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Abstract 

Candida lusitaniae is one of the fungal species which causes serious health illnesses including peritonitis, vaginitis 
and fungemia, among others. Several antifungal drugs have been designed to tackle its infections but their efficacy 
is still questionable due to their associated side effects. Hence, there is a need to design those drugs which possess 
comparatively higher degree of therapeutic potential. Phytochemicals were selected in this regard because these 
compounds which satisfactorily follow this criteria as, their therapeutic index is comparatively larger than the syn-
thetic drugs. Considering this fact, different phyto-compounds were opted in this research work to estimate their 
therapeutic efficiency against the secreted aspartyl proteinase (SAP) of C. lusitaniae since, it assists this pathogen 
in developing the infections. Initially, the structure of SAP was modelled for subsequent docking analysis. The results 
of molecular docking suggested that three compounds, opelconazole, daidzin 4’0-glucuronide and naringin exhib-
ited better docking scores. Afterwards, ADME analysis of all these four compounds was performed to comprehend 
their drug-likeness attributes. The results of ADME analysis revealed that only the daidzin 4’0-glucuronide followed all 
the required parameters. Lastly, MD simulations were conducted in which top three compounds in context of dock-
ing scores along three approved anti-fungal drugs in complex with SAP were incorporated for the comparative 
analysis. The overall results of MD simulations suggested that daidzin 4’0-glucuronide exhibited comparatively better 
results. This outcome indicated that this particular compound not only showed better binding affinity with SAP dur-
ing docking analysis and fulfilled all of the drug-likeness moieties among other compounds but also, displayed better 
simulation results, leading to a conclusion that daidzin 4’0-glucuronide could be a potential drug candidate against C. 
lusitaniae. However, its real-time efficacy could only be validated in clinical settings.

Keywords  C. lusitaniae, Molecular docking analysis, Phytochemicals, Secreted aspartyl proteinase (SAP), Virtual 
screening

Introduction
First documented as a human pathogen in 1979, Candida 
lusitaniae (C. lusitaniae) has been implicated in a mul-
titude of afflictions, including fungemia, peritonitis, and 
additional infections, primarily affecting patients suf-
fering from underlying malignancies, those subjected to 
chemotherapy, and individuals harboring intravenous 
catheters or those, exposed to broad-spectrum antibiot-
ics [1]. Responsible for roughly 19.3% of fungemia cases 
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[2] and approximately 1.7% of all genitourinary can-
didiasis incidents in ambulatory patients, C. lusitaniae 
poses a notable threat to public health [3]. Associated 
with elevated mortality rates originating from its inher-
ent resistance to conventional antifungal medications, 
such as amphotericin B, 5-fluorocytosine, and flucona-
zole, C. lusitaniae has historically led to severe fatalities 
prior to the introduction of fluconazole therapy. None-
theless, contemporary mortality rates seldom surpass 
5%, reflecting improvements in treatment efficacy [4]. 
Notwithstanding the advancements, the prevalence of C. 
lusitaniae infections continues to increase, presenting a 
frightening challenge amidst the growing population of 
immune-compromised individuals [5, 6].

C. lusitaniae, possesses various virulence factors that 
contribute to its pathogenicity. These factors include cell 
wall barriers, adherence mechanisms, dimorphism, bio-
film formation and stress-tolerant proteins [7]. Among 
these factors, there are also the hydrolytic enzymes 
which play a crucial role in the pathogen’s ability to 
invade the host and evade its immune response [8]. One 
of the key hydrolytic enzymes produced by C. lusitaniae 
is the Secreted Aspartyl Proteinase (SAP). The SAP is one 
of the critical virulence factors as it facilitates tissue inva-
sion by degrading host proteins and also, by disrupting 
the defense mechanisms. The ability of SAP to degrade 
a variety of proteins allows the pathogen to thrive in dif-
ferent host environments and contributes significantly to 
its pathogenicity [9]. Due to all such significant attributes 
especially, in assisting the virulence of the pathogen, the 
SAP of C. lusitaniae which is also known as candidapep-
sin protein, was majorly targeted for the current research 
work.

As far as the current treatment methods to treat C. 
lusitaniae infections particularly by using the antifungal 
drugs including Fosmanogepix [10] (Approved in 2022), 
Opelconazole and Olorofim [11] (Approved in 2023) is 
concerned, their efficacy is uncertain due to their asso-
ciated side effects in patients. Some of the common side 
effects include vomiting, abdominal pain, dizziness,, and 
diarrhea [12–14]. Therefore, in response to the urgent 
need for alternative therapeutic sources, the adoption of 
unconventional treatments has gained significance. One 
promising avenue is the utilization of phytochemicals, 
as potential therapeutic agents [15]. Plant compounds, 
known for their diverse biological activities and health 
benefits, offer a natural and potentially safer alternative 
to synthetic chemical drugs due to no fungal resistance 
against them [16, 17], they are less likely to cause severe 
adverse effects or toxicity [18]. These compounds can 
often be obtained from dietary sources or herbal supple-
ments, making them easier to incorporate into treatment 
regimens [15]. Moreover, their diverse pharmacological 

effects make them plausible candidates for therapeutic 
interventions.

Therefore, the selection of 35 phytochemicals was 
made based on the basis of specific parameters such as 
antimicrobial effectiveness and drug likeness character-
istics. These parameters were crucial in determining the 
potency and effectiveness of these compounds in inhib-
iting certain biological targets. The overall methodology 
for this study involved retrieving the amino acid sequence 
of the SAP from UniProt (https://​www.​unipr​ot.​org/), fol-
lowed by predicting its three dimensional (3D) model by 
employing the trRosetta server (https://​yangl​ab.​qd.​sdu.​
edu.​cn/​trRos​etta/). Afterwards, the predicted structure 
was stereochemically evaluated through Ramachandran 
plot. This prediction of the protein model and its evalua-
tion was primarily performed to subject it to the molecu-
lar docking analysis in which the targeted ligands were 
screened out based upon the docking energy scores. The 
selected compounds were then proceeded for subsequent 
ADME analysis for further screening and selection of a 
potent drug candidate. The final results suggested that 
daidzin 4’-0-glucuronide fulfilled the required pharma-
cokinetic characteristics. Consequently, the molecular 
dynamics simulations were conducted using Desmond, 
to assess the structural stability flexibility, protein–ligand 
interactions and the calculations of binding free energies 
through MMGBSA, during the 200 ns simulations of the 
docked complexes. This particular analysis presented 
favorable results indicating that the docked complex 
(SAP-daidzin 4’-0-glucuronide) under study was stable 
enough upon simulations.

Methods
Amino acid sequence retrieval
Putative Secreted Aspartyl Proteinase (SAP) or candida-
pepsin protein was the targeted protein of this study. In 
order to perform the subsequent analyses, its amino acid 
sequence was required. Hence, it was retrieved from Uni-
Prot (UniParc accession ID: UPI0012A87966) (https://​
www.​unipr​ot.​org/) which is a free source and compre-
hensive database that provides free and easy excess to a 
wide range of protein sequence and functional informa-
tion [19]. While, the amino acid sequence length of the 
protein under study was 396.

Structural modeling of target protein
The retrieved amino acid sequence was then subjected to 
modelling to predict the three dimensional (3D) model. 
For this purpose, the trRosetta online server (https://​
yangl​ab.​qd.​sdu.​edu.​cn/​trRos​etta/#:​~:​text=​trRos​etta%​
20is%​20an%​20alg​orithm%​20for​,by%​20a%​20deep%​20neu​
ral%​20net​work.) was employed [20]. The trRosetta, is 
a sophisticated tool designed for predicting protein 
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structures. It also possesses the capability to perform 
de novo modeling, allowing it to construct protein 
structures without solely relying on pre-existing tem-
plates. This aspect is particularly valuable for proteins 
with unique sequences or those lacking well-defined 
experimental structures. Additionally, trRosetta excels 
in automatically identifying homologous templates by 
seamlessly integrating de novo modeling with template-
based modeling (TBM). By using this hybrid approach, 
trRosetta can efficiently generate initial models based on 
structurally similar sequences found in public databases. 
This combination of de novo and template-based strate-
gies empowers trRosetta to deliver accurate and reliable 
3D models across a diverse spectrum of protein targets, 
showcasing its versatility and effectiveness in protein 
structure prediction tasks. In the current perspective, 
it employed different protein models from protein data 
bank (.pdb) to predict the 3D structure of SAP while, the 
FASTA format amino acid sequence of the respective 
protein was given as input to be processed for modelling 
[21]. Whereas, different parameters were taken into con-
sideration to select the appropriate protein model includ-
ing the confidence score which exhibits the alignment 
between the query and the template sequence. This score 
also refers to the scope of the query sequence that gets 
aligned with the sequence of the template. Additionally, 
the sequence identity score which indicates the extent 
of amino acids in the aligned regions between the query 
and the template sequences, is also highly significant 
while inferring the required parameters. Furthermore, 
the E-value (expected value) is also one of the important 
factors of this server which shows, either the alignment 
between the query and the template is due to chance or 
not. Afterwards, the Z-score refers to calculate the sta-
tistical significance of the match which is discussed in 
context of E-value. The better the match, the higher will 
be the Z-score and ultimately the significance will also be 
the more. Normally, a Z-score higher than 10 is regarded 
very significant which signifies the reliability and ensures 
the precision of the modelled protein structure.

