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Abstract: The problem of treating viral infections is extremely relevant due to both the emergence of
new viral diseases and to the low effectiveness of existing approaches to the treatment of known viral
infections. This review focuses on the application of porphyrin, chlorin, and phthalocyanine series
for combating viral infections by chemical and photochemical inactivation methods. The purpose
of this review paper is to summarize the main approaches developed to date in the chemical and
photodynamic inactivation of human and animal viruses using porphyrins and their analogues and
to analyze and discuss the information on viral targets and antiviral activity of porphyrins, chlorins,
of their conjugates with organic/inorganic compounds obtained in the last 10-15 years in order to
identify the most promising areas.
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1. Introduction

Over the past decades, the onset of epidemics and pandemics caused by SARS viruses (SARS-CoV,
2002-2003), swine flu (HIN1, 2009-2010), bird flu (H7N9, 2013), the Middle East virus (MERS-CoV
2013-2015), the Ebola virus (2014-2015), and the SARS-CoV-2 coronavirus conditioned the need to
consider a healthcare system not only as a public sector organizing and protecting the health of the
population of a particular country but also as a global international task. Change of priorities for threat
evaluation takes place throughout a civilized society. The reason for this is the emergence of new viral
infections that cause epidemics and pandemics, as well as the existence of drug-resistant infections,
which are increasing each year [1-4]. Therefore, the search and development of new alternative
approaches to the treatment of viral and bacterial infections are necessary. The proposed review
will consider the main achievements over the past few years in the search for alternative therapeutic
approaches and of the drugs based on porphyrins and their analogues (P&A) for the treatment of
viral infections.

For an objective and comparative analysis of existing approaches and for revealing the most
promising areas, we briefly consider the structure of viral particles. This will allow us to establish
potential vulnerabilities, the so-called molecular targets.

Viruses are microscopic pathogens, translated from Latin word virus, which means “poison and
poisonous source”. Mammalian viruses have various shapes, most often spherical or ellipsoidal with
sizes ranging from 18 to 900 nm [5]. Viral particles contain genetic material in the form of DNA or RNA,
often a protein shell (capsid), and may also include additional lipid shells (supercapsid or peplos).
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Viruses are obligate intracellular parasites. They are carriers of their own genome during intercellular
distribution and transmission from organism to organism. They protect the genome during transit and,
together with nonstructural proteins, deliver it to the cytosol or nucleus of the host cells; after that,
the mechanism of replication and formation of daughter virions is triggered. As a rule, the penetration
of the pathogen into the host cell leads to its death.

Viruses are diverse, and their various classifications exist. The International Committee on
Virus Taxonomy (ICTV) [6] has concluded that virus taxonomy should include basic evolutionary
relationships between remotely related viruses. The new release, dated March 2020, contains taxonomic
changes approved by ICTV members. This issue includes in the system 4 realms, 9 kingdoms, 16 types,
2 subtypes, 36 classes, 55 orders, 8 suborders, 168 families, 103 subfamilies, 1421 genera, 68 subgenuses,
and 6590 types of viruses. Despite their comparative simplicity, viruses are extremely diverse in their
genetic material and replication mechanisms [7].

As arule, the life cycle of a virus is a complex process, which is divided into the following stages:
(1) attachment of the virion to the cell surface (linking of the host cell receptor); (2) internalization of
the virus into the cell (endocytosis); (3) decapsidation, cytoplasmic transport, and nuclear imports;
(4) transcription and replication of viral RNA/DNA; (5) nuclear export and protein synthesis; and (6)
assembly and release of propagated virions from the host cell membrane.

All these stages of the life cycle of a virus are of great importance for its virulence, replication,
and transmission. Violation of any of these can lead to the development of a potential and effective
strategy for controlling and preventing viral infection. The inactivation of the first three stages of the
life cycle of the virus has the greatest practical application, so this review will be focused on them.

2. Inactivation at the Stage of Attachment of the Virion to the Cell Surface (Receptor Binding) and
Fusion with the Cell Membrane

As noted above, despite the comparative simplicity, all 6590 types of viruses differ in their genetic
material, replication mechanism, and in chemical structure of structural and nonstructural proteins.
Therefore, an understanding of the biomechanics and biochemistry of the functioning of structural
proteins of viral particles is necessary for a scientifically based search for virucidal compounds. Now,
we will consider the methods of inactivating viral particles, using porphyrins and their analogues at
the first stage of the life cycle, taking as the example human immunodeficiency virus (HIV). The vast
majority of studies focus on HIV inactivation, partly because this virus appeared relatively long ago
(in 1983) and has been well studied, but to a greater extent, owing to the slowly progressive disease
caused by it, which often leads to death. According to WHO, there are about 40 million people
diagnosed with HIV in the world. The human immunodeficiency virus belongs to the genus lentiviruses
(Lentivirus) of the family of retroviruses (Retroviridae). HIV virus is relatively simple (Figure 1).
In addition to structural proteins, it contains two RNA helices and three enzymes: reverse transcriptase
(revertase), integrase, and protease.

The first stage of attachment of the virion to the surface of the cell and fusion with the cell
membrane is determined by the spikes on the surface of the virion. The spikes on the viral particle
are formed by Env glycoprotein (envelope protein), which consists of two subunits: the variable
protein gp1209 performing the function of binding to the CD4 receptor and of the more conservative
transmembrane gp41, which holds the gp120 molecule in the membrane (Figure 1). The gp120 viral
glycoprotein strongly links the CD4 receptor (Figure 2).
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Figure 2. Model for HIV-1 entry. (A,B) Binding of cluster of differentiation (CD)4 to glycoprotein
(gp)120 exposes a coreceptor binding site in gp120; (C,D) coreceptor binding causes the exposure of the
gp41 fusion peptide and its insertion into the membrane of the target cell in a triple-stranded coiled-coil;
and (E) formation of a helical hairpin structure in which gp41 folds back on itself is coincident with
membrane fusion [9].

As a result of this interaction, gp120 undergoes conformational changes that also provide binding

the coreceptor molecule CXCR4 or CCRS5 (Figure 2). This is followed by the stage of internalization of
the virus into the host cell; the latter ensures the fusion of the cell membranes of the virus and the host
due to the gp41 viral transmembrane protein. Thus, the proteins of the gp120 or gp41 virus are the
most important and critical targets, since if they are damaged or linked, further propagation of the
HIV virus becomes impossible. Among the porphyrins and their analogues, several very promising
compounds have been identified that are capable of forming strong complexes with the gp120 protein
glycoprotein [10], and the complex formed in this way does not allow the viral gp120 of protein to
bind to the host cell CD4 receptor (Figure 3) [11].
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Figure 3. Scheme of the lentivirus life cycle and method of its inactivation by nitroderivatives of
porphyrins [12].

3. Porphyrins and Their Analogues Structure

The structure of the porphyrins and their analogues plays a key role in linking gp120 protein with
the glycoprotein as illustrated by the example of the compounds shown in Figure 3. It was found
that the porphyrin—zinc complex containing three 4-nitrophenyl groups and one 4-methylpyridinium
group in the mesoposition (Figure 3, compound 8) most effectively blocks the penetration of virions
(4 uM, >99%). A cationic substituent is necessary to increase the solubility of porphyrins and their
analogues in aqueous media, and three nitro groups provide linking of the gp120 protein with the
glycoprotein (Figure 3) and thereby inhibit fusion between the virus and the cell membrane.

A wider range of porphyrins and their analogues, including deutero-, proto-, hemato-,
and meso-porphyrins, derivatives of metal-tetraphenylporphyrin-tetrasulfonate and derivatives of
sulfonated tetraarylporphyrins was tested for anti-HIV activity (Figure 4) [13].

Screening showed that none of the deutero-, proto-, hemato-, and meso-porphyrins reduced
infection by more than 80% at a concentration of 5 pg/mL. The most active compounds were sulfonated
tetranaphthyl-porphyrin, sulfonated tetraanthracenyl-porphyrin and sulfonated 2,6-difluoro-
mesotetraphenylporphine and its copper complex. Their antiviral activity was 99%, 96%, 94%,
and 96%, respectively. Such a high virucidal activity, according to the authors of [13], is due to the
linking of HIV-1 gp120 with porphyrins and their analogues, and this reaction completely inhibits the
ability of Env proteins to induce cell fusion with the receptors of CD4 host cells.

A comparison of the results of studies [12,13] allows us to conclude that the charge of porphyrins
and their analogues is not determining in linking with viral gp120, since both cationic [12] and
anionic [13] porphyrins showed a similar high virucidal activity. It can be assumed that the electrostatic
interactions in the MGC-gp120 system are not significant, and it is logical, since the outer part of gp120
consists of sites that are very variable and carry multiple sugars (the basis for the virus to evade the
immune response to this protein in the body). Detailed studies of the structure of the gp120 target
showed that this protein contains five variable regions (V1-V5) with five conserved regions (C1-C5).
The region involved in coreceptor linking has been identified as a polycation, which includes the V3
loop of the gp120 protein and conservative elements adjacent to this loop [14]. To target the V3 loop,
porphyrins and their analogues must be negatively charged.
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Figure 4. Structures of the compounds.

It should be noted that targeted modelling of the porphyrins and their analogues structure for
linking with a specific region of the target has not yet been carried out. At this stage of development of
this research direction, the porphyrins and their analogues are mainly screened, both using computer
modelling [15] and experimental methods [16]. For example, the antiviral activity of methyl and
metal-free porphyrin and chlorin compounds against a wide range of viruses with and without
envelope was evaluated in [17]. Chlorophyllide was most effective against hepatitis B virus (HBV).
Only 3 uM chlorophyllide reduced HBV DNA signal by 80%. To establish the mechanism of the
virucidal activity of chlorophyllide, the authors conducted in vitro biochemical studies in which
chlorophyllide was introduced on each life cycle of the virus. It turned out that chlorophyllide changed
the structure of the capsid of HBV virions and directly destroyed the HBV virions in the culture
medium of producer cells, and it resulted in the loss of DNA virion. Chlorophyllide does not have a
noticeable effect on the viability of the host cells and intracellular products of viral genes; it is safe for
humans at a dose of 300 mg/d for 4 months [18].

Chlorin e6 has demonstrated the strongest antiviral activity against hepatitis B virus as well
as a deep antiviral effect on other enveloped viruses, such as hepatitis C virus (HCV), human
immunodeficiency virus (HIV), dengue virus (DENV), Marburg virus (MARV), Tacaribe virus (TCRV),
and Junin viruses (JUNV). It is noteworthy that chlorin e6 inactivated DENV at the subnanomolar
level. However, the compound did not exert an antiviral effect against the enveloped virus of
encephalomyocarditis virus (the genome of the virus is single-stranded plus-RNA) and adenovirus
(DNA containing) [18].

Chemical inhibition at the stage of attachment of the virion to the cell surface is possible not only
by the action of the porphyrins and their analogues on the viral protein but also by an alternative
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linking of the host cell receptor itself. For example, oxovanadium mesoporphyrin IX forms very
stable complexes with the CD4 receptor, which in its stability compete with the best peptidomimetics
(cyclometallic complexes of platinum (II)) [19].

