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Gaining molecular insights
towards inhibition of foodborne
fungi Aspergillus fumigatus by

a food colourant violacein via
computational approach

R. Sindhu'®, Smitha S. Bhat??, Jiraporn Sangta®“, Chandan Dharmashekar?,
Bhargav Shreevatsa?, Chandan Shivamallu?, Devananda Devegowda®, Shiva Prasad Kollur®,
Sheikh F. Ahmad’, Sabry M. Attia’, Sarana Rose Sommano*®"“ & Shashanka K. Prasad?***

Filamentous Fungal Human Pathogens (FFHPs) such as Aspergillus fumigatus, are growing resistant
to currently available antifungal drugs. One possible target, the Nucleoside diphosphate kinase (Ndk)
is significant for nucleotide biosynthesis and crucial for fungal metabolism. Violacein, a natural food
colorant, was examined for its antifungal effects against Aspergillus fumigatus via computational
approach against the Ndk protein. Known and predicted interactions of Ndk with proteins was
performed using the STRING application. Molecular docking was performed using Schrodinger Maestro
software (V.14.1) under enhanced precision docking, with OPLS4 forcefield. MDS was performed

for 500ns under OPLS4 forcefield and the TIP3P solvent system. The geometry optimization for DFT
was performed using the Becke 3-parameter exchange functional (B3LYP) method. The Molecular
Docking Studies revealed significant interactions with good binding energy between Violacein and
Ndk. Subsequent MD Simulations confirmed the stability of Violacein-Ndk complex, compared to

the reference ligand-complex, indicating a stable interaction between the protein and violacein.

The energy band gap of violacein was found to be 0.072567 eV suggesting its softness with lower
kinetic stability and higher chemical reactivity. The results suggest Violacein could potentially disrupt
nucleotide metabolism by targeting Ndk, thus demonstrating antifungal activity. However, further
experimental validation is required to confirm these computational findings and explore the practical
use of Violacein in antifungal treatments.

Keywords Aspergillus fumigatus, Violacein, Antifungal, FFHP, Nucleoside diphosphate kinase, Food
colourant

Drug-resistant fungal infections are becoming increasingly prevalent, which exacerbates patient conditions
while rendering treatment more challenging’. Since invasive fungal infections frequently have 50% or greater
mortality rates, the presence of antifungal resistance, if any, increases the likelihood of worsening the medical
condition because of the challenges in understanding the resistance mechanism and the availability of limited
therapeutic options>*. Antifungal resistance, which includes both novel resistant versions of previously vulnerable
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disease-causing fungi such as the Aspergillus fumigatus (A. fumigatus) and a whole new emerging species, the
yeast Candida auris that are resistant to various antifungals, is a growing concern universally’—>. Accessibility
to susceptibility testing and increased usage of antifungal drugs has led to increased knowledge and reports of
resistance in Aspergillus infections®. A. fumigatus is a widespread saprophytic and thermophilic ascomycetes
soil-borne fungus found often growing on food and decaying organic matter’. The fungus is thermo-tolerant,
exhibiting growth from 12 to 65 °C, optimal at 35 °C. The surface of the fungus is covered with millions of small
grey-green conidia (2-3 pm in diameter), produced in chains on separate phialides emerging from conidiophores
borne on characteristic conidial heads. The conidia can rapidly get airborne, aiding in dispersal®®, making them
one among the commonly encountered air spora in indoor and outdoor environments, including agricultural
environments or homes. The fungus can cause numerous grave ailments in both immunocompetent and
immunocompromised patients'?. Reportedly, it has been identified to cause the most severe diseases compared
to other Filamentous Fungal Human Pathogens (FFHPs) from food!!2. Patients are at high risk of Aspergillus
infections if consumed with foods contaminated by the fungi'>!*. A. fumigatus is also one of the primary causes
of the development of invasive aspergillosis, leading to fatalities in patients with hematological malignancies,
those undergoing chemotherapy, and recipients of hematopoietic cell transplants!®. The most common site of
hematogenic spread is the central nervous system, leading to brain abscess, stroke, or, less frequently, meningitis,
and associated with devastating mortality rates'®. Approximately 85-90% of cases of invasive aspergillosis are
reportedly caused by A. fumigatus, making it the cause of the most dangerous infections compared to others'”.
Including A. fumigatus infections in the crucial antimicrobial resistance danger list released by the US CDC in
2019 has formally acknowledged the growing public health burden'®. Synthetic drugs termed azoles have been
used extensively in therapy. Despite their effectiveness, there have been reports of azole-resistant pathogens
owing to their augmented use. The most comprehensive study on A. fumigatus antifungal susceptibility testing
discovered its resistance towards fluconazole and ketoconazole indicating the resistance pattern towards azole
group of compounds. Hence, the quest for novel and safer alternative medicines from other natural resources
(plants/microbes) as drug leads is being revitalized particularly in tackling anti-microbial resistance.

