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Protein nanoparticles are currently regarded as promising biocompatible and biodegradable systems for targeted delivery of different
types of pharmacological agents. Prior to fabricating such kind of drug nanocarriers it is reasonable to evaluate the drug-protein binding
affinity and possible interaction modes using the computational tools, particularly, the molecular docking technique. The present study
was undertaken to evaluate the possibility of creating the protein nanoparticles carrying the antiviral drugs and cyanine dyes as
visualizing agents. The components of the examined systems included endogenous functional proteins cytochrome c, serum albumin,
lysozyme and insulin, antiviral drugs favipiravir, molnupiravir, nirmatrelvir and ritonavir, mono- and heptamethinecyanine dyes. Using
the multiple ligand simultaneous docking technique, it was demonstrated that: i) the drugs and the dyes occupy different binding sites
on the protein molecule and do not interfere with each other; ii) the heptamethines AK7-5 and AK7-6 possess the highest affinity for
the proteins; iii) among the examined systems the strongest complexes are formed between the heptamethine dyes and serum albumin.
Taken together, the results obtained indicate that albumin-based nanoparticles functionalized by the heptamethine cyanine dyes can be
used for targeted delivery of the explored antiviral agents.
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During the last decades the nanostructured drug delivery systems (DDS) such as liposomes, polymeric, lipidic,
protein and inorganic nanoparticles, nanotubes, fullerenes, dendrimers and many others, have become a subject of
considerable research interest in biomedical field [1-3]. Particular attention is devoted to protein nanoparticles which have
numerous advantages among which are: i) biocompatibility and biodegradability; ii) a weak or negligible immune
response; iii) controlled size and stability; iv) a possibility of drug protection from enzymatic degradation and renal
clearance; v) mild preparation and drug encapsulation conditions; vi) an opportunity for surface modification and
functionalization with tissue-specific ligands; vii) protein abundance in natural sources; viii) easy synthesis process and
cost-effectiveness [4-6]. The use of proteins makes it possible to deliver the drugs with low aqueous solubility. The first
endogenous protein utilized for preparing the nanoparticles was the blood serum albumin. A remarkable ability of human
serum albumin to reversibly bind hydrophobic molecules provided a basis for obtaining the albumin-bound formulation
of the antitumor low soluble drug paclitaxel (Abraxane) [7]. Due to their amphiphilic nature, proteins can interact with
both hydrophilic and hydrophobic drugs. Along with albumin, the nanoparticles were fabricated from a variety of animal
(gelatin, collagen, casein, silk fibroin) and plant (zein, gliadin, lectin, soy protein) [4,8]. Protein nanoparticles are currently
used in cancer therapy, lung treatment, vaccine production, etc [9]. To create the protein-based drug delivery system it is
necessary to ascertain whether the protein can simultaneously interact with a drug and functionalizing molecules, such as
targeting, stabilizing or visualizing agents. The cyanine dyes fluorescing in the near-infrared region, in the optical
windows of biological samples are among the most promising visualizing agents for DDS. In view of this, it seems of
interest to evaluate the possibility of concurrent binding of antiviral drugs and cyanine fluorescent dyes. A series of the
examined endogenous proteins included cytochrome ¢ (Ct), serum albumin (SA), lysozyme (Lz), insulin (Ins). These
proteins play important roles in the electron transport (Ct), blood circulation (SA), innate immune (Lz) and endocrine
(Ins) systems. The antiviral drugs were represented by favipiravir, molnupiravir, nirmatrelvir and ritonavir. The aim of in
the present study was to characterize the ternary complexes protein-drug-dye using the technique of multiple ligand
simultaneous docking (MLSD).

MATERIALS AND METHODS
Molecular docking studies
The set of the investigated pharmaceuticals included favipiravir, molnupiravir, nirmatrelvir and ritonavir [10]. The
examined drug structures as well as monomethine and heptamethine cyanine dyes (Figure 1) were built in MarvinSketch
(version 18.10.0) and optimized in Avogadro (version 1.1.0) using the Universal Force Field with the steepest descent
algorithm [11,12]. The counterions were not added to the dye structures in order to save the molecular charges. The three-
dimensional X-ray crystal structures of the examined proteins were obtained from the Protein Data Bank using the PDB
IDs 1REX, 3140, 3ZCF, 6M4R for lysozyme, insulin, cytochrome ¢ and serum albumin, respectively. The proteins were
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taken in the native monomeric form. The SA structural model was prepared using the DockPrep module of UCSF Chimera
molecular software by removing the water molecules and addition of polar hydrogen atoms and Kollman charges [13].
The blind docking of the drugs with the proteins was performed using the PatchDock server
(http://bioinfo3d.cs.tau.ac.il/PatchDock/php.php) in which the molecular docking algorithm is focused on the finding of
maximal surface shape complementarity along with the minimal amounts of steric clashes [14]. Subsequently, the top-
scored docked drug-protein complexes were considered as a receptor for docking of the second ligand, one representative
of the monomethine or heptamethine cyanine dyes, using the PatchDock server. The control dye-protein systems were
also considered. In order to identify the amino acid residues constituting the binding sites and to analyse the types of the
drug-protein and the dye-protein contacts, the protein-ligand interaction profiler (PLIP, https://plip-
tool.biotec.tudresden.de/plip-web/plip/index) was employed [15]. The selected docking poses were visualized with the
UCSF Chimera software (version 1.14) in which the docking models with the best geometric shape complementary were
combined in the same picture to achieve the best visibility of the binding sites [16].

Favipiravir Molnupiravir

Nirmatrelvir

Ritonavir

Figure 1. Structural formulas of the examined antiviral drugs and cyanine dyes

RESULTS AND DISCUSSION

Shown in Figs 2-5 are the highest-score ternary complexes protein-drug-dye recovered for cytochrome c (Fig.2),
albumin (Fig. 3), lysozyme (Fig. 4) and insulin (Fig. 5). It can be seen that in the cases of Ct, Lz and Ins the binding sites
for the investigated mono- and heptamethines are located rather close to each other in the vicinity of the protein surface.
Meanwhile, the drugs penetrate deeper into the interior of Ct, Lz and Ins, occupying the sites different from that of the
cyanine dyes. In the case of albumin, the antiviral agents and the dyes reside in the distinct protein pockets.

The analysis of the geometric shape complementarity scores and approximate interface areas derived for the
cytochrome c-drug-dye complexes (Table 1) revealed that: i) the drugs do not exert influence only on the dye-protein
affinity and interface area, only in the cases of AK-1-2-20 for all drugs and AK7-6 for molnupiravir these parameters
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slightly decrease; ii) the dye-protein affinity follows the order: AK7-5 > AK7-6 > AK-1-2-20 > AK-1-2-19 > AK-1-2-17
> AK-1-2-18; iii) the interface area decreases in the order: AK7-6 > AK7-5 > AK-1-2-19 > AK-1-2-20 > AK-1-2-17 >
AK-1-2-18 for all drugs except molnupiravir for which AK7-5 has higher area than AK7-6.

Favipiravir Molnupiravir

AK1-2-17

Nirmatrelvir Ritonavir

AKI-2-17

Molnupiravir 477,

Figure 3. The highest-score docking positions obtained for albumin using the MLSD in PatchDock.
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Figure 4. The highest-score docking positions obtained for lysozyme using the MLSD in PatchDock.
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Figure 5. The highest-score docking positions obtained for insulin using the MLSD in PatchDock.
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Table 1. The geometric shape complementarity score and approximate interface area of the complex derived for the cytochrome c-
drug-dye systems (F- Favipiravir, M — Molnupiravir, N - Nirmatrelvir, R — Ritonavir).

Cytochrome ¢

Score Approximate interface area of the complex, A2
Dye
F M N R - F M N R -
- 2220 | 3648 | 4292 | 6062 237.40 | 38430 | 57630 | 797.80

AK-1-2-17 4642 | 4642 | 4642 | 4642 | 4642 | 608.50 | 608.50 | 608.50 | 608.50 608.50
AK-1-2-18 4572 | 4544 | 4572 | 4572 | 4572 | 580.00 | 544.00 | 580.00 | 580.00 580.00
AK-1-2-19 5414 | 5414 | 5414 | 5414 | 5414 | 744.10 | 744.10 | 744.10 | 744.10 744.10
AK-1-2-20 5476 | 5476 | 5476 | 5476 | 5582 | 716.20 | 716.20 | 716.20 | 716.20 757.70
AK7-5 6174 | 6174 | 6174 | 6174 | 6174 | 819.80 | 819.80 | 819.80 | 819.80 819.80
AK7-6 5842 | 5716 | 5842 | 5842 | 5842 | 846.40 | 732.90 | 846.40 | 846.40 846.40

The data acquired for the albumin-drug-dye complexes (Table 2) show a greater variability. The dye-protein affinity
remains the same for the systems AK-1-2-17 + F/N, AK-1-2-18 + F/N, AK-1-2-19 + N, AK-1-2-20 + F/M/N. AK7-5 + N,
AK7-6 +F/M/N; decreases in the systems AK-1-2-18 + M/R, AK-1-2-20 + R, AK7-5 + F/M/R, AK7-6 + R; and increases
in the systems AK-1-2-19 + F/M/R. The highest albumin-dye affinity was observed for AK7-6 (F, M, N) and
AK7-5 (N, R).

Table 2. The geometric shape complementarity score and approximate interface area of the complex derived for the albumin-drug-dye
systems (F- Favipiravir, M — Molnupiravir, N - Nirmatrelvir, R — Ritonavir).

Serum albumin
Score Approximate interface area of the complex, A2
Dye
F M N R - F M N R -
- 2900 | 5054 | 6212 | 8412 343.60 | 553.10 | 719.50 | 1036.60
AK-1-2-17 6444 | 6052 | 6444 | 6058 | 6444 | 747.70 | 756.70 | 747.70 754.60 747.70
AK-1-2-18 6522 | 6420 | 6522 | 6420 | 6522 | 740.90 | 758.00 | 740.90 758.00 740.90
AK-1-2-19 6936 | 6936 | 6790 | 6932 | 6790 | 886.60 | 886.60 | 867.40 885.60 867.40
AK-1-2-20 6924 | 6924 | 6924 | 6804 | 6924 | 935.80 | 935.80 | 930.40 766.70 930.40
AK7-5 6942 | 6940 | 7204 | 7016 | 7204 | 768.80 | 768.20 | 950.10 920.10 950.10
AK7-6 7022 | 7022 | 7022 | 6954 | 7022 | 891.80 | 891.80 | 891.80 916.90 891.80

In the lysozyme-drug-dye systems (Table 3) the dye-protein affinity was found to follow the order: AK7-5 > AK-1-
2-20 > AK7-6 > AK-1-2-19 > AK-1-2-18 > AK-1-2-17, while in the case of insulin (Table 4) the highest affinity for the
protein was observed for AK-1-2-19 (F), AK7-6 (M), AK7-5 (N, R). The PLIP analysis of the driving forces of the
cyanine-protein binding revealed essential role of hydrophobic interactions for all dye-protein complexes under study.
The other types of interactions involve hydrogen bonds, salt and water bridges, as well as more rarely occurring n-stacking
and m-cation interactions. Notably, the strongest complexes formed by heptamethines with Cyt, SA, Lz and Ins are
stabilized exclusively by hydrophobic interactions.

Table 3. The geometric shape complementarity score and approximate interface area of the complex derived for the lysozyme-drug-
dye systems (F- Favipiravir, M — Molnupiravir, N - Nirmatrelvir, R — Ritonavir).

