The Useful Antiviral Properties of Lysozyme
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Lysozyme, especially the one obtained from hen’s egg white, continues to show new pharmacological properties.
Lysozyme can interact with nucleic acids and alter their function, but this effect is uncoupled from the catalytic activity that
determines its antibacterial activity; it is present in intact lysozyme but is equally potent in a heat-degraded lysozyme or in
a nonapeptide isolated by proteolytic digestion.
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| 1. Introduction

Lysozyme is a term used to describe dozens of peptides found in the animal and plant world that share a highly conserved
chemical structure, albeit with some, sometimes significant, differences between them . Human lysozyme is, of course,
one of the most studied lysozymes 28! followed by hen egg white lysozyme (HEWL), the only lysozyme also available in
a pharmaceutical form and used for therapeutic purposes B8 Since Sir Alexander Fleming described its biological
properties and medical potential 4, it has been present in research laboratories for over 100 years. In 1953, in a scientific
meeting at the New York Academy of Medicine, Meyer highlighted the biological properties of this enzyme, pointing out its
antibacterial activity and, in particular, its biological and metabolic functions 8. Although it has not achieved the success
we would have expected, e.g., as an antibacterial drug EIULL apart from its use in the food industry 22, it has become

one of the most studied molecules in the biological and medical sciences and one of the most widely used models in
biochemistry [231141[15]

| 2. Lysozyme Modulates Nucleic Acid Activity

Lysozyme is able to interact with nucleic acids, as shown by the results of gel electrophoresis, enzymatic activity, and co-
precipitation studies 18, which demonstrate that both HEWL and human lysozyme are able to bind with DNA and RNA.
These studies emphasize that DNA requires specific conformations, and that the interaction is physical and electrostatic in
nature, as lysozyme is easily separated from a nucleic acid (Figure 1). From a study designed to demonstrate that ATP
binds to proteins, modifying their structure and modulating their functions, it appears that lysozyme has multiple binding
sites, including one known high-affinity nucleic acid binding site and five non-specific, previously unknown sites 17 This
hypothesis, which is supported by the results of studies by Lee-Huang et al. 18, demonstrating the protective effect of
lysozyme on HIV infection, states that lysozyme is actively involved in the processes of viral transcription and replication
(18] a5 an original part of the body’s defenses 24, which indicates that the interaction of lysozyme with DNA molecules can
disrupt DNA replication, modulate gene expression, and influence bacterial infections, in addition to HIV viruses.
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Figure 1. Presumed mechanisms of the antiviral effect of lysozyme. Lysozyme is able to interact with nucleic acids
because its positive charge alters the charge and electrophoretic mobility of DNA, which affects transcription, translation,
and cell division. The latter may also be the result of specific interactions, as lysozyme has DNA-binding motifs at the N-
and C-terminals of its molecule. In addition, lysozyme is able to control the activity of RNA polymerase. All these
processes can ultimately lead to the control of viral infectivity. (For further information about the hypotheses of the antiviral
effect of lysozyme, please refer to (1612011211

On the other hand, lysozyme, with its strong positive charge (+8e), its compact structure, and depending on its
concentration, is able to alter the charge and electrophoretic mobility of DNA 221231 5 fundamental event that plays an
important role in cellular processes such as transcription, translation, and cell division. However, these biological
properties may also be the result of specific interactions, in addition to electrostatic interactions, which also play an
important role in the binding of lysozyme with nucleic acids, as confirmed with surface plasmon resonance spectroscopy
studies that identified DNA-binding motifs at the N- and C- terminals of lysozyme 22,

Studies with T7 lysozyme, a lysozyme that exerts its catalytic activity at an amide bond rather than a glycosidic bond [24],
have shown that it is able to control the activity of RNA polymerase by inhibiting both the initiation and continuation of its
activity 2. Although this study was performed with a purified material of bacteriophage origin, the signal is evident in its
ability to modulate RNA synthesis, and this effect can have devastating consequences for viruses, especially those that
rely on RNA. The inhibition of RNA polymerase leads to the inhibition of transcription 22281 which ultimately leads to the
control of infectivity £71,