Stereo‑chemical evaluation of predicted structure
The predicted structure of the protein was then analyzed 
by incorporating the PROCHECK server (https://​saves.​
mbi.​ucla.​edu/) [22]. PROCHECK generates Ramachan-
dran plot which is basically graphical representation of 
the torsion angles phi (?) and psi (?) of the amino acid 
residues in a protein structure. The graph is divided 
into four quadrants, showing different regions including 
allowed (most favorable), disallowed (not-favorable) and 
additionally allowed regions. These regions are repre-
sented with different colors as red color corresponds to 
the allowed region, yellow to the additionally allowed and 

white color indicate the disallowed region. The allowed 
region represents the energetically favorable conforma-
tions of the protein residues that are not sterically hin-
dered while the dis-allowed region represents those 
conformations of the protein residues that are sterically 
hindered having least permitted rotations which are 
energetically unfavorable [23]. This also assist to identify 
the potential errors presents in the backbone conforma-
tion of the given protein. Ramachandran plot presents 
the relevant results as Ramachandran score where the 
higher scores indicate the better quality of the protein 
model.

Molecular docking analysis
To conduct the molecular docking analysis in this study, 
the Molecular Operating Environment (MOE) version 
2015 was employed. MOE is a powerful computational 
platform, equipped with advanced algorithms and capa-
bilities suitable for carrying out molecular docking 
simulations. Prior to executing the molecular docking 
analysis, several preliminary preparations were under-
taken to ensure accurate and reliable results. Firstly, the 
receptor protein and the library of ligands were prepared. 
Secondly, an appropriate model was implemented for the 
docking process. Thirdly, a specified scoring method was 
chosen to estimate the binding affinities of the docked 
complexes. Lastly, the number of poses considered for 
each ligand during the docking analysis was also set to 
a certain number. Once these preparations were com-
pleted, MOE was configured to execute the molecular 
docking analysis. MOE’s robust algorithmic framework, 
coupled with its intuitive interface, streamlined the exe-
cution of the docking simulations, thereby accelerating 
the progression towards the identification of novel lead 
compounds. Throughout the course of this study, MOE 
served as a versatile and indispensable tool for conduct-
ing molecular docking analyses, guiding the selection of 
promising ligands and shedding light onto the interaction 
mechanisms between the receptor protein and the library 
of 35 ligands.

Energy minimization and preparation of the receptor protein
To obtain an optimized conformation of the receptor 
protein, the initial stage involved was performing the 
energy minimization by utilizing MOE’s built-in energy 
minimization tool. Energy minimization is a tech-
nique aimed at reducing the overall potential energy of 
a molecular system, thereby improving its stability and 
accuracy. By employing this approach, the receptor pro-
tein’s structure became less strained and more realistic, 
better approximating its native state. Following the com-
pletion of energy minimization, another crucial step was 
carried out within the MOE environment, adding polar 
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hydrogen atoms. This procedure ensures that the recep-
tor protein’s interactions with ligands would represent 
accurately, leading to more reliable docking simulations 
and subsequent analysis. Both energy minimization and 
polar hydrogen atoms’ addition were the integral com-
ponents of preparing receptor proteins for downstream 
computational investigations, such as molecular docking 
and virtual screening. These preparatory steps improve 
the quality of the input structures, thereby increasing the 
reliability and validity of the results obtained from these 
techniques [24]. Afterwards, the active site of the recep-
tor protein was determined by employing the ‘site-finder’ 
tool of MOE. Resultantly, several sites were predicted 
while, the largest among all of them were opted which 
was consisted of 85 residues. This selection was made for 
providing an adequate area to the interacting ligands so 
that they could bind with the residues of the binding site 
in their most appropriate pose and orientation, leading to 
the formation of a stable docked complex.

Preparation of the ligands library
To execute molecular docking analyses, a collection of 38 
ligand molecules was assembled. Out of total 38, there 
were 35 phytochemicals that were selected on the basis of 
their antimicrobial and specifically, their antifungal prop-
erties while, the rest of 3 compounds were the approved 
anti-fungal drugs which were included as control. As far 
as the selection of the phytochemicals is concerned, vari-
ous studies have reported their not only the antimicrobial 
attributes but the anti-fungal characteristics as well [25–
27]. The phytochemicals were retrieved from the expan-
sive catalog offered by the ChEBI (Chemical Entities of 
Biological Interest) database (https://​www.​ebi.​ac.​uk/​
ChEBI/) [28], which is a renowned open-access reposi-
tory dedicated to small chemical compounds of biological 
importance. ChEBI supplies a lot of detailed information 
about each compound, comprising chemical structures, 
nomenclature, synonyms, and additional properties 
[29]. Whereas, the control drugs were retrieved from 
PubChem database (https://​pubch​em.​ncbi.​nlm.​nih.​gov/) 
since, they were not available on ChEBI. To prepare the 
library of 38 ligands, the corresponding chemical struc-
tures were downloaded from ChEBI and PubChem in 
structured data file (.sdf) format. The.sdf file is a com-
monly accepted format for storing chemical information, 
containing details such as molecular connectivity, atomic 
coordinates, and elemental compositions. Utilizing SDF 
files also ensures the compatibility with various compu-
tational tools, including molecular docking engines. The 
preparation of this library followed a virtual screening 
strategy, aiming to identify promising phytochemicals/
compounds capable of interacting favorably with the tar-
get receptor protein. All of the selected phytochemicals 

along the control drugs for this particular study are pre-
sented in the Table 1 which is comprised of their names, 
ChEBI/PubChem ID’s, molecular structures and natural 
sources.

Execution of molecular docking
Following the preparation of the receptor protein and 
the library of 35 ligands, several crucial parameters were 
incorporated to carry out the molecular docking analy-
sis. One of the most notable selections included imple-
menting the Induced Fit Refinement (IFR) model for this 
study. IFR enables structural flexibility during the dock-
ing process, thereby promoting the generation of docked 
complexes featuring optimal orientations and significant 
docking energies. Adopting the IFR model allowed the 
receptor protein to adapt its structure upon ligand bind-
ing, mimicking the conformational changes that occur 
naturally when a ligand interacts with its target. Conse-
quently, the resulting docked complexes exhibited greater 
fidelity compared to rigid docking methods, wherein the 
receptor protein remains static throughout the entire 
simulation. Additionally, the London dG scoring method 
was chosen to calculate the scores of the docking param-
eters. The London dG score estimates the binding affinity 
of a ligand-receptor complex, taking into account van der 
Waals forces and electrostatic interactions. This scoring 
function enabled the ranking of the docked complexes 
based on their estimated binding affinities, thus facili-
tating the identification of the most promising ligands. 
Lastly, the number of poses considered for each ligand 
during the docking analysis was set to more than 1. Gen-
erating multiple poses per ligand increased the likeli-
hood of identifying low-energy binding modes, therefore, 
enhancing the confidence in the required results of the 
molecular docking analysis. Overall, incorporating the 
IFR model, London dG scoring method, and considering 
multiple poses per ligand, contributed significantly to the 
molecular docking analysis in yielding insights into the 
interaction mechanisms between the receptor protein 
and the selected ligands.

Selection of the potential ligands/compounds
After the docking analysis, some ligands were shortlisted 
on the basis of their molecular docking scores. We had 
set a threshold value of -7 kcal/mol to screen out the 
potentially docked compounds. In this way, only the 
ligands which exhibited the docking energy scores less 
than -7 kcal/mol were opted for the subsequent and final 
scrutiny through the ADME analysis. For this purpose, 
the R language assisted scatter plot was constructed. Var-
ious libraries of R was utilized in this context including 
the read.xlsx and ggplot2. This particular analysis made 
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the screening and selection process of the best docked 
compounds more precise and accurate.

ADME analysis
In addition to the docking energy scores based short-list-
ing of the potent ligands, the pharmacokinetics/ADME 
analysis of the screened-out compounds were performed 
for final selection. This particular analysis was performed 
by incorporating the SwissADME online tool (http://​
www.​swiss​adme.​ch/) [30]. This web-based platform 
offers a comprehensive suite of features that facilitate 
the analysis of absorption, distribution, metabolism, and 
excretion (ADME) parameters, along with other phar-
macokinetic properties of any compound under study. It 
gives a free access to a wide range of fast as well as robust 
predictive models to compute all these parameters, 
including in-house proficient methods like BOILED-Egg, 
iLOGP and bioavailability radar [31]. Additionally, Swis-
sADME allows for the computation of physicochemical 
descriptors and medicinal chemistry attributes which 
are essential for understanding the compound’s behav-
ior in biological systems [32]. This online tool improves 
the efficiency and accuracy of predicting the important 
pharmacokinetic properties. In this way, it helps the 
researchers to make conclusive decisions and improve 
the develop optimization strategies in the context of drug 
development.

LigPlot analysis
LigPlot is a program that is used to generate a schematic 
diagram to elaborately showcasing the protein-ligand 
interactions [33]. A 2D representation, known as ligand 
plot, is generated to provide a simple and informative 
visualization of the intermolecular interactions and their 
strengths including hydrogen bonds, hydrophobic inter-
actions and atom accessibilities. This plot also enables a 
comprehensive data about the affinity and binding of the 
ligand. In the current perspective, it provided significant 
insights regarding the final docked complex to highlight 
certain amino acids in the receptor protein which inter-
acted with the potential ligand. These amino acids were 
labeled and colored differently depending on the type or 
strength of the interactions, they were involved in [34].

Molecular dynamics (MD) simulations
For molecular dynamics simulations, the Desmond soft-
ware was incorporated. It is a high-performing graphics 
processing unit (GPU) assisted simulation suite for simu-
lating biological systems including macromolecules and 
their complexes. In the current study, the docked com-
plexes were solvated in a suitable solvent model, typically 
TIP3P water, within a periodic boundary box (12 Å) to 
mimic a physiological environment. Counter ions were 

Table 1  The details of selected phytochemicals along the 
control/approved drugs for this research work including their 
names, ChEBI ID, molecular structures and natural sources
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added to neutralize the overall charge of the systems, 
ensuring that the simulations could be performed under 
conditions that closely resemble a natural biological envi-
ronment. For this, the 68 sodium (Na +) ions with a con-
centration of 77.056 mM and 45 chloride (Cl-) ions were 
added to the system with a concentration of 50.993 mM. 
The sodium ions provided a total positive charge of + 68, 
while the chloride ions provided a total negative charge 
of -45. This balance was highly essential for maintaining 
the electrostatic stability of the overall system during the 
simulations. While, the Optimized Potentials for Liq-
uid Simulations—All Atom (OPLS-AA) force-field was 
applied to both the protein–ligand complex and the apo 
protein to calculate the interactions and forces within the 
systems accurately. The systems were set to run under 
physiological conditions, with a temperature of 300 K 
and pressure of 1 atm. A time step of 2 femtoseconds 
(fs) was used to ensure numerical stability. Initially, the 
simulations were run for 100 ns, but during the last 50 
ns the apo protein was showing a bit unstable behav-
ior. Hence, the extended simulations were then run of 
which the time duration was set to 200 ns, during which 
the dynamic behavior of the system was recorded. Dur-
ing this particular time period, the stability of the pro-
tein was ensured and then its last frame was extracted 
since, it was showing the most stable conformation, for 
another round of docking simulations to produce com-
paratively stable complexes. Afterwards, by following the 
same protocol, two rounds of the MD simulations were 
finally run for 200 ns and the dynamic behavior of the 
systems was again recorded for each of the complex. In 
this first round, the RSMD and RMSF of daidzin 4’0-glu-
curonide was analyzed in comparison with hesperidin 
and naringin. After that, during the second run, daidzin 
4’0-glucuronide was comparatively assessed by involving 
the reference drugs. In both of these contexts, the docked 
complexes were subjected in the simultaneous simula-
tions for both of the time. The systems underwent energy 
minimization to remove any steric clashes and relax the 
structures. Following this, the systems were gradually 
heated from 100 to 300 K, and equilibrated under con-
stant temperature and pressure (NPT ensemble) for a 
sufficient duration to stabilize density and temperature 
distribution. The production MD simulations the docked 
complexes were carried out for 200 ns. Trajectory data 
were recorded at regular intervals to analyze the stabil-
ity and dynamic behavior of the protein-ligand complex, 
compared to the apo protein. After the MD simulations, 
the Maestro, which is the intuitive graphical interface of 
the Schrodinger software suite was utilized for further 
interactions and interpretations of results. From Maes-
tro, various graphs such as protein-ligand RMSD, protein 
RMSF, ligand RMSF, protein-ligand contacts, etc., were 

obtained, aiding in the comprehensive analysis of molec-
ular dynamics simulations and protein-ligand interac-
tions in the current study.

Molecular mechanics generalized born surface area 
(MM‑GBSA) binding energies calculations
To calculate MM-GBSA binding energies using Desmond 
software, the protein-ligand complex was first prepared 
by removing water molecules and the structures were 
optimized. Subsequently, the overall system was relaxed 
as a result of simulations and the binding energies were 
computed. Snapshots were extracted from the trajectory, 
and for each snapshot, the MM-GBSA binding energy 
was calculated. These energies were analyzed to com-
prehend the interactions between the protein and ligand. 
Afterwards, a comprehensive report was compiled 
regarding the computed MM-GBSA binding energies to 
infer the overall results. The results were summarized in 
a table at the end of the report, providing a clear over-
view of the binding energies for the complex.

The overall research methodology followed in this 
study is illustrated in the Fig. 1.

Results
Targeted protein structure modelling
A comprehensive 3D model of the targeted protein was 
predicted using trRosetta. This server utilized differ-
ent template models for 3D modelling of SAP. The one 
which is selected for this study was modelled by incor-
porating the 2PSG_A protein from PDB. This tool pro-
vided crucial information about the protein’s structural 
attributes. The model’s confidence was notably high i.e., 
100%, which increased its reliability in terms of accuracy. 
This high degree of confidence guided the selection of the 
first predicted structure, which was then downloaded to 
undergo further evaluation. In addition to this, the cover-
age score of 85.6% suggested the high homology between 
the query and the template sequence. This high fraction 
of coverage indicated that most of the sequence had a 
structural reference as well. Moreover, the The E-value of 
4.1E-55 also revealed an extremely low probability of the 
fact that the observed alignment has occurred by random 
chance signifying the reliability of the predicted model 
of SAP protein. The Z-score of 16.365 also supported 
the outcome scores of the previously discussed factors 
which suggested the high significance of the modelled 
protein. This initial model provided a strong framework 
for further investigation of the functional attributes of 
the protein and its potential as a target for drug discov-
ery initiatives. The Fig. 2 illustrates the predicted struc-
ture of the protein under study which is comprised of an 
efficient blend of crucial structural components including 
alpha helices and beta sheets.
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Protein structural validation
The Ramachandran plot is an important tool in structural 
biology to assess the conformational angles of amino 
acids in protein structures. The most favored combina-
tions of the phi (f ) and psi (?) angles were indicated by 
the red regions on the plot in the Fig. 3. These were the 
conformations that were sterically allowed and typically 
correlated to the alpha-helix and beta-sheet second-
ary structures in SAP’s predicted structure. The pres-
ence of multiple residues in these regions predicted that 
the protein structure was stable and its quality was also 

appreciable. Adjacent to the red regions, there were yel-
low areas in the plot, which represented additionally 
allowed regions. This area corresponded to turns or loops 
in the protein structure. The white areas represented 
combinations of f and ? angles that were generally not 
allowed due to steric hindrance. Specified residues were 
annotated on the plot, such as “ALA + 3 1(A)” and “PASP 
+ 5 1(A)”. While, the results of the given structure of SAP 
suggested that the majority of the amino acid residues 
lied in the most favorable regions i.e., 92.7%, whereas, 
in the additionally allowed region the residues percent-
age was 6.2% and in the disallowed regions, there were 
only 0.9% residues which were allocated in this particu-
lar zone. Therefore, on the basis of the conclusive results, 
especially, the number of residues in the most favored 
regions thus gave an indication of the most stable confor-
mation of the predicted structure of SAP, suggesting its 
better quality.

Screening and selection of a potential compound 
through molecular docking and pharmacokinetics analysis
The molecular docking analysis was used to identify 
potential compounds from the selected compounds that 
could effectively bind with SAP. Initially, the 3D structure 

Fig. 1  The complete methodological workflow followed in this study

Fig. 2  The predicted 3D model of Secreted Aspartyl Proteinase (SAP) 
of C. lusitaniae 
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of the protein was prepared and incorporated into the 
analysis to enable precise interactions with different phy-
tochemicals. To evaluate the binding affinities of each 
ligand-protein complex, docking scores were computed. 
Lower scores indicated stronger binding affinities. The 
range of docking energy scores of all the docked com-
plexes varied from -4.7561 kcal/mol. to -7.6327 kcal/mol. 
These varied docking scores, indicated different levels 
of interactions with the SAP. While, significant interac-
tions were identified, including van der Waals forces, 
hydrophobic interactions, and hydrogen bonding. Deep 
penetration of certain ligands into the binding pocket 

resulted in multiple favorable interactions with impor-
tant residues of amino acids. Comparative analysis of the 
interactions were made based upon their docking ener-
gies because the least energy scores proposed the bet-
ter docking interactions and vice versa. This perspective 
highlighted another important fact that the docked com-
plexes with the less docking energy values would be more 
stable than the rest ones. The Table 2 illustrates the bind-
ing energies (kcal/mol.) of each of the interacted com-
pounds including the three approved anti-fungal drugs 
(Fosmanogepix, Opelconazole and Olorofim) which were 
included as control during the docking analysis. While, 

Fig. 3  Ramachandran plot to assess the structural quality of the predicted 3D model of SAP. The scores of most favored region i.e., 92.7% indicated 
that the structure is stereochemically stable
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for better graphical representation of these results, R pro-
gramming based scatter plot was also constructed which 
segregated the interacted ligands into two categories by 
creating a threshold value of -7.3 kcal/mol. This plot can 
be visualized in the Fig.  4. Since, this particular thresh-
old value can ensure a significant level of interactions and 
binding affinities, therefore, only the docked complexes 
which exhibited the docking score equal to or lesser than 
-7.3 kcal/mol. were retained for the next phase of screen-
ing while, the rest of complexes were discarded. The 
compounds which were screened-out during this phase 
included opelconazole, daidzin 4’-0-glucuronide and nar-
ingin. Their respective docking scores can also be visual-
ized in the Fig. 4.