With a second-highest prevalence only to A. flavus, this deadly human pathogen can be found in baked
goods, beans, beverages, and chocolates; staple cereals like maize, rice, barley, and wheat; dairy; fruits; herbs
and spices; meat, fish, and eggs; nuts, seeds, and vegetables. A. fumigatus has also been identified as a cause
of postharvest disease and losses in a variety of food items including, cabbage, bean, onion, garlic, potato and
guava in various marketplaces throughout the world!*2°. The mechanism of pathogenicity is attributed to the
production of virulence factor, Gliotoxin leading to immune suppression, necrosis, structural alterations in
tight junctions, and neuronal damage by impairing the human blood-brain barrier via cytotoxicity towards the
astrocytes. Additionally, the fungus elaborates Fumagillin, a mycotoxin that inhibits neutrophil functions, causes
eryptosis, and damages lung epithelia. Given the potential hazard of A. fumigatus contamination in food, there is
a mounting necessity for food-grade antifungal drugs to address both public health and food security concerns.

Bacterial secondary metabolites have gained attention as natural therapeutic agents in treating various
ailments, including allergies, autoimmune disorders, microbial infections, cancers, cardiac and neurological
disorders®!. Multiple instances have demonstrated the effectiveness of secondary metabolites originating
from microorganisms as antifungal agents. Pyrrolnitrin from Pseudomonas, Serratia, and Burkholderia,
utilized as an antifungal agent in the 1960s, displayed strong inhibition of the respiratory electron transport
system in Saccharomyces cerevisiae, Penicillium atrovenetum, and P. oxalicum?. Similarly, 4-methylmellein,
4-hydroxymellein, 6-hydroxymellein, and tyrosol from Penicillium sp. were demonstrated to inhibit Fusarium
oxysporum (F. oxysporum), A. flavus, and the yeast C. albicans®. Bacilysocin produced by Bacillus subtilis 168 has
been shown to act against C. albicans®*. Bacterial pigments are yet another class of secondary metabolites gaining
popularity as natural therapeutics with their demonstrable biomedical efficacies on various human disorders
including cancer, inflammation, immune responses, and anti-microbial effects. For instance, prodigiosin from
Serratia marcescens inhibited several plant pathogenic fungi including Pythium myriotylum, Rhizoctonia solani,
Phytophthora infestans, Sclerotium rolfsii, and F. oxysporum?®. Pyocyanin isolated from Pseudomonas aeruginosa
was reported to inhibit the growth and spore formation in E oxysporum?®. A yellow pigment, produced by
Bacillus sp was found to inhibit the growth of R. solani, F. oxysporum, and S. rolfsii?’.

Correspondingly, violacein, a bisindole purple-colored bacterial pigment has attracted research attention for
its diverse biological functions including anti-bacterial, viricidal, antitumoral, anti-inflammatory, antifungal,
antiprotozoan, antioxidant, immune-stimulatory, and ulcer protective potentials?®?°. The pigment being less
toxic, is effective against human and phytopathogenic fungi, and has applications in cosmetic and textile industries
and dying medicinal fabrics. Additionally, violacein and deoxyviolacein have successfully demonstrated to be
effective antiviral agents against the reverse transcriptase of human immunodeficiency virus 1 and the spike
protein of SARS-CoV-2 via computational and in vitro approaches®’. Numerous plant and human pathogenic
fungi, including Cryptococcus gastricus, R. solani, A. flavus, E oxysporum, P. expansum, Trichophyton rubrum
and C. albicans, were found susceptible to violacein®'. Furthermore, the fungus Batrachochytrium dendrobatidis,
the leading cause of the global reduction in frog populations, also showed susceptibility to violacein’s action2.
Violacein has also been implicated in treating systemic infections caused by C. albicans and A. niger, limiting
fungal growth, preventing the development of infectious fungemia, and lowering death rates®®. These results
highlight the beneficial properties of violacein as an antimicrobial agent, enabling further investigations into its
antimicrobial potentials. Besides, violacein is also a desirable compound finding potential applications in the
food industry as natural colourant®. The spray-dried powder of violacein was efficiently utilized in coloring
food products like yogurt and jelly**. The concept of employing violacein, a food colorant, to prevent the food-
borne A. fumigatus stems from applying the pigment in food for its proven anti-fungal properties. Through
the bioinformatics approach that provides a platform for drug designing, much can be explored due to the
precision and accuracy provided and guided by the knowledge of new chemical structures, functions, and
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targets. Since 1980, the concept of “rational use of pharmaceuticals” (also known as “structure-guided drug
design”) has gained popularity. This involves the creation of target proteins and small molecules in silico as the
basis for novel medication development®. Inverse docking, a novel technique for identifying therapeutic targets
for medicines, enables the ligand to be assessed in silico for its binding to many possible targets in an electronic
protein database. Thus, the bioinformatic approach can be utilized to determine the ligand-target interactions,
thereby enabling insights into the mechanism of drug action. The present work is aimed at evaluating the efficacy
of violacein as an antifungal agent, particularly against the Nucleoside Diphosphate Kinase (Ndk) protein of A.
fumigatus via the in silico approach through molecular docking and molecular dynamic simulations.