All the studies reviewed above are based on the method of chemical inactivation of viruses.
Without any doubt, this approach is promising, but in the formation of complexes between the
target and the porphyrins and their analogues due to m—m-interaction, axial coordination, H-bonding,
and electrostatic interaction, there always remains the option of destruction (collapse) of the complexes.
In addition, it should be borne in mind that for a positive antiviral effect, the required amount of P&A
can be significant. First, this follows from the basics of thermodynamics and is associated with the
need for an excess of P&A to increase the number of the combined surface protein structures. Second,
the number of spines themselves on the virion of viruses is very different e.g., on the surface of the
HIV-1 virion there are about 7-14 spines (Env) [20], influenza virus has 400-500 spines, vesicular
stomatitis virus has about 1200, and the more the spines present, the greater the number of porphyrins
and their analogues required. Third, the problem of target linking selectivity arises, i.e., part of the
porphyrins and their analogues can interact with other biosubstrates. In addition, the determination of
the required dose of porphyrins and their analogues should be correlated with the degree of damage
to the body. Finally, another equally important factor—like resistance to bacterial antibiotics—is the
resistance to antiviral drugs that also remains an urgent issue [21], because with chemical inhibition,
the virus still exists, it is only inactivated. In this sense, the use of photoinactivation of viral particles
seems more promising, since photoinactivation involves the complete destruction of the viral infection.

It is well known that porphyrin, chlorin, and phthalocyanine series is capable of absorbing
light energy and generating reactive oxygen species. This process can proceed according to two
mechanisms—type I and type II [22], the essence of which is as follows: in the ground state,
the porphyrins and their analogues are a singlet, the absorption of a photon of light leads to the
excitation of one electron and its transition to an orbit with a higher energy (Figure 5).
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Figure 5. Jablonski diagram [23].

The singlet state is short-lived (nanosecond lifetime), and excess energy can be emitted by the
P&A in the form of light (fluorescence) or dissipated into the energy of disordered processes and,
ultimately, emitted into heat. The third option, “intersystem crossing,” is also possible, in which the
P&A goes into a more stable excited triplet state (microsecond lifetime). From the point of view of
photochemistry, triplet state allows the P&A to transfer energy upon contact with molecular oxygen
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(Oy); as a result, the P&A returns to its original singlet state, and oxygen passes into the excited triplet
state (105). The described photochemical reaction is called the type II photochemical process [24].
A type I photochemical process can occur when a P&A photosensitizer in an excited state undergoes
electron transfer reactions, which ultimately lead to the formation of reactive oxygen species (ROS).
Their formation occurs as follows: at the first stage, electron transfer is carried out with the formation of
a cation/anion radical. A radical anion can react with oxygen to form a superoxide anion radical (O,°7).
The dismutation or one-electron reduction of O,*~ produces hydrogen peroxide (H,O5), which, in turn,
can undergo another one-electron reduction with the formation of hydroxyl radicals (HO®) [22].

Active oxygen species obtained during photoexposure to the P&A will react with the immediate
environment of the P&A and lead to irreversible chemical changes in the target.

According to a number of researchers [22,25], the majority of P&As used in photoinduced oxidative
processes of biomolecules “operate” via a type Il mechanism. This opinion is based on a comparison of
the rate constants of energy transfer processes in the production of 'O, (k ~ 1-3 x 10 dm?®mol!s71)
and electron transfer in the production of O,*~ (k <1 x 107 dm3-mol~1-s71) [26]. According to other
researchers, both mechanisms proceed simultaneously, and the contribution to the photooxidation
of each of them depends on the nature of the P&A, the excitation wavelength [27], the duration and
intensity of photoirradiation [28], and on other external conditions.

As noted above, all ROS have a short lifetime and high reactivity that results in damage of the
immediate environment of the P&A. For the unenveloped viruses, capsid proteins, including host cell
recognition proteins, are direct targets. For the enveloped viruses, the main targets are enveloped
glycoproteins, including host recognition proteins, as well as the lipid membrane [29]. Moreover,
in both cases, structural proteins play a decisive role in the interaction of the host virus and in the
internalization of the virus into the host cell. Therefore, their irreversible photochemical damage can
lead to the destruction of the virus.

The principal possibility of virus inactivation in photoinduced capsid damage was demonstrated
on the bacteriophage MS2. The bacteriophage MS2 is often used as a model of the virus due to
its nonpathogenicity to humans and ease of handling [29-32]. It turned out that 5,10,15,20-tetrakis-
(N-methyl-4-pyridyl)porphin (TMPyP4) with a concentration of 0.2 uM destroys the bacteriophage
under 1-min illumination with a power of 32 mW-sm~2. The authors attribute such rapid inactivation [29]
to the oxidation of one of the sites of the viral protein responsible for the attachment of MS2 to the
bacterial pilus and the delivery of its protein genome to the host genome. This site is enriched with
amino acids residues of histidine and tryptophan known as amino acids of the increased vulnerability
to 10, (by the rate of the chemical reaction between 10, and amino acids, the most vulnerable acids
cysteine, methionine, tryptophan, tyrosine, and histidine are revealed (k = 8.9 x 10°, 1.6 x 107, 3.0 x
107, 8 x 10° and 3.2 x 107 M~1-c7!, respectively) [33]. The opposite conclusion was reached in [31,34],
where it was shown that the complete cleavage of the capsid of the bacteriophage MS2 occurred due
to the oxidation of Cys101, which is the only susceptible and accessible 'O, amino acid residue in
this peptide.

One cannot fail to note the research [35] in which the photoinduced TMPyP4 inactivation of
four x-shell-free RNA viruses (bacteriophages MS2 and Qf3, bovine enterovirus (BEV-2), and mouse
norovirus (MNV-1)) were studied. Viruses virions are of the similar size in 27-35 nm and contain
icosahedral capsids. This work is noteworthy because the authors tried to establish a relationship
between the rate of photoinactivation of the virus and the content of vulnerable amino acids in the
capsid protein (histidine, tryptophan, methionine, and cysteine), and they determined the possibility
of the effect of photooxidation on the inner surface of the capsid protein and on the viral genome.
For icosahedral viruses, the phenomenon of capsid respiration is known [36], so the question if
photoactivation can affect the viral genome has some sense. It turned out that RNA extracted from
virion susceptible to photooxidation and transfected into RAW 264.7 cells exhibited titers compared to
viral RNA not subjected to photooxidation. The obtained results confirm that in this case, two targets
were hit during TMPyP4 photoactivation: capsid protein and RNA.
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Cationic tetrakis(N-methyl-4-pyridiniumyl) porphyrin, tetrakis(N-[n-butyl]-4-pyridiniumyl)
porphyrin, tetrakis(N-[n-octyl]-4-pyridiniumyl) porphyrin, and anionic porphyrins (tetrakis
(4-sulfonatophenyl) porphyrin) were evaluated as potential drugs for inactivation of nonenveloped
viruses (hepatitis A virus and bacteriophage MS2). The authors set themselves the task of determining
the effect of the charge and hydrophobicity of the P&A on its virucidal activity [37]. Unfortunately,
the quantum yield of singlet oxygen and SOR was not taken into account in this work; therefore, the
conclusions drawn need to be revised. A similar error was made in [28], aimed at establishing the
effect of the P&A charge on the photoinactivation of a T4-like bacteriophage.

Enveloped viruses such as vesicular stomatitis virus (VSV) are photoinactivated by hydrophobic
P&As (blood type porphyrins). The envelope of the vesicular stomatitis virus is a lipid bilayer
obtained from the host cell; it contains trimers of one type of integral glycoprotein, called the G-protein,
which allows the virus to enter the target cell through endocytosis, and it catalyzes the fusion of
viral and endosomal membranes. Dose-dependent inactivation of the virus was enhanced during
photoactivation of porphyrins (protoporphyrin IX, Zn (II) protoporphin, mesoporphyrin IX) [38].
It turned out that all three porphyrins intercalate into lipid vesicles and disrupt the structure of the
viral membrane. In addition, these photoporphyrins caused viral glycoproteins VSV to crosslink.
Incubation of viruses with sodium azide and «-tocopherol partially protected VSV from inactivation
by porphyrins, and it indicates that the process proceeded according to type IL

Heme, cobalt protoporphyrin IX (CoPPIX), and tin protoporphyrin IX (SnPPIX) display antiviral
activity against arboviruses, such as Dengue virus, yellow fever virus, Zika virus, Mayaro virus,
Sindbis virus, and dental vesicular virus. Porphyrin treatment results in the loss of viral enveloped
protein, affects the morphology of the virus, adsorption, and also blocks penetration into host cells.
Photoirradiation enhanced SnPPIX activity against all tested arboviruses [39].

Another example of photoinactivation of a virus with an envelope by porphyrin, the HIV virus,
is presented in [40]. The authors, taking into account the positively charged V3 loop of the gp120
protein, selected a series of anionic porphyrins containing two sulfonate and two carboxyl groups
with different degrees of esterification as photosensitizers. In the dark phase, the esterified porphyrin
compounds inhibited anti-V3 antibodies, but combined with the conserved region of C5. After
photoirradiation, inhibition of antibodies of the C5 region was exclusively observed. The results are
rather unexpected, as it is reliably known that ROS are very reactive and short-lived [41]. According to
the evaluations of [42], the lifetime of 1O, in water is 4 ps, while its maximum possible path does not
exceed 150-220 nm in the absence of quenchers [43]. In the system under consideration, judging by the
data of [40], porphyrins are localized in region V3, and they cause photodamage in region C5. The
authors explained this unusual phenomenon by the presence of a large number of vulnerable amino
acids in the C5 protein fragment.

Speaking about the photodynamic inactivation of viruses with the envelope, one cannot fail to note
the work [44] devoted to the creation of influenza drugs. Influenza virus (type A, B, and C) is one of
the main human pathogens responsible for respiratory diseases, causing high morbidity and mortality
from seasonal flu. The influenza virus is a (—)RNA virus. A virion consists of a core, a shell, and matrix
proteins. These proteins are hemagglutinin (HA), neuraminidase (NA), matrix protein 1 (M1), proton
channel protein (M2), nucleoprotein (NP), RNA polymerase (PA, PB1, and PB2), nonstructural protein
1 (NS1), and nuclear export protein (NEP, NS2). The RNA genome of the influenza virus constantly
mutates with the formation of new viral subtypes. Although a vaccine is the most effective way to
prevent influenza, vaccine formulations should be updated annually due to changes in circulating
influenza viruses, and it takes several months to produce a flu vaccine. If the prognosis of incoming
influenza strains is wrong, vaccines can offer only limited protective effectiveness [45].

The stage of attachment of the virion to the cell surface (receptor binding) and fusion with the
cell membrane is mediated by hemagglutinin (HA), which interacts with the host cell glycoproteins
containing terminal sialic acid (N-acetylneuraminic acid, Neu5Ac) [46,47] (Figure 6). Thus, hemagglutinin
is a target for inactivating the influenza virus.
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Figure 6. Schematic representation of the life cycle of an influenza virus [46,47].

A synthetic approach was developed to create a conjugate of porphyrin with zanamivir.
The optimal length of the spacer was determined to ensure retaining of the affinity of zanamivir
(Figure 7) [44]. Zanamivir due to its high affinity for the hemagglutinin of the virus promoted targeted
delivery of porphyrin, and porphyrin generated photocontact with singlet oxygen, which oxidized
viral neuraminidase. The photochemical oxidation of this enzyme did not allow it to catalyze the
hydrolytic reaction of cleavage of the terminal residue of Neu5Ac from the sialo-receptor on the surface
of the host cell (for the release of new virions). It should be noted that this is one of the few works in
which the construction of the P&A photosensitizer for inactivation of the virus was carried out.
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Figure 7. “Magic bullet” approach for inactivation of influenza viruses [44].

