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Abstract
Mucormycosis, also known as Zygomycosis, is a disease caused by invasive fungi, predominantly Rhizopus species belong-
ing to the Order of Mucorales. Seeing from the chemistry perspective, heterocyclic compounds with an "azole" moiety are 
widely employed as antifungal agent for minimising the effect of mucormycosis as a prescribed treatment. These azoles 
serve as non-competitive inhibitors of fungal CYP51B by predominantly binding to its heme moiety, rendering its inhibi-
tion. However, long-term usage and abuse of azoles as antifungal medicines has resulted in drug resistance among certain 
fungal pathogens. Hence, there is an unmet need to find alternative therapeutic compounds. In present study, we used various 
in vitro tests to investigate the antifungal activity of eugenol against R. oryzae/R. arrhizus, including ergosterol quantifica-
tion to test inhibition of ergosterol production mediated antifungal action. The minimum inhibitory concentration (MIC) 
value obtained for eugenol was 512 μg/ml with reduced ergosterol concentration of 77.11 ± 3.25% at MIC/2 concentration. 
Further, the molecular interactions of eugenol with fungal CYP51B were meticulously studied making use of proteomics in 
silico study including molecular docking and molecular dynamics simulations that showed eugenol to be strongly interacting 
with heme in an identical fashion to that shown by azole drugs (in this case, clotrimazole was evaluated). This is the first of 
a kind study showing the simulation study of eugenol with CYP51B of fungi. This inhibition results in ergosterol synthesis 
and is also studied and compared with keeping clotrimazole as a reference.
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Graphical Abstract

Introduction

Mucormycosis, also known as Zygomycosis previously, 
is an invasive form of fungal infection primarily caused 
by Rhizopus species belonging to the order of Mucorales 
[1]. With the upsurge in incidence of infectious diseases, 
the global prevalence of mucormycosis has increased in 
the recent decade. This lethal pathogen commonly tar-
gets immunocompromised patients enduring conditions 
like ketoacidosis related to diabetes mellitus, neutrope-
nia, organ-transplantation having increased serum iron 
levels and administering high-dose corticosteroids [2]. In 
recent times, the pandemic of SARS-CoV-2 infection has 
paved the way for comorbidities associated with second-
ary infections post Coronavirus disease 2019 (COVID-19). 
Often, the use of steroids that appear to help in prevention 
of cytokine storm during COVID-19 infection leads to a 
weakening of the body's immune system while overdriving 
to fight the viral infection [3]. Majority of the rhino-orbital-
cerebral mucormycosis (ROCM) infection is initiated by 
the inhalation of spores, originated ∼70% of the times from 

Rhizopus oryzae [2], hence it is notoriously known as one 
of the most common mucormycosis agent. R. oryzae spores 
germinate in the host to form hyphae, which then are able 
to invade the host to cause tissue necrosis [4].

From a class of drugs available in the market, the hetero-
cyclic molecules possessing "azole" moiety have been widely 
used as an antifungal drug, and they are today the most widely 
applied class of antifungals in medicine. These azole agents 
bind to fungal CYP51’s heme group, altering the catalytically 
active structure and functioning as non-competitive inhibitors. 
In several investigations, the potency of azoles as Lanosterol 
14-α-Demethylase (CYP51) inhibitors is being established. 
Inhibition of CYP51 eventually leads to impairment of ergos-
terol production, evidence of which is given in the literature 
[5, 6]. However, long-term usage of several azoles as antifun-
gal medicines has resulted in drug resistance among certain 
fungal pathogens [7–9]. Resistance to commonly prescribed 
medications, particularly fluconazole, has already been linked 
to genetic alterations [7]. As a result, “azole” research is 
beginning to shift toward developing new effective therapeutic 
compounds to overcome this key stumbling block.
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Natural compounds have recently attracted a lot of attention 
due to their wide range of applications, including antibacterial, 
antifungal, anti-diabetic, anti-cancer, larvicidal, and biological 
activities [10–15]. Eugenol, a phenol-like aromatic phytochemi-
cal, is obtained as the major constituent of clove oil (Syzygium 
aromaticum) [16] and is also obtained from the essential oils 
of other plant species belonging to the Lamiaceae, Lauraceae, 
Myrtaceae, and Myristicaceae family [17]. Eugenol is known 
to have antioxidative, analgesic, antimutagenic, antiplatelet, 
anti-swelling, and anti-inflammatory effects. It also possesses 
antimicrobial properties against a variety of human pathogens, 
including a variety of Gram-positive and Gram-negative bacteria, 
fungi, and parasites [18, 19].

