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Filamentous protein aggregates, amyloid fibrils, currently attract considerable interest as a prospective nanomaterial for a variety of
biomedical and industrial applications. Among their advantages are biocompatibility, high stability and mechanical strength, self-
assembly capability, etc. The integration of other biopolymers such as polysaccharides into amyloid matrix enables creating novel
nanomaterials with improved mechanical characteristics and higher loading capacity for biologically active compounds. In the
present study we employed the molecular docking technique to ascertain the molecular details of the interactions between the
lysozyme amyloid fibrils and a series of polyphenolic compounds including curcumin, gallic acid, salicylic acid, quercetin,
resveratrol and sesamin, and to explore the effect of polysaccharide chitosan on such kind of interactions. It was shown that curcumin
in enol form has the highest binding affinity for fibrillar lysozyme, while the lowest affinity was observed for salicylic acid. The
binding sites for curcumin, gallic acid, quercetin, resveratrol and sesamin appear to occupy the groove on the wet fibril surface, while
salicylic acid binds to the dry surface of the fibril. The interfacial amino acid residues in the fibril complexes with polyphenols and
chitosan are identified. Chitosan was found to display the ability to interact with polyphenolic compounds within amyloid matrix,
resulting in the enhancement of polyphenol binding. The data obtained provide a basis for further designing and experimental testing
of the amyloid-chitosan nanocomposites loaded with polyphenols.
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The last decade has seen a paradigm shift in nanoscience with the growing accent on the use of proteins as
building blocks for a variety of functional nanomaterials [1]. Particular attention in this context is paid to filamentous
protein aggregates with a core cross-f sheet structure, amyloid fibrils that are featured by structural stability, unique
mechanical properties, sequence-controlled surface functionalities, biocompatibility, self-healing ability, etc. [2].
Amyloid-based nanomaterials have been designed for a variety of biomedical and industrial applications [3]. To
exemplify, amyloid fibrils with specific binding sites have been engineered for biosensing of disease biomarkers [5, 6]
and environmental pollutants [7]. The drug delivery applications of fibrillized proteins showed high efficiency of
encapsulation and controlled drug release [8]. Amyloid assemblies have been explored as biocompatible coatings for
implants and medical devices [9] and scaffolds for tissue engineering and regeneration [10]. Functionalized amyloid
fibrils appeared to be suitable for advanced energy storage due to their high conductivity and mechanical strength [11].
Likewise, optical properties of fibrillar aggregates doped with organic dyes or quantum dots enable their use for energy
transfer and light harvesting [4]. A promising approach to the development of amyloid nanomaterials involves
integration of protein fibrils with other biopolymers, particularly, polysaccharides [12]. Of these, the polymer of B-1,4-
D-glucosamine, chitosan, attracts a lot of interest due to a wide spectrum of favorable properties among which are
antimicrobial, immunomodulatory and antitumor activities, the abilities to enhance blood coagulation and promote
wound healing [13]. In the recent work of Tian and coauthors the double network hydrogels have been prepared from
the lysozyme amyloid fibrils and chitosan [14]. These composite hydrogels were found to have enhanced mechanical
strength depending on chitosan concentration and high loading capacity for a polyphenolic compound, gallic acid.
Another polyphenol, ferulic acid, was loaded into combined hydrogels from wheat gluten amyloid fibrils and
chitosan [15]. It was demonstrated that such double networks can be used for more efficient delivery of ferulic acid with
improvement of its bioavailability and bioaccessibility.

As the first step towards engineering the double hydrogels loaded by biologically active agents, the aim of the
present study was to gain molecular docking insights into the interactions between the lysozyme amyloid fibrils,
chitosan and a series of polyphenolic compounds including curcumin (enol and keto forms), gallic acid, salicylic acid,
quercetin, resveratrol and sesamin. Lysozyme is an enzyme hydrolyzing the cell wall of Gram-positive bacteria and
possessing anti-inflammatory, immunomodulatory and antiviral activities [16]. In the native state lysozyme is capable
of hydrolyzing the cell wall of only Gram-positive bacteria, while in the fibrillar state it acts on both Gram-positive and
Gram-negative bacteria, so that hydrogel matrix from lysozyme fibrils possesses additional functionality associated
with its antibacterial activity [17]. Since lysozyme is an endogenous antibiotic, this functionality is especially important
in the context of the problem of multidrug resistance. The biological activities of polyphenols are known to involve
antimicrobial, anticancer, antioxidative, anti-inflammatory and anticoagulant effects [18, 19].
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METHODS