Some studies have reported that photoactivation of viruses without a membrane is faster and with
a lower amount of P&A photosensitizer [48] than viruses with a membrane. Other works make the
opposite conclusions [49], e.g., cationic tetraplatinized porphyrins do not exhibit any virucidal activity
against enveloped viruses, but they effectively inactivate enveloped viruses (BVDV and BoHV-1),
which cause cattle diseases.

It is probably not correct to compare the virucidal activity of P&As with respect to enveloped
and unenveloped viruses, since: (1) a priori, it should be different P&As, in the first case, they should
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be hydrophobic for localization in lipid structures, whereas in the second one, more hydrophilic;
(2) different P&As will have different ROS quantum yield; (3) capsid and supercapsid possess
different local oxygen concentration; and (4) photoinduced damages in the capsid and supercapsid are
different [25] (Figure 8).
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Figure 8. Main routes and initial products of singlet oxygen- and radical-mediated photooxidations [25].

These damages are revealed to a greater extent on protein than in lipid structures [25]. Protein
oxidation can lead to a change in protein conformation, oxidation of amino acid residues [26,50],
crosslinking, and destruction of the main chain of the polypeptide up to the capsid cleavage. There
are several approaches to studying the state of viral proteins after photoinitiated reactions. These
approaches are the traditional polyacrylamide gel electrophoresis (SDS-PAGE), IR spectroscopy [51],
mass spectrometry with matrix laser desorption ionization (MALDI) [31], and ionization by sputtering
in an electric field (ESI) [26,31], and the method based on the use of antibodies [29], as well as the
classical biochemical method for evaluating the virucidal effect of the oxidation process by means
of cultivation procedure. The use of SDS-PAGE and IR spectroscopy provides general information
about the state of viral proteins, their aggregation and cleavage, but it is impossible to obtain a detailed
information on the affected domains, on oxidation of side chains, loops, and on conformation changes
in the secondary and tertiary structure of the protein. The advent of mass spectrometric methods
provided accurate mass measurements of whole viral particles and individual capsid proteins before
and after oxidation. These methods make it possible to determine the degree of fragmentation of the
main chain of the polypeptide and to identify areas of damage of the protein capsid, of photo-induced
dimerization, and aggregation, i.e., those processes that lead to significant changes in the molecular
weight of the protein. Protein oxidation can also result in structural changes in the side chains of amino
acid residues, to transformations that have only a moderate effect on the mass of the protein but can
have dramatic consequences for its functioning. Antibodies can help in detecting even small damaged
areas [29].

Lipid oxidation causes less dramatic changes if the photoinduced process is carried out according
to the type Il mechanism. Then singlet oxygen reacts with unsaturated lipids with the formation of
lipid hydroperoxides (LOOH) and it leads to a change in the thickness, area [52], and permeability of
the lipid layer [53,54]. In the case of oxidation by mechanism I, i.e., when free radical mechanisms
are involved in the first stage, the hydrogen atom is cleaved from unsaturated fatty acid (LH) and
carbon-centered lipid radical (L*) is formed, which, when interacting with an oxygen molecule, gives
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the radical LOO®. The LOO® radical is capable of reacting with other LH fatty acids and this reaction
leads to the formation of lipid hydroperoxide (LOOH) and another lipid radical (L*) [54].

Thus, numerous studies have shown that P&A compounds can act as virucidal chemotherapeutic
and photoinactivating compounds at the stage of attachment of the virion to the cell surface (receptor
binding) and fusion with the cell membrane, regardless of the presence or absence of supercapsid.
It is likely that the degree of virulence of the P&A will depend significantly on the localization of the
P&A and the selectivity of linking with a target. For targeted modelling of the MGC structure, reliable
information on the structure of the target is needed. There is a definite correlation between virucidal
activity and chemotherapeutic activity and photoinactivating ability. As a rule, P&As exhibiting both
of the latter properties are virucidal [55,56].

4. Inactivation at the Stage of Transcription and Replication of Viral RNA/DNA

As noted above, HIV virion contains three enzymes: reverse transcriptase (RNA-dependent DNA
polymerase), which is involved in the synthesis of DNA on an RNA matrix; an integrase that catalyzes
the incorporation of the generated viral DNA into the chromosome of the host cell; and a protease
that splits synthesized polyproteins into structural proteins. The stage of transcription and replication
of viral RNA/DNA is impossible without the participation of these enzymes which are the target for
chemotherapeutic agents used in the treatment of AIDS.

In this context, a publication [57] should be noted in which it was reported that a new site for
the reverse reductase enzyme has been identified, and it was capable of binding compounds of the
porphyrin class. To identify it, the authors compared the protein sequences of reverse reductase
and heme-binding proteins and detected an identical conserved site (398—407 position in the HIV-1
reverse reductase polypeptide chain WETWWTEYWQ) [58]. This site contained an excessive amount
of aromatic amino acid residues which, according to the authors of [57], led to high stability of the
complexes of this site with iron(Ill) and zinc(II) protoporphyrins (the binding constant is about (1.3 + 4)
X 10° dm>-mol~'). It should be noted that the binding of protoporphyrins to the indicated site by
metal complexes was not highly selective, and the antiviral activity exhibited was relatively low
(10 pm, >80%).

The significance of the nature of the metal complexing agent in the processes of HIV inactivation
is evidenced by the results of [59]. According to them, reverse transcriptase is inhibited by porphyrins
containing aminosulfonyl peripheral substituents. In this case, the metal-free porphyrin and its zinc
complex were active at 33% and 6.4% inhibition, respectively, while the vanadium complex of porphyrin
showed much better results (5 uM with an inhibition of more than 97%). However, as shown in [57],
porphyrins demonstrated a low selectivity for reverse transferase binding. The selective binding of
reverse transferase with iron-protoporphyrin dimethyl ether, protoporphyrin dimethyl ether, and
its sodium salt has been established [60], but the virucidal activity of natural porphyrins has not
been evaluated.

Unfortunately, it was not possible to find publications in which highly selective binding of P&A
to reverse transferase was achieved due to the introduction of peripheral substituents containing an
oligopeptide sequence complementary to the HIV fragment, although this approach is used to increase
the tumorigenicity and selectivity of the P&A used in PDT. For example, porphyrin conjugates can be
synthesized, the peripheral substituents of which contain the HIV peptide sequence [61], and the latter
provides targeting of cancer cells.

Analysis of nonpeptide compounds with useful pharmacological properties synthesized for
neutron capture therapy revealed several porphyrins containing carborane esters at positions 2 and 4
(Figure 9); these can inhibit micromolar amounts of HIV-1 and HIV-2 protease [62].
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Figure 9. Scheme of porphyrin derivatives of HIV protease inhibitors.

Porphyrin compounds containing carborane esters as peripheral substituents have a greater
inhibitory effect on the protease compared with protoporphyrin IX and porphyrins not containing
carboranes. The introduction of metals, both coordinatively saturated and unsaturated, negatively
affects the ability of the P&A to inhibit the protease. Important factors are not only the presence
of carborane groups but also their isomerism. The introduction of a methyl group into carborane
also significantly reduces the affinity of P&A linking with the protease. Apparently, carborane
substituents specifically interact with HIV protease, and it leads to a high affinity between the
P&A and the enzyme. Replacing carborane cells with similar in size, but less hydrophobic groups,
such as benzoyl, adamantoyl, 3-napthoyl, allows one to obtain inhibitors in the low micromolar
range, and it indicates the importance of hydrophobic interactions in stabilizing the complex of the
P&A with the enzyme. The best result was obtained with porphyrin-tetrakiscarborane carboxylate
ester of 2,4-bis-(«,3-dihydroxyethyl) deuteroporphyrin IX which is a submicromolar HIV protease
inhibitor [62]. Moreover, for HIV-1 protease, the IC50 value is 185 nm, whereas for HIV-2, it is 700 nm.

The stage of transcription and replication of viral RNA/DNA is naturally impossible without the
source of genetic material. Viral genomes contain DNA or RNA, which can be either double-stranded
or single-stranded, linear, or circular in topology, and monocistronic or polycistronic. Genomes can
be divided into several segments [5]. Reflecting the diversity of genetic material and replication
mechanisms, Baltimore’s classification divides viruses into seven groups: double-stranded (ds)
DNA genomes (group I), single-stranded (ss)DNA genomes (group II), dsRNA genomes, (group
III), ss(+)RNA genomes (group IV), ss(—)RNA genomes in (group V), ssSRNA genomes with reverse
transcription of the dsDNA replication of intermediate (group VI), and dsDNA genomes with the
ssRNA replication intermediate (Group VII) [63]. The genome of the vast majority of viruses has been
decoded and can be found in specialized literature. Obviously, this genetic material of the virus is a
supertarget for the fight against viral infection. Moreover, the linking of the P&A with the genetic
material of the virus and its further photoinactivation are very promising.

Porphyrins and their analogues can form various types of complexes with DNA: intercalates
(internal complex) (Figure 10A) [64], binding to a small groove of DNA (Figure 10B) [64], binding to a
large groove of DNA (Figure 10C) [64], and external binding with self-stacking along the DNA surface
(external complex) (Figure 10D) [64].
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(A) (B) (© (D) (E)

Figure 10. Schemes of complexes of P&A with DNA (A-D) and with G-quadruplexes (E) [64]. Internal
complex (A), binding to a small groove of DNA (B), binding to a large groove of DNA (C), external
binding with self-stacking along the DNA surface (D), and binding to a G-quadruplex (E).

The way of linking porphyrins with DNA depends on the nature of the peripheral substituents of
the P&A, on the metal of the complexing agent, the type of DNA [65-67], external conditions, and even
the concentration of the P&A [64]. One of the first cationic porphyrins studied in terms of interaction
with DNA was TMPyP4. The first publication dated 1973 [68] reported on the spectral manifestation of
the interaction of TMPyP4 with DNA. Subsequently, the data were supplemented, and it was found
that intercalation of porphyrin in DNA leads to a bathochromic shift of the Soret band (>20 nm) in the
UV-Vis spectrum of porphyrin, to a decrease in its intensity by (~40%), while in the spectra of circular
dichroism of the intercalate in the Soret region, the negative induced signal is recorded. The formation
of an external complex (Figure 10D) is spectrally discovered in the bathochromic shift of the Soret band
to 9 nm and a slight decrease in intensity (~5-7%) [64] is observed. The spectrum of circular dichroism
of the complex (Figure 10D) includes one positive band in the Soret region [64]. In a number of works,
it is noted that a positive induced CD band in the Soret region is indicative of external (minor) groove
binding. In the case of the formation of an intercalate (Figure 10A), the interaction between porphyrin
and a pair of nitrogenous bases guanine-cytosine is most likely [69,70]. During the formation of the
complex (Figure 10D), the m—m interaction is realized between the aromatic system of the porphyrin
macrocycle and the adenine-thymine pair. The spectral changes listed above are called “fingerprints”,
i.e., they allow one to identify what type of complex is being formed (Figure 10).