The targeted research strike to fill the research gap that is, 
the well identified anti-fungal agent eugenol, till date has not 
been studied for its ability to interact with fungal CYP51B, 
that is the crucial target for azole antifungal drugs. Briefly, 
CYP51B is the key enzyme performing rate limiting step in 
the formation of ergosterol, which is the key component (a 
fungal sterol) in the fungal cell wall, and any inhibition in 
this enzyme can lead to decrease in ergosterol content in the 
fungal cell eventually leading to its death. Here, we accessed 
eugenol for its ability to reduce ergosterol production and 
for its antifungal properties taking R. oryzae/R. arrhizus as 
test fungal organism. The findings of our research showed 
eugenol to wreck the fungal membrane R. oryzae/R. arrhizus 
by distorting ergosterol biosynthesis and validation of euge-
nol to interact with CYP51B was done using computational 
simulations.

In the present study, we used in vitro analysis to investi-
gate the antifungal activity of eugenol against R. oryzae/R. 
arrhizus, including ergosterol quantification to test inhibition 
of ergosterol production mediated antifungal action. To con-
firm our in vitro findings, we performed molecular docking 
and molecular dynamics (MD) simulation investigation of 
eugenol with Lanosterol 14-α-Demethylase of R. oryzae/R. 
arrhizus (CYP51B). To the best of our knowledge, the possi-
bility of eugenol interacting with CYP51B was investigated 
for the first time with promising validated results.

Materials and Method

Eugenol was purchased from HiMedia, India and diluted 
in DMSO (dimethyl sulfoxide) to prepare a stock solution, 
and then sterile distilled water was used to make 2048 μg/
ml solution, which was then used to investigate antifungal 
activity.

Isolation and Identification of Fungal Pathogen

Isolation of a fungal pathogen was carried out at the cen-
tral facility lab, School of Sciences, Gujarat University. 

Left over Infected tissue sample of mucormycosis patient 
was donated by Speciality Microtech Lab, Navrangpura, 
Ahmedabad. A tissue sample was divided into several parts 
aseptically and inoculated onto potato dextrose agar (PDA) 
as a culture medium. The plates were then incubated for 48 
to 72 h at 28 °C. Isolated fungus was grown again on fresh 
PDA medium and looked at using traditional mycological 
methods, such as morphological and microscopic traits of 
pure culture. The most important characteristics to identify 
fungi morphologically are the spores (shape and size), and 
fruiting bodies and to some extent mycelia. Isolated fungus 
was sub-cultured on fresh PDA medium and observed on 
daily basis. Microscopic examination was performed using 
Lactophenol cotton blue stanning.

Furthermore, isolated fungus was identified through 
molecular identification method. The DNA was extracted 
from a two-day-old culture using a previously described pro-
tocol [20]. The fungus's internal transcribed spacers (ITS) 
region was amplified using polymerase chain reaction (PCR) 
with the universal ITS primers ITS4 (5′ TCC​TCC​GCT​TAT​
TGA​TAT​GC3′) and ITS5 (5′ GGA​AGT​AAG​TCG​TAA​CAA​
3′) and sequenced using the 96-capillary ABI 3730xl Genetic 
Analyzer (Applied Biosystems™). Once the sequence was 
obtained, the BLASTn search tool (http://​www.​ncbi.​nlm.​nih.​
gov) was used to examine nucleotide sequence homology. 
The genus and species were determined using the highest 
percent similarity of identical sequences already available 
in the database. The obtained sequence was deposited in 
GenBank, and an accession number was assigned. Further-
more, the 18S rRNA sequences of the type species belong-
ing to Rhizopus were downloaded and aligned along with 
the obtained sequence of isolated fungus by ClustalW using 
MEGA 11.0 software [21] and Neighbour-Joining phyloge-
netic tree was constructed with the bootstrap value of 1000 
replications.