The structures of the examined polyphenolic compounds were drawn in MarvinSketch software, v.18.10,
ChemAxon with subsequent geometry optimization in Avogadro 1.1.0 software using the Universal Force Field21. The
structure of amyloid fibrils from hen egg white lysozyme deciphered by combining atomic force microscopy, cryo-
electron microscopy and solid-state NMR was taken from the Protein Data Bank (PDB ID 8QV8) [20]. The structure of
chitosan (CS) 12-mer was obtained from a database of polysaccharide 3D structures (http://polysac3db.cermav.cnrs.fr),
protonated and optimized in Avogadro 1.1.0 software. The docking of polyphenols to amyloid fibrils was performed
with the web-based server HDOCK that uses hybrid algorithm of template-based modeling and free docking [21]. The
selected docking poses were visualized with the VMD software.

RESULTS AND DISCUSSION
Shown in Fig. 1 are the most energetically favorable complexes between the lysozyme amyloid fibrils and the
examined polyphenolic compounds. As can be seen, most polyphenols bind to the wet surface of the fibril, and only
salicylic acid associates with the dry surface.
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Figure 1. The best-score complexes of lysozyme fibrils with
polyphenols.

The comparison of the best score values (Table 1) showed that curcumin (enol) forms the strongest complexes
with the fibrils, with the binding affinities decreasing in the row: curcumin (enol) > quercetin > sesamin > curcumin
(keto) > resveratrol > gallic acid > salicylic acid.

Table 1. The best score values for the complexes of polyphenols with lysozyme amyloid fibrils and its composite with chitosan

Polyphenol Lysozyme fibrils Lysozyme fibrils + chitosan
-316.62 (0.966)
Curcumin enol -178.12 (0. 637)* -178.27 (0.638)
Curcumin keto -145.05 (0. 475) -159.73 (0.549)
Gallic acid -94.88 (0.249) -115.91 (0.336)
Salicylic acid -81.35(0.202) -95.93 (0.253)
Quercetin -159.61 (0.548) -169.16 (0.595)
Resveratrol -120.92 (0.359) -133.95 (0.420)
Sesamin -157.11 (0.536) -185.75 (0.671)

*Given in parentheses are the values of a confidence score for binding probability, with the values > 0.7 being considered as high
confidence, 0.5-0.7 as moderate, and < 0.5 as low probability.

Notably, all polyphenols bound to the wet fibril surface reside in the groove with the interface residues such as
tryptophan, cysteine and asparagine, while in the complexes of salicylic acid with the dry fibril surface the interface
residues are represented by lysine, threonine, serine and aspartic acid (Table 2).

Table 2. The interface residues in the complexes of polyphenols with lysozyme amyloid fibrils and its composite with chitosan

Polyphenol

Lysozyme fibrils

Lysozyme fibrils + chitosan

LYS33a ARGasa ASNssa THR47a SERsoa THRsia ASPsoa
LYS33c GLUssc ARGasc ASNssc THR47¢ SERsoc THRsic
ASPs>c LYS33e ARGase ASNsse THR47e SERsoe THRsie
ASPs;e LYS336 ARGsasc THR476 SERsoc THRsig ASPsag
LY S331 ARGast ASN4et THR471 SERs01 THR 511 ASPs21

Curcumin enol

TRPs3a ASNssa TRPs3c CY Seac
ASNssc TRPs3e CY Seae ASNese
TRPs36 CYSe46 ASNesG TRPs31

TRPs3a ASNssa TRPs3c CYSesc ASNesc TRPe3e CYSesr
ASNeseE TRPs36 CY Seac ASNesc TRPe31

Curcumin keto

TRPes3c CY Seac ASNesc TRPe3E
CYSe4e ASNsse GLY 266 TRPs3G
ASNesG

LYSs331 GLU3s1t ARGast SERsor THRs11 ASPs21 TYRs3r ASNosg
CS9CSi10 CS1i

TRPs3e CYSese ASNese TRPs3G
CY S64G ASNesG TRPs31 CY Sear ASNest

Gallic acid TRPs3a TRPs3c CYSeac ASNesc LYSs3e GLUsse ARGase ASPs;e LYSssc GLUssc ARGuasg
TRPs3e CY Sese ASNese TRPs3G ASPs>6 LY S331 GLU351 ARGast ASPs21 CS7CSs CSo
ASNesG

Salicylic acid LYS33e THR47e SERsoe THRs1E GLUsse LYS3i6 GLUssc ARGasc ASPsag LYSs3i GLUsst
ASPs2e LY S336 THR476 SER506 ARG451 ASPs21 CSs CS9 CSio
THRs16 ASPsag THRs11 ASPsar

Quercetin TRPs3c CYSeac ASNesc TRPe3E LYSsse PHEsse GLUse ARGase LYSs3c PHEssc GLUssc
CYSe4e ASNeseE TRPes36 CY Se4G ARGu4sc LYS331 PHE341 GLU3st ARGast CS7 CSs CSo CSio
ASNssG TRPes31 ASNissi CSi1

Resveratrol TRPes3c CY Seac ASNesc TRPe3E LYSs336 GLUssc ARGasg LY S331 GLU351 ARGast ASPs21 CSs
CYSe4e ASNesse TRPes36 CY Sesc CSy CS10 CS11
ASNesG TRPs31 ASNesi

Sesamin ASNssa TRPg3c CY Seac ASNesc LYSs3e PHEs4r GLUsse ARGase LYSssc PHEssc GLUssg

ARGas6 LY S331 GLU351 ARGast ASPs21 CS7CSs CSo CSio0 CSii




528
EEJP.1(2026) V. Trusova, et al.

The best score and confidence score values observed for the chitosan complexes with fibrillar lysozyme suggest
that this polysaccharide displays very high binding affinity for the lysozyme fibril (Table 1), accommodating within the
grooves on the dry fibril surface (Fig. 2, A). The interface residues forming contacts with chitosan include amino acids
with polar uncharged side chains (threonine, serine, asparagine, glutamine), positively charged (lysine, arginine), and
negatively charged (aspartic acid) amino acid residues (Table 2).
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Figure 2. The best-score complexes of lysozyme fibrils with chitosan and polyphenols.
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In the absence and presence of chitosan the binding site for curcumin enol remains the same, embracing TRP,
CYS and ASN (Table 2). However, the other polyphenols exhibit unexpected behavior — they are localized within the
same groove as chitosan and form contacts with both, fibril and polysaccharide (Fig. 2, C-H). Their binding motif
involves LYS, GLU and ARG, complemented by PHE for quercetin and sesamin (Table 2). Accordingly, while for
curcumin enol the binding affinity was not affected by chitosan, all other explored compounds showed marked increase
in the binding affinity compared to the corresponding systems without the polysaccharide (Table 1). The strength of
complexation between polyphenols and two-component binding matrix appeared to decrease in the order: sesamin >
curcumin enol >quercetin > curcumin keto > resveratrol > gallic acid > salicylic acid. It should also be noted that the
greatest enhancement of the binding affinity in the presence of chitosan was observed for gallic acid, salicylic acid and
sesamin. These findings suggest that integration of lysozyme amyloid fibrils with chitosan may result in the increase of
the extent of polyphenol loading and stimulate experimental efforts in this direction.

CONCLUSIONS

To summarize, the molecular docking of polyphenols representing different classes of these compounds to the
fibrillar lysozyme and its complexes with chitosan revealed that: (i) the binding affinity of polyphenols to the lysozyme
amyloid fibril decreases in the row: curcumin (enol) > quercetin = sesamin > curcumin (keto) > resveratrol > gallic acid
> salicylic acid; (ii) curcumin, gallic acid, quercetin, resveratrol and sesamin reside within the groove on the wet fibril
surface with the repeating binding motif tryptophan, cysteine, asparagine; (iii) salicylic acid is localized on the dry fibril
surface interacting with lysine, threonine, serine and aspartic acid; (iv) chitosan forms strong complexes with fibrillar
lysozyme, and resides parallel to the fibril axis interacting with lysine, arginine, threonine, serine, asparagine, glutamine
and aspartic acid; v) in the presence of chitosan the binding affinity of polyphenols markedly increases, with the
magnitude of this effect being greatest for gallic acid, salicylic acid and sesamin; vi) in the double system fibrillar
lysozyme + chitosan the examined polyphenolic compounds are capable of forming contacts with both amino acid
residues and chitosan subunits. These findings can be regarded as a starting point for further development of the
composite bionanomaterials for biomedical applications based on fibrillar lysozyme and chitosan.
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JOCIJKEHHA AMUIOI — TTIOJICAXAPAIHUX KOMITO3ATIB METOJIOM MOJEKYJIAPHOI'O TOKIHTY:
1. B3AEMOJIA 3 TOJIIPEHOJTAMA
Banepis Tpycosa, Yiaana Manosuus, Oubra XKuruskisceka, I'amuna I'opGenko
Kagheopa meouunoi ¢hizuxu ma 6iomeduunux nanomexnonoziv, Xapxiscokuil Hayionanohuil yHisepcumem imeni B.H. Kapasina
M. Ceo600u 4, Xapxis, 61022, Vkpaina