When changing the composition of the medium or the molar ratio R (R ratio is the ratio of the
concentration of DNA base to porphyrin, [DNA]/[P] ranges), the internal complex can transform
into the external [64,67,71]. As a rule, the formation of intercalation complexes requires the planar
structure of the P&A, small peripheral substituents, and the P&A:DNA ratio (for nitrogen base pairs)
of less than 1:4. Cationic P&As are preferred since phosphate groups of DNA are negatively charged.
The formation of intercalation of metal complexes of the P&A with DNA containing unsaturated or
multiply charged metals is difficult or does not occur at all, due to steric hindrances caused by the
existing axial ligand or metal counterion [64].

The thermodynamic stability of the complexes of P&A with DNA depends not only on the nature
of P&A but also on the type of complex formed [71]. This condition is important when using P&A as a
chemotherapeutic agent, as well, as it is shown below, when P&A is applied as a photoinactivator.

As our own [64] and literary studies [72-74] have shown, depending on the type of photochemical
process I or II (Figure 11), different results of DNA photooxidation can be obtained. The process
according to mechanism I leads to oxidation of bases, oxidation of a phosphoric ester group, and, as a
consequence, DNA cleavage [75]. The process according to mechanism II causes deamination, release of
free purine bases, and oxidation of a phosphoric ester group and leads to DNA fragmentation [64,75,76].
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Figure 11. Scheme of DNA photoreactions of type I and type II. * excided triplet state.

In particular, the guanine fragments (Figure 12, compound 1) are susceptible to oxidative damage,
resulting in the formation of 8-oxo-7,8-dihydroguanine (Figure 12, compound 2), one of the main
products of type I photosensitized oxidation.
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Figure 12. Guanine 1 and its oxidation product 2 [77].

The result of photoirradiation of complexes of P&A with DNA substantially depends on the type
of complex being formed. For example, in [64], it was shown that irradiation of porphyrin intercalates
(TMPyP3 and TMPyP4) with DNA leads to DNA fragmentation, and in the case of TMPyP4, DNA
fragments of different sizes are formed. Irradiation of external complexes of porphyrins with DNA
results in the cleavage of DNA 5,10,15,20-tetrakis-(N-methyl-3-pyridyl)porphin (TMPyP3) and TMPyP4
and is accompanied by photolysis of porphyrin (TMPyP3).

According to the researchers [78], the binding of porphyrins TMPyP4 and meso-tri-(4-N-
methylpyridyl) monophenylporphyrin (TMPyMPP) to DNA is not a prerequisite for photoinactivation.
The authors of [78] consider that free porphyrins are more effective in inactivating the virus than
DNA-related species and explain it by a lower quantum yield of singlet oxygen of the P&A in the
complex as compared with free P&A [32]. This conclusion contradicts the generally accepted view that
the P&A should be in close proximity to the place of photodamage. The reason for the controversial
conclusions may be that the authors did not take into account the very probable [78] inversion of
the intercalation complex into the external complex [64]. Having obtained intercalates at the initial
stage, then increasing the concentration of porphyrins, they mistakenly believed that saturation of the
intercalation complex was achieved and unbound porphyrin was present in the solution [78]. It is



Molecules 2020, 25, 4368 15 of 24

possible to achieve the formation of only one type of complexes with DNA due to a significant increase
in the volume of peripheral porphyrin substituents, making intercalation sterically impossible. This was
demonstrated in [79] by the example of oligo- and polypeptide conjugates of cationic porphyrins,
which form exclusively external complexes with DNA.

In addition to the type of complex formed, an important influence is exerted by the intensity and
duration of irradiation—these conditions are described in detail in the review [32].

Prevention of viral replication and reduction of virulence after DNA damage by active oxygen
forms, generated by the P&A, was shown in [16,32,75,80]. As noted above, the genetic material of
the virus can be represented by DNA and RNA. The most serious human diseases caused by RNA
viruses are Ebola hemorrhagic fever, SARS, COVID-19, rabies, influenza, hepatitis C and E, West Nile
fever, poliomyelitis, measles, etc. The viral genome can be represented as single-stranded (ssRNA
single-stranded) and double-stranded RNA (dsRNA double-stranded) [81]. Single-stranded RNAs in
accordance with their polarity are divided into single-stranded RNA viruses with a negative strand
((-)RNA) and single-stranded RNA viruses with a positive strand ((+)RNA). Single-stranded (+)RNA
acts as a messenger RNA and can be directly translated by an infected cell (it can individually cause
an infectious disease). Therefore (+)RNA is also called semantic. Antisemantic (—)RNA of the virus
before translation must be converted to (+)RNA by the action of RNA polymerase.

In terms of targeting, RNA has many attractive properties similar to those of DNA and/or proteins.
Both forms of nucleic acids take a regular helix with large and small grooves. However, the usual helix
of the A-form of RNA is often disturbed by regions of inappropriate or unpaired bases; they lead to a
change in the secondary structure of RNA (Figure 13).

Duplex Internal Hairpin
Loop Loop

Duplex Internal Bulge Hairpin
Loop Loop
Figure 13. Four general classes of RNA secondary structure. (A) Surface representations of individual
secondary structures. (B) Schematic representation of RNA duplex, internal loop, bulge, and hairpin
loop (also called stem loop) regions of RNA [82].

Compared with the small and large grooves of DNA, these structural motifs in RNA are much
smaller, since the pitch of the helix and the inclination of the bases are smaller. According to [83,84],
the width of the main groove of the A-shape helix is only 4 A and this circumstance excludes the
binding of small organic compounds, including P&A. Thus, the targets available for binding to the
P&A are the duplex RNA regions presented above (Figure 13). During the interaction of P&A with
duplex RNA, as in the case of DNA, the formation of 2 types of complex is possible—external with
self-stacking P&A and intercalation.
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The first publication on the interaction of cationic TMPyP4 porphyrin with RNA duplexes
dates back to 1997 [85]. A similar approach based on the interaction of cationic porphyrins with
mRNA G-quadruplexes is used to evaluate the use of porphyrins in photodynamic therapy [86].
The introduction of copper ion into the TMPyP4 reaction center leads to the binding of CuTMPyP4 to
rA-rU base pairs in duplex RNAs. The introduction of metal contributes to the formation of stronger
complexes with RNA duplexes compared with similar complexes of metal-free porphyrin [87]. There
are also known data on the interaction of RNA G-quadruplexes with phthalocyanines [88].

A series of works is devoted to MD modelling of the binding of TMPyP4 to RNA and
oligonucleotides [85,89], the result of which was the conclusion about the binding of TMPyP4
in large and small grooves and an unusual external binding in which porphyrin is positioned so that its
plane is oriented parallel to the main chain of the biopolymer. Similar schemes of complexes contradict
the existing views [82,90], whereas another work [91] of the same authors reports on the intercalation
binding of TMPyP4 to a synthetic polynucleotide poly(adenyl), poly(uridyl) acid (Poly(A)-Poly(U)).

The effect of the modification of the cationic porphyrin substituent (Figure 14) on the binding to
poly(rA) poly(rU) and poly(rI) poly(rC) homopolymer RNA duplexes was studied in [92].

TEtOHPyP(4) : R1=R2=R3=R4=N*-CH,-CH»-OH
TAIPyP(4) : R1=R2=R3=R4=N*-CH,-CH=CH,
TMetAIPyP(4) : R1=R2=R3=R4=N*-CH,-C(-CH3)=CH,
TMPyP4 : R1=R2=R3=R4=N*-CH3

Tr-P(4) : R1=R2=R3=N*-CHj, R4=CH

Trans-P(4) : R1=R3=N*-CH3, R2=R4=CH

Cis-P(4) : R1=R2=N*-CH3, R3=R4=CH

Mono-P(4) : R1=N*-CH3, R2=R3=R4=CH

Figure 14. Structures of the P&A [93].

TEtOHPyP4 and TAIPyP4 intercalate into duplexes poly(rA) poly(rU) and poly(rI) poly(xrC),
whereas TMetAlPyP4 binds to these RNA duplexes, forming an external complex with self-stacking [92].
Itisnoteworthy that from the spectral data obtained in the temperature range of 18 and 45 °C, the authors
determined the thermodynamic parameters of binding [92], while not taking into account that the
van’t Hoff approach is not acceptable for thermosensitive biopolymers and their complexes with a
large fraction of the electrostatic contribution.

As a rule, P&A compounds form not very strong complexes with RNA due to structural factors,
therefore, chemotherapeutic agents for the inactivation of RNA viruses have not yet been proposed.
On the other hand, there remains the possibility of photoinduced inactivation of RNA viruses at the stage
of transcription and replication of the viral genome. As shown above, in the case of DNA, all four bases
are oxidized, but guanine is the most susceptible; it produces 8-oxo-7,8-dihydro-2’-deoxyguanosine
under the influence of singlet oxygen. It is this compound that is often used as a marker of oxidative
damage in DNA [94]. In the case of RNA, there is no such marker. Confirmation of RNA photooxidation
is carried out using microbiological and analytical methods. However, there are certain difficulties,
as many RNA viruses are uncultivated or difficult to cultivate (e.g., hepatitis A, human norovirus, etc.).
Analytical methods (PCR) in the case of (=)RNA imply pretreatment with reverse transcriptase, which
may be accompanied by a large number of errors [95]. These factors limit the study of photoinactivation
of viral RNA. There is relatively scarce evidence that inactivation of RNA viruses with photo-irradiation
of the P&A is possible, and it can lead to mutations in the genome. Oxidized RNAs can lead to the
synthesis of defective proteins that are not able to form a capsid or provide a binding to the host cell
receptor [96].
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It is the violation of the biochemical functions of RNA during photoirradiation of the external
stacking complexes of meso-tetrakis(4-N-methylpyridyl)porphin, meso-tetrakis(para-N-trimethylanilinium)
porphin, and meso-tetrakis(2-N-methylpyridyl) porphin and RNA and complexes of porphyrins with
elements of the secondary structure of RNA [97] that causes inactivation of the HIV-1 virus. From a
chemical point of view, the photoinduced reaction of 1O, with viral RNA leads to the modification of
nucleosides in the region of localization of porphyrins (inner and stem loops and hairpins, Figure 13).
Chemical modification of these areas of the secondary structure of RNA conditions a change in the
tertiary structure, namely, a change in coaxially laid RNA helices [97].

Thus, the formation of complexes between the P&A and DNA/RNA viruses can result in chemical
and/or photochemical inactivation. Currently, the possibility of inactivation of viruses in vitro and
in vivo is mainly determined by the mechanism of chemical inactivation. In this case, there is a
potential danger, since the chemical modification of the genome may not inactivate the virus, but lead
to a mutation [98]. The main difficulty in using P&A to inactivate viruses with a molecular target
(the genetic material of viruses) lies in the low selectivity of P&A and the active binding of P&A to
DNA by host cells.

Perhaps, the solution to this problem is not far off. A chemical approach to DNA recognition [99]
based on the use of polyamides has already been found. Analogues of the N-methylpyrrole rings of
these polyamides provide a set of five-membered heterocycles that can be combined (in the form of
asymmetric pairs of rings) in a modular manner to recognize predetermined DNA sequences with
affinity and specificity comparable to DNA-binding proteins. The presence of such a peripheral
substituent in the P&A can solve the problem of precise targeting of viral DNA.

Another possible solution to the problem of selectivity for targeting the P&A to the viral genome
is to accurately target the sections of the genetic material of viruses, such as, e.g., G-quadruplexes.
Guanine-rich RNA or DNA sequences are capable of folding and accepting four strands, called
G-quadruplexes or “G4” (Figure 10E). Unique features of the G4 topology, very different from
DNA duplex or single-stranded RNA, make it a potential therapeutic target. The orientation of the
strands determines a parallel, antiparallel, or mixed topology of G4, and it is directly related to the
conformational state, the anti- or syn-glycosidic bond between the base G and sugar (Figure 15) [100].