In Vitro Assays

To investigate the antifungal activity of eugenol against R. 
oryzae/R. arrhizus in several in vitro tests, a sterile saline 
solution containing 0.9% NaCl and 0.05% Tween-20 was 
formulated with fungal spores. After diluting the spore solu-
tion to 1 × 106 spores per millilitre, it was employed as an 
inoculum in subsequent experiments.

Antifungal Activity Using Agar Well Diffusion 
Method

The antifungal activity of eugenol was assessed using an 
agar well diffusion assay [22]. Briefly, Petri plates contain-
ing PDA were inoculated aseptically with 200 µl spore sus-
pension through the spread plate technique. Following the 
inoculation of the organism, 8 mm well was made using 

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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cork-borer and filled with 100 µl of eugenol. Sterile distilled 
water as a negative control and clotrimazole was employed 
as a positive control. All the plates were prepared in tripli-
cate and incubated at 28 °C for 48 h. The inhibition zone 
dimeters were measured in millimetres (mm) and zones big-
ger than 1 mm were considered a positive result.

Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration (MIC) of eugenol 
and clotrimazole against R. oryzae/R. arrhizus was meas-
ured in accordance with CLSI reference document M38-A 
[26] using the microdilution broth technique for filamentous 
fungi. In brief, the fungal spores were cultured in RPMI-
MOPS media (pH 7.2) for 18 h at 28 °C in the presence of 
various concentrations of eugenol (1.22 to 2048 μg/ml) and 
clotrimazole (1.22 to 2048 μg/ml) in two different sets of 
experiments. Here, clotrimazole was used as a positive con-
trol, eugenol was used as test, and media without drug was 
used as a negative growth control. The MIC value was deter-
mined as the lowest concentration capable of completely 
inhibiting fungal growth. The result was drawn from the 
average of three replicates.

Ergosterol Biosynthesis Inhibition Assay

Total intracellular sterols were extracted from R. oryzae/R. 
arrhizus and measured using spectrophotometric method 
with minor modifications as reported in earlier publications 
[5, 23]. Briefly, 50 ml of PDB broth was prepared, auto-
claved, and inoculated with 50 mL of 1 × 106 spores/ml. For 
3 h, all flasks were then incubated at 28 °C and 120 rpm. 
Eugenol was then introduced to three erlenmeyer flasks at 
sub-MIC concentrations at MIC/2, MIC/3, and MIC/4 lev-
els. Moreover, clotrimazole (1 μg/ml) was also considered 
as positive control and one untreated flask was considered 
as negative control. To allow the fungus to propagate, all 
the erlenmeyer flasks were incubated for 48 h at 28 °C and 
120 rpm. After that, the mycelia were recovered by centrifu-
gation at 3000 rpm for 15 min and rinsed once with sterile 
distilled water. The mycelia's net wet weight was calculated 
for further calculations. To extract the sterol from collected 
mycelia, first the mycelia were treated with the 3 mL of 
25% alcoholic potassium hydroxide (KOH) and incubated 
at 85 °C for about one hour. Once the incubation is over, 
n-heptane and distilled water was added in 3:1 ratio and 
vortexed for three minutes. The separated n-heptane layers 
were then transferred into new vials, diluted five times in 
100 percent ethanol, and scanned in a UV–visible spectro-
photometer (LABINDIA, UV3000 + , INDIA) between 230 
and 350 nm. The obtained curve with four peaks showed 
the presence of ergosterol and the late sterol intermediate 
24(28) dehydroergosterol (DHE) in the sample. To nullify 

the concentration of DHE and quantify ergosterol concen-
tration as a percentage of the wet weight of mycelia, the 
following equation was used:

 where, F is the factor for dilution in ethanol and 290 and 
518 are the percent extinction coefficient (εpercent) values in 
percentages per centimetre for crystalline ergosterol and 24 
(28) DHE in absolute alcohol solvent [24].