The second screening phase which was in fact the 
final phase of selecting a potent compound was through 
the pharmacokinetics or ADME analysis. Thus, the 
selected compounds which included opelconazole, 
daidzin 4’-0-glucuronide and naringin were subjected 
to ADME investigation by employing the SwissADME 
server (http://​www.​swiss​adme.​ch/). This crucial stage 
incorporated several parameters to evaluate these three 
compounds including the water solubility, pharma-
cokinetic properties, CYP450 inhibitor status and most 
importantly, the Lipinski rule. All of the results of four 
compounds under considerations suggested that only 
the daidzin 4’-0-glucuronide followed all of the required 
pharmacokinetic and drug-likeness attributes. Moreover, 
it was also noteworthy that daidzin 4’-0-glucuronide not 
only fulfilled the required drug-likeness properties but 
also, it exhibited significantly considerable docking score 
i.e., -7.6327 kcal/mol. which suggested that this com-
pound could be a promising natural compound which 
could inhibit the pathogenic characteristic of secreted 
aspartyl proteinase (SAP) of C. lusitaniae. It is important 
to mention here that daidzin 4’-0-glucuronide has not 
been employed as an anti-fungal drug yet signifying the 

Table 2  The scores of docking/binding energies of all of the 
incorporated compounds with SAP

Compounds Docking 
Energy (kcal/
mol.)

(-) -Epicatechin -4.7561

Baicalin -6.7106

Chloroquine -6.2030

Chrysin 5,7-demethyl ether -5.7949

curcumin -6.0600

(-) _epigallocatechin 3-gallate -6.5496

Galangin -5.0213

Isorhamnetin -5.4598

Malvidin -5.6145

Nobiletin -6.3605

Sinensetin -6.7934

Tangeretin -6.2037

5.7-dihyroxy 4-metroxyflavone -5.3275

( +) -catechin -5.5417

Luteolin -4.9330

Quercetin -5.4890

Epigenin -5.5426

Pelargonidin -5.1197

Genistein -5.3526

Delphinidin -5.2595

Hesperidin -7.2614

Naringin -8.1556

Daidzein 7-o-beta-D-glucoside -6.3022

Fisetin -5.6601

Nargingenin -5.1344

Deoxycyclinemyricetin(1-) -6.3156

Myricetin(1-) -5.5372

Kaemferol oxoanion -5.0305

Neohesperidin -6.7393

(-)-epicatechin -3_0_gallate -5.9686

(-) -gallocatechin -4.7924

Cyanidin(1-) -5.0445

Peonidin -5.3770

Petunidin -6.1504

Daidzin 4’-0-glucuronide -7.6327

2-Coumaroylquinic acid -6.6730

Apigenin -5.9920

Biochanin A -6.3745

Pinosylvin -5.4615

Emodin -5.7007

Pleosporone -6.2230

Formononetin -6.1939

Galangin -5.8159

Glycitein -6.4714

Homoeriodictyol -6.3776

Licochalcone B -6.4424

Licochalcone F -7.0569

Table 2  (continued)

Compounds Docking 
Energy (kcal/
mol.)

Morin -6.2867

Oroxylin A -6.1579

Pinocembrin -5.8352

Rosmarinic acid -5.8103

Scutellarein -6.5068

Control Drugs (approved anti-fungal drugs)
  Fosmanogepix -6.4315

  Opelconazole -7.6412

  Olorofim -6.9735

http://www.swissadme.ch/
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novelty of work, however, its efficacy has been explored 
in various other therapeutic settings. Although, only 
computational techniques have been applied to study 
this particular domain of daidzin 4’-0-glucuronide which 
might be of a limited significance but still the findings of 
this study provides with the direction towards in-vivo and 
in-vitro validations. While, the results of ADME analysis 
oriented final scrutiny can be visualized in the Table 3.

Afterwards, different docking representations of the 
finalized docked complex i.e., SAP-daidzin 4’-0-glucuro-
nide were computed to infer the specified amino residues 
of SAP which were involved in this interaction. The Fig. 5 
(a) demonstrates the three dimensional (3D) docking 
representation of SAP-daidzin 4’-0-glucuronide docked 
complex whereas, the Fig. 5 (b) represents the 2D dock-
ing interactions. It can be observed from both of the fig-
ures that GLY139, ASP357, THR358, ARG62, ASP278, 
ASP140, TYR138 and ILE181 were the specified amino 
acids which were involved in the docking interaction. The 
latter one also exhibits the respective distances between 
the interacting receptor atoms and the ligand.

Lig‑plot analysis of SAP‑daidzin 4’‑0‑glucuronide complex
Ligplot was used to analyze the intermolecular interac-
tions, including hydrogen bonding and hydrophobic 
interactions in the docked complex of SAP and daidzin 

4’-0-glucuronide. Among the most potent kinds of non-
covalent interactions were the hydrogen bonds. In the 
context of the lig-plot, hydrogen bonds are formed when 
a hydrogen atom, covalently bonded to a highly electron-
egative atom like nitrogen or oxygen, is also attracted to 
another electronegative atom from the ligand or protein. 
In the Fig.  6, the black balls represented carbon atoms 
form the backbone of the ligand structure, while the red 
balls (oxygen) and blue balls (nitrogen) indicated func-
tional groups that participate in hydrogen bonding and 
other interactions. The amino acids Asp101, Asp140, 
Thr281, Arg262, Thr358, Asp356, and Asp357 were 
involved in forming these bonds with the ligand (daidzin 
4’-0-glucuronide), which suggested that they were the 
key residues for the ligand’s binding. The SAP formed six 
hydrogen bonds (H bonds) with the daidzin 4’-0-glucu-
ronide while, the O2 atoms of the ligand was engaged in 
a H-bond with the side chain of Arg62, Thr338, Asp357 
and Asp356 amino acid of SAP. The formation of these 
H-bonds was further characterized by the average dis-
tances between the corresponding heavy atoms and also, 
by the percentage of occurrence during simulations. 
Moreover, in addition to the hydrogen bonding interac-
tions, the ligand was involved in the hydrophobic inter-
actions too. Hydrophobic Interactions occurred between 
nonpolar molecules or parts of molecules, which tend 

Fig. 4  Scatter plot to segregate and screen-out the ligands/compounds on the basis of docking energy scores. A threshold value of -7.3 kcal/mol. 
was set to segregate the best-docked compounds

Table 3  The results of analysis major drug-likeness attributes of the screened-out compounds for final selection

Sr. no Names of the Selected Compounds Pharmacokinetic 
properties
(fulfilled/not fulfilled)

Water solubility
(Yes/No)

CYP450 
inhibitor
(Yes/No)

Lipinski rule
(followed/violated)

1 Opelconazole Not fulfilled No Yes Violated

2 Daidzin 4’-0-glucuronide Fulfilled Yes No Followed

3 Naringin Not fulfilled Yes No Violated



Page 11 of 25Timotheous et al. BMC Infectious Diseases           (2025) 25:24 	

to avoid contact with water (hydrophobic effect). In 
the lig-plot, the eyelash-like lines pointing towards the 
ligand from Thr 281, Asp140, Asp101, Val99, Ilel81, 
Ile78, Gly280, Ile360 and Gly139 indicated areas where 
hydrophobic interactions helped to stabilize the ligand 
within the binding pocket. These interactions were less 
about direct contact and more about creating an environ-
ment where water was excluded, thus favoring the ligand 
binding. The specific amino acids involved in interac-
tions with the ligand suggested that the protein had a 

particular binding site that was complementary to the 
shape and chemical properties of daidzin 4’-0-glucuro-
nide. This specificity was crucial for the biological func-
tion of the protein, as it ensures that it interacts with the 
correct ligand. The hydrogen bonds and hydrophobic 
interactions depicted in the lig-plot contributed to the 
stability of the protein–ligand complex. A stable complex 
is often necessary for the proper biological activity of 
the protein, such as enzyme catalysis or signal transduc-
tion. For researchers in drug design, understanding these 

Fig. 5  a Three dimensional (3D) docking representation of SAP-daidzin 4’-0-glucuronide complex. b Two dimensional (2D) illustration 
of SAP-daidzin 4’-0-glucuronide, showing various types of interactions occurred, along the respective distances between the ligand 
and the corresponding interacting receptor atoms
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interactions provides the insights into how modifications 
to the ligand could improve its binding affinity or selec-
tivity for the given protein.

Elaborative pharmacokinetic analysis of the selected 
compound ‘daidzin 4’‑0‑glucuronide’ and its comparative 
analysis with approved anti‑fungal drugs
After the docking analysis, three of the phytochemicals 
were shortlisted and their corresponding ADME char-
acteristics were assessed using SwissADME. Daidzin 
4’-0-glucuronide showed the best pharmacokinetic and 
physicochemical properties than the rest of the selected 
compounds. Given its potential, further exploration of 
the ADME properties was deemed crucial to unveil its 
medicinal or drug-like attributes. Some of the key fea-
tures of this compound are illustrated in Fig. 7, especially 
with regard to bioavailability radar which showed that the 
given compound possessed the insaturation and polarity 

characteristics. This fact indicated that daidzin 4’-0-glu-
curonide would not only be more reactive but also, it will 
be more water soluble and would also be excreted out of 
the body. These properties initially signified that the com-
pound under study had significant drug-like potential.

Afterwards, the physicochemical properties of daidzin 
4’-0-glucuronide were revealed, exhibiting several dis-
tinct characteristics which included that the molecule 
was large, including 30 heavy atoms, 16 of which were 
aromatic, and had a molecular weight of 416.38 g/mol. 
suggesting that this compound was structurally complex. 
This fact was assured by the score of sp3-hubridized car-
bons which was 0.29, suggesting it to be a moderately 
complex molecular structure.

Moreover, daidzin 4’-0-glucuronide possessed nine 
hydrogen bond acceptors, five hydrogen bond donors, 
and five rotatable bonds which indicated that signifi-
cant flexibility and the possibility of intermolecular 

Fig. 6  LigPlot results to get deep insights regarding the interactions occurred during molecular docking between SAP and daidzin 4’-0-glucuronide
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interactions were present in its molecular structure. 
Regarding the lipophilicity, an average affinity for lipid 
environments was indicated by the consensus log P 
value of 0.63. ESOL log S value of -2.97 and Silicos-
IT log S value of -3.28 showed that this property was 
supported by more effective water solubility. It was 
predicted that daidzin 4’-0-glucuronide would have 
moderately less gastrointestinal (GI) absorption and 
would not cross the blood–brain barrier (BBB) as well.

Furthermore, daidzin 4’-0-glucuronide was shown 
to be a substrate for P-glycoprotein (Pgp). Analysis of 
excretion and metabolism provided more informa-
tive insights in which it was not predicted that daid-
zin 4’-0-glucuronide would inhibit any of the key 
cytochrome P450 enzymes (CYP1A2, CYP2C19, 
CYP2C9, CYP2D6, CYP3A4), suggesting a decreased 
risk of drug-drug interactions, mediated by these 
enzymes. On the other hand, its calculated skin per-
meability coefficient (log Kp) was -8.36 cm/s, signify-
ing its low skin permeability. In the end, some of the 
additional relevant features were also examined in this 
context. It was determined that daidzin 4’-0-glucuro-
nide did not violated the Lipinski’s rule-of-five, zero 
of Ghose’s, one of Veber’s, one of Egan’s, and three of 
Muegge’s. With a bioavailability score of 0.55, modest 
oral bioavailability was indicated. Notably, the molecule 
did not show either Brenk or PAINS signals while, its 
synthetic accessibility score was 5.01, suggesting a very 

moderate level of synthetic complexity. All of the above 
explained parameters along their respective results are 
demonstrated collectively in the Table 4.

Moreover, to further authenticate and highlight the 
significance of the findings of this work, the compara-
tive pharmacokinetics analysis of daidzin 4’-0-glucu-
ronide and some of the market approved traditional 
anti-fungal drugs is also performed in this study. The 
Table  4 displays the elaborative drug properties of 
three approved antifungal drugs (fosmanogepix, opel-
conazole and olorofim) and daidzin 4’-0-glucuronide. It 
can be observed that none of the approved drugs com-
pletely follow all of the required crucial pharmacokinet-
ics properties. The fosmanogepix exhibited poor water 
solubility and inhibition against two of the CYP450 
isoforms. Similarly, the opelconazole was found to be 
insoluble in water and showed inhibition against three 
CYP450 isoforms. Most importantly, it violated the 
Lipinski rule, which is highly pivotal while estimating 
the drug perspective of a compound. Furthermore, the 
olorofim found to be moderately soluble in water and 
exhibited inhibition against four CYP450 isoforms. 
While, daidzin 4’-0-glucuronide almost completely fol-
lowed not only the previously discussed parameters but 
also other crucial factors which indicates the impor-
tance and significance of the findings of this work and 
daidzin 4’-0-glucuronide, to be a probable anti-fungal 
phytocompound. The results of this comparative analy-
sis are demonstrated in the Table 5.

Fig. 7  Bioavailability radar of daidzin 4’-0-glucuronide, showing a degree of insaturation (INSATU) and polarity (POLAR)
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Molecular dynamics simulations
Root mean square deviation (RMSD)

Comparative RMSD analysis by including the top hits 
from the phytocompounds library and the reference/mar-
keted approved drugs  In the RMSD analysis of the three 
complexes over a 200 ns simulation, each ligand daidzin 
4’-0-glucuronide, hesperidin, and naringin displayed dis-
tinct interaction stability with the SAP protein. The daid-
zin 4’-0-glucuronide-SAP complex Fig.  8 (a) exhibited 
an initial phase of low fluctuations, suggesting a stable 
binding configuration early on. While minor increases 
in RMSD occurred mid-simulation, these fluctuations 
indicate slight conformational adjustments, likely as the 
ligand adapted within the SAP binding site. Importantly, 
daidzin 4’-0-glucuronide achieved a more equilibrated 
and stable interactions until the end of simulations, 
affirming its suitability as a well-fitted compound for SAP 
binding. In contrast, the hesperidin-SAP complex Fig. 8 
(b) showed higher initial RMSD values, possibly reflect-
ing a less stable initial binding mode. Hesperidin might 
not achieve the same binding stability as daidzin 4’-0-glu-
curonide, as seen by significant fluctuations in the mid-
simulation phase which suggested larger conformational 
changes and only partial stabilization by the end of the 
simulations. Throughout the simulation, the naringin-
SAP complex Fig.  8 (c) showed decreased, suggesting 
a stable binding profile than the hesperidin. The daid-
zin 4’-0-glucuronide-SAP complex, on the other hand, 
not only maintained stable interactions but also showed 
favorable adaptability within the SAP binding pocket, 
highlighting it as the best-screened compound among 
the three ligands due to its strong binding affinity and 
stability with SAP.

Afterwards, another MD simulation analysis was per-
formed to compare the daidzin 4’0-glucuronide with the 
approved anti-fungal drugs. These drugs included the 
fosmanogepix, olorofim and opelconazole. The compara-
tive MD simulation results of all the four complexes dis-
played varied behavior throughout the 200 ns time frame. 
Initially, in context of SAP-daidzin 4’-0-glucuronide, the 
RMSD of SAP started at approximately 1.8 Å and showed 
a gradual increase, stabilizing around 3.6–4.0 Å after 
75 ns. This suggested that the protein underwent initial 
conformational changes but achieved relative structural 
stability after this point in the simulation. The fluctua-
tions observed between 100–150 ns likely represented 
localized adjustments in the protein structure but did not 
indicate significant instability overall. On the other hand, 
the ligand daidzin 4’-O-glucuronide exhibited relatively 
stable RMSD values between 2.0 and 3.5 Å throughout 
the simulation, with fewer fluctuations compared to the 

Table 4  An elaborative analysis of pharmacokinetics and 
other drug-likeness characteristics of Daidzin 4’-0-glucuronide 
including, physicochemical properties, lipophilicity and solubility 
status, analysis of pharmacokinetics, drug likeness and medicinal 
chemistry properties

Physiochemical Properties
  Molecular weight 416.38 g/mol

  No. of heavy atoms 30

  No. of aromatic heavy atoms 16

  Fraction Csp3 0.29

  No. of rotatable bonds 4

  No. of H-bond acceptors 9

  No. of H-bond donors 5

  Molar Refractivity 104.09

 Topological polar surface area (TPSA) 149.82 A2

Lipophilicity
  Consensus Log P 0.63

  Log P o/w (iLOGP) 2.42

  Log P o/w (XLOGP3) 0.67

  Log P o/w (WLOGP) 0.34

  Log P o/w (MLOGP) -1.11

  Log P o/w (SILICOS-IT) 0.82

Solubility
  Log (ESOL) -2.97

  Solubility 4.42e-01 mg/ml; 1.06e-03 mol/l

  Class soluble

  Log s (Ali) -3.39

  Solubility 1.69e-01 mg/ml; 4.05e-04 mol/l

  Class soluble

  Log S(SILICOS-IT) -3.28

  Solubility 2.18e-01 mg/ml; 5.22e-04 mol/l

  Class soluble

Pharmacokinetics
  GI absorption Moderately low

  BBB permeant No

  P-gp substrate No

  CYP1A2 inhibitor No

  CYP2C19 inhibitor No

  CYP2C9 inhibitor No

  CYP2D6 inhibitor No

  CYP3A4 inhibitor No

  Log Kp (skin permeation) -8.36 cm/s

Drug likeness
  Lipinski Yes; 0 violation

  Ghose Yes

  Muegge Yes; no violation

  Bioavailability Score 0.55

Medicinal Chemistry
  PAINS 0 alert

  Brenk 0 alert

  Leadlikeness No

  Synthetic accessibility 5.01
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protein as shown in the Fig. 9 (a). This indicated that the 
ligand maintained a stable binding conformation within 
the binding pocket of the SAP protein for the majority of 
the simulation time. Whereas, in case of SAP-fosmanoge-
pix complex, the RMSD of the protein showed a gradual 
rise during the first 50 ns of the simulation, stabilizing 
at around 4.5 Å. This indicated that the protein struc-
ture underwent some conformational changes initially 
but eventually reached equilibrium, with minimal fluc-
tuations beyond the 100 ns mark. The consistent RMSD 
values after stabilization suggested that the SAP protein 
maintained its overall structural integrity throughout 
the simulation. However, the RMSD of the fosmanoge-
pix ligand fluctuated significantly more, compared to 
the protein. Initially, the ligand RMSD aligned with the 
protein’s fluctuations, suggesting strong interactions. 
But, after around 100 ns, a notable drop in ligand RMSD 
was observed, reaching values below 4 Å which can be 
observed in Fig. 9 (b). This drop indicated that the ligand 
either repositioned itself or found a more stable binding 
mode within the binding pocket of the SAP protein. The 
reduced RMSD values in the later stages suggested that 

the ligand was more firmly accommodated within the 
binding site, possibly achieving a stable binding confor-
mation. On the contrary, SAP-olorifim presented a bit 
different kind of simulation results. At the start of the 
simulation, both the SAP protein and the ligand exhibited 
low RMSD values, indicating that their initial configura-
tions were well-conserved. The protein RMSD increased 
rapidly within the first 20 ns, reaching around 2.5 Å. This 
increase was indicative of the protein adapting to the 
solvent environment and undergoing initial conforma-
tional changes. After this adjustment phase, the RMSD 
stabilizes around 2.5–3.0 Å with slight fluctuations, 
which suggested that the protein structure remained sta-
ble with minimal deviations throughout the simulation. 
While, the ligand RMSD remained relatively low and sta-
ble, fluctuating between 1.0 Å and 2.5 Å. This indicated 
that olorofim remained securely bound in the protein’s 
active site, maintaining a stable conformation with no 
significant drift away from its binding pocket. Whereas, 
in case of SAP- opelconazole complex, the protein main-
tained a fairly stable RMSD throughout the 200 ns tra-
jectory. Initially, the protein RMSD started near 1.5 Å 