Results
STRING analysis
The Nucleoside diphosphate kinase interaction network showed 11 nodes and 49 edges. The nodes indicated 11
proteins interacting with Ndk, while the 49 edges corresponded to the number of interactions or the predicted
functional associations (Fig. 1).

Putative proteins interacting with Ndk were found to be:
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CADAFUBP00005086 -Thymidylate kinase

CADAFUBPO00008702 -Uridylate kinase

CADAFUBP00008827 -Ctp synthase

CADAFUBP00000320 -DUTPase (Dut)

CADAFUBPO00000809 -Guanylate kinase

CADAFUBP00006202 -Ribonucleoside-diphosphate reductase subunit ml
CADAFUBPO00005865 -Ribonucleoside-diphosphate reductase subunit m2
Adkl -Adenylate kinase 1

CADAFUBP00005201 -Hemoglobin and proliferation regulated protein
ADK2 -Adenylate kinase 2

Fig. 1. Interaction analysis of Ndk with other proteins via STRING.
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« Thymidylate kinase, known to catalyse the phosphorylation of thymidine 5'-monophosphate to thymidine
5’-diphosphate in the presence of ATP and magnesium, which is then converted to thymidine 5'-triphosphate
by Ndk3¢.

« Uridylate kinase, reported to catalyse the reversible transfer of the gamma-phosphoryl group from an ATP
donor to Uridine monophosphate (UMP), yielding uridine diphosphate (UDP), which is the starting point for
the synthesis of all other pyrimidine nucleotides®.

« Ctp synthase (Cytidine triphosphate synthase), an enzyme involved in pyrimidine biosynthesis facilitating the
conversion of uridine 5’-triphosphate (UTP) into cytidine 5’-triphosphate (CTP), the final step of cytidine
nucleotides production®”.

« Deoxyuridine 5’'-triphosphate pyrophosphatase, DUTPase (Dut), known to catalyse the hydrolysis of Deox-
yuridine Triphosphate (dUTP) to form Deoxyuridine monophosphate, (dUMP) and pyrophosphate thereby
eliminating dUTP and preventing its utilization by DNA polymerases during replication and repair®.

« Guanylate kinase, catalyst of the ATP-dependent phosphorylation of GMP into GDP, and therefore synthesis
of GTP¥.

« Ribonucleoside-diphosphate reductase subunits m1 and m2, a key enzyme in the synthesis of deoxyribonu-
cleotides from ribonucleotides®.

« adkl and 2-involved in the metabolic monitoring of cellular adenine nucleotide homeostasis*!.

« Hemoglobin and proliferation-regulated protein, a nucleoside monophosphate kinase, catalysing the revers-
ible phosphotransferase reaction between nucleoside triphosphates and monophosphates, i.e., monophos-
phates are converted to their corresponding diphosphate form*2.

Molecular docking

Interaction analysis of violacein with 6XPS revealed four hydrogen bonds with the positively charged amino acid
residues ARG87, ARG104, and polar residues THR93, and ASN114, two salt bridges with the positively charged
residuesLYS11 and ARG104, and two Pi-Pi Stalking interactions [with the hydrophobic amino acid residue
PHES59] (Fig. 2). A glide g-score of — 7.211 kcal/mol was observed for the same interaction. The reference
molecule (GDP) subjected to molecular docking with its parent protein generated a complex with glide g-score
of — 7.010 Kcal/mol, and amino acid interactions including 4 hydrogen bonds (ASN114, THR93, HIE117,
GLY118), and 2 Pi-Pi stalking interactions (PHE59) (Fig. 2). The reference molecule was superimposed upon
itself before and after docking for docking protocol validation, and the RMSD was calculated. The superposition
resulted in an RMSD of 1.54 A. (Fig. 3).

Molecular dynamics simulation

To study the dynamics variation in the Ca backbone of the violacein-, reference molecule-protein complexes,
and determine the stability of the selected protein, protein RMSD was calculated. Analