of new 
virus generations from viral genomic RNA.18 Many 
attempts at creating antiviral drugs have targeted viral 
proteases, but success in this area has been elusive, since 
the selectivity of such drug candidates was low and the 
proteases of host cells were also affected, provoking severe 
complications. The structure of Mpro protease of SARS2 
virus is substantially different, while human host cell 
proteases with such substrate specificity are unknown,19 
therefore the Mpro protease of SARS2 virus is a promising 
target. The S-protein provides binding of angiotensin-
converting enzyme 2 of host cell,20 the integration and 
penetration of virus, as well as the evasion from immune 
response. The aforementioned proteins are traditional 
targets and possess the uniqueness required of targets.21 

The functions of a large number of additional proteins 
expressed by open reading frames (ORF) genes for SARS2 
virus are still poorly understood or unknown, but the 
knowledge in this field is rapidly advancing. Thus, for 
ORF9b, it was found that this protein suppresses innate 
immunity by acting on the mitochondria and signalosomes 
MAVS/TRAF3/TRAF6, i.e., suppresses the antiviral trans-
criptional responses of the host.22 

It is known that some of the most severe manifestations 
of COVID-19 are pneumonia and pronounced anemia,23 
therefore it has been hypothesized24 that the virus directly 
attacks hemoglobin, destroys it, and uses the resulting 
protoporphyrin to penetrate the host cells. It has been 
shown that the ORF8 protein and the S-protein of SARS2 
virus are capable of binding to porphyrin, while the 
ORF1ab, ORF10, and ORF3a proteins coordinate the 
attack on hemoglobin, cause heme demetallization, and 
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then bind the resulting protoporphyrin.24 There is also an 
alternative opinion, according to which the demetallization 
of heme and the very process of protein-protein interactions 
(the interactions of ORF1ab, ORF10, and ORF3a with 
hemoglobin) are questioned.25 On the other hand, there is 
experimental evidence that the cleavage of cytochrome с 
(hemoprotein) is significantly increased in the presence of 
the ORF3a protein of SARS2 virus.26 On the basis of this, 
it can be expected that exogenous porphyrin or its analogs 
can exhibit higher affinity binding to the aforementioned 
proteins of SARS2 virus, blocking their biological 
functions and thus inactivating the virus. On the other 
hand, as it was noted before, the ability of macro-
heterocyclic compounds to generate reactive oxygen 
species by the action of light can be used for achieving 
virucidal effects.27 

Accessory proteins encoded by the coronavirus play 
critical role in the virus-host interactions and modulation of 
host immune responses, contributing to the pathogenicity 
of the coronavirus through a variety of strategies. The 
ORF3a protein acts as a viroporin,28 an ion channel protein, 
stimulates gene transcription,29 affects the immune 
response, and induces apoptosis.26,29 It should be noted that 
the ORF3a protein is highly susceptible to mutations; from 
this point of view, it is not an optimal target, but it has a 
sufficient number of conserved domains.26 

There is still no consensus view regarding the functions 
of ORF7a and its role in the life cycle of the virus. It is 
believed to be involved in protein-protein interactions with 
host cell proteins and may play role in the viral assembly or 
budding events30 and evasion of immune response.31 The 
ORF7a protein has structural homology with protein 
ICAM-1, which binds to the Т-lymphocyte integrin 
receptor of LFA-1.32 

Thus, the most attractive targets were selected for the 
study and molecular docking of macroheterocyclic 
compounds to SARS2 virus proteins was performed to 
assess their possible inhibitory and virucidal activity. The 
obtained binding energy values for ligands with the 
selected proteins are shown in Table 1, while Table 2 
shows the most probable hydrogen bonds and π–π 
interactions between the ligands and amino acid residues of 
the respective proteins. 

The interaction energies of N-terminal RNA-binding 
domain of the nucleocapsid protein with chlorin e6 and 
protoporphyrin IX were shown to be rather similar. This 
was due to the close locations of the aforementioned 
ligands in the protein. Both compounds formed hydrogen 
bonds between the peripheral substituents of the 
macrocycle and the amino acid residues Asn76 and 
Asn155. In the case of protoporphyrin IX, the energy was 
slightly higher, because hydrogen bond formation was 
possible between the nitrogen and hydrogen atoms of the 
reactive site in porphyrin and the His146 residue. The 
localization of verteporfin in NTD (Fig. 1), as well as the 
binding energy with verteporfin was lower, compared to 
chlorin e6 and protoporphyrin IX, despite the fact that 
besides hydrogen bonds (Table 2) it can also form π–π 
interactions with the Tyr110 residue. 

On the basis of the obtained data, it can be proposed that 
all studied macrocyclic compounds can inhibit the 
functions of NTD, while in the case of chlorin e6 virucidal 
effects can be achieved via photoirradiation. For the 
complex of verteporfin with NTD, photoirradiation is 
unlikely to be effective, since π–π interactions reduce the 
lifetime of the excited triplet state of porphyrin and, 
accordingly, the quantum yield of singlet oxygen. In the 
case of protoporphyrin IX complex with NTD, the 
hydrogen bonding between the nitrogen and hydrogen 
atoms of the reactive site in porphyrin and the His146 
residue is expected to facilitate the dissipation of light 
energy and to lower the quantum yield of reactive oxygen 
species upon photoirradiation. For this reason, the studied 
porphyrins are unlikely to show virucidal effects. The 
studied porphyrins and chlorin e6 bind to the S-protein in 
regions located quite far from the receptor-binding domain 
(RBD) of the S-protein,33 which is responsible for the 
binding to ACE2 receptor. Therefore, it is unlikely that the 
studied macrocyclic compounds could inhibit the binding 
of S-protein to the ACE2 receptor. Macroheterocyclic 
compounds are located in the S-protein in such a way that 
they bind two subunits via hydrogen bonds (Table 2, Fig. 2), 
while not forming π–π- and H-complexes affecting the 
aromatic system. Therefore, photoirradiation of protein 
complexes containing macroheterocyclic compounds can 
produce a virucidal effect due to cascade oxidation of 
amino acid residues, cross-linking of polypeptide chains, 
and irreversible conformational changes in the S-protein.34 
Chlorin e6 is located within 4 Å from the Arg567, Ile569, 
and Asp571 residues of subunit A, the Arg44, His49, 
Ser50, Lys964, Gln965, Ser967, Ser968, and Asn969 
residues of subunit B, and the Leu754, Gln755, Gly757, 
and Ser758 residues of subunit C. Protoporphyrin IX is 
located next to the Gln762, Arg765, Ala766, Gly769, 
Ile770, Val772, Glu773, Leu1012, and Arg1019 residues of 
subunit A and the Asp950, Asn953, Gln954, Gln1010, 
Ile1013, Arg1014, and Glu1017 residues of subunit C. 
Verteporfin is located near the Thr302, Leu303, Lys304, 
Gln314, Thr315, Asn317, Gln957, Asn960, Thr961, 
Lys964, and Gln965 residues of subunit B and the Asp737, 
Thr739, Gly757, Ser758, Thr761, Asn764, Arg765, and 
Thr768 residues of subunit C in the S-protein. 

Protein 
Affinity, kcal/mol 

Chlorin e6 
Proto- 

porphyrin IX 
Verteporfin 

NTD (6m3m) –8.8 –9.0 –7.8 

S-protein (6vyb) –8.4 –9.7 –8.5 

Main protease (6y2e) –8.0 –8.5 –7.2 

ORF3a (6xdc) –7.9 –7.3 –7.1 

ORF9b (6z4u) –7.6 –7.4 –7.0 

ORF7a (6w37) –6.3 –7.1 –6.4 

Table 1. The binding energies of chlorin e6, 
protoporphyrin IX, and verteporfin 
with the proteins of SARS2 virus 
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As noted above, the main protease Mpro plays a key role 
in the viral replication mechanism,35 therefore its inhibition 
underlies the antiviral activity of various drugs. For 
example, it has been proposed36 to use compounds GC376 
and GC373, which bind covalently with the Cys145 residue 
of protease Mpro and inhibit RNA replication in cell culture. 
Despite the fact that the inhibition of virion replication is 
an important achievement, as noted above, the use of 
virucidal drugs leading to the destruction of viral proteins 
is a more promising approach. Of all the studied macro-
heterocyclic compounds, chlorin e6 and protoporphyrin IX 
formed the more stable complexes with viral protease (Fig. 3). 
However, both macrocycles formed a π–π-complex with 
the Phe294 residue (Table 2), featuring a coplanar 

orientation of aromatic systems at a distance of 3.5–3.6 Å, 
therefore virucidal activity was considered to be unlikely in 
this case. The ability of verteporfin to absorb light in the 
''therapeutic window'' and the high quantum yield of singlet 
oxygen during photoirradiation can enhance its virucidal 
properties. 

In the case of the ORF3a protein, modeling showed that 
both porphyrin and chlorin e6 bind to different parts of the 
protein globule (Fig. 4). Chlorin e6 and verteporfin interact 
with the β-sheets of protein, while protoporphyrin IX is 
located near the α-helix. All studied macrocycles form 
multiple hydrogen bonds between their peripheral 
substituents and the amino acid residues of ORF3a protein 
(Table 2). In addition, it should be noted that chlorin e6 has 

Protein 

Chlorin e6  Protoporphyrin IX  

Amino acid residue 
Type of 
complex 

Bond 
length, Å 

Amino acid residue 
Type of 
complex 

Bond 
 length, Å 

Amino acid residue 
Type of 
complex 

Bond 
length, Å 

NTD (6m3m) Asn78 

 

Asn76 

Asn155 

Ala156 

H 

 

H 

H 

H 

2.0 

3.3 

2.1 

3.3 

2.9 

Asn76 

Asn155 

Asn151 

His146* 

H 

H 

H 

H 

2.6 

2.6 

2.6 

2.8 

2.8 

3.2 

3.4 

Arg89 

 

Tyr112 

Arg150 

 

Ala157 

Tyr110 

H 

  

H 

H 

  

H 

π–π 

2.4 

2.7 

2.4 

1.9 

2.5 

2.1 

4 

S-protein  

(6vyb) 

Gln965 (B) 

Ser967 (B) 

Ser758 (C) 

His49 (B) 

Ser50 (B) 

H 

H 

H 

H 

H 

1.9 

3.8 

3.0 

2.2 

2.0 

Arg1019 (A) 

Gln1010 (C) 

Arg765 (A) 

H 

H 

H 

H 

2.2 

2.6 

2.0 

2.0   

Asn764 (C) 

Arg765 (C) 

Lys964 (B) 

Thr761 (C) 

H 

H 

H 

H 

2.2 

2.3 

2.2 

3.8 

Mpro (6y2e) Thr111 

 

Gln110 

Phe294 

H 

H 

H 

π–π 

2.4 

2.5 

2.3 

3.5 

Asn203 

Asp295 

 

Gln110 

Thr111 

Pro108 

Phe294 

H 

H 

H 

H 

H 

H 

π–π 

2.4 

2.3 

3.0 

2.7 

2.0 

3.5 

3.6 

Arg131 H 3.1 

ORF3a (6xdc) Thr190 

Asn161 

Lys67 

H 

H 

H 

H 

1.9 

2.5 

2.3 

2.3 

Asp142 

Arg126 

H 

H 

H 

H 

2.5 

2.4 

2.2 

2.6 

Ser165 

Gln185 

Asp183 

 

Gly172 

Н 

Н 

Н 

Н 

H 

3.5 

2.4 

2.4 

2.5 

2.4 

ORF9b (6z4u)    Gln18 H 

H 

2.5 

2.5 

Gln18 H 2.1 

ORF7a (6w37) Tyr25 

Gly23 

Ser21 

Phe31 

H 

H 

H 

π–π 

2.3 

2.4 

3.0 

3.4 

Lys17 

 

Tyr5* 

Н 

Н 

Н 

Н 

Н 

Н 

2.0 

2.1 

2.5 

2.7 

2.9 

3.4 

Tyr5* Н 

Н 

Н 

Н 

2.4 

2.7 

3.1 

3.1 

Verteporfin  

Table 2. Hydrogen bonds and π–π interactions between chlorin e6, protoporphyrin IX, verteporfin 
and the proteins of SARS2 virus 

* H-complex with the reactive site of porphyrin. 
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Figure 1. The results from molecular docking studies of 
a) chlorin е6, b) protoporphyrin IX, c) verteporfin with the 
N-domain of nucleocapsid protein from SARS2 virus. 