Table 5  The comparative analysis of drug properties of fosmanogepix, opelconazole, olorofim and daidzin 4’-0-glucuronide. The 
overall results affirmed that the compound under study in this work (daidzin 4’-0-glucuronide) followed all of the required parameters

Parameters Fosmanogepix (Approved 
in 2022)

Opelconazole (Approved 
in 2023)

Olorofim (approved in 
2023)

Daidzin 4’-0-glucuronide

Solubility
  Log S (ESOL) -3.72

Soluble
-7.81
Poorly soluble

-5.56,
moderate soluble

-2.97
soluble

  Log S(Ali) -4.00
1.17e-02 mg/ml
Moderately soluble

-7.90
Poorly soluble

-5.63
moderate soluble

-3.39
soluble

  Log S (SILICOS-IT) -6.28
Poorly soluble

-11.85
Insoluble

- 8.20,
poorly soluble

-3.28
soluble

Pharmacokinetics
  BBB permeant No No No No

  P-gp substrate Yes No Yes No

  CYP1A2 inhibitor No No No No

  CYP2C19 inhibitor Yes No Yes No

  CYP2C9 inhibitor No Yes Yes No

  CYP2D6 inhibitor No Yes Yes No

  CYP3A4 inhibitor Yes Yes Yes No

Druglikeness
  Lipinski’s Rule Yes; 0 violation No; 2 violations (MW > 500, 

LogP > 4.15)
Yes; 0 violation Yes; 0 violation

  Ghose Filter Yes No; 4 violations: MW > 480. 
WLOPG > 5.6, MR > 130

No 2 violations (MW > 480, 
MR > 130)

Yes

  Muegge Rules No; 1 violation (TPSA > 150) No, 2 violation: MW > 600, 
XLOGP3 > 5

Yes Yes

  Bioavailability Score 0.11 0.17 0.55 0.55

Medicinal Chemistry
  Synthetic Accessibility 4.45 5.27 3.65 5.01
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and fluctuated between 2.4 Å and 4.8 Å. The rise around 
100–175 ns suggested some conformational adjustments. 
However, the average deviation remained under control, 
indicating that the protein did not undergo any dramatic 
conformational changes and remained structurally stable 
during the simulation. While, the ligand RMSD started 
at around 1 Å and displayed a gradual rise, fluctuating 
between 2 Å and 7 Å after the first 50 ns. These fluctua-
tions indicated that the ligand underwent some move-
ment within the binding pocket. Despite this, it did not 
show signs of complete dissociation, as it stabilized after 
150 ns, maintaining an RMSD below 6 Å. The movements 
observed likely reflect adjustments to optimize binding 
interactions. These overall results are compiled in the 
Fig. 9 which suggested that the SAP- daidzin 4’-O-glucu-
ronide complex exhibited superior stability and perfor-
mance compared to the other three complexes analyzed. 
Its consistent protein and ligand RMSD values, along 
with minimal residue fluctuations in key binding regions, 
underscored its potential as a highly stable interaction. 
These results suggested that daidzin 4’-O-glucuronide 

could be a promising candidate for further drug discov-
ery and development targeting SAP.

Root mean square fluctuation (RMSF)

Comparative RMSF analysis by including the top hits 
from the phytocompounds library and the reference/mar-
keted approved drugs  In the RMSF (Root Mean Square 
Fluctuation) analysis of SAP with three different ligands, 
daidzin 4’-0-glucuronide, hesperidin, and naringin, the 
RMSF plots provided insight into the flexibility and sta-
bility of each complex. For daidzin 4’-0-glucuronide 
(Fig. 10a), the RMSF values demonstrated relatively stable 
fluctuations with minor peaks, indicating strong binding 
stability in the SAP active site and limited residue mobil-
ity throughout the protein. This implied a consistent 
interaction between daidzin 4’-0-glucuronide and SAP, 
suggesting enhanced stability in the complex. Hesperi-
din (Fig. 10b) showed a few larger fluctuations, particu-
larly in some loop regions, which might suggest slightly 
less stable interactions compared to daidzin 4’-0-glucu-
ronide. However, the overall RMSF values for hesperidin 

Fig. 8  The representation of root mean square deviation graphs (a): SAP-daidzin 4’-O-glucuronide complex; (b): SAP-hesperidin complex; (c): 
SAP-naringin complex
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remained within a reasonable range, implying moder-
ate stability. For naringin (Fig.  10c), there was notable 
fluctuation at specific residues, reflecting less stability 
in comparison to daidzin 4’-0-glucuronide and indicat-
ing weaker interactions at certain SAP binding sites. In 
conclusion, daidzin 4’-0-glucuronide demonstrated the 
most favorable RMSF profile among the three ligands, 
exhibiting minimal fluctuations and consistent stabil-
ity in the SAP complex. This overall outcome suggested 
the daidzin 4’-0-glucuronide to be the most appropriate 
compound based on the RMSF analysis, aligning with its 
selection as the most promising screened compound.

While, in the second round of simulations, the RMSF 
plot (Fig.  11 (a)) shows that the SAP protein has sig-
nificant fluctuations at the N-terminus, with values 
reaching as high as 6.4 Å while simulating with daidzin 
4’-O-glucuronide. This suggested that the N-terminal 
region of the protein was highly flexible throughout the 
simulation. After residue 50, the fluctuations reduced sig-
nificantly, remaining below 2.0 Å for the majority of the 

residues, indicating a stable and less flexible structure in 
these regions. Notable peaks around residues 100 and 
300 showed increased flexibility, which could correspond 
to loop regions or areas of the protein that underwent 
conformational changes. These regions might be impor-
tant for ligand (daidzin 4’-O-glucuronide) binding or 
the overall dynamics of the protein. Overall, the major-
ity of the SAP protein appeared to be relatively stable, 
with only specific regions exhibiting higher flexibility. 
This suggested that the protein maintained its structural 
integrity during the simulation, except for the identified 
flexible regions. Where, in case of SAP-fosmanogepix 
complex, the residues at the N-terminal and in the range 
of approximately 50 to 100 showed the highest fluctua-
tions, with values reaching up to 8 Å. These regions likely 
corresponded to loop regions or surface-exposed resi-
dues, which were inherently more flexible compared to 
the core of the protein. High flexibility in these regions 
might indicate potential sites for interaction with the 
ligand (fosmanogepix) or areas of conformational adapt-
ability. The majority of the residues, especially those in 

Fig. 9  Illustration of root mean square deviation graphs (a): SAP-daidzin 4’-O-glucuronide complex; (b): SAP-fosmanogepix complex; (c): 
SAP-olorofim complex; (d): SAP-opelconazole complex



Page 18 of 25Timotheous et al. BMC Infectious Diseases           (2025) 25:24 

the middle and C-terminal regions, exhibited relatively 
low RMSF values (around 1–2 Å). These stable regions 
are indicative of a well-folded core, where the structure 
remained rigid during the simulation. These fluctua-
tions can be observed in the Fig. 11 (b). Furthermore, the 
RMSF map represented a bit different fluctuating fashion 
in the perspective of SAP-olorofim complex in which cer-
tain residues showed prominent peaks, particularly those 
located around residue indices 100, 180, and 300 (Fig. 11 
(c)). These regions exhibited high RMSF values (above 
3 Å), suggesting they were more flexible and might cor-
respond to loop regions or surface-exposed areas of the 
protein. Such flexibility was typical in regions not directly 
involved in ligand binding or structural stability, allow-
ing these segments to undergo larger conformational 
changes. However, between these peaks, several regions 
maintained relatively low RMSF values also, generally 
below 1.5 Å. These stable regions likely represented the 
areas involved in secondary structure elements, such 
as alpha-helices or beta-strands, or regions involved in 
the binding interactions with the ligand (olorofim). The 
reduced fluctuation in these areas indicateed that these 

residues were structurally constrained. Whereas, the 
SAP-opelconazole complex illustrated different results in 
this scenario. The majority of the protein residues in this 
regard exhibited low fluctuations (< 2 Å), indicating rigid 
and stable regions. Higher fluctuations were observed at 
the N-terminal and C-terminal regions, with a peak near 
the N-terminus exceeding 7 Å (Fig. 11 (d)), which could 
indicate unstructured or flexible regions.

After ensuring the significant structural stability and 
flexibility of daidzin 4’-O-glucuronide among both of the 
contexts, the detailed SSE and protein ligand interactions 
analysis was performed. In these particular analyses, 
daidzin 4’-O-glucuronide were underwent detailed inves-
tigation along the reference compounds (fosmanogepix, 
olorofim, opelconazole).