Determination of Fungal Membrane Integrity

The integrity of the membrane was verified using fluores-
cence microscopy [29]. In PDB containing eugenol and 
clotrimazole, fungal spores were let to proliferate for 24 h. 
Thereafter, the fungi were washed in sterile phosphate 
buffer saline (PBS) and stained with propidium iodide (PI) 
for 30 min at 4 °C in the dark. Following the staining, the 
mycelia were washed again in PBS to remove any residual 
dye and then observed in fluorescent microscope (Lawrence 
& Mayo) at 40X magnification equipped with a green filter.

In‑Silico Interaction of Eugenol and Fungal CYP51B

CYP51B is the essential enzyme necessary for the synthesis 
of ergosterol, and there is substantial evidence that inhibiting 
this enzyme may dramatically limit ergosterol production. 
In addition, clotrimazole inhibits this enzyme to promote 
antifungal action. Consequently, the ability of eugenol to 
inhibit CYP51B was investigated using molecular docking 
and Molecular Dynamics simulations, with clotrimazole 
serving as the reference inhibitor. This enabled us to deter-
mine the effectiveness of eugenol's interaction with CYP51 
in relation to clotrimazole.

Molecular Docking

Since the molecular 3D structure of R. oryzae/R. arrhizus 
CYP51B has yet to be crystallised, the modelled structure 
of this protein from the previous research was utilized [25]. 
Protein was prepared using Protein preparation wizard 
(PrepWizard) of Maestro. This process is divided into three 
parts, the first part being the pre-processing, where hydro-
gen was added to protein, converting selenomethionine to 
methionine, filling missing side chain and missing loops 
using prime and the second part being assignment of H-bond 
using PROPKA at pH 7.0 for the optimization of protein fol-
lowed by minimization of protein using OPLS_2005 force 
field in last step. Once, the protein was prepared, a grid box 
was generated around the protein using Receptor Grid Gen-
eration tool of Glide in Maestro.

(1)%ergosterol =
F

Mycelia_weight

[(

A281.5

290

)

−

(

A230

518

)]
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Subsequently, both the ligands, clotrimazole (control 
molecule) and eugenol (test molecule), were imported to 
Schrödinger Maestro in SDF format to be prepared using 
LigPrep module [26]. On the road to preparing ligands for 
docking, hydrogens were added to all ligands, bond orders 
were assigned, bond lengths and angles were adjusted, ste-
reochemistry was determined, and ring conformations were 
determined followed by setting ionization state at pH 7.0 
using Epik ionization tool. Additionally, partial charges were 
applied using the OPLS-2005 force-field, followed by an 
energy minimization process. For the docking of both the 
molecules, Glide's extra precision (XP) mode with default 
settings was used along with post docking minimization 
step [27]. Both docked ligands were exported and evalu-
ated using BIOVIA Discovery Studio (DS) visualizer, to 
explore the hydrogen bonds and hydrophobic interactions of 
the functional groups of ligands with amino acids present in 
the binding site of the protein [28].

MM‑GBSA Assay

Molecular Mechanics Generalized Born Surface Area (MM-
GBSA) was applied to calculate the end point binding free 
energy change using the output files of both docked com-
plexes after docking. Using the OPLS-2005 force field in 
Schrödinger Maestro's Prime wizard, the binding free energy 
change for a complex of receptors and ligands was com-
puted [29–32]. The MM-GBSA ΔGBind score represents 
the molar Gibbs free energy change in the binding of recep-
tor and ligand molecules in solution.

Molecular Dynamics (MD) Simulations

MD simulations for both the docked complexes CYP51B-
clotrimazole and CYP51B-eugenol were run for 50 ns using 
the Desmond package (Schrödinger Release 2018-4) [33]. 
For the simulation assessments, CYP51B-clotrimazole 
complex was taken as reference control against which the 
simulation result of CYP51B-eugenol was compared with. 
For MD simulations the virtual simulation box was prepared 
into which complex was placed, and then simulation box 
was filled with water molecules with TIP3P model, after 
which the ions Cl− or Na+ were placed in the simulation 
box for neutralization. MD simulations were performed with 
NPT ensemble at 300 K and 1.01 bar for 50 ns. Post MD 
simulations assessments were performed by assessing ligand 
receptor interaction profiles with respect to time, types, and 
nature; The root mean square deviation (RMSD) and root 
mean square fluctuations (RMSF) assessments of trajectories 
were also analysed to evaluate the stability of protein–ligand 
complexes during the simulations run.

Statistical Analysis

The results were expressed in mean ± SE. Differences 
between the means were statistically compared using 
unpaired t-test. The values were considered significantly 
different when p < 0.05.

Deposited DNA Sequence

The DNA sequence of isolated fungi was submitted in 
the GenBank sequence database which is maintained by 
National Center for Biotechnology Information (NCBI) and 
assigned with the NCBI accession number MZ424045.

Results

Identification of Fungal Pathogen

White, cottony, fluffy, growth with aerial hypha was 
observed on PDA plate (Fig.  1a). Upon ageing, hypha 
become dirty white or black which can be observed in 
Fig. 1b. Long, slender, coenocytic mycelia having rhizoids at 
the nodes was observed under 40X objective lens (Fig. 1c). 
Sporangiospores arise in chains that are long and have spo-
rangia, stolon, and rhizoids. The morphology and micro-
scopic investigation of isolated fungal culture reveal that it 
belongs to the Rhizopus genus.

As represented in the phylogenetic tree (Fig.  2), the 
isolated fungus GU1 was classified into the clade includ-
ing Rhizopus arrhizus strain AUMC 14,823 and Rhizopus 
oryzae strain CBS 112.07. The isolated mucormycosis fun-
gal agent GU1 was closely related to R. oryzae strain CBS 
112.07 and Rhizopus arrhizus strain AUMC 14,823 with the 
ITS sequence similarity of 58% and 64%, respectively. Since 
Rhizopus arrhizus is a synonym of Rhizopus oryzae [34], the 
isolated fungus was finally identified as Rhizopus arrhizus 
and sequence data was submitted to GenBank under NCBI 
accession number MZ424045.

Antifungal Activity of Eugenol

Initially, the antifungal activity of eugenol was assessed 
against isolated Rhizopus oryzae through agar well diffu-
sion assay. In the entire study, clotrimazole was considered 
as control. As shown in Fig. 2a, clotrimazole and eugenol 
showed 29 ± 2 mm and 26 ± 1 mm zone of inhibition, respec-
tively. In accordance with CLSI standards, a broth microdi-
lution experiment was conducted to determine the MIC val-
ues of the tested substances. The MIC values of clotrimazole 
and eugenol are 2 μg/ml and 512 μg/ml, respectively. MIC 
values are presented without measurements of variability 
because they were consistent in all three replicates.
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When fungal spores were treated with a variety of euge-
nol concentrations, ergosterol synthesis was clearly inhib-
ited in a dose-dependent manner. The highest amount of 
ergosterol production was found in the experimental group 
that was not given any treatment. On the other hand, experi-
ment group where fungal spores were treated with 256 μg/
ml (MIC/2), 170 μg/ml (MIC/3), and 128 μg/ml (MIC/4) by 
eugenol; 77.11 ± 3.25%, 72.84 ± 2.5%, and 59.76 ± 2.85% 
(p < 0.05) percent growth inhibition was observed as shown 
in Fig. 2b. In addition, investigation relied on PI-stained cells 
was carried out to analyse the effectiveness of eugenol on the 
plasma membrane integrity. As show in Fig. 2c, in compari-
son to the untreated control, the fungal hyphae exposed to 

eugenol and clotrimazole for 24 h showed a greater staining 
intensity due to lower content of ergosterol. The results of 
fluorescent microscopy indicated that eugenol could impair 
the integrity of R. oryzae/R. arrhizus cell membrane.

In Silico Analysis of Eugenol with Fungal CYP51B

To confirm our hypothesis, the molecular docking approach 
was used to understand the interaction between eugenol and 
fungal protein CYP51B. The Glide module of Schrodinger 
Maestro was used to dock the test compound eugenol and 
the positive control clotrimazole with the CYP51B. 2D and 
3D interactions of clotrimazole and eugenol with CYP51B 

Fig. 1   Morphological (macro and microscopical), microscopial and 
molecular examination of mucormycosis causing fungi a White, cot-
tony, fluffy, growth with aerial hypha of fungi on PDA plate at 24 h, 
b Dirty white or black hypha of fungi on PDA plate at 96  h and c 
Lactophenol cotton blue stained fungus under 40X magnification d 

Molecular analysis based on ITS sequence compared in the NCBI 
database using the BLAST library and phylogenetic tree was con-
structed through neighbor-joining approach using MEGA 11.0 soft-
ware package. Bootstrap values based on 1000 replications listed as 
per percentages at the branching points. T represents the type strain
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Fig. 2   In vitro antifungal activity of clotrimazole and eugenol against 
R. oryzae/R. arrhizus. a Visual zone of inhibition of R. oryzae/R. 
arrhizus for untreataed control (left), clotrimazole (center), and euge-
nol (right); b UV spectrophotometric sterol analysis graph demon-
strating dose-dependent reduction in sterol content; c The bar graph 

illustrating percent decrease in ergosterol content *p < 0.05 compared 
with control; d Microscopic observation of hyphae stained with pro-
pidium iodide (PI) under fluoroscent microscope (first row) and light 
microscope (second row) with 40X magnifications shows the
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are shown in Fig. 2. Clotrimazole interacts with the Tyr113, 
Phe121, Val126, Thr298, Phe293, Gly294, Cys455, Met494 
and heme of CYP51B. This interaction revealed several 
hydrophobic interactions along with the pi-sulphur and 
carbon-hydrogen bonds and obtained a docking score of 
− 7.8 kcal/mol. Furthermore, the ΔGBind score obtained from 
the MM-GBSA free energy analysis was − 47.806 kcal/mol. 
This negative value indicates that the interaction between 
the clotrimazole and the protein CYP51B occurs spontane-
ously. For eugenol, it was observed that it interacts with the 
CYP51B through making several types of bonds such as 
pi-alkyl, pi-pi T shaped, carbon hydrogen bond and Van der 
Waals bonds with Ala290, Val291, Gly294, Thr298, Ile360. 
As shown in both 2D and 3D representation, eugenol also 
interacts with the heme present in the CYP51B. The dock-
ing score for interaction between eugenol and CYP51B is 
− 6.6 kcal/mol and free energy evaluation using MM-GBSA 
yielded a ΔGBind score of − 48.34 kcal/mol. In addition to 
ΔGBind energy, calculations for energy, hydrogen-bonding 
correction, lipophilic energy, pi-pi packing correction and 
Van der Waals energy is also specified in Table 1 for both 
the interactions (Fig. 3).

In this investigation, 50 ns MD simulation runs were 
used to evaluate the Root Mean Square Deviations (RMSD) 
and interaction strength of CYP51B-clotrimazole and 
CYP51B-eugenol complexes. Figures 4, 5 represents the 
protein–ligand RMSD, interaction summary, interaction 
timeline and histogram of interaction fractions for CYP51B-
clotrimazole and CYP51B-eugenol complexes, respectively. 
For small, globular proteins, RMSD variations in the range 
of 1 Å to 3 Å are totally reasonable; however, for bigger 
proteins, the range may expand. However, much larger 
changes indicate a significant structural shift in protein dur-
ing MD recordings. In this case, despite of the larger pro-
tein, the RMSD value never exceeds 3 Å, indicating that 
protein stability is satisfactory. The RMSD of the ligand, 
which is a measure of how stable the ligand is bound at 
the catalytic site of CYP51B, is shown on the right Y-axis. 
The value of 'Lig fit Prot' is acceptable in this investigation 
for both the ligands, because it is not considerably larger 
than protein RMSD value. As a result of this analysis, it 
can be determined that clotrimazole and eugenol both inter-
act with CYP51B in a stable manner. Next, the interaction 

of both the ligands with CYP51B in detail be understood 
by protein ligand interaction summary image as shown in 
Figs. 4b, 5b, which shows interaction prevailing between 
ligand and protein during the MD simulation run, here it is 
observed that ‘Fe’ of heme moiety is well recruited by refer-
ence drug clotrimazole and test molecule eugenol during the 
MD simulation run. This interacting ‘Fe’ further interacts 
with Cys455, which is the key residue for the inhibition of 
the protein [25]. This phenomenon is seen at par for both 
the ligands under study. Further, protein–ligand interac-
tion timeline chart (Figs. 4c, 5c) represents instances when 
these dynamic bonds are formed and broken with respect 
to time. Lastly, Protein–Ligand interaction fraction plot for 
both the complexes show, eugenol to interact with all the 
amino acids that also interact with clotrimazole (Figs. 4d, 
5d). Also, both the ligands interact at par with Cys455 by 
making ionic bridge. For the plot, interaction fraction rep-
resents the value converted from percent interaction, viz. 
the interaction fraction of 0.4 suggests that 40% of the time 
of total MD simulation run time (50 ns), the interaction is 
formed. This value can be 1.0 which in 100% only for the 
covalent bond, as other interactions (H-bonds, hydrophobic 
interaction, ionic and water bridges) are dynamic in nature 
which has a very short life span of around 1 ps, so such 
bonds keep forming and breaking throughout the MD simu-
lation run and its aggregate value is represented in the chart 
as interaction fraction.

Discussion

Fungal infections have increased in frequency over the past 
few decades and are a major cause of high mortality and 
morbidity, particularly in immunocompromised people. 
In recent times, the pandemic of SARS-CoV-2 infection 
has paved the way for comorbidities associated with sec-
ondary infections post COVID-19 [25]. The major fungal 
culprits belong to the genus of Rhizopus (mucormycosis 
agent), Aspergillus, Candida, Cryptococcus, Histoplasma, 
and Coccidioides. All these fungal pathogens are acquiring 
resistance to routinely used antifungal drugs and therefore 
scientific community predicts the scenario of human health 
pertaining to fungal infections to deteriorate in coming time, 

Table 1   MM-GBSA binding free energy change profiles of Clotrimazole-CYP51B and Eugenol-CYP51B docked complexes

Meaning of abbreviations used in the table are as follows: ΔGCoulomb coulomb energy, ΔGHbond hydrogen-bonding correction, ΔGLipo lipophilic 
energy, ΔGPacking pi-pi packing correction, ΔGvdW van der waals energy

Ligand ΔGBind (kcal/mol) ΔGCoulomb 
(kcal/mol)

ΔGHbond (kcal/mol) ΔGLipo (kcal/mol) ΔGPacking 
(kcal/mol)

ΔGvdW (kcal/mol)

Clotrimazole − 47.80 − 39.55 − 0.004 − 41.35 − 8.21 − 30.89
Eugenol − 48.34 − 32.32 − 0.67 − 36.34 − 0.93 − 45.66
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which has elevated the need to identify from nature and or 
to develop newer antifungal drugs with improved potency 
of action.