The possibility that lysozyme can bind nucleic acids arises from studies that have demonstrated the similarity of this
peptide to histones 8. The recent study by Liu et al. 28] builds on these observations and uses PCR to investigate the
effects of lysozyme on the replication and transcription of nucleic acids and finds that the inhibitory effect caused by
lysozyme is strong and mediated by the interaction of lysozyme with RNA polymerase, and it concludes that this activity
could explain the observed antiviral effect. The fact that lysozyme is able to bind peptides is nothing new. For example,
two lysozymes from hen and turkey egg whites were analyzed using X-ray diffraction and were found capable of binding
with the antibody fragment 1F9 29, If the crystalline structure is compared with a model of the single-chain Fv fragment
1F9 complexed with HEWL, it can be seen that there is a collision between Aspl101 in the lysozyme and Trp98 of the
complementarity-determining region H3 of the variable domain of the heavy chain.

| 3. Chemical Structure and Anti-Viral Activity

Studies on the interactions of lysozyme with nucleic acids suggest that lysozyme is able to influence DNA replication by
interacting directly with it, but it is also able to modulate gene expression by interacting with RNA polymerase. The
obvious question to ask now is what role does the chemical structure of lysozyme play in its antiviral activity? The antiviral
activity of lysozyme is attributed to several lysozymes, including HEWL and human lysozyme (see the review B9), and is
attributed to a mechanism of action independent of muramidase activity, which is related to the positive charge of the
molecule B, The indirect evidence for the antiviral activity of lysozyme comes from a study showing the presence of this
peptide in the preparations of human chorionic gonadotropin 28, One of the isolated peptides has a sequence and



muramidase activity comparable to those of human lysozyme and HEWL and showed an antiviral activity without a
cytotoxic effect on eukaryotic cells in tests with mononuclear cells exposed to the HIV virus type 1, as shown by the study
of 3H-thymidine incorporation. However, the mechanism of the antiviral activity was not clarified in this study.

An attempt to modify the chemical structure of lysozyme to achieve antiviral activity was made by Oeverman et al. 22,
who introduced a hydrophobic and negatively charged function (3-hydroxyphthalic anhydride) into the lysozyme molecule
from hen egg white. The modified lysozyme molecule showed a remarkable in vitro antiviral activity in a herpes simplex
virus model, both in terms of preventing cell infection and, most importantly, and inhibiting virus replication when the drug
was added to cells previously infected with the virus (the 1Csq decreased from 170 mg/mL to 6 mg/mL). The same study
also showed that the proteolytic digestion of lysozyme with trypsin, chymotrypsin, and pepsin produces fragments with no
or significantly lower antiviral activity, often only when used as a mixture, and almost always accompanied by some
cytotoxicity to the eukaryotic cells.

However, a very detailed study on the antiviral activity of lysozyme fragments obtained using proteolytic digestion with
clostripain, which cleaves at the level of arginine residues in the C-terminal region, contains very interesting data [3l. This
study highlights a nonapeptide, with the sequence RAWVAWRNR, which corresponds to residues 107-115 of the human
lysozyme and appears to be the smallest lysozyme fragment capable of exerting antiviral activity (the prevention of
infection and the inhibition of HIV viral replication) comparable to that of the intact lysozyme. Interestingly, this
nonapeptide, which is present in the native lysozyme as an a-helix, belongs to a part of the lysozyme that is distinctly
different from the catalytic site that exerts muramidase activity (Figure 2). It was later shown that this nonapeptide
interacts in nanomolar concentrations with an HIV envelope glycoprotein that is critical for viral entry into cells. The study
highlighted the nonapeptide component (two Trp residues separated by two others) that allows it to interact with the
hydrophobic pocket of the gp41 glycoprotein and inhibit its fusion with the membrane of the cell to be infected 4. An
investigation of the mechanism of the antiviral effect showed that the nonapeptide modulates gene expression in HIV-
infected cells, particularly of genes involved in survival and stress signaling. Similar effects were also demonstrated by
transcriptomic analysis in eukaryotic cells exposed to intact HEWL B2, This study documented the robust evidence on the
modulation of genes associated with anti-inflammatory effects with relatively low doses (micromolar range) and short
times of cell exposure (1 h).
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Figure 2. What role does the chemical structure of lysozyme play in antiviral activity? The antiviral activity of several
lysozymes is attributed to a mechanism of action independent of muramidase activity, which produces the Iytic
antibacterial activity. A nonapeptide (RAWVAWRNR), which corresponds to residues 107-115 of the human lysozyme,
appears to be the smallest lysozyme fragment that can exert an antiviral effect. This nonapeptide belongs to a part of the
lysozyme that is clearly distinct from the catalytic site that exerts muramidase activity B3],