dinamenTHi OiNKOBI arperatd, aminoigHi (GiOpwiM, Hapa3i BUKIMKAIOTH 3HAYHUII iHTEpEC SK MEPCICKTUBHI HaHOMAaTepiaau Ajs
pi3HOMaHITHHX OiOMEIMYHUX Ta MPOMHUCIOBHX 3acTocyBaHb. Cepes iXHIX mepeBar Taki BIACTHBOCTI SK 0iOCYMiCHICTh, BHCOKa
CTaOUIPHICTP Ta MeEXaHiYHa CTIMKICTh, 3OAaTHICTH A0 caMoopradizamii Tomo. I[HTerpamis iHmmMx OGiomoiMepiB, 30KpeMma,
MoJTicaxapy/IiB B aMiUJIOITHAN MaTPUKC JO3BOJISIE CTBOPUTH HOBI HAHOMATEpiald 3 MOKPAIICHIMH MEXaHIYHIMHU XapaKTePHCTHKAMU
Ta BHUINOI0 3JaTHICTIO [0 HaBaHTAXEHHs OIONOriYHO aKTHBHUMH peYOBHMHAMH. B rnaHiii poOOTi MH 3acTOCyBalM METO[
MOJIEKYJISIPHOTO JIOKIHTY AJIS 3°sICyBaHHS MOJEKYJSIDHHX JAeTaneil B3aeMofii MK amimoimHuMu (iOpmiamu JIi300UMY Ta Cepieio
NoMi)eHOIBHUX CIIONYK BKIIOYAIOYM KYPKyMiH, TajloBy KHCJIOTY, CaJiIMIOBY KHCIJIOTY, KBEPLETHH, PECBEpPaTpOJ i cecaMiH, Ta
JOCIIITUTH BIUIMB TOJicaxapyuIy XiTo3aHy Ha B3a€MOJii Takoro Tuiy. Byio rmokasaHo, o KypKkyMiH B €HOJIBHIH (OpMi Maec HalBHILY
CHOPIAHEHICTh [0 (GiOPUIIPHOro JIi30LKMY, TOAI K HailHW)KYa CIIOpiIHEHICTh Oyja BHsBICHA ISl CANiLMIOBOI KuciotH. Caittu
3B’S3yBaHHS JUIi KypKyMiHy, IajoBOi KHCIOTH, KBEpPLETHHY, PECBEpaTpoily Ta cecaMiHy pO3TAIIOBYIOTbCS B OOpO3eHIi Ha
30BHIIIHIA MOBepXHi HiOpHIK JTi301MMYy, a CaTIIHIOBA KICIOTA 3B’ SI3YETHCS 3 BHYTPIIIHBOIO MOBEepXHEr0 QiOpmn. IneHtudikosani
AMIHOKHUCIIOTHI 3aJIMIIKH, IO JIOKANi3yIOThCS Ha KOHTaKTHIM AUISMHII B KOMIUIeKcax (iOpmia 3 momideHosaMu Ta XiTO3aHOM.
BcranoBneno, mo XiTo3aH 34aTHA 0 B3aeMOIT 3 MOTi()EeHOIBHUMH CIIOTyKaMHU BCEPEIMHI aMUIOIJHOT0 MaTPHKCY, IO IIPU3BOJUTH
JI0 TIOCWJICHHSI 3B’s13yBaHHs nojtideHouiB. OTpHMaHi AaHi CTBOPIOIOTH MIATPYHTS [UIS MOJAJIBIIOrO AU3aiHy Ta eKCIEPHMEHTAIBHOTO
TECTYBaHHS aMJIOiA-XiTO3aHOBUX HAHOKOMITO3HTIB HaBaHTA)KEHUX IOJIi(hEHOTAMH.

KiwuoBi cioBa: aminoioni ¢ibpunu nizoyumy, Xximosau, NoAiQeHonu, caumu 36 ’s13y8anHs; CNOPIOHEHICMb 38 S3V6AHHS,
MONEKYAPHULL OOKiHe