Lysozyme
Score Approximate interface area of the complex, A?
Dye
F M N R - F M N R -
- 2184 | 3628 | 4690 | 5922 24540 | -54.84 | 52230 | 702.70

AK-1-2-17 4986 | 4636 | 4612 | 4668 | 4986 | 527.70 | 553.60 | 518.20 | 527.40 527.70
AK-1-2-18 5366 | 4874 | 4874 | 4874 | 5366 | 600.10 | 55530 | 55530 | 555.30 600.10
AK-1-2-19 5432 | 5432 | 5432 | 5314 | 5432 | 666.10 | 666.10 | 666.10 | 691.30 666.10
AK-1-2-20 5760 | 5760 | 5760 | 5752 | 5760 | 789.00 | 789.00 | 789.00 | 789.00 789.00
AK7-5 5886 | 5886 | 5886 | 5886 | 5886 | 739.30 | 739.30 | 739.30 | 739.30 739.30
AK7-6 5734 | 5472 | 5472 | 5492 | 5734 | 663.80 | 692.80 | 692.80 | 727.10 663.80
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Table 4. The geometric shape complementarity score and approximate interface area of the complex derived for the insulin-drug-dye
systems (F- Favipiravir, M — Molnupiravir, N - Nirmatrelvir, R — Ritonavir).

Insulin
Score Approximate interface area of the complex, A?
Dye
F M N R - F M N R -
- 1944 | 2826 | 3544 | 4582 244.40 | 327.80 | 410.40 | 619.30

AK-1-2-17 3888 | 3802 | 3784 | 4030 | 3888 | 443.20 | 416.20 | 457.90 | 472.30 443.20
AK-1-2-18 4000 | 3898 | 3862 | 4130 | 4022 | 454.80 | 489.00 | 493.20 | 490.90 475.10
AK-1-2-19 5022 | 4954 | 4954 | 5102 | 5022 | 652.60 | 578.70 | 578.70 | 601.90 652.60
AK-1-2-20 4886 | 4920 | 4920 | 5024 | 4886 | 613.70 | 591.30 | 591.30 | 578.50 613.70

AK7-5 4816 | 5096 | 5048 | 5554 | 4816 | 613.00 | 638.00 | 570.80 | 708.70 613.00
AK7-6 4858 | 5274 | 4858 | 4738 | 4858 | 649.40 | 688.10 | 649.40 | 557.00 649.40
CONCLUSIONS

To summarize, in the present study the multiple ligand simultaneous docking technique was used to investigate the
interactions between four functionally important proteins (cytochrome c, serum albumin, lysozyme and insulin), four
antiviral drugs (favipiravir, molnupiravir, nirmatrelvir and ritonavir) and cyanine dyes (four monomethines and two
heptamethines). It was found that: i) in most systems the drugs and the dyes interact with different binding sites on the
protein molecule suggesting that there is no marked interference between the drugs and the dyes; ii) the heptamethines
AK?7-5 and AK7-6 form the strongest complexes with the proteins; iii) among the examined proteins the highest affinity
binding of heptamethines is observed for albumin molecule where the dyes are located within the protein cavities. Overall,
our findings suggest that the systems containing albumin and heptamethines are the most prospective for fabricating the
protein nanoparticles for targeted delivery of the investigated antiviral drugs.

Acknowledgements
This work was supported by the Ministry of Education and Science of Ukraine (the project “Development of novel means of medical
diagnostics by biomedical nanotechnologies and modern ultrasonic and fluorescence methods”™).

ORCID
Olga Zhytniakivska, https://orcid.org/0000-0002-2068-5823; ©Uliana Tarabara, https://orcid.org/0000-0002-7677-0779
Kateryna Vus, https://orcid.org/0000-0003-4738-4016; ©Valeriya Trusova, https://orcid.org/0000-0002-7087-071X
Galyna Gorbenko, https://orcid.org/0000-0002-0954-5053

REFERENCES

[11 A. Sultana, M. Zare, V. Thomas, T.S. Kumar, S. Ramakrishna, Med. Drug Discov. 15, 100134 (2022).
https://doi.org/10.1016/j.medidd.2022.100134