Figure 15. The G-quadruplex structure.

G4 structures are widely represented in the human genome, especially in telomeres and oncogenic
promoters. Inrecent years, the presence of G4s in viruses has attracted increasing interest. G-quadruplexes
were found in several viruses, including those associated with recent epidemics, such as Zika and Ebola
viruses, SARS, and COVID-19 [101]. Viral G4s are usually located in regulatory regions of the genome
and are involved in the control of key viral processes, such as virulence, virus replication, recombination,
and structural changes to evade the immune response [102]. Comprehensive information on the
number of G-quadruplexes and their functions in viruses is presented in reviews [102-104]. Inactivation
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of viruses is possible due to the formation of a strong complex between the P&A and G-quadruplexes
of viruses. When designing porphyrins and their analogues, it is important to achieve high stability of
their complexes with G-quadruplexes, and it is possible with strict chemical and geometric compliance.
Cationic porphyrins TMPyP4 and (5,10,15,20-tetrakis-(N-methyl-2-pyridyl)porphin) (TMPyP2) were
proposed as a complexing compound for G4 of a number of viruses [105]. TMPyP4 compared with the
TMPyP2 isomer showed the best results [106] in inactivation of HIV-1 virus. After incubation with
TMPyP4, the expression of Nef protein, the main necessary protein for virus replication, was reduced.
The authors suppose that it occurred due to the formation of a stable complex between TMPyP4 and
G-quadruplex structures in the nef HIV-1 coding region [105]. It is interesting to note that the stability of
the resulting complexes, on which the antiviral activity of porphyrin depends, was evaluated according
to the melting points of free and complexed G-quadruplex. Later, tetracationic porphyrins exhibiting
antiviral activity against different strains of HIV were patented [107]. It is noteworthy that exploratory
studies are carried out in the direction of modifying cationic peripheral substituents [108], but it is
overlooked that the complex of G-quadruplexes with P&A is stabilized not only due to anion—cationic
interactions but also due to the extended m—m-interaction between the aromatic system of porphyrin
and guanine bases.

The cationic porphyrins TMPyP2, TMPyP3, and TMPyP4 were considered as potential binding
agents for Epstein—Barr virus G-quadruplex RNA. It turned out that TMPyP3 and TMPyP4 form
a stable complex with G regions of the virus genome, and it does not allow to encode the EBNA1
protein, which is crucial for replication and maintenance of the genome during latency in proliferating
cells [109].

In numerous studies, it was shown that cationic porphyrins containing peripheral charged
substituents in the para position, as a rule, demonstrate greater efficiency compared to both the ortho-
and metaisomers. In this sense, the approach of the authors [110] comparing the antiviral activity
of the TMPyP2 mesoisomer and the chemotherapeutic agent of BRACO-19 (trisubstituted acridine,
characterized by excellent G-quadruplex binding properties) against herpes simplex virus (HIV-1) is
not clear as well as their conclusion about the absence of the P&A study prospects in general.

TMPyP4 was also used to study the role of G4s in EBOLA virus replication [111]. For this,
the genetic materials of the original virus and the mutant that does not contain G4 quadruplexes in
the L gene were studied. It was established that TMPyP4 exhibited high stabilization of only the
initial RNA. More important is that after treatment with elevated concentrations of TMPyP4, gene
transcription gradually decreased.

If we compare the affinity of TMPyP4 with respect to G4-structures and duplex DNA, then it will
be lower [112], respectively, and the antiviral activity of TMPyP4 can have several mechanisms of
action and they limit its biological and clinical use.

It is quite remarkable that in the vast majority of works on the inactivation of viruses, cationic
porphyrins are considered as a binding agent for G-quadruplex structures. Although, as shownin [113],
anionic P&As are also capable of binding to G structures, moreover, more selectively.

And if the issue of the selectivity of virus inactivation in living organisms remains open, then
one can definitely say that recently successful attempts have been made to use P&A to reduce the
transmission of pathogenic microorganisms during blood transfusion. Viral infections, the potential
risk of their transmission, narrowly targeted viral tests, and the lack of adequate and systematic
screening for the virus and bacteria in the blood and red blood cells make the problem of increasing
blood products safety very urgent. Impressive results were demonstrated by the authors of [93] by
the example of inactivation of the vesicular stomatitis virus in red blood cells for blood transfusion.
To evaluate virucidal and erythrocyte-damaging activity, a number of cationic porphyrins were
considered (Figure 14).

The most effective photosensitizer from the tested series, which at the same time maintained the
integrity of red blood cells, was Tri-P (4). It caused the least hemolysis under conditions that led to a
5-fold decrease in the extracellular virus of vesicular stomatitis. All positively charged tested porphyrins
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were able to inactivate the extracellular virus of vesicular stomatitis, but caused a violation of the
integrity of red blood cells during storage. Vesicular stomatitis virus is a single-stranded lipid RNA
virus. Unfortunately, the authors did not advance in the analysis of the “structure (porphyrin)-property
(virucidal ability),” but they only suggested that the cause is the interaction of porphyrins with
RNA. Judging by the data presented [93], the virucidal activity decreases in the series: Tri-P(4) <
TEtOHPyP(4) < Trans-P(4) < Cis-P(4) < TMPyP4 < Mono-P(4). Moreover, the last three porphyrins
caused the maximum destruction of red blood cells. Obviously, in addition to the photochemical
properties of the photosensitizer, penetration (through the lipid membrane) and binding to RNA
are significant.

In conclusion, we would like to note that the chemo- and photoinactivation of P&A in viruses
is very promising and can become an alternative and highly effective way to treat viral infections.
To increase the selectivity of the action of P&A on viral targets, a targeted modification of the structure
of P&A is necessary. The complexity and versatility of the objects of research emphasize the need to
combine the efforts of chemists, microbiologists, and virologists.

Author Contributions: Conceptualization, N.S.L. and O.L.K,; validation, M.O.K,; formal analysis, M.O.K.; data
curation, N.S.L., Y.A.G. and M.O.K.; writing—original draft preparation, N.S.L.; writing—review and editing,
Y.A.G,; visualization, Y.A.G.; supervision, O.LK. All authors have read and agreed to the published version of
the manuscript.

Funding: The work was supported by the Russian Foundation for Basic Research, grant 20-04-60108.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Viens, A.M.; Littmann, J. Is antimicrobial resistance a slowly emerging disaster? Public Health Ethics 2015, 8,
255-265. [CrossRef] [PubMed]

2. Shrivastava, S.R.; Shrivastava, P.S.; Ramasamy, ]. World health organization releases global priority list of
antibiotic-resistant bacteria to guide research, discovery, and development of new antibiotics. J. Med. Soc.
2018, 32, 76. [CrossRef]

3. Cassini, A.; Hogberg, L.D.; Plachouras, D.; Quattrocchi, A.; Hoxha, A.; Simonsen, G.S.; Colomb-Cotinat, M.;
Kretzschmar, M.E.; Devleesschauwer, B.; Cecchini, M.; et al. Attributable deaths and disability-adjusted
life-years caused by infections with antibiotic-resistant bacteria in the EU and the European Economic Area
in 2015: A population-level modelling analysis. Lancet Infect. Dis. 2019, 19, 56—66. [CrossRef]

4. Nicoloff, H.; Hjort, K.; Levin, B.R.; Andersson, D.I. The high prevalence of antibiotic heteroresistance in
pathogenic bacteria is mainly caused by gene amplification. Nat. Microbiol. 2019, 4, 504-514. [CrossRef]

5. Fermin, G. Virion Structure, Genome Organization, and Taxonomy of Viruses. In Viruses: Molecular Biology,
Host Interactions, and Applications to Biotechnology; Academic Press: Cambridge, MA, USA, 2018; pp. 17-54.
[CrossRef]

6. International Committee on Taxonomy of Viruses Executive Committee. The new scope of virus taxonomy:
Partitioning the virosphere into 15 hierarchical ranks. Nat. Microbiol. 2020, 5, 668. [CrossRef]

7. Cossart, P.; Helenius, A. Endocytosis of viruses and bacteria. Cold Spring Harbor Perspect. Biol. 2014, 6,
a016972. [CrossRef]

8.  Hajimahdi, Z.; Zarghi, A. Progress in HIV-1 Integrase Inhibitors: A Review of Their Chemical Structure
Diversity. Iran. |. Pharm. Res. 2016, 15, 595-628.

9. Delhalle, S.; Schmit, J.-C.; Chevigné, A. Phages and HIV-1: From display to interplay. Int. J. Mol. Sci. 2012,
13,4727-4794. [CrossRef]

10. Power, C. Lentiviruses and Macrophages: Molecular and Cellular Interactions. Expert Rev. Anti-Infect. Ther.
2010, 8, 985-986. [CrossRef]

11.  Crispin, M.; Ward, A.B.; Wilson, I.A. Structure and immune recognition of the HIV glycan shield.
Annu. Rev. Biophys. 2018, 47, 499-523. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/phe/phv015
http://www.ncbi.nlm.nih.gov/pubmed/26566396
http://dx.doi.org/10.4103/jms.jms_25_17
http://dx.doi.org/10.1016/S1473-3099(18)30605-4
http://dx.doi.org/10.1038/s41564-018-0342-0
http://dx.doi.org/10.1016/B978-0-12-811257-1.00002-4
http://dx.doi.org/10.1038/s41564-020-0709-x
http://dx.doi.org/10.1101/cshperspect.a016972
http://dx.doi.org/10.3390/ijms13044727
http://dx.doi.org/10.1586/eri.10.82
http://dx.doi.org/10.1146/annurev-biophys-060414-034156
http://www.ncbi.nlm.nih.gov/pubmed/29595997

Molecules 2020, 25, 4368 20 of 24

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sengupta, D.; Timilsina, U.; Mazumder, Z.H.; Mukherjee, A.; Ghimire, D.; Markandey, M.; Upadhyaya, K.;
Sharma, D.; Mishra, N.; Jha, T.; et al. Dual activity of amphiphilic Zn(II) nitroporphyrin derivatives as HIV-1
entry inhibitors and in cancer photodynamic therapy. Eur. |. Med. Chem. 2019, 174, 66-75. [CrossRef]
[PubMed]

Vzorov, AN.; Dixon, D.W,; Trommel, J.S.; Marzilli, L.G.; Compans, R.W. Inactivation of human
immunodeficiency virus type 1 by porphyrins. Antimicrob. Agents Chemother. 2002, 46, 3917-3925.
[CrossRef] [PubMed]

Han, Q.; Jones, J.A.; Nicely, N.I; Reed, R.K.; Shen, X.; Mansouri, K.; Louder, M.; Trama, A.M.; Alam, S.M.;
Edwards, RJ.; et al. Difficult-to-neutralize global HIV-1 isolates are neutralized by antibodies targeting open
envelope conformations. Nat. Commun. 2019, 10, 2898. [CrossRef] [PubMed]

Vanytr, R.; Héberger, K.; Jakus, J. Prediction of anti-HIV-1 activity of a series of tetrapyrrole molecules.
J. Chem. Inf. Comput. Sci. 2003, 43, 1829-1836. [CrossRef]

Gros, C.P; Desbois, N.; Michelin, C.M.; Demilly, E.; Tilkin-Mariamé, A.-F.O.; Mariamé, B.; Gallardo, F.
Synthesis and antiviral activity evaluation of nitroporphyrins and nitrocorroles as potential agents against
human cytomegalovirus infection. ACS Infect. Dis. 2015, 1, 350-356. [CrossRef] [PubMed]

Guo, H.; Pan, X.; Mao, R.; Zhang, X.; Wang, L.; Lu, X,; Chang, ]J.; Guo, J.-T.; Passic, S.; Krebs, EC.; et al.
Alkylated porphyrins have broad antiviral activity against hepadnaviruses, flaviviruses, filoviruses, and
arenaviruses. Antimicrob. Agents Chemother. 2011, 55, 478-486. [CrossRef]

Kensler, TW.; Egner, PA.; Wang, ].-B.; Zhu, Y.-R.; Zhang, B.-C.; Lu, P.-X,; Chen, ].-G.; Qian, G.-S.; Kuang, S.-Y.;
Jackson, P.E.; et al. Chemoprevention of hepatocellular carcinoma in aflatoxin endemic areas. Gastroenterology
2004, 127, 5310-5318. [CrossRef]

Sun, RW.-Y;; Ma, D.-L.; Wong, E.L.-M.; Che, C.-M. Some uses of transition metal complexes as anti-cancer
and anti-HIV agents. J. Chem. Soc. Dalton Trans. 2007, 43, 4884-4892.

