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A B S T R A C T   

Warfarin is a cardiovascular drug, used to treat or inhibit the coagulation of the blood. In this 
paper, we have studied the interaction of lysozyme with warfarin using several experimental 
(fluorescence, UV–visible and circular dichroism spectroscopies) and computational (molecular 
docking, molecular dynamics and DFT) approaches. Experimental studies have suggested that 
there was a strong interaction between lysozyme and warfarin. Inner filter effect played impor
tant role in fluorescence experimental data which show that the emission intensity of lysozyme 
decreased on the addition of warfarin, however, after inner filter effect correction the actual 
outcome turned out be the fluorescence enhancement. The extent of binding, increased with 
temperature rise. The interaction was primarily taken place via the dominance of hydrophobic 
forces. Small amount of warfarin didn’t influence the secondary structure of lysozyme; however, 
the higher concentration of warfarin caused a decrease in the helicity of the protein and a 
consequent partial unfolding. Molecular docking studies were also performed which revealed that 
warfarin binds with lysozyme mainly with hydrophobic forces along with a significant contri
bution of hydrogen bonding. The flexibility of warfarin played important role in fitting the 
molecule into the binding pocket of lysozyme. Frontier molecular orbitals of warfarin, using DFT, 
in free as well as complexed form have also been calculated and discussed. Molecular dynamics 
simulations of unbound and warfarin bound lysozyme reveal a stable complex with slightly 
higher RMSD values in the presence of warfarin. Despite slightly increased RMSF values, the 
overall compactness and folding properties remain consistent, emphasizing strong binding to
wards lysozyme through the results obtained from intermolecular hydrogen bonding analysis. 
Essential dynamics analysis suggests warfarin induces slight structural changes without signifi
cantly altering the conformation, additionally supported by SASA patterns. Aside from the ex
amination of global and essential motion, the MM/PBSA-based analysis of binding free energy 
elucidates the significant binding of warfarin to lysozyme, indicating a binding free energy of 
− 13.3471 kcal/mol.   
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1. Introduction 

Therapeutic agents or drugs are widely used to treat numerous diseases or illnesses. Most of the drugs have side effects and might 
show some toxicity ranging from extremely low to very high. The toxic or unfavorable effects are generally dose dependent [1]. To 
overcome these adverse effects the drug-delivery systems are designed to improve the therapeutic efficacy, release at the action site 
and reduce toxicity [2]. The role of a drug-delivery system is to give the stability of the therapeutic molecule, to transport the drug 
throughout the body and to release it at the target so that the maximum efficiency with least toxicity could be obtained [3]. 

A diverse class of substances exist which can be used in fabricating the drug-delivery systems, for instance, polymers, dendrimers, 
liposomes, surfactant micelles, nanomaterials, proteins, etc. [3]. The use of proteins in the drug delivery systems is very common due 
to the extensive biological occurrence of these substances. Although a lot of proteins are also toxic and harmful [4–6] but only the 
protein that are compatible with biological systems can be used for such purposes. Proteins are large biomolecules which may have 
several binding pockets to accommodate the small molecules inside them due to which these can serve as the good carrier agents [7]. 
There are a large number of proteins, like, β-lactoglobin and α-lactoglobin, lysozyme, etc., which are being used in designing the drug 
delivery systems. 

Understanding the interaction of these proteins with the drug is an important aspect of pharmaceutical chemistry as well as 
biochemistry. A stronger interaction of the drug and protein will help in slow release of the drug although it will increase the half-life of 
the drug in the body, in contrary, a weak interaction may result in the fast release in which the drug may not react to its site of action. 

Lysozyme is a very important protein which is naturally finds in many secretions like, saliva, mucus, milk, etc. Small amount of 
lysozyme is also found in human blood. Lysozyme has been found to be a convenient substance and has shown many promising 
properties like antibacterial, anticancer, immunomodulatory, antifungal and antiviral activities [8]. There are many drug-delivery 
formulations which contain lysozyme as an important component [9,10].Lysozyme was used as a renal-selective drug delivery 
agent for transporting naproxen [11] and the angiotensin-converting enzyme inhibitor captopril [12]. Recently, the role of lysozyme as 
a potential nitric oxide cardiovascular drug carrier has been investigated [13]. The hydrogels obtained from the hen egg white 
lysozyme amyloids were also found to be the promising drug-delivery agents. The membrane disrupting function of lysozyme has been 
utilized to specifically target antimicrobial drug(s) to pathogen cells [14]. Along with the use of lysozyme alone, it was also used in 
combination of other substance(s) for the effective delivery of several therapeutic agents. Lysozyme microspheres incorporated with 
gold nanorods were also used for the encapsulation and release of an anticancer drug, 5-Fluorouracil [15]. Ultrasonically synthesized 
lysozyme microspheres have been found to be the prospective candidates to capture the drugs on their surfaces [16]. Nanogels ob
tained from the self-assembly of lysozyme and pectin were found to be the excellent carrier for the antitumor agent, methotrexate 
whose anticancer activity increased when encapsulated within the nanogels as compared to the free drug [17]. Likewise, the nanogels 
fabricated from the combinations of lysozyme and carboxymethylcellulose were very effective in releasing the drug methotrexate to 
improve its bioavailability. Biocompatible gold nanoparticle-loaded lysozyme–dextran nanogels have been synthesized and proposed 
to be a promising system for simultaneous drug delivery and biomedical imaging. Considering the exceptional properties of lysozyme 
in various applications, we have selected it as a model system to understand it binding with an important cardiovascular drug, 
warfarin. 

Warfarin (Scheme 1; Drug Bank ID: DB00682) is a very common drug given to the patient suffering with blood clotting. Although, it 
is one of the most prescribed medicine to cure the blood clotting, it has several serious side effects which include severe bleeding [18], 
acute kidney injury [19], etc. Warfarin is either administrated orally or intravenously. To reduce its adverse effect of overdosing there 
is need to design optimal delivery systems that can improve the pharmacological action of warfarin [20]. The hydrophobic nature of 
warfarin is also an important aspect that is considered in designing the drug-delivery systems [21]. 

There are two well-known targets of warfarin which are vitamin K epoxide reductase complex subunit 1 and nuclear receptor 
subfamily 1 group I member 2 and a total of six cytochrome P450 enzymes, namely CYP2C9, CYP1A2, CYP2C19, CYP3A4, CYP2C8 and 
CYP2C18, are responsible for the warfarin metabolism [22–26]. Warfarin has been found to reversibly inhibits vitamin K epoxide 

Scheme 1. Chemical structure of warfarin.  
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reductase by forming a T-shaped stacking interaction with residue Y139 of the proposed TYA warfarin-binding motif [27]. The in
teractions of warfarin with serum albumin have been studied a lot using several methods [28–33] which show that there was a strong 
binding between them. Warfarin is also very well-known site marker for the drug binding site 1 of human serum albumin [34] and this 
is the reason it has been used in numerous studies for competitive binding site analyses. Apart from the targets, metabolic enzymes 
(described above) and serum albumins, the interaction of warfarin was only seen with α1-acid glycoprotein [28,35] and to the best of 
our knowledge, there is no report on the binding of warfarin with proteins other than these two. Therefore, it would be interesting to 
see this much studied and important drug with other proteins to know that whether it interacts strongly with other proteins or not and 
what will be its effect on the structure of the proteins. 

Therefore, we have selected lysozyme protein to see its interaction with warfarin and also to understand its potential as a carrier 
because it can bind a lot of molecules in its large cavity [36–42]. Additionally, the effect of warfarin on the structure of the protein 
which also occurs inside human body was also a topic of concern. For studying the interaction between lysozyme and warfarin, we 

Fig. 1. (A) UV–visible spectra of 25 μM warfarin 25 ◦C. (B) Difference UV–visible spectra of lysozyme in presence of various concentrations 
of warfarin. 
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have employed several experimental as well as computational methods including molecular docking, Density Functional Theory (DFT) 
and molecular dynamics simulations. 

2. Materials and methods 

Lysozyme (≥98 %, L4919) and warfarin (≥98 %, A2250, CAS No.:81-81-2) were purchased from Sigma. UV–visible studies were 
performed on PerkinElmer Lambda 45 spectrophotometer within the range of 200 nm–500 nm as required. Intrinsic fluorescence 
measurements were performed on Hitachi F 7000 spectrofluorometer equipped with the programmable temperature controller. The 
excitation and emission slit widths were adjusted to 5 nm with a PMT voltage of 500 V. circular dichroism (CD) spectrophotometric 
recordings were obtained with a Jasco J-815 spectropolarimeter using a quartz cuvette of 0.1 nm. The studies were carried out in the 
20 mM tris buffer of pH 7.4 and at 25 ◦C unless stated otherwise. Molecular docking simulations were performed using AutoDock Vina 
[43]. program and the DFT calculations were carried out using Orca program [44]. 

The energy gap between HOMO and LUMO was obtained using following equation: 

ΔE= ELUMO − EHOMO (1) 

The energy associated with HOMO and LUMO was then used to calculate the chemical potential (μ) and chemical hardness (η) of 
the system [45,46]: 

Fig. 2. Observed (left panel) and corrected (right panel) fluorescence emission spectra of lysozyme in presence of several concentrations of warfarin 
ranging from 0 to 40 μM with a constant increment of 5 μM at the excitation wavelength of 280 nm at 25 (A), 35 (B) and 45 ◦C (C). 
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μ=
ELUMO + EHOMO

2
(2)  

η=ELUMO − EHOMO

2
(3) 

Generally, the ionization potential (I) is defined as the − EHOMO value, while the electron affinity (A) is equal to − ELUMO [47]. Thus, 
the electronegativity (χ) and electrophilicity (ω) can be calculated according to the following equations [45,48,49]: 

χ = I + A
2

(4)  

ω=
μ2

2η (5) 

Molecular dynamics simulations were performed using Gromacs Version 2021.3 program [50] and the detailed methodology is 
given in the supporting information. In addition to molecular dynamics simulations, the MM/PBSA based binding free energy analysis 
was performed between lysozyme and warfarin with the aid of g_mmpbsa package [51]. 

3. Results and discussions 

3.1. UV–visible absorption spectroscopy 

The UV–visible spectrum of pure warfarin is given in Fig. 1 (A). It shows two strong peaks at one at 208 nm and other 308 nm and 
two shoulders at around 235 nm and 290 nm. UV–visible spectroscopy is one of the basic techniques to study the binding between 
biomolecules with the ligands. The change in the spectrum of the biomolecule in presence of the ligand can give the primary idea of 
interaction between them. To get the clear picture of the change in the spectrum of complex, difference spectrum is calculated by 
subtracting the spectrum of same amount of ligand from the cumulative spectrum of the complex [52,53]. The difference spectra of 
lysozyme in presence of various concentrations of warfarin are shown in Fig. 1 (B). At 280 nm wavelength the absorption peak 

Fig. 3. (A) Plots of 1/(F–F0) vs. 1/[warfarin]. (B)Van ‘t Hoff plots for the interaction of lysozyme with warfarin.  
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appeared in the UV–visible spectrum protein is due to the absorption of aromatic amino acid residues (tryptophan, tyrosine and 
phenylalanine) and if the microenvironment of these amino acids changes after the incorporation of the ligand, the spectral property of 
these amino acids also changes. As can be seen in Fig. 1 (B) inset that there is a gradual decrease in the absorbance of lysozyme after the 
addition of the warfarin, which is a clear indication of the alterations in the microenvironment of the amino acids that suggest the 
complex formation between the drug and the protein [54]. 

3.2. Intrinsic fluorescence 

All proteins that have the aromatic amino acids described above have the property to fluoresce intrinsically, therefore, the change 
in the microenvironment of these fluorophores could be studied with the help of fluorescence spectroscopy. Among these amino acids, 
tryptophan is the largest contributor of the fluorescence followed by tyrosine while phenylalanine has very weak fluorescence and can 
be regarded as negligible in comparison to the other two. When the protein is excited at 280 nm it gives a strong emission peak of 
tryptophan at 340 nm the small or negligible emission of tyrosine at 315 nm. It can be seen from Fig. 1 (A) that warfarin has a strong 
absorption at 280 nm and a small absorption at 340 nm, therefore, the fluorescence spectra should be corrected for inner filter effect. 
The observed and corrected (using Eq. S1) fluorescence spectra of lysozyme in presence of various concentrations of warfarin at 25 ◦C 
(A), 35 ◦C (B) and 45 ◦C (C) are given in Fig. 2. In the left panel observed spectra are given while corrected spectra are given in right 
panel. The gradual decrease in the fluorescence intensity of lysozyme on the addition of warfarin can be seen in the observed spectra at 
all temperatures while corrected spectra exhibited that the intensity of lysozyme increased on the addition of warfarin [55]. This type 
of behavior was also observed in other recent works on the interaction of lysozyme with some anti-inflammatory drugs [40,41]. 

3.3. Analysis of fluorescence data 

The fluorescence enhancement data have been analyzed to obtain the binding constants (Kb) using the method developed by 
Bhattacharya et al. [56–58]: 

1
ΔF

=
1

ΔFmax
+

1
Kb[L]

×
1

ΔFmax
(6)  

where ΔF = F – F0, ΔFmax is the maximum change in the fluorescence; F0 and F are the fluorescence intensities of lysozyme at 340 nm in 
absence and presence of warfarin; [L] represents the concentration of warfarin.The values of Kb have been obtained from the linear 
regression of Eq. (6) using the plots of 1/(F–F0) vs. 1/[drug] (Fig. 3 (A)) given in Table 1. Warfarin show strong interaction with 
lysozyme which increases with rise of temperature. In comparison to the interactions of other drugs with lysozyme studied recently, 
like cefoperazone, ibuprofen, paracetamol, diclofenac, indomethacin, azithromycin and digitoxin [40–42,59], warfarin shows the 
stronger interactions than most of these drugs except digitoxin which has the association constants in same order of magnitude, 
whereas the association constants of antibiotic drug azithromycin [60] were 10 times more than the one of warfarin. Estimation of 
thermodynamic parameters. 

Thermodynamic parameters like free energy change (ΔG), enthalpy change (ΔH) and entropy change (ΔS) give the idea about the 
feasibility of a process as well as the types of forces involved in that process. For instance, a negative value of ΔG corresponds to the 
spontaneity of the process and vice versa. Positive values of ΔH and ΔS are associated with the involvement or dominance of hy
drophobic interactions whereas their negative values are connected to the presence of hydrogen bonding and van der Waals forces 
[61]. These thermodynamic parameters for an interaction could be evaluated using well-known Van ‘t Hoff equation (given in sup
porting info as Eq. S1 and Eq S2) by studying the interaction at several temperatures. The plot of ln Kbvs 1/T (Van ‘t Hoff plot) is given 
in Fig. 3 (B) and the values of thermodynamic parameters are given in Table 1. The negative values of ΔG shows that the interaction 
between warfarin and lysozyme is a spontaneous process. Table 1 shows that the values of both ΔH and ΔS are positive which is a clear 
indication of the involvement of hydrophobic interactions as major forces in the binding of warfarin and lysozyme. The dominance of 
the hydrophobic interactions could be justified on the basis of the structure of warfarin which is also hydrophobic in nature [21]. 
Further, warfarin also interacted with another important protein human serum albumin through the dominance of hydrophobic in
teractions [62]. Far-UV Circular dichroism spectroscopy. 

3.4. Far-UV CD study 

Secondary structure of a protein plays important role in determining the protein function. The secondary structure of proteins is 

Table 1 
Analyzed values of binding parameters and thermodynamic parameters for the interaction of lysozyme with warfarin at various temperatures.  

Temperature (◦C) Binding parameters Thermodynamic parameters 

Kb (M− 1) R2 ΔG0 (kJ mol− 1) ΔH0 (kJ mol− 1) ΔS0 (J mol− 1 K− 1) 

25 5.7 × 104 0.9981 − 27.1 9.0 121.2 
35 6.3 × 104 0.9977 − 28.4   
45 7.2 × 104 0.9956 − 29.6    
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determined by the pattern of hydrogen bonding between amide hydrogens and carbonyl oxygens of the neighboring amino acids. The 
secondary structure contains several structures like α-helices and β-sheets and turns. 

Circular dichroism (CD) is an important technique to study the secondary as well as tertiary structural changes in a protein. The far 
UV CD spectrum of pure lysozyme, given in Fig. 4 (A), resembles the typical spectrum of α-helical protein which has two negative peaks 
at 208 nm and 222 nm. With the addition of 10 μM warfarin to the lysozyme no observable change in the helicity of the protein could 
be observed while increasing the concentration of warfarin caused a slight decrease in the α-helicity of lysozyme. The small decrease in 
the α-helicity of lysozyme in presence of warfarin could be regarded as the partial unfolding of the protein. 

For getting clearer picture of the secondary structure of lysozyme in presence of warfarin, CD data have been converted to the mean 
residue ellipticity (MRE), which is the molar circular dichroism for individual protein residues, using the following equation: 

MRE=
θobs(m deg)

10 × n × C × l
(7)  

where θobs is the observed ellipticity in millidegrees, C is the concentration of protein in molar, n is the number of amino acid residues 
and l is the length of the light path in centimeter. From the calculated MRE values at 222 nm, % α-helical contents could be calculated 
using the following equation by Chen et al. [63]. 

%α − helix=
(

MRE 222 nm − 2,340
30,300

)

× 100 (8) 

The calculated value of % α-helix of pure lysozyme was found to be 39.3 % which is very close to the reported value [64,65]. In 
presence of 10 μM warfarin, this value remains unchanged while 50 μM warfarin decreased the value slightly to 37.4 %. The values of 
% α-helix of lysozyme in absence and presence suggest that the lysozyme became partially unfolded in presence of higher concen
tration of warfarin. 

Fig. 4. Far-UV CD spectra of lysozyme in absence and presence of warfarin at 25 ◦C.  
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3.5. Resonance Rayleigh scattering (RRS) study 

To understand the effect of warfarin on the size of lysozyme RRS studies have been performed. RRS is an important method to 
understand the relative size of the proteins during folding/unfolding due to their interaction [66,67]. In RRS the excitation and 

Fig. 5. (A) Docking poses of lysozyme with warfarin. (B) binding pocket of warfarin inside lysozyme showing interaction amino acids (C) Ligplot +
diagram of lysozyme-warfarin interaction (D) Electrostatic surface potential map of lysozyme-warfarin complex. 
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emission wavelengths remain the same and a simultaneous excitation and emission at 350 nm provides the information of the relative 
size of the protein [68,69]. A huge increase in the scattering can be ascribed to the unfolding or aggregation of the proteins whereas a 
decrease can be due to the stabilization and compaction of the proteins [41]. Partial unfolding can also be judged by a slight increase in 
the RRS intensity [37]. The relative fluorescence intensities (RFIs) of RRS of lysozyme in absence and presence of warfarin are given in 
Fig. 4 (B). The small increase in the RFIs suggest that the size of protein is loosening slightly. These results are in excellent agreement 
with CD observations. 

3.6. Molecular docking 

The use of computational methods in drug designing has gained too much attention in recent years. Molecular docking is the basic 
tool in computer aided drug design to study. 

the ligand-protein binding which can predict the potential binding modes of the ligand within the protein. In addition, it provides 
the information about types of interactions (hydrophobic, polar, electrostatic, etc.) involved in the binding. The docked pose of 
warfarin within lysozyme is given in Fig. 5 (A) warfarin binds inside the big hydrophobic cavity of lysozyme which is also the 
customary binding site for most of the ligands. The interacting amino acids inside the binding pocket of lysozyme are given in Fig. 5 (B) 
and the Ligplot diagram showing hydrophobic and hydrogen bonding interactions is displayed in Fig. 5 (C). Amino acids such as Ile98, 
Ala107 and Trp108 interacted through hydrophobic forces while hydrogen bonding interaction was reported with Ser50 and Asr59 
residues. In addition to LigPlot, we have also used discovery studio program to visualize the various non-covalent interactions between 
warfarin and lysozyme. The electrostatic surface potential map of the lysozyme-warfarin complex (Fig. 5(D)) reveals that the ligand 
molecule binds to negatively charged or basic amino acid residues of the lysozyme. 

3.7. Frontier molecular orbitals 

To obtain more insight on the interaction between lysozyme and warfarin, frontier molecular orbitals (FMOs) were computed using 
DFT method. The aim of these calculations was to see the changes in the orientations of the bonds and atoms along with the electron 
densities of FMOs of warfarin before and after its binding with lysozyme to see influence of the active site of the lysozyme on these 
properties. The HOMOs and LUMOs diagrams of free and complexed warfarin (which was obtained from the docked complex) are 
given in Fig. 6. The IUPAC name of warfarin is 4-hydroxy-3-(3-oxo-1-phenylbutyl)-1-benzopyran-2-one, typically it is the derivative of 
4-hydroxycoumarin substituted at position 3 by a 1-phenyl-3-oxo-1-butyl group. The HOMOs in the free warfarin are distributed all 

Fig. 6. Frontier molecular orbitals diagrams of free and complexed warfarin.  
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along the molecule whereas the LUMOs were distributed mainly on 4-hydroxycoumarin moiety. In complexed warfarin case a sig
nificant change in the orientation of the atoms can be seen and HOMOs, with slightly low electron density, were distributed all over the 
molecule except the phenyl group at position 3. The LUMOs were in the complexed form were also located at the same positions as 
existed in the free warfarin but with low electron density. 

The values of energy parameters obtained from equations (1)–(5) are given in Table 2. A large energy gap (ΔE) between HOMOs 
and LUMOs is related to the stability of the molecule, therefore, it can be deduced that warfarin after binding with lysozyme occupy a 
conformation which is more stable than the free one which is accountable for the strong interaction between them. A slight increase of 
η value of the complexed warfarin is also an indication of the stable complex formation because a strong bonding leads to the increase 
in hardness [70]. The chemical potential of complexed warfarin decreases slightly in comparison to the free one whereas the elec
tronegativity which is actually minus one times the chemical potential [71] increases slightly for the former. After the binding of 
warfarin with lysozyme, its ionization potential increases whereas electron affinity decreases. The electrophilicity index which is the 
ability of a molecule to add electron density [49] decreased for the complexed warfarin. From the changes in all quantum mechanical 
parameters obtained in current study it can be deduced that the interaction between warfarin and lysozyme causes the changes in the 
electronic structure of the former. 

3.8. Molecular dynamics simulations 

The molecular dynamics (MD) simulations were performed using GROMACS Version 2021.3 program [50] for comparing unbound 
lysozyme with the warfarin-bound lysozyme complex offer a detailed understanding of the protein’s dynamic behavior and structural 
stability, flexibility, compactness, and folding properties when interacting with the ligand molecule, namely, warfarin. The Root Mean 
Square Deviation (RMSD) analysis (Fig. 7, Table 3) reveals that the warfarin-bound lysozyme complex experiences slightly higher 
RMSD values (range between 0.2 and 0.3 nm and average RMSD value: 0.23 nm) compared to the unbound form of lysozyme (range 
between 0.1 and 0.2 nm and average RMSD value: 0.12 nm) throughout MD simulations. Despite these higher values, the consistent 
RMSD pattern suggests a relatively stable complex, indicating that warfarin induces slight alterations in the structural stability of 
lysozyme. In the Root Mean Square Fluctuation (RMSF) (Fig. 7, Table 3) analysis, higher RMSF values, particularly a peak at 0.49 nm 
between amino acid residues of 70–75, are observed in the warfarin-bound lysozyme complex, possibly attributed to the influence of 
warfarin binding. Higher values of RMSF analysis suggest lower stability [72]. Notably, despite these fluctuations and structural 
deviations, the radius of gyration (Rg) analysis (Fig. 7, Table 3) shows a consistent pattern (average Rg value of unbound and warfarin 
bound lysozyme complex: 1.43 nm), suggesting that the overall compactness and folding properties of lysozyme remain largely un
affected by the binding of warfarin molecule. 

The Solvent Accessible Surface Area (SASA) analysis (Fig. 7, Table 3) of warfarin bound lysozyme complex indicates an slightly 
altered SASA pattern, implying that the warfarin molecule’s binding influences the lysozyme conformation [72]. This slight change in 
the SASA pattern and the SASA values suggests (average SASA value of warfarin bound lysozyme complex: 73.11 nm2 and average 
SASA value of lysozyme: 72.38 nm2) a potential modification in the exposure of lysozyme to the solvent due to the warfarin binding. 
Interestingly, despite these alterations, intermolecular hydrogen bond analysis (Fig. 8) shows the presence of a maximum of three 
hydrogen bonds in several time points of MD simulations, signifying a strong and stable interaction between warfarin and the 
lysozyme. 

Beyond the analysis of the global dynamics, essential dynamics analysis using Principal Component Analysis (PCA) [73] (Fig. 8) 
was performed on unbound and warfarin-bound lysozyme complexes. PCA, a dimensionality reduction technique, reveals that 
warfarin bound lysozyme complex covered a larger conformational space region than the unbound form. The trace of covariance 
matrix values for unbound and warfarin-lysozyme complexes is 36.45 nm2 and 49.56 nm2, respectively. This result suggests that while 
warfarin induces changes in the protein, it does not largely alter the conformation of the protein. From the results obtained from 
secondary structural analysis (Fig. 9 and Table 4), it has been observed that there are minor differences between lysozyme and 
lysozyme-warfarin complex. For instance, slight variations in the percentages of residues in coil, bend, and 310-helix conformations 
exist, but the differences are generally small. The observed results from this analysis corraborate with CD spectroscopy result. In 
addition to analyzing global and essential dynamics, we have calculated the binding free energy between Lysozyme and warfarin using 
g_mmpbsa package [51], yielding a value of − 13.3471 kcal/mol. A negative binding free energy suggests a strong binding affinity of 
the warfarin molecule to the Lysozyme protein target. The detailed results of the MM/PBSA-based binding free energy analysis was 

Table 2 
Frontier molecular orbitals and corresponding parameters obtained through DFT calculations.   

Free warfarin Warfarin complexed with lysozyme 

HOMO − 6.127 − 6.244 
LUMO − 1.679 − 1.575 
Energy gap (ΔE) 4.448 4.669 
Chemical potential (μ) − 3.903 − 3.9095 
Global hardness (η) 2.224 2.3345 
Ionization potential (I = -EHOMO) 6.127 6.244 
Electron affinity (A = -ELUMO) 1.679 1.575 
Electronegativity ((χ = (I + A)/2)) 3.903 3.9095 
Electrophilicity ((ω = μ2/2η)) 3.424777203 3.273546852  
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given in Table 5 and Fig. 10. 

4. Conclusions 

we have studied the interaction between lysozyme and warfarin using spectroscopic and molecular docking methods. The binding 
between lysozyme and warfarin was a strong one that takes place mainly via hydrophobic interaction with additional support of 
hydrogen bonding. Warfarin also induced partial unfolding to the protein. The MD simulations provide a comprehensive 

Fig. 7. Molecular dynamics simulation results of unbound and warfarin bound lysozyme complex. (A) Root Mean Square Deviation, (B) Root Mean 
Square Fluctuation, (C) Radius of Gyration, and (D) Solvent Accessible Surface Area (Color codes: Black: Lysozyme; Red: Lysozyme- 
warfarin complex. 
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Table 3 
Time averaged structural properties obtained from MD simulations of lysozyme and lysozyme-warfarin 
complex.  

Structural parameters Lysozyme_Native Lysozyme_Warfarin 

RMSD(nm) 0.14 0.23 
RMSF(nm) 0.10 0.12 
SASA(nm2) 72.38 73.11 
Rg (nm) 1.43 1.43  

Fig. 8. ☹A) Intermolecular Hydrogen bonding and (b) Essential dynamics analysis of unbound and warfarin bound lysozyme complex (Color codes: 
Black: Lysozyme; Red: Lysozyme-warfarin complex; For HBonds, Black: Lysozyme-warfarin complex). 
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understanding of the dynamic behavior of lysozyme in the presence of warfarin molecule. Despite observable changes in RMSD, RMSF, 
and SASA values, lysozyme’s overall stability, compactness, and folding properties are not largely affected. The consistent Rg pattern 
and the maintenance of the maximum of three hydrogen bonds suggest strong and stable binding of warfarin to the active site of 

Fig. 9. Secondary structural analysis of (A) lysozyme and (B) lysozyme-warfarin complex.  

Table 4 
Secondary structural composition of lysozyme and lysozyme-warfarin complex.  

System Coil β-sheet β-bridge Bend Turn α-helix 310-helix 

Lysozyme 0.16 0.06 0.04 0.12 0.24 0.31 0.06 
Lysozyme-warfarin complex 0.18 0.06 0.04 0.13 0.24 0.31 0.05  

Table 5 
MM/PBSA based binding free energy analysis between Lysozyme and warfarin.  

Protein-Ligand complex van der Waal energy Electrostattic energy SASA energy Binding energy 

Lysozyme_warfarin − 28.3189 kcal/mol − 4.3516 − 3.3872 kcal/mol − 13.3471 kcal/mol  
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lysozyme. Since this work deduced that there is a possibility of binding between the lysozyme and warfarin, it could be helpful in 
designing the suitable carrier for warfarin or similar drugs using lysozyme. However, it requires more attention of the researchers for 
designing the suitable delivery systems using lysozyme as a carrier for the related drugs as a drug delivery system includes many 
components depending on various factors and this work is limited to the simple binding between the proposed carrier with a common 
drug. 
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