Secondary structure elements (SSE)
The graph in Fig.  12 shows a significant proportion of 
residues of the SAP protein while simulating with daidzin 
4’-O-glucuronide adopting alpha-helical conformations, 
particularly around residue indices 50–100 and 200–350. 
The dominance of blue bars in these regions indicated a 

Fig. 10  The illustration of root mean square fluctuation graphs (a): SAP-daidzin 4’-O-glucuronide complex; (b): SAP-hesperidin complex; (c): 
SAP-naringin complex
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well-defined alpha-helical structure in these areas, with 
a high percentage of SSE. While, beta-strands were pri-
marily located around residue indices 0–50, 150–200, 
and 300–350. These regions exhibited more orange bars, 
which indicated that these sections of the protein favored 
a beta-strand conformation. The alternation between 
blue and orange bars throughout the protein reflected a 
mixture of alpha-helices and beta-strands, indicative of a 
typical fold. The persistent height of the bars suggested 
that both the alpha-helices and beta-strands maintained 
their structure throughout the simulation, showing the 
structural stability of the protein’s secondary elements. 
This fluctuated behavior of the SAP can be observed in 
the Fig.  12 (a). Whereas, in case of SAP- fosmanogepix 
complex, many regions showed persistent alpha-helical 
structures, particularly around residues 10–40, 150–180, 
and 300–350, where the blue bars remained consist-
ently high, indicating stable helices. Moreover, the beta-
strands were also prominently featured, particularly 
in regions such as 40–70 and 200–250, where red bars 

dominated. These regions reflected the stability of beta-
strands, showing minimal transition to other structures. 
Additionally, there were some mixed or flexible regions 
where the blue and red bars fluctuated, indicating tran-
sitions between secondary structures. For instance, 
around residues 50–100 and 250–280, the graph showed 
variation, suggesting these areas underwent conforma-
tional changes which can be observed in the Fig. 12 (b). 
Furthermore, the SSE graph in context of SAP- olorifim 
complex revealed alternating patterns of alpha-helices 
and beta-strands throughout the SAP protein structure, 
with certain regions showing persistent secondary struc-
tures. These regions likely contributed to the protein’s 
overall stability during the simulation. Notably, there 
were well-defined regions of both alpha-helices and beta-
strands between residues 0–50, 150–200, and 300–350. 
This dynamic behavior can be visualized in the Fig.  12 
(c). These consistent structures indicated that these sec-
tions of the protein were particularly stable and played 
a critical role in maintaining the overall conformation 

Fig. 11  The representation of root mean square fluctuation graphs (a): SAP-daidzin 4’-O-glucuronide complex; (b): SAP-fosmanogepix complex; (c): 
SAP-olorofim complex; (d): SAP-opelconazole complex
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of SAP. In contrast, there were also some of the gaps 
between the SSE regions, which could correspond to 
loop regions or flexible areas that underwent more sig-
nificant conformational fluctuations during the simu-
lation. Afterwards, such dynamic transitions between 
SSE were also observed in context of SAP-opelconazole 
complex in which it can be seen that large portions of the 
SAP protein maintained well-defined alpha-helical struc-
tures, with multiple regions showing a high percentage 
of helicity (near 100% SSE) (Fig. 12 (d)). These continu-
ous regions of alpha-helices indicated significant struc-
tural stability in these sections of the protein, essential for 
maintaining the conformation of SAP. Moreover, there 
were also several well-preserved beta-strands within the 
SAP structure, with some regions maintaining a high per-
centage of beta-strand content. This suggested a stable 
beta-sheet structure in these areas, further supporting 
the rigidity of certain regions of the protein.

Protein‑ligand contacts
The graph (Fig.  13 (a)) illustrated the protein-ligand 
interactions between SAP and daidzin 4’-O-glucuron-
ide over the course of a molecular dynamics simulation. 
Different types of interactions were depicted, majorly 
including the hydrogen bonds and hydrophobic interac-
tions. Hydrogen bonds were highly prevalent in several 
residues, particularly around residues ASP77, SER105, 
ASP106, ASP135, and ALA179. These regions showed 
significant and consistent hydrogen bonding through-
out the simulation, implying strong and stable interac-
tions between SAP and daidzin 4’-O-glucuronide. While, 
residues such as TRP108, and ILE181, were notably 
involved in hydrophobic interactions, suggesting that 
these regions contributed to the overall binding stabil-
ity by facilitating nonpolar interactions with the ligand 
(daidzin 4’-O-glucuronide). Furthermore, in case of SAP-
fosmanogepix complex hydrogen bonds were seen fre-
quently for residues like ASN45, ARG68, and LYS_76, 

Fig. 12  Secondary structure elements (SSE) graphs (a): SAP-daidzin 4’-O-glucuronide complex; (b): SAP-fosmanogepix complex; (c): SAP-olorofim 
complex; (d): SAP-opelconazole complex
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with interaction fractions nearing 1.0 or higher. This 
implied consistent hydrogen bonding throughout the 
simulation, contributing significantly to the binding sta-
bility. Similarly, the hydrophobic interactions were signif-
icantly observed for residues such as PHE40, TYR83, and 
VAL99 where they remained consistent throughout the 
simulation. These contacts, although less frequent than 
hydrogen bonds, indicated the importance of non-polar 
residue regions in maintaining ligand proximity and 
enhancing the stability. Likewise, several residues showed 
prominent interactions, such as LEU75, LYS76, ASP77, 
GLY139 and ALA179, indicating they were involved in 
significant binding with olorofim. The highest bar (Fig. 13 
(c)), corresponding to ALA 180, suggested this residue 
might play a critical role in ligand binding or stabiliza-
tion. Other significant residues like ILE 84 and ASP 174 
also exhibited frequent and stable interactions. While, 
the residues such as LYS76, GLY139, and ALA179 exhibit 
notable hydrogen bonding, crucial for maintaining the 
opelconazole’s conformation in the active site. Hydrogen 
bonding was observed to be essential for specific interac-
tions which stabilized the ligand in its bound conforma-
tion. Furthermore, the residues such as PHE54, LEU61 
ARG62, TYR71, PHE285 and ILE360 demonstrated sig-
nificant hydrophobic contacts (Fig.  13 (d)), particularly 
with PHE285 showing the highest fraction (~ 0.8). These 

hydrophobic interactions indicated that opelconazole 
bound well within the non-polar pockets of the SAP pro-
tein, contributing to the stability of the complex.

Cumulative MMGBSA energy analysis
In this study, MM/GBSA binding energy calculations 
were performed using Desmond software, focusing on 
four ligands daidzin4’-O-glucuronide, fosmanogepix, 
olorofim, and opelconazole, in complex with the SAP 
protein. For this cumulative analysis, the last 20 ns of 
the molecular dynamics (MD) simulation, from 180 to 
200 ns, were selected to represent the binding stabil-
ity and affinity of each ligand. Daidzin4’-O-glucuronide 
(blue line) showed binding energies close to -65 kcal/
mol, with some fluctuations, positioning it as a most 
stable complex. This result suggested that daidzin4’-O-
glucuronide formed a relatively stable complex with SAP. 
Furthermore, the opelconazole (red line) also demon-
strated the favorable binding energy, consistently around 
-70 kcal/mol. This stability indicates a strong interaction 
between SAP and opelconazole. Afterwards, olorofim 
(green line) exhibited binding energies around -50 kcal/
mol, indicating moderate stability in its interaction with 
SAP. The increased fluctuations compared to the previ-
ously discussed two ligands may reflect conformational 
adjustments or weaker interactions. Moreover, the 

Fig. 13  The graphical illustration of different types of interactions occurred in docked complexes which majorly include hydrogen bonding 
and hydrophobic interactions (a): SAP-daidzin 4’-O-glucuronide complex; (b): SAP-fosmanogepix complex; (c): SAP-olorofim complex; (d): 
SAP-opelconazole complex
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fosmanogepix (orange line) displayed the least favorable 
binding energies, averaging around -40 kcal/mol. The 
larger fluctuations indicated a weaker affinity and stabil-
ity in the SAP-fosmanogepix complex, suggesting that 
fosmanogepix may be less effective in binding SAP. All 
of these dynamic fluctuations in the energy levels can be 
observed in the Fig. 14.

Discussion
Many phytochemicals, especially plant flavonoids are 
found to be promising drugs against multiple harmful 
diseases and infections. These plant-based compounds 
are thus very much important as they possess signifi-
cant therapeutic potential. Some of such scenarios in 
which their medicinal efficiency has been investigated 
include, different types of tumors and viral infections 
[35, 36]. Moreover, these compounds are also examined 
as antioxidants and anti-inflammatory agents in various 
research works [37–40]. Similarly, an in-silico approach 
was employed in one of the reported studies in which the 
therapeutic efficacy of certain natural compounds were 
examined against SARS-CoV-2. It was found that all of 
the incorporated plant compounds exhibited significant 
inhibition levels against the coronavirus [41].

On the basis of all such crucial findings and the 
reported therapeutic evidences of natural compounds, 
we have also employed such compounds from different 
plant sources in this particular study. The major targeted 
entity of this research was the putative candidapepsin 
protein of C. lusitaniae which is also known as Secreted 
Aspartyl Proteinase (SAP). Initially the amino acid 
sequence of the protein under investigation was retrieved 
from the UniProt database (https://​www.​unipr​ot.​org/), 
in order to predict its three dimensional (3D) model. For 

this particular task, the trRosetta (https://​yangl​ab.​qd.​sdu.​
edu.​cn/​trRos​etta/), an online tool [42], was incorporated 
which utilizes the homology modeling approach to pre-
dict the 3D model of the given protein. A similar homol-
ogy modelling approach has already been followed in a 
reported work in which certain plant flavonoids were 
tested as the inhibitors of plasmodium falciparum fatty 
acid biosynthesis (FAS-II Pathway) [43]. Furthermore, 
in the current perspective, the quality estimation of the 
modelled protein (SAP) was performed. In this regard, 
the Ramachandran Plot was constructed which was avail-
able on PROCHECK server (https://​saves.​mbi.​ucla.​edu/). 
It was found that the majority of the amino acid residues 
(92.7%) of the SAP model were allocated in the favora-
ble region which signified that the predicted model was 
of good quality. One of the published research works has 
also employed the identical approach for the validation of 
predicted structure of nonstructural proteins of hepatitis 
C virus [44].