Nanni, R.G.; Ding, ].; Jacobo-Molina, A.; Hughes, S.H.; Arnold, E. Review of HIV-1 reverse transcriptase
three-dimensional structure: Implications for drug design. Perspect. Drug Discov. Des. 1993, 1, 129-150.
[CrossRef]

Irwin, K.K.; Renzette, N.; Kowalik, T.F,; Jensen, ].D. Antiviral drug resistance as an adaptive process.
Virus Evol. 2016, 2. [CrossRef]

Abrahamse, H.; Hamblin, M.R. New photosensitizers for photodynamic therapy. Biochem. ]. 2016, 473,
347-364. [CrossRef]

Hamblin, M.R.; Abrahamse, H. Oxygen-Independent Antimicrobial Photoinactivation: Type III Photochemical
Mechanism? Antibiotics 2020, 9, 53. [CrossRef]

Foote, C.S. Mechanisms of photosensitized oxidation. There are several different types of photosensitized
oxidation which may be important in biological systems. Science 1968, 162, 963-970. [CrossRef]

Bacellar, 1.O.; Tsubone, T.M.; Pavani, C.; Baptista, M.S. Photodynamic efficiency: From molecular
photochemistry to cell death. Int. J. Mol. Sci. 2015, 16, 20523-20559. [CrossRef]

Davies, M.J. Singlet oxygen-mediated damage to proteins and its consequences. Biochem. Biophys.
Res. Commun. 2003, 305, 761-770. [CrossRef]

Lebedeva, N.S.; Yurina, E.S.; Gubarev, Y.A.; Lyubimtsev, A.V,; Syrbu, S.A. Effect of irradiation spectral range
on porphyrin—Protein complexes. J. Photochem. Photobiol. A Chem. 2018, 353, 299-305. [CrossRef]

Costa, L.; Carvalho, C.M.; Faustino, M.A.; Neves, M.G.; Tomé, J.P.; Tomé, A.C.; Cavaleiro, J.A.; Cunha, A
Almeida, A. Sewage bacteriophage inactivation by cationic porphyrins: Influence of light parameters.
Photochem. Photobiol. Sci. 2010, 9, 1126-1133. [CrossRef]

Majiya, H.; Adeyemi, O.O.; Stonehouse, N.J.; Millner, P. Photodynamic inactivation of bacteriophage MS2:
The A-protein is the target of virus inactivation. J. Photochem. Photobiol. B Biol. 2018, 178, 404—411. [CrossRef]
Majiya, H.; Chowdhury, K.E; Stonehouse, N.J.; Millner, P. TMPyP functionalised chitosan membrane for
efficient sunlight driven water disinfection. J. Water Process Eng. 2019, 30, 100475. [CrossRef]

Wigginton, K.R.; Menin, L.; Montoya, J.P.; Kohn, T. Oxidation of virus proteins during UV254 and singlet
oxygen mediated inactivation. Environ. Sci. Technol. 2010, 44, 5437-5443. [CrossRef]

Costa, L.; Faustino, M.A.F,; Neves, M.G.P; Cunha, A.; Almeida, A. Photodynamic inactivation of mammalian
viruses and bacteriophages. Viruses 2012, 4, 1034-1074. [CrossRef]

Davies, M.].; Truscott, R.]. Photo-oxidation of proteins and its role in cataractogenesis. ]. Photochem. Photobiol.
B Biol. 2001, 63, 114-125. [CrossRef]


http://dx.doi.org/10.1016/j.ejmech.2019.04.051
http://www.ncbi.nlm.nih.gov/pubmed/31029945
http://dx.doi.org/10.1128/AAC.46.12.3917-3925.2002
http://www.ncbi.nlm.nih.gov/pubmed/12435696
http://dx.doi.org/10.1038/s41467-019-10899-2
http://www.ncbi.nlm.nih.gov/pubmed/31263112
http://dx.doi.org/10.1021/ci0304627
http://dx.doi.org/10.1021/acsinfecdis.5b00020
http://www.ncbi.nlm.nih.gov/pubmed/27624883
http://dx.doi.org/10.1128/AAC.00989-10
http://dx.doi.org/10.1053/j.gastro.2004.09.046
http://dx.doi.org/10.1007/BF02171659
http://dx.doi.org/10.1093/ve/vew014
http://dx.doi.org/10.1042/BJ20150942
http://dx.doi.org/10.3390/antibiotics9020053
http://dx.doi.org/10.1126/science.162.3857.963
http://dx.doi.org/10.3390/ijms160920523
http://dx.doi.org/10.1016/S0006-291X(03)00817-9
http://dx.doi.org/10.1016/j.jphotochem.2017.11.037
http://dx.doi.org/10.1039/c0pp00051e
http://dx.doi.org/10.1016/j.jphotobiol.2017.11.032
http://dx.doi.org/10.1016/j.jwpe.2017.08.013
http://dx.doi.org/10.1021/es100435a
http://dx.doi.org/10.3390/v4071034
http://dx.doi.org/10.1016/S1011-1344(01)00208-1

Molecules 2020, 25, 4368 21 of 24

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kim, J.; Rodriguez, M.E.; Guo, M.; Kenney, M.E.; Oleinick, N.L.; Anderson, V.E. Oxidative modification of
cytochrome c by singlet oxygen. Free Radic. Biol. Med. 2008, 44, 1700-1711. [CrossRef] [PubMed]

Majiya, H.; Adeyemi, O.O.; Herod, M.; Stonehouse, N.J.; Millner, P. Photodynamic inactivation of
non-enveloped RNA viruses. J. Photochem. Photobiol. B Biol. 2018, 189, 87-94. [CrossRef] [PubMed]
Bothner, B.; Taylor, D.; Jun, B.; Lee, K.K; Siuzdak, G.; Schlutz, C.P,; Johnson, ].E. Maturation of a tetravirus
capsid alters the dynamic properties and creates a metastable complex. Virology 2005, 334, 17-27. [CrossRef]
[PubMed]

Casteel, M.].; Jayaraj, K.; Gold, A.; Ball, L.M.; Sobsey, M.D. Photoinactivation of Hepatitis A Virus by Synthetic
Porphyrins. Photochem. Photobiol. 2004, 80, 294-300. [CrossRef] [PubMed]

Cruz-Oliveira, C.; Almeida, A.F; Freire, ]J.M.; Caruso, M.B.; Morando, M.A.; Ferreira, V.N.;
Assungao-Miranda, I.; Gomes, A.M.; Castanho, M. A.; Da Poian, A.T.; et al. Mechanisms of vesicular stomatitis
virus inactivation by protoporphyrin IX, zinc-protoporphyrin IX, and mesoporphyrin IX. Antimicrob. Agents
Chemother. 2017, 61. [CrossRef]

Neris, R.L.; Figueiredo, C.M.; Higa, L.M.; Araujo, D.E; Carvalho, C.A.; Vercoza, B.R.; Silva, M.O;
Carneiro, FA.; Tanuri, A.; Gomes, A.M.; et al. Co-protoporphyrin IX and Sn-protoporphyrin IX inactivate
Zika, Chikungunya and other arboviruses by targeting the viral envelope. Sci. Rep. 2018, 8, 9805. [CrossRef]
Dairou, J.; Vever-Bizet, C.; Brault, D. Interaction of sulfonated anionic porphyrins with HIV glycoprotein
gp120: Photodamages revealed by inhibition of antibody binding to V3 and C5 domains. Antivir. Res. 2004,
61,37-47. [CrossRef]

Held, P. An Introduction to Reactive Oxygen Species: Measurement of ROS in Cells; BioTek Instruments, Inc.:
Vinooski, VT, USA, 2012.

Rodgers, M.A.J.; Snowden, P.T. Lifetime of oxygen (O,(1.DELTA.g)) in liquid water as determined by
time-resolved infrared luminescence measurements. J. Am. Chem. Soc. 1982, 104, 5541-5543. [CrossRef]
Redmond, R.W.; Kochevar, L.E. Spatially resolved cellular responses to singlet oxygen. Photochem. Photobiol.
2006, 82, 1178-1186. [PubMed]

Wen, W.-H.; Lin, M,; Su, C.-Y,; Wang, S.-Y.; Cheng, Y.-S.E.; Fang, ].-M.; Wong, C.-H. Synergistic effect
of zanamivir—porphyrin conjugates on inhibition of neuraminidase and inactivation of influenza virus.
J. Med. Chem. 2009, 52, 4903-4910. [PubMed]

Rajao, D.S.; Pérez, D.R. Universal vaccines and vaccine platforms to protect against influenza viruses in
humans and agriculture. Front. Microbiol. 2018, 9, 123. [PubMed]

Shie, ].-].; Fang, ].-M. Development of effective anti-influenza drugs: Congeners and conjugates—A review.
J. Biomed. Sci. 2019, 26, 84.

Rossman, ].S.; Lamb, R.A. Influenza virus assembly and budding. Virology 2011, 411, 229-236.

Costa, L.; Tomé, J.P; Neves, M.G.; Tomé, A.C.; Cavaleiro, J.A.; Cunha, A.; Faustino, M.A.; Almeida, A.
Susceptibility of non-enveloped DNA- and RNA-type viruses to photodynamic inactivation. Photochem.
Photobiol. Sci. 2012, 11, 1520-1523.

Basso, G.; Cargnelutti, J.F; Oliveira, A.L.; Acunha, T.V.; Weiblen, R.; Flores, E.F.; Iglesias, B.A. Photodynamic
inactivation of selected bovine viruses by isomeric cationic tetra-platinated porphyrins. . Porphyr.
Phthalocyanines 2019, 23, 1041-1046.

Bilkis, I; Silman, I.; Weiner, L. Generation of reactive oxygen species by photosensitizers and their modes of
action on proteins. Curr. Med. Chem. 2018, 25, 5528-5539.

Costa, L.; Esteves, A.C.; Correia, A.; Moreirinha, C.; Delgadillo, I.; Cunha, A.; Neves, M.G.; Faustino, M.A.;
Almeida, A. SDS-PAGE and IR spectroscopy to evaluate modifications in the viral protein profile induced by
a cationic porphyrinic photosensitizer. J. Virol. Methods 2014, 209, 103-109.