Apart from the discussion on the part of the lysozyme molecule responsible for the antiviral activity, it is interesting to
mention the activity of the recombinant CCR5 protein into which lysozyme has been incorporated. The transformed
chemokine is able to exert a biphasic effect on HIV infection in a number of eukaryotic cell models: it weakly promotes
infection at low doses (1071010712 M) and markedly inhibits infection at high doses (107-107° M). The mechanism
appears to be related to the downregulation of the wild-type CCRS5 in eukaryotic cells B8],



| 4. Antiviral Activity: Disinfection over Norovirus Food Contamination

The first evidence for the effect of lysozyme on noroviruses comes from a paper published in 2015 by Takahashi et al., a
research group that investigated this effect in detail BZ. Noroviruses usually infect humans through the consumption of
food, often vegetables, although not exclusively, in the raw state or through direct contact with infected persons or their
fluids, leading to gastroenteritis 8. The work of Takahashi et al. emphasizes two things: the ability of lysozyme to
eliminate contamination of food by the virus, and the fact that this activity comes from a component of lysozyme obtained
after heat denaturation of the peptide. Using the murine norovirus model MNV-1, the mechanism of the antiviral effect of
lysozyme subjected to heat denaturation was demonstrated. A classical heat denaturation of lysozyme was performed by
dissolving lysozyme from hen egg white in 5% distilled water. The solution was filtered through a 0.20 pm filter, and the
filtrate was heated to 100 °C in a bath for 40 min then cooled on ice for final preparation of the heat-denatured lysozyme.

Heat denaturation of lysozyme produces a chemical species that has completely lost its enzymatic activity but has
increased antibacterial activity, including many Gram-negative bacteria. This activity is explained by the dimerization of the
molecule and the exposure of an active site rich in tryptophan groups that allow interaction with the bacterial membrane,
making the phospholipid membrane permeable and causing bacterial death B9, It has also been suggested that the heat-
denatured lysozyme is active against herpes simplex viruses in vitro, as its basic nature favors interaction with the viral
particles BH49 The exposure of hydrophobic amino acids (residues 5-39, according to B2 could also explain the antiviral
activity. Indeed, these residues can interact with the structural proteins of the MNV1 virus, which contain many
hydrophobic amino acids, and this interaction leads to inactivation of the virus 1. However, there is no clear study in the
literature to describe in detail the mechanism of action of the heat-denatured lysozyme in destroying capsid proteins and
contributing to virus death.

The same research group had already demonstrated in detail, also using the murine norovirus MNS-1 model, the ability of
the heat-denatured lysozyme to counteract contamination of fresh vegetables such as salads and their dressings,
whereby the infectivity measured as PFU (Plague Forming Units) was reduced by 2.6 or 4 logs compared to the untreated
control 42 Always using the MNV-1 mouse norovirus model, the containment of food infection by lysozyme was also
demonstrated in some bread fillings, where treatment with the heat-denatured lysozyme immediately after MNV-1
inoculation completely eliminated viral contamination 431,

Heat-inactivated lysozyme has also been found to inactivate single-stranded RNA viruses that can cause hepatitis A
(HAV). It is known that various foods, from seafood to strawberries, can be contaminated with HAV and cause hepatitis
which, although not comparable to hepatitis B and C, can be very disabling 4445 Also in this case, a laboratory
simulation with three HAV types with three different genotypes treated with a 1% solution of the heat-denatured lysozyme
for 60 min showed a 2.6 log reduction in viral contamination compared to the control €. (For a general overview on use
of lysozyme as a food preservative see Figure 3).
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Figure 3. Use of lysozyme as a food preservative. Lysozyme inhibits the growth of deleterious microorganisms, thus
prolonging food shelf life. Lysozyme has been used to preserve fresh fruits and vegetables, seafoods, meats and
sausages, and varieties of semihard cheeses such as Edam, Gouda, and some Italian cheeses.