Afterwards, the molecular docking analysis was per-
formed in which all of the selected phytochemicals were 
interacted with SAP to screen out the potent inhibitors 
on the basis of docking energy scores. For this purpose, 
the Molecular Operating Environment (MOE) was incor-
porated in which protein was initially prepared, prior to 
perform the docking analysis. Various parameters were 
considered in this perspective including the energy mini-
mization of SAP structure by utilizing the energy mini-
mization tool of MOE. The motive behind this action 
was to obtain an optimized conformation of the receptor 
protein and increase its stability during docking analysis. 
One of the published studies in which molecular dock-
ing and simulations were performed in order to study the 
antidiabetic agents that were derived from Hypoglycemic 

Fig. 14  The graphical representation of the MMGBSA energy analysis. Different colored peaks indicate respective complex which can be assessed 
by the scheme given in this fugure. It can be observed that daidzin4’-O-glucuronide and opelconazole exhibited comparatively better results in this 
regard, as compare to the rest ones

https://www.uniprot.org/
https://yanglab.qd.sdu.edu.cn/trRosetta/
https://yanglab.qd.sdu.edu.cn/trRosetta/
https://saves.mbi.ucla.edu/
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Polypeptide-P of Momordica charantia, has also reported 
to follow the similar energy minimization strategy [45].

Along with this, the ligands library of 35 natural com-
pounds and 3 approved anti-fungal drugs was con-
structed locally in MOE. The corresponding chemical 
structures all the compounds were retrieved from ChEBI 
(https://​www.​ebi.​ac.​uk/​chebi/) and PubChem (https://​
pubch​em.​ncbi.​nlm.​nih.​gov/) databases. The selection of 
the incorporated phytocompounds was one of the crucial 
task to perform in this study. Hence, literature was con-
ducted in which different reported studies were involved 
to short-list some of the effective antimicrobial and 
especially antifungal plant-based compounds [46–48]. 
Following the selection their respective structure data 
format (.sdf) files were retrieved from ChEBI accordingly, 
to prepare the ligands library. A similar method of ligands 
library preparation was followed in one of the reported 
research works in which the natural flavonoids, which 
showed an effective blockage of CD18 receptor of hepat-
ocytes and thus efficiently inhibited the development 
of HCV infection. But, the phytochemicals which were 
selected for that specific research work, were retrieved 
from PubChem (https://​pubch​em.​ncbi.​nlm.​nih.​gov/) 
which is also a well-known hub of chemical compounds 
[49, 50], instead of ChEBI. However, the.sdf files of the 
control drugs were also retrieved from PubChem in this 
particular study. Subsequently, the molecular docking 
analysis of the receptor protein (SAP) was performed 
with the library of 38 ligands by selecting the Induced Fit 
Refinement (IFR) model and London dG scoring method 
which have also been reported by various other respec-
tive research investigations [51, 52].

Since, this molecular docking analysis was one of the 
key stages of the current study, therefore, the results of 
docking analysis were quite crucial as the final selec-
tion of potential compounds was based on these find-
ings. Hence, after getting the docking results, a threshold 
value of -7.3 kcal/mol. was set to filter the best docked 
compounds. During this phase, only three compounds 
which included the opelconazole (-7.6 kcal/mol.) daid-
zin 4’0-glucuronide (-7.6 kcal/mol.) and naringin (-8.1 
kcal/mol.), were shortlisted for the next and final round 
of selection. This first filtering phase was assisted by the 
scatter plot, constructed using the R language’s ‘read.
xlsx’ and ‘ggplot2’ packages. Further, the ADME analysis 
of these ligands was executed by utilizing an online tool, 
SwissADME (http://​www.​swiss​adme.​ch/) which allows to 
study the drug properties of the given compounds. Some 
of the important factors were considered in this process 
including the pharmacokinetic properties, water solu-
bility, CYP450 enzymes inhibition and Lipinski rule sta-
tuses. The crucial findings of this analysis suggested that 
only daidzin 4’0-glucuronide followed all of the required 

parameters. During the study of natural flavonoids 
as a potential inhibitors of Mitogen-activated protein 
kinase-3 (MAPK3), the researchers followed a homolo-
gous approach to investigate the pharmacokinetic prop-
erties of the flavonoids through SwissADME [53].

Moreover, to attain deeper insights of the docking 
interactions of finalized compound (daidzin 4’0-glucu-
ronide) with the SAP, the ligPlot analysis was performed. 
This analysis provides with the schematic two dimen-
sional (2D) representation of docking interactions of pro-
tein-ligand complexes. The results enabled us to visualize 
the intermolecular interactions including the hydropho-
bic and hydrophilic bonds between the protein (SAP) and 
ligand (daidzin 4’0-glucuronide). The significance of this 
analysis can be witnessed by the fact that many reported 
research works have utilized this method. For example, it 
was employed to comprehend the intermolecular bond-
ing patterns of the docked complexes while examining 
the sulfonamed chalcone derivatives as alpha-glucosidase 
inhibitors [54]. Another reported study also employed 
the ligPlot analysis while studying the interactions of pip-
erine with the cyclooxygenases [55].

Consequently, the molecular dynamics (MD) simu-
lations of SAP-daidzin 4’0-glucuronide complex were 
executed. This analysis provides with the deeper insights 
regarding the structural stability and flexibility of the 
given docked complex. Pursuing the similar objective, we 
also performed the MD simulations of the SAP-daidzin 
4’0-glucuronide docked complex to ensure whether the 
complex withstand different dynamic fluctuations. To 
perform this particular task, the Desmond software was 
incorporated. A major motive behind this analysis was to 
attain the comprehensive information about the docked 
complex that how it can flex, bend or changes its con-
formation as a result of various stimuli or conditions to 
attain a stable state. The findings of this study illustrated 
different maps including RSMD, RMSF, protein-ligand 
contacts which were quite significant in comprehending 
the dynamics of the complex. In this particular analysis, 
top three compounds from the selected library of phyto-
compounds, on the basis of binding affinities including 
daidzin 4’0-glucuronide along approved anti-fungal drugs 
were incorporated, in complex with SAP. The results sug-
gested that SAP-daidzin 4’0-glucuronide docked complex 
possessed comparatively better structural stability and 
flexibility. During the in-silico designing of a potential 
ligand which could act as an inhibitor of mTOR pathway 
in breast cancer, molecular dynamics simulations of chr-
omones and flavonoids were performed [56] to achieve 
the similar objectives. Whereas, the current strategic 
work was mainly aimed to not only identify and design 
a potential drug against candidapepsin protein of C. 
lusitaniae but also, to provide new directions for drug 

https://www.ebi.ac.uk/chebi/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
http://www.swissadme.ch/


Page 24 of 25Timotheous et al. BMC Infectious Diseases           (2025) 25:24 

development. However, the real-time efficacy of daidzin 
4’0-glucuronide against SAP or candidapepsin protein of 
C. lusitaniae could only be attained upon clinical trials.

Conclusion
In this study, several phytochemicals were tested as 
potential drug candidates against secreted aspartyl 
proteinase of C. lusitaniae. Different computational 
approaches were involved in this study to achieve the 
core objective, including protein modelling, molecular 
docking analysis, ADME studies and molecular dynam-
ics (MD) simulations. A total of 35 compounds from dif-
ferent plant sources and 3 of the approved anti-fungal 
drugs were subjected while, two phases for the selection 
of a final drug candidate were incorporated. During the 
first screening round, three compounds were filtered 
based upon the best docking scores. These compounds 
included opelconazole, daidzin 4’0-glucuronide and nar-
ingin with the docking scores of -7.6 kcal/mol., -7.6 kcal/
mol. and -8.1 kcal/mol., respectively. Afterwards, the 
final scrutiny was enabled by the ADME investigation 
whose results identified daidzin 4’0-glucuronide to be the 
only compound which followed all of the required attrib-
utes of drug-likeness. In the end, the MD simulations 
were performed to comprehend the structural dynam-
ics of the SAP- daidzin 4’0-glucuronide docked complex. 
For this purpose, the Desmond software was employed 
in order to gain a deeper understanding of the structural 
dynamism of the selected complexes. The results of MD 
simulations indicated SAP-daidzin 4’0-glucuronide com-
plex to be a comparatively stable complex. Deeper under-
standing of the binding interactions was made possible 
by these simulations, which were crucial in examining 
the stability and conformational changes of the complex 
over time. This compound exhibited significantly bet-
ter results in all of the incorporated analyses including 
molecular docking, MD simulations and most impor-
tantly, pharmacokinetics or drug-likeness analysis which 
none of the other compounds could completely followed. 
Such outcomes led to the conclusion that daidzin 4’0-glu-
curonide could be a promising inhibitor against SAP of 
C. lusitaniae. However, the actual therapeutic efficacy of 
daidzin 4’0-glucuronide against C. lusitaniae could only 
be achieved through clinical experimentations which 
indicates the limitation of this work.
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