Weber, G.; Charitat, T.; Baptista, M.S.; Uchoa, A.F; Pavani, C.; Junqueira, H.C; Guo, Y,; Baulin, V.A ; Itri, R.;
Marques, C.M.; et al. Lipid oxidation induces structural changes in biomimetic membranes. Soft Matter 2014,
10, 4241-4247.

Riske, K.A.; Sudbrack, T.P; Archilha, N.L.; Uchoa, A.F.; Schroder, A.P.; Marques, C.M.; Baptista, M.S.; Itri, R.
Giant vesicles under oxidative stress induced by a membrane-anchored photosensitizer. Biophys. J. 2009, 97,
1362-1370. [PubMed]

Itri, R.; Junqueira, H.C.; Mertins, O.; Baptista, M.S. Membrane changes under oxidative stress: The impact of
oxidized lipids. Biophys. Rev. 2014, 6, 47-61. [PubMed]


http://dx.doi.org/10.1016/j.freeradbiomed.2007.12.031
http://www.ncbi.nlm.nih.gov/pubmed/18242196
http://dx.doi.org/10.1016/j.jphotobiol.2018.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30317052
http://dx.doi.org/10.1016/j.virol.2005.01.017
http://www.ncbi.nlm.nih.gov/pubmed/15749119
http://dx.doi.org/10.1562/2004-04-05-RA-134.1
http://www.ncbi.nlm.nih.gov/pubmed/15362943
http://dx.doi.org/10.1128/AAC.00053-17
http://dx.doi.org/10.1038/s41598-018-27855-7
http://dx.doi.org/10.1016/S0166-3542(03)00176-1
http://dx.doi.org/10.1021/ja00384a070
http://www.ncbi.nlm.nih.gov/pubmed/16740059
http://www.ncbi.nlm.nih.gov/pubmed/19522501
http://www.ncbi.nlm.nih.gov/pubmed/29467737
http://www.ncbi.nlm.nih.gov/pubmed/19720024
http://www.ncbi.nlm.nih.gov/pubmed/28509959

Molecules 2020, 25, 4368 22 of 24

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Nikolaeva-Glomb, L.; Mukova, L.; Nikolova, N.; Kussovski, V.; Doumanova, L.; Mantareva, V.; Angeloc, L;
Wohrle, D.; Galabov, A. Photodynamic effect of some phthalocyanines on enveloped and naked viruses.
Acta Virol. 2017, 61, 341-346.

Teles, A.V.; Oliveira, T.M.; Bezerra, F.C.; Alonso, L.; Alonso, A.; Borissevitch, L.E.; Gongalves, PJ.; Souza, G.R.
Photodynamic inactivation of bovine herpesvirus type 1 (Bohv-1) by porphyrins. J. Gen. Virol. 2018, 99,
1301-1306. [PubMed]

Argyris, E.G.; Vanderkooi, ].M.; Venkateswaran, P.; Kay, B.K.; Paterson, Y. The connection domain is
implicated in metalloporphyrin binding and inhibition of HIV reverse transcriptase. J. Biol. Chem. 1999, 274,
1549-1556.

Sun, RW.Y,; Yu, W.Y,; Sun, H.; Che, C.M. In Vitro Inhibition of Human Immunodeficiency Virus Type-1
(HIV-1) Reverse Transcriptase by Gold (III) Porphyrins. ChemBioChem 2004, 5, 1293-1298.

Wong, S.-Y.; Sun, RW.-Y,; Chung, N.P-Y,; Lin, C.-L.; Che, C.-M. Physiologically stable vanadium (IV)
porphyrins as a new class of anti-HIV agents. Chem. Commun. 2005, 28, 3544-3546.

Lin, L.; Hu, J. Inhibition of hepadnavirus reverse transcriptase-¢ RNA interaction by porphyrin compounds.
J. Virol. 2008, 82, 2305-2312.

Sibrian-Vazquez, M.; Hao, E.; Jensen, T.J.; Vicente, M.G.H. Enhanced cellular uptake with a cobaltacarborane—
porphyrin-HIV-1 Tat 48-60 conjugate. Bioconjugate Chem. 2006, 17, 928-934.

DeCamp, D.L.; Babe, L.M,; Salto, R.; Lucich, J.L.; Koo, M.S.; Kahl, S.B.; Craik, C.S. Specific inhibition of HIV-1
protease by boronated porphyrins. J. Med. Chem. 1992, 35, 3426-3428.

Aiewsakun, P.; Adriaenssens, E.M.; Lavigne, R.; Kropinski, A.M.; Simmonds, P. Evaluation of the genomic
diversity of viruses infecting bacteria, archaea and eukaryotes using a common bioinformatic platform:
Steps towards a unified taxonomy. J. Gen. Virol. 2018, 99, 1331. [PubMed]

Lebedeva, N.S; Yurina, E.S.; Gubarev, Y.A.; Syrbu, S.A. Interactions of tetracationic porphyrins with DNA
and their effects on DNA cleavage. Spectrochim. Acta A 2018, 199, 235-241.

Banville, D.L.; Marzilli, L.G.; Strickland, J.A.; Wilson, W.D. Comparison of the effects of cationic porphyrins
on DNA properties: Influence of GC content of native and synthetic polymers. Biopolym. Orig. Res. Biomol.
1986, 25, 1837-1858.

Carvlin, M.].; Fiel, R]. Intercalative and nonintercalative binding of large cationic porphyrin ligands to calf
thymus DNA. Nucleic Acids Res. 1983, 11, 6121-6139.

Lee, S.; Lee, Y.-A.; Lee, HM.; Lee, ].Y.; Kim, D.H.; Kim, S.K. Rotation of Periphery Methylpyridine of
meso-Tetrakis(n-N-methylpyridiniumyl)porphyrin (n = 2, 3, 4) and Its Selective Bindingto Native and
Synthetic DNAs. Biophys. ]. 2002, 83, 371-381.

Fiel, R.; Howard, J.; Mark, E.; Gupta, N.D. Interaction of DNA with a porphyrin ligand: Evidence for
intercalation. Nucleic Acids Res. 1979, 6, 3093-3118. [PubMed]

Phan, A.T,; Kuryavyi, V.; Gaw, H.Y,; Patel, D.J. Small-molecule interaction with a five-guanine-tract
G-quadruplex structure from the human MYC promoter. Nat. Chem. Biol. 2005, 1, 167-173. [PubMed]
Parkinson, G.N.; Ghosh, R.; Neidle, S. Structural basis for binding of porphyrin to human telomeres.
Biochemistry 2007, 46, 2390-2397.

Dutikova, Y.V.; Borisova, O.; Shchyolkina, A.; Lin, J.; Huang, S.; Shtil, A.; Kaluzhny, D. 5,10,15,20-Tetra-
(N-methyl-3-pyridyl)porphyrin destabilizes the antiparallel telomeric quadruplex d(TTAGGG)4. Mol. Biol.
2010, 44, 823-831.

Da Ros, T.; Spalluto, G.; Boutorine, A.S.; Bensasson, R.V.; Prato, M. DNA-photocleavage agents.
Curr. Pharm. Des. 2001, 7, 1781-1821.

Abe, H.; Ikebuchi, K.; Wagner, S.; Kuwabara, M.; Kamo, N.; Sekiguchi, S. Potential involvement of both
Type I and Type II mechanisms in M13 virus inactivation by methylene blue photosensitization. Photochem.
Photobiol. 1997, 66, 204-208. [CrossRef] [PubMed]

Costa, L.; Faustino, M.A.; Tomé, ].P; Neves, M.G.; Tomé, A.C.; Cavaleiro, J.A.; Cunha, A.; Almeida, A.
Involvement of type I and type II mechanisms on the photoinactivation of non-enveloped DNA and RNA
bacteriophages. J. Photochem. Photobiol. B Biol. 2013, 120, 10-16. [CrossRef] [PubMed]

Sobotta, L.; Skupin-Mrugalska, P.; Mielcarek, J.; Goslinski, T.; Balzarini, J. Photosensitizers mediated
photodynamic inactivation against virus particles. Mini Rev. Med. Chem. 2015, 15, 503-521. [CrossRef]
[PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/30058992
http://www.ncbi.nlm.nih.gov/pubmed/30016225
http://www.ncbi.nlm.nih.gov/pubmed/573891
http://www.ncbi.nlm.nih.gov/pubmed/16408022
http://dx.doi.org/10.1111/j.1751-1097.1997.tb08644.x
http://www.ncbi.nlm.nih.gov/pubmed/9277138
http://dx.doi.org/10.1016/j.jphotobiol.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23416708
http://dx.doi.org/10.2174/1389557515666150415151505
http://www.ncbi.nlm.nih.gov/pubmed/25877599

Molecules 2020, 25, 4368 23 of 24

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Wiehe, A.; O’Brien, ].M.; Senge, M.O. Trends and targets in antiviral phototherapy. Photochem. Photobiol. Sci.
2019, 18, 2565-2612. [CrossRef] [PubMed]

Baptista, M.S.; Cadet, J.; Di Mascio, P.; Ghogare, A.A.; Greer, A.; Hamblin, M.R.; Lorente, C.; Nunez, S.C.;
Ribeiro, M.S.; Thomas, A.H.; et al. Type I and type II photosensitized oxidation reactions: Guidelines and
mechanistic pathways. Photochem. Photobiol. 2017, 93, 912-919. [CrossRef]

Zupan, K,; Egyeki, M,; Toth, K.; Fekete, A.; Herényi, L.; Mddos, K.; Csik, G. Comparison of the efficiency and
the specificity of DNA-bound and free cationic porphyrin in photodynamic virus inactivation. J. Photochem.
Photobiol. B Biol. 2008, 90, 105-112. [CrossRef]

Orosz, A.; B6sze, S.; Mez8, G.; Szabd, L; Herényi, L.; Csik, G. Oligo- and polypeptide conjugates of cationic
porphyrins: Binding, cellular uptake, and cellular localization. Amino Acids 2017, 49, 1263-1276. [CrossRef]
Banerjee, I.; Douaisi, M.P; Mondal, D.; Kane, R.S. Light-activated nanotube—porphyrin conjugates as effective
antiviral agents. Nanotechnology 2012, 23, 105101. [CrossRef]

Wolf, Y.I.; Kazlauskas, D.; Iranzo, ].; Lucia-Sanz, A.; Kuhn, ].H.; Krupovic, M.; Dolja, V.V.; Koonin, E.V.
Origins and evolution of the global RNA virome. MBio 2018, 9. [CrossRef]

Thomas, J.R.; Hergenrother, PJ. Targeting RNA with small molecules. Chem. Rev. 2008, 108, 1171-1224.
[CrossRef]

Hermann, T.; Patel, D.J. Stitching together RNA tertiary architectures. ]J. Mol. Biol. 1999, 294, 829-849.
[CrossRef] [PubMed]

Hermann, T.; Patel, D.J. RNA bulges as architectural and recognition motifs. Structure 2000, 8, R47-R54.
[CrossRef]

Ivanov, M.; Sizov, V.; Kudrev, A. Thermal unwinding of Polyadenylic-Polyuridylic acid complex with
TMPyP4 porphyrin in aqueous solutions. J. Mol. Struct. 2020, 1202, 127365. [CrossRef]