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Callewaert, L.; Michiels, C.W. Lysozymes in the animal kingdom. J. Biosci. 2010, 35, 127-160.

. Reitamo, S.; Klockars, M.; Adinolfi, M.; Osserman, E.F. Human lysozyme (origin and distribution in health and disease).

Ric. Clin. Lab. 1978, 8, 211-231.

. Jollés, P.; Jollés, J. What's new in lysozyme research? Always a model system, today as yesterday. Mol. Cell. Biochem.

1984, 63, 165-189.

. Shteyngart, B. Intratracheal Administration of Lysozyme with Other Therapeutic Agents in the Prevention and

Treatment of Respiratory Disorders. U.S. Patent US20050271645, 8 December 2005.

. Kiaerulff, S.; Cohn, M.T.; Kristensen, N.N. Microbial Lysozyme for Use in the Treatment of Irritable Bowel Syndrome or

Inflammatory Bowel Disease. U.S. Patent WO2018127532, 7 December 2018.

. Hong, J.Y,; Lee, J.S.; Choi, S.H.; Shin, H.S.; Park, J.C.; Shin, S.I.; Chung, J.H. A randomized, double-blind, placebo-

controlled multicenter study for evaluating the effects of fixed-dose combinations of vitamin C, vitamin E, lysozyme, and
carbazochrome on gingival inflammation in chronic periodontitis patients. BMC Oral Health 2019, 19, 40.

. Fleming, A. On a remarkable bacteriolytic element found in tissues and secretions. Proc. R. Soc. Lond. B 1922, 93,

306-317.

. Meyer, C. Lysozyme. Bull. N. Y. Acad. Med. 1954, 12, 995-996.

. Ganz, T. Antimicrobial polypeptides. J. Leukoc. Biol. 2004, 75, 34-38.

Nakatsuji, T.; Gallo, R.L. Antimicrobial peptides: Old molecules with new ideas. J. Investig. Dermatol. 2012, 132, 887—
895.

Ferraboschi, P.; Ciceri, S.; Grisenti, P. Applications of lysozyme, an innate immune defense factor, as an alternative
antibiotic. Antibiotics 2021, 10, 1534.

Nawaz, N.; Wen, S.; Wang, F.; Nawaz, S.; Raza, J.; Iftikhar, M.; Usman, M. Lysozyme and Its Application as
Antibacterial Agent in Food Industry. Molecules 2022, 27, 6305.

Swaminathan, R.; Ravi, V.K.; Kumar, S.; Kumar, M.V.S.; Chandra, N. Lysozyme: A model protein for amyloid research.
Adv. Protein Chem. Struct Biol. 2011, 84, 63-111.

Strynadka, N.C.; James, M.N. Lysozyme: A model enzyme in protein crystallography. Exs 1996, 75, 185-222.

Choi, S.; Attri, P.; Lee, I.; Oh, J.; Yun, J.H.; Park, J.H.; Choi, E.H.; Lee, W. Structural and functional analysis of
lysozyme after treatment with dielectric barrier discharge plasm and atmospheric pressure plasma jet. Sci. Rep. 2017,
7,1027.

Steinrauf, L.K.; Shiuan, D.; Yang, W.J.; Chiang, M.Y. Lysozyme association with nucleic acids. Biochem. Biophys. Res.
Commun. 1999, 266, 366—370.

Zalar, M.; Bye, J.; Curtis, R. Nonspecific Binding of Adenosine Tripolyphosphate and Tripolyphosphate Modulates the
Phase Behavior of Lysozyme. J. Am. Chem. Soc. 2023, 145, 929-943.

Lee-Huang, S.; Huang, P.L.; Sun, VY.; Kung, H.F.; Blithe, D.L.; Chen, H.C. Lysozyme and RNases as anti-HIV
components in beta-core preparations of human chorionic gonadotropin. Proc. Natl. Acad. Sci. USA 1999, 96, 2678—
2681.