[2] T. Fazal, B.N. Murtaza, M. Shah, S. Igbal, M. Rehman, F. Jaberf, A.A. Dera, et al., RSC Adv. 13, 23087-23121 (2023).
https://doi.org/10.1039/D3RA03369D

[3] J.A. Finbloom, C. Huynh, X. Huang, and T.A. Desai, Nature Reviews Bioengineering, 1, 139-152 (2023).
https://doi.org/10.1038/s44222-022-00010-8

[4] E. Kianfar, J. Nanobiotechnol. 19, 159 (2021). https://doi.org/10.1186/s12951-021-00896-3

[5] A.L. Martinez-Lépez, C. Pangua, C. Reboredo, R. Campioén, J. Morales-Gracia, and J.M. Irache, Int. J. Pharm. 581, 119289
(2020). https://doi.org/10.1016/j.ijpharm.2020.119289

[6] A. Jain, S.K. Singh, S.K. Arya, S.C. Kundu, and S. Kapoor, ACS Biomater. Sci. Eng. 4, 3939-3961 (2018).
https://doi.org/10.1021/acsbiomaterials.8b01098

[7] E.Miele, G.P. Spinelli, E. Miele, F. Tomao, S. Tomao, Int. J. Nanomedicine 4, 99-105 (2009). https://doi.org/10.2147/ijn.s3061

[8] J.A. Carvalho, A.S. Abreu, V.T. Ferreira, E.P. Gongalves, A.C. Tedesco, J.G. Pinto, J. Ferreira-Strixino, et al., J. Biomater. Sci.
Polym. Ed. 29, 1287-301 (2018). https://doi.org/10.1080/09205063.2018.1456027

[9] S. Hong, D.W. Choi, HN. Kim, C.G. Park, W. Lee, and H.H. Park, Pharmaceutics, 12, 604 (2020).
https://doi.org/10.3390/pharmaceutics 12070604

[10] V.M. Trusova, O.A. Zhytniakivska, U.K. Tarabara, K.A. Vus, and G.P. Gorbenko, J. Pharm. Biomed. Anal. 233, 115448 (2023).
https://doi.org/10.1016/j.jpba.2023.115448

[11] P. Csizmadia, in: Proceedings of ECSOC-3, the third international electronic conference on synthetic organic chemistry, (1999),
pp- 367-369. https://doi.org/10.3390/ECSOC-3-01775

[12] M.D. Hanwell, D.E. Curtis, D.C. Lonie, T. Vandermeersch, E. Zurek, and G.R. Hutchison, J. Cheminform. 4, 17 (2012).
https://doi.org/10.1186/1758-2946-4-17

[13] E. Pettersen, T. Goddard, C. Huang, G. Couch, D. Greenblatt, E. Meng, T. Ferrin, J. Comput. Chem. 25, 1605-1612(2004).
https://doi.org/10.1002/jcc.20084

[14] D. Schneidman-Duhovny, Y. Inbar, R. Nussinov, and H.J. Wolfson, Nucl. Acids. Res. 33, W363 (2005).
https://doi.org/10.1093/nar/gki481

[15] M.F. Adasme, K.L. Linnemann, S.N. Bolz, F. Kaiser, S. Salentin, V.J. Haupt, and M. Schroeder, Nucl. Acids. Res. 49,
W530-W534 (2021). https://doi.org/10.1093/nar/gkab294



591
Multiple Ligand Simultaneous Docking of Antiviral Drugs and Cyanine Dyes with Proteins EEJP. 3 (2023)

[16] E.F.Pettersen, T.D. Goddard, C.C. Huang, G.S. Couch, D.M. Greenblatt, E.C. Meng, and T.E. Ferrin, J. Comput. Chem. 25, 1605
(2004). https://doi.org/10.1002/jcc.20084