Figure 2. The results from molecular docking studies of 
a) chlorin е6, b) protoporphyrin IX, c) verteporfin with the 
S-protein of SARS2 virus. 
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Figure 3. The results from molecular docking studies of 
a) chlorin e6, b) protoporphyrin IX, c) verteporfin with the main 
protease of SARS2 virus. 

a higher binding energy with the virus protein, compared to 
exogenous protoporphyrin IX, giving a reason to expect 
inhibition of virus while preserving hemoglobin. 

The modeling of binding between porphyrins or chlorin e6 
and the ORF9b protein showed that their localization in the 

Figure 4. The results from molecular docking studies of 
a) chlorin е6, b) protoporphyrin IX, c) verteporfin with the 
ORF3a protein of SARS2 virus. 
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Figure 5. The results from molecular docking studies of 
a) chlorin е6, b) protoporphyrin IX, c) verteporfin with the 
ORF9b protein of SARS2 virus. 

ORF9b protein was similar (Fig. 5), while the binding 
energy was somewhat higher in the case of chlorin e6. A 
common characteristic was the low number of hydrogen 
bonds and the complete absence of π–π interactions. These 
features are likely to contribute to the photoinactivation of 
ORF9b protein. 

The studied porphyrins and chlorin e6, judging by the 
calculated binding energies (Table 1), are expected to have 
a low inhibitory activity toward the ORF7a protein. The 
presence of π–π interactions in the case of chlorin e6 with 
the Phe31 residue in protein and the existence of hydrogen 
bonds involving the atoms of reactive site in porphyrins 
and the Tyr5 residue (Table 2, Fig. 6) should cause a 
decreased quantum yield of reactive oxygen species. It can 
be concluded that the studied macrocycles cannot be 
effective toward this target. 

The performed study illustrated the ability of the 
investigated macrocycles to bind structural and accessory 
proteins of the SARS2 virus. The established ability of 
macrocycles to form sufficiently strong complexes with a 
broad range of SARS2 virus proteins can provide virucidal 
effects at various stages of the virus life cycle. The 
obtained results, detailing potential specific interactions, 
allowed to propose that chlorin e6 and protoporphyrin IX 
should exhibit inhibitory effects against the S-protein, Mpro 
protease, and NTD, while chlorin e6 is expected to act 
against the ORF3a protein and verteporfin – against the 
S-protein. The photooxidative capacity of the studied 
macrocyclic compounds should be reasonably expected 
against the following SARS2 virus proteins: proto-
porphyrin IX – against ORF9b, ORF3a, and the S-protein; 
chlorin e6 – against the ORF9b, ORF3a, S-protein, and 
NTD; verteporfin – against the ORF9b and ORF3a 
proteins, Mpro protease, and S-protein. The studies 
performed can serve as a basis for a targeted experimental 
investigation of the inhibitory and photooxidative activity 
of macrocycles against virus proteins. The most promising 
agent according to its combination of properties (affinity 
for virus proteins, effective absorption of light in the 
''therapeutic window'', high quantum yield of singlet 
oxygen) is chlorin e6. The clear advantage of chlorin e6 is 
its ability to produce a dual effect (inhibition and 
photoinactivation), while having been already approved for 
clinical use. 

Experimental 

The following structures of SARS-CoV-2 proteins were 
used in the work: the N-terminal RNA-binding domain of 
nucleocapsid protein (NTD, 6m3m), the S-protein (6vyb), 
main protease Mpro (6y2e), the ORF7a (6w37), ORF3a 
(6xdc), and ORF9b (6z4u) proteins. The structural 
information files were downloaded from the Protein Data 
Bank. The structures of chlorin e6 (PubChem CID: 
5479494) and protoporphyrin IX (PubChem CID:4971) 
were obtained from the PubChem compound database. The 
structure of verteporfin (PubChem CID: 139032859) was 
minimized with the ORCA 4.0 program37 within the 
density functional theory framework using a B3LYP basis 
set. 
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The molecular docking of proteins with porphyrins and 
chlorin e6 was accomplished with the AutoDock Vina 
software7 and visualized with the PyMOL program. The 
ligand and protein structure files were prepared with the 
AutoDock 4.2 program, the grid matrix of the docking area 
was sized to ensure a complete coverage of the protein 
molecule. Due to the large size of the grid matrix, the 
exhaustiveness parameter was raised to 256.38  
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