Prager, E.M. Polyclonal antisera elicited by lysozyme: Insights into antigenic structure and evolution. In Lysozymes:
Model Enzymes in Biochemistry and Biology; Jollés, P., Ed.; Birkhauser: Basel, Switzerland, 1996; pp. 261-276.

Lin, K.C.; Wey, M.T.; Kan, L.S.; Shiuan, D. Characterization of the Interactions of Lysozyme with DNA by Surface
Plasmon Resonance and Circular Dichroism Spectroscopy. Appl. Biochem. Biotechnol. 2009, 158, 631-641.

Kumar, A.; Patel, S.S. Inhibition of T7 RNA Polymerase: Transcription Initiation and Transition from Initiation to
Elongation Are Inhibited by T7 Lysozyme Via a Ternary Complex with RNA Polymerase and Promoter DNA.
Biochemistry 1997, 36, 13954-13962.

Zhang, R.; Wang, Y.; Yang, G. DNA-Lysozyme Nanoarchitectonics: Quantitative Investigation on Charge Inversion and
Compaction. Polymers 2022, 14, 1377.

Alves, P.S.; Mesquita, O.N.; Rocha, M.S. Model for DNA Interactions with Proteins and Other Large Ligands: Extracting
Physical Chemistry from Pure Mechanical Measurements. J. Phys. Chem. B 2020, 124, 1020-1024.

Herrlich, P.; Schweiger, M.; Sauerbier, W. Host- and phage-RNA polymerase mediated synthesis of T 7 lysozyme in
vivo. Mol. Gen. Genet. 1971, 112, 152-160.



25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Moffatt, B.A.; Studier, FW. T7 lysozyme inhibits transcription by T7 RNA polymerase. Cell 1987, 49, 221-227.

Zhang, X.; Studier, F.W. Mechanism of inhibition of bacteriophage T7 RNA polymerase by T7 lysozyme. J. Mol. Biol.
1997, 269, 10-27.

Zhang, X.; Studier, FW. Multiple Roles of T7 RNA Polymerase and T7 Lysozyme During Bacteriophage T7 Infection. J.
Mol. Biol. 2004, 340, 707-730.

Liu, L.; Jia, X.; Zhao, X.; Li, T.; Luo, Z.; Deng, R.; Peng, B.; Mao, D.; Liu, H.; Zheng, Q. In Vitro PCR verification that
lysozyme inhibits nucleic acid replication and transcription. Sci. Rep. 2023, 13, 6383.

Ay, J.; Keitel, T.; Kuttner, G.; Wessner, H.; Scholz, C.; Hahn, M.; Hohne, W. Crystal Structure of a Phage Library-
derived Single-chain Fv Fragment Complexed with Turkey Egg-white Lysozyme at 2.0 A Resolution. J. Mol. Biol. 2000,
301, 239-246.

Villa, T.G.; Feijoo-Siota, L.; Rama, J.L.R.; Ageitos, J.M. Antivirals against animal viruses. Biochem. Pharmacol. 2017,
133, 97-116.

Cisani, G.; Varaldo, P.E.; Ingianni, A.; Pompei, R.; Satta, G. Inhibition of Herpes Simplex virus-induced cytopathic effect
by modified hen egg-white lysozyme. Curr. Microbiol. 1984, 10, 35-40.

Oevermann, A.; Engels, M.; Thomas, U.; Pellegrini, A. The antiviral activity of naturally occurring proteins and their
peptide fragments after chemical modification. Antivir. Res. 2003, 59, 23-33.

Lee-Huang, S.; Maiorov, V.; Huang, P.L.; Ng, A.; Lee, H.C.; Chang, Y.T.; Kallenbach, N.; Huang, P.L.; Chen, H.C.
Structural and functional modeling of human lysozyme reveals a unique nonapeptide, HL9, with anti-HIV activity.
Biochemistry 2005, 44, 4648-4655.

Hartono, Y.D.; Noviani Lee, A.; Lee-Huang, S.; Zhang, D. Computational study of bindings of HL9, a nonapeptide
fragment of human lysozyme, to HIV-1 fusion protein gp41. Bioorganic Med. Chem. Lett. 2011, 21, 1607-1611.