OJHOYACHHUM JOKIHI IPOTUBIPY CHUX ATEHTIB TA IIAHIHOBUX BAPBHHUKIB 3 BLLIKAMHA
Oubra KutnsakiBcbka, Yiasna Tapa6apa, Katepuna Byc, Banepis TpycoBa, 'anuna I'opGenko
Kageopa meouunoi @izuxu ma biomeduunux nanomexuonozii, Xapkiecokuii Hayionanvhuil ynisepcumem imeni B.H. Kapasina
m. Ceoboou 4, Xapxie, 61022, Vrpaina

BinKkoBi HaHOYACTMHKHM Hapasi pO3IVISNAIOTHCS SIK MEPCIEKTHBHI OiocyMicHI Ta OioAerpajoBHI CHCTEMM JUIS LIJIECHPSIMOBaHOI
JIOCTaBKK (papMakoJIOTIUHMX arcHTiB pi3HUX KiaciB. [lepen CTBOpEHHSM HAHOCITB JIiKiB TAKOTO THITY JOUIIBHO 3MIHCHUTH OI[IHKY
CIIOPITHEHOCTI JIKapPChKUX MpenapariB 10 O1IKIB Ta 0XapaKTepru3yBaTH MOXKJIUBI CIIOCOOH B3a€MO/IIT 3 BUKOPHCTAHHSIM KOMIT FOTEPHHX
MiIX0/IiB, 30KpeMa, METOAY MOJEKYJSIPHOTO MOKiHTY. JaHe mociipkeHHs Oyiio MpoBeeHe 3 METOI0 OL[IHKA MOXKIMBOCTI CTBOPSHHS
OUTKOBHX HAHOYACTHHOK, HABAaHTAXXCHUX IMPOTHBIPYCHHMH IIperapaTaMH Ta I[iaHiIHOBUMH OapBHHUKaMH y SIKOCTI Bi3yami3ylOUHmx
areHTiB. KOMITOHEHTH AOCTIIKYBaHHX CHCTEM Oy MpEACTaBlICHI €HAOTCHHUMH (YyHKIIOHATBHUMH OUTKaMH IUTOXPOMOM C,
CHPOBATKOBHM alIbOYMIHOM, JII30IIMMOM Ta IHCYJTIHOM; IIPOTUBIPYCHUMH areHTamMH (haBilmipaBipoM, MOJIHYIIIPiBipOM, HipMaTpeIBipoM
1 piTOHaBIpOM; MOHO- Ta TeNTAMETHHOBAMH LiaHIHOBUMHU OapBHHKaMH. 3 BHKOPHCTAHHSM METOJY OJHOYACHOTO MOJIEKYJISIPHOTO
JIOKIHTY 0araThoX JIiranziiB 0yJo mpoJeMOHCTPOBAHO, II0: 1) JTIKapChKi IpenapaT Ta OapBHUKY 3aiiMalOTh Pi3HI LEHTPH 3B’ SI3yBaHHI
Ha O11KOBIi Monekyi; ii) rentameturn AK7-5 Ta AK7-6 MaroTh HaliBHUIIy CIIOPiTHEHICTH O OLJIKIB; 1i1) cepe/ MOCTiHKEHUX CUCTEM
HaWMILHIII KOMIUIEKCH YTBOPIOIOTHCS MK TeNTaMETHHOBUMH OapBHHKaMH Ta CHPOBATKOBUM anbOyMiHOM. B 1iomy, orpumani
pe3ynbTaTH CBiAYaTh MPO Te, 10 HAHOYACTHMHKH Ha OCHOBI anbOyMmiHy, (yHKIIOHANi30BaHI TenTaMETHHOBHMH MLiaHiHOBUMU
OapBHHKaMH, MOXYTb OYTH 3aCTOCOBaHI JJIsl TAPTeTHOI JOCTaBKU JOCHIIKyBaHUX MPOTHUBIPYCHUX areHTIB.

KurouoBi ciioBa: npomugipycui acenmu, 6i1K06i HAHOYACTMUHKU, HAHOHOCIT 1iKi8, YIAHIHOBI 6APEHUKU, MONEKYIAPHUL OOKIHE