For the research pursued on natural products, there are 
promising evidence that phytochemicals can inhibit the 
growth of fungi at exceptionally low concentrations and their 
MIC are at par with most efficient antifungal drugs, but the 
limitation is that their mode of action is not accurately stud-
ied. Eugenol is one of the natural derivatives of guaiacol 
which is an aromatic oil with a formula C6H4(OH)(OCH3), 
where an -allyl chain is added to the aromatic moiety by sin-
gle portion substitution. Eugenol possessed the antifungal, 
antibacterial and antiviral potentials [18].

The results of our in vitro antifungal assays show the 
potential antifungal activity of eugenol against clinically iso-
lated R. oryzae/R. arrhizus (mucormycosis agent). Previous 
investigations [35–37] have shown that eugenol and euge-
nol-containing essential oils have antifungal action against 

yeast and filamentous fungus species. In accordance with the 
literature, our experiments demonstrated that eugenol has 
antifungal activity at microgram level. The primary molecu-
lar targets for antifungal agents are various such as enzymes 
and other molecules involved in cell wall synthesis, plasma 
membrane synthesis, fungal DNA and protein synthesis, cel-
lular function-related, and virulence factors [38]. In light of 
the fact that the majority of antifungal medicines impede 
the manufacture of ergosterol, a crucial component of fun-
gal cell membrane [6], the impact of eugenol on ergosterol 
biosynthesis in R. oryzae/R. arrhizus was investigated. We 
hypothesise that the antifungal effect of eugenol is related to 
the inhibition of the Lanosterol 14-α-Demethylase enzyme, 
based on the findings of the given investigation and prior 
information that the antifungal azole medications block 
ergosterol production by inhibiting a key enzyme, Lanosterol 
14-α-Demethylase (CYP51) [39], (CYP51B, in R. oryzae/R. 
arrhizus).

Fig. 3   Molecular docking of Clotrimazole and Eugenol with CYP51B a 3D and 2D interaction profile for clotrimazole with CYP51B, b 3D and 
2D interaction profile for eugenol with CYP51B
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In current study, in silico analysis was performed to assess 
the interaction of eugenol with CYP51B of R. oryzae/R. 
arrhizus. Molecular docking was one of them which simply 
predicts the type of interaction that may occur between a 
protein and a ligand for a certain pose, but it does not predict 
the strength of the interaction [40], and hence MD simula-
tion was also performed to validate the interaction of eugenol 
with fungal CYP51B. MD simulations aid in overcoming this 
limitation of molecular docking. MD simulations are per-
formed to determine if the assurance provided by the dock-
ing assessment for a ligand–protein interaction will really 

translate into practical terms [41, 42]. Such MD simulation 
study can well establish the interaction of ligands with pro-
tein receptors with great degree of fidelity and scientific fra-
ternity with increasing computational power make use of it 
to validate the hypothesis [43–45]. The current manuscript 
demonstrates the interaction of eugenol with CYP51B for 
making use of MD simulations which by far, to the best 
of our knowledge is not done making this the first report 
to assess the efficacy of eugenol to interact with CYP51B, 
where the interaction is found to be promising and at par with 
reference azole drug, clotrimazole.

Fig. 4   MD simulations of CYP51B-Clotrimazole docked complex for 
50 ns a RMSD profile, b Ligand interaction diagram showing percent 
of total time a particular interaction is involved, c Timeline represen-

tation of the interactions of ligand with amino acids present in bind-
ing site of CYP51B d Interaction fraction of crucial interacting amino 
acids of CYP51B with clotrimazole
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Conclusion

In present investigation, eugenol was found to have anti-
fungal potential towards mucormycosis agent R. oryzae/R. 
arrhizus, with a MIC value in the microgram range. In 
addition, as the amount of eugenol increased, the amount 
of ergosterol in the fungus reduced, suggesting that it 
inhibits the ergosterol biosynthesis pathway. In silico 
analysis of eugenol with CYP51B, a key enzyme in the 
ergosterol pathway, strengthens the in  vitro findings. 

Consequently, eugenol exhibited potential antifungal 
activity against R. oryzae/R. arrhizus, suggesting that it 
might be used in the development of targeted medicines 
to combat CYP51-mediated azole resistance.
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