Ferino, A.; Nicoletto, G.; D’Este, F.; Zorzet, S.; Lago, S.; Richter, S.N.; Tikhomirov, A.; Shchekotikhin, A.;
Xodo, L.E. Photodynamic Therapy for ras-Driven Cancers: Targeting G-Quadruplex RNA Structures with
Bifunctional Alkyl-Modified Porphyrins. J. Med. Chem. 2020, 63, 1245-1260. [CrossRef]

Uno, T,; Aoki, K.; Shikimi, T.; Hiranuma, Y.; Tomisugi, Y.; Ishikawa, Y. Copper Insertion Facilitates
Water-Soluble Porphyrin Binding to rA-rU and rA-dT Base Pairs in Duplex RNA and RNA-DNA Hybrids.
Biochemistry 2002, 41, 13059-13066. [CrossRef]

Kawauchi, K.; Sugimoto, W.; Yasui, T.; Murata, K.; Itoh, K.; Takagi, K.; Tsuruoka, T.; Akamatsu, K;
Tateishi-Karimata, H.; Sugimoto, N.; et al. An anionic phthalocyanine decreases NRAS expression by
breaking down its RNA G-quadruplex. Nat. Commun. 2018, 9, 2271. [CrossRef]

Tolstykh, G.; Sizov, V.; Kudrev, A. Surface complex of ZnTMPyP4 metalloporphyrin with double-stranded
Poly(A)-Poly(U). J. Inorg. Biochem. 2016, 161, 83-90. [CrossRef]

Hermann, T. Viral RNA targets and their small molecule ligands. In RNA Therapeutics; Springer: Cham,
Switzerland, 2017; pp. 111-134. [CrossRef]

Tolstykh, G.; Kudrev, A. Mutual influence between contiguous TMPyP4 ligands when bound to a synthetic
double-stranded Poly(A)-Poly(U). J. Mol. Struct. 2015, 1098, 342-350. [CrossRef]

Ghazaryan, A.A ; Dalyan, Y.B.; Haroutiunian, S.G.; Tikhomirova, A.; Taulier, N.; Wells, ] W.; Chalikian, T.V.
Thermodynamics of interactions of water-soluble porphyrins with RNA duplexes. J. Am. Chem. Soc. 2006,
128, 1914-1921. [CrossRef]

Trannoy, L.L.; Lagerberg, ].W.; Dubbelman, T.M.; Schuitmaker, H.].; Brand, A. Positively charged porphyrins:
A new series of photosensitizers for sterilization of RBCs. Transfusion 2004, 44, 1186-1196. [CrossRef]
Ravanat, J.-L.; Martinez, G.R.; Medeiros, M.H.; Di Mascio, P.; Cadet, ]. Mechanistic aspects of the oxidation
of DNA constituents mediated by singlet molecular oxygen. Arch. Biochem. Biophys. 2004, 423, 23-30.
[CrossRef] [PubMed]

Qiao, Z.; Wigginton, K.R. Direct and indirect photochemical reactions in viral RNA measured with RT-qPCR
and mass spectrometry. Environ. Sci. Technol. 2016, 50, 13371-13379. [CrossRef] [PubMed]

Tanaka, M.; Chock, P.B.; Stadtman, E.R. Oxidized messenger RNA induces translation errors. Proc. Natl.
Acad. Sci. USA 2007, 104, 66-71. [CrossRef] [PubMed]

Celander, D.W.; Nussbaum, J.M. Efficient Modification of RNA by Porphyrin Cation Photochemistry:
Monitoring the Folding of Coaxially Stacked RNA Helices in tRNAPhe and the Human Immunodeficiency
Virus Type 1 Rev Response Element RNA. Biochemistry 1996, 35, 12061-12069. [CrossRef]


http://dx.doi.org/10.1039/C9PP00211A
http://www.ncbi.nlm.nih.gov/pubmed/31397467
http://dx.doi.org/10.1111/php.12716
http://dx.doi.org/10.1016/j.jphotobiol.2007.11.007
http://dx.doi.org/10.1007/s00726-017-2428-z
http://dx.doi.org/10.1088/0957-4484/23/10/105101
http://dx.doi.org/10.1128/mBio.02329-18
http://dx.doi.org/10.1021/cr0681546
http://dx.doi.org/10.1006/jmbi.1999.3312
http://www.ncbi.nlm.nih.gov/pubmed/10588890
http://dx.doi.org/10.1016/S0969-2126(00)00110-6
http://dx.doi.org/10.1016/j.molstruc.2019.127365
http://dx.doi.org/10.1021/acs.jmedchem.9b01577
http://dx.doi.org/10.1021/bi026139z
http://dx.doi.org/10.1038/s41467-018-04771-y
http://dx.doi.org/10.1016/j.jinorgbio.2016.05.004
http://dx.doi.org/10.1007/7355_2016_20
http://dx.doi.org/10.1016/j.molstruc.2015.06.031
http://dx.doi.org/10.1021/ja054070n
http://dx.doi.org/10.1111/j.1537-2995.2004.03275.x
http://dx.doi.org/10.1016/j.abb.2003.10.018
http://www.ncbi.nlm.nih.gov/pubmed/14989260
http://dx.doi.org/10.1021/acs.est.6b04281
http://www.ncbi.nlm.nih.gov/pubmed/27993065
http://dx.doi.org/10.1073/pnas.0609737104
http://www.ncbi.nlm.nih.gov/pubmed/17190801
http://dx.doi.org/10.1021/bi960557k

Molecules 2020, 25, 4368 24 of 24

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Wainwright, M. Local treatment of viral disease using photodynamic therapy. Int. |. Antimicrob. Agents 2003,
21, 510-520. [CrossRef]

Dervan, P.B.; Edelson, B.S. Recognition of the DNA minor groove by pyrrole-imidazole polyamides. Curr.
Opin. Struct. Biol. 2003, 13, 284-299. [CrossRef]

Burge, S.; Parkinson, G.N.; Hazel, P.; Todd, A K.; Neidle, S. Quadruplex DNA: Sequence, topology and
structure. Nucleic Acids Res. 2006, 34, 5402-5415. [CrossRef] [PubMed]

Panera, N.; Tozzi, A.E.; Alisi, A. The G-Quadruplex/Helicase World as a Potential Antiviral Approach against
COVID-19. Drugs 2020, 80, 941-946. [CrossRef]

Ruggiero, E.; Richter, S.N. G-quadruplexes and G-quadruplex ligands: Targets and tools in antiviral therapy.
Nucleic Acids Res. 2018, 46, 3270-3283. [CrossRef]

Harris, L.M.; Merrick, C.J. G-quadruplexes in pathogens: A common route to virulence control? PLoS Pathog.
2015, 11, €1004562. [CrossRef]

Métifiot, M.; Amrane, S.; Litvak, S.; Andreola, M.-L. G-quadruplexes in viruses: Function and potential
therapeutic applications. Nucleic Acids Res. 2014, 42, 12352-12366. [CrossRef] [PubMed]

Perrone, R.; Nadai, M.; Poe, J.A.; Frasson, I.; Palumbo, M.; Palu, G.; Smithgall, T.E.; Richter, S.N. Formation
of a unique cluster of G-quadruplex structures in the HIV-1 Nef coding region: Implications for antiviral
activity. PLoS ONE 2013, 8, e73121. [CrossRef] [PubMed]

Perrone, R.; Nadai, M.; Frasson, I.; Poe, J.A.; Butovskaya, E.; Smithgall, T.E.; Palumbo, M.; Palui, G.; Richter, S.N.
A dynamic G-quadruplex region regulates the HIV-1 long terminal repeat promoter. J. Med. Chem. 2013, 56,
6521-6530. [CrossRef] [PubMed]

Amrane, S.; Andreola, M.-A; Pratviel, G.; Mergny, J.-L. Derivatives of Porphyrins, Their Process of Preparation
and Their Use for Treating Viral Infections. U.S. Patent 10,577,375, 3 March 2020.

Wei, C.; Wang, L.; Jia, G.; Zhou, ]J.; Han, G.; Li, C. The binding mode of porphyrins with cation side arms to
(TGA4T)4 G-quadruplex: Spectroscopic evidence. Biophys. Chem. 2009, 143, 79-84. [CrossRef] [PubMed]
Norseen, J.; Johnson, EB.; Lieberman, PM. Role for G-quadruplex RNA binding by Epstein-Barr virus
nuclear antigen 1 in DNA replication and metaphase chromosome attachment. J. Virol. 2009, 83, 10336-10346.
[CrossRef] [PubMed]

Artusi, S.; Nadai, M.; Perrone, R.; Biasolo, M.A ; Palu, G.; Flamand, L.; Calistri, A.; Richter, S.N. The Herpes
Simplex Virus-1 genome contains multiple clusters of repeated G-quadruplex: Implications for the antiviral
activity of a G-quadruplex ligand. Antivir. Res. 2015, 118, 123-131. [CrossRef]

Wang, S.-R.; Zhang, Q.-Y.; Wang, J.-Q.; Ge, X.-Y.; Song, Y.-Y.; Wang, Y.-F; Li, X.-D.; Fu, B.-S.; Xu, G.-H.;
Shu, B.; et al. Chemical targeting of a G-quadruplex RNA in the Ebola virus L gene. Cell Chem. Biol. 2016, 23,
1113-1122. [CrossRef]

Martino, L.; Pagano, B.; Fotticchia, I.; Neidle, S.; Giancola, C. Shedding light on the interaction between
TMPyP4 and human telomeric quadruplexes. J. Phys. Chem. B 2009, 113, 14779-14786. [CrossRef]

Yaku, H.; Murashima, T.; Miyoshi, D.; Sugimoto, N. Specific binding of anionic porphyrin and phthalocyanine
to the G-quadruplex with a variety of in vitro and in vivo applications. Molecules 2012, 17, 10586-10613.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0924-8579(03)00035-9
http://dx.doi.org/10.1016/S0959-440X(03)00081-2
http://dx.doi.org/10.1093/nar/gkl655
http://www.ncbi.nlm.nih.gov/pubmed/17012276
http://dx.doi.org/10.1007/s40265-020-01321-z
http://dx.doi.org/10.1093/nar/gky187
http://dx.doi.org/10.1371/journal.ppat.1004562
http://dx.doi.org/10.1093/nar/gku999
http://www.ncbi.nlm.nih.gov/pubmed/25332402
http://dx.doi.org/10.1371/journal.pone.0073121
http://www.ncbi.nlm.nih.gov/pubmed/24015290
http://dx.doi.org/10.1021/jm400914r
http://www.ncbi.nlm.nih.gov/pubmed/23865750
http://dx.doi.org/10.1016/j.bpc.2009.04.005
http://www.ncbi.nlm.nih.gov/pubmed/19411133
http://dx.doi.org/10.1128/JVI.00747-09
http://www.ncbi.nlm.nih.gov/pubmed/19656898
http://dx.doi.org/10.1016/j.antiviral.2015.03.016
http://dx.doi.org/10.1016/j.chembiol.2016.07.019
http://dx.doi.org/10.1021/jp9066394
http://dx.doi.org/10.3390/molecules170910586
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Inactivation at the Stage of Attachment of the Virion to the Cell Surface (Receptor Binding) and Fusion with the Cell Membrane 
	Porphyrins and Their Analogues Structure 
	Inactivation at the Stage of Transcription and Replication of Viral RNA/DNA 
	References