Bergamo, A.; Gerdol, M.; Pallavicini, A.; Greco, S.; Schepens, I.; Hamelin, R.; Armand, F.; Dyson, P.J.; Sava, G.
Lysozyme-Induced Transcriptional Regulation of TNF-a Pathway Genes in Cells of the Monocyte Lineage. Int. J. Mol.
Sci. 2019, 20, 5502.

Jin, Q.; Chen, H.; Wang, X.; Zhao, L.; Xu, Q.; Wang, H.; Li, G.; Yang, X.; Ma, H.; Wu, H.; et al. The Effects of the
Recombinant CCR5 T4 Lysozyme Fusion Protein on HIV-1 Infection. PLoS ONE 2015, 10, e0131894.

Takahashi, H.; Nakazawa, M.; Ohshima, C.; Sato, M.; Tsuchiya, T.; Takeuchi, A.; Kunou, M.; Kuda, T.; Kimura, B. Heat-
Denatured Lysozyme Inactivates Murine Norovirus as a Surrogate Human Norovirus. Sci. Rep. 2015, 5, 11819.

Patel, M.M.; Widdowson, M.A,; Glass, R.l.; Akazawa, K.; Vinjé, J.; Parashar, U.D. Systematic Literature Review of Role
of Noroviruses in Sporadic Gastroenteritis. Emerg. Infect. Dis. 2008, 14, 1224-1231.

Ibrahim, H.R.; Higashiguci, S.; Juneja, L.R.; Kim, M.; Yamamoto, T. A structural phase of heat-denatured lysozyme with
novel antimicrobial action. J. Agric. Food Chem. 1996, 44, 1416-1423.

Cisani, G.; Varaldo, P.E.; Pompei, R.; Valisena, S.; Satta, G. Cell fusion induced by herpes simplex is inhibited by hen
egg-white lysozyme. Microbios 1989, 59, 73-83.

Takahashi, M.; Takahashi, H.; Okakura, Y.; Ichikawa, M.; Kuda, T.; Kimura, B. Impact of pH and protein hydrophobicity
on norovirus inactivation by heat-denatured lysozyme. PLoS ONE 2020, 15, e0237888.

Takahashi, H.; Tsuchiya, T.; Takahashi, M.; Nakazawa, M.; Watanabe, T.; Takeuchi, A.; Kuda, T.; Kimura, B. Viability of
murine norovirus in salads and dressings and its inactivation using heat-denatured lysozyme. Int. J. Food Microbiol.
2016, 233, 29-33.

Takahashi, M.; Yasuda, Y.; Takahashi, H.; Takeuchi, A.; Kuda, T.; Kimura, B. Inactivating Effect of Heat-Denatured
Lysozyme on Murine Norovirus in Bread Fillings. Food Hyg. Saf. Sci. 2018, 59, 89-92.

Fitzgerald, M.; Thornton, L.; O’Gorman, J.; O’Connor, L.; Garvey, P.; Boland, M.; Part, A.M.; Rogalska, J.; Coughlan, H.;
MacDiarmada, J.; et al. Outbreak of hepatitis A infection associated with the consumption of frozen berries, Ireland,
2013—Linked to an international outbreak. Eurosurveill 2014, 19, 20942.

Wenzel, J.J.; Schemmerer, M.; Oberkofler, H.; Kerschner, H.; Sinha, P.; Koidl, C.; Allerberger, F. Hepatitis A outbreak in
Europe: Imported frozen berry mix suspected to be the source of at least one infection in Austria in 2013. Food
Environ. Virol. 2014, 6, 297-300.

Takahashi, M.; Okakura, Y.; Takahashi, H.; Imamura, M.; Takeuchi, A.; Shidara, H.; Kuda, T.; Kimura, B. Heat-
denatured lysozyme could be a novel disinfectant for reducing hepatitis A virus and murine norovirus on berry fruit. Int.
J. Food Microbiol. 2018, 266, 104—-108.



Retrieved from https://encyclopedia.pub/entry/history/show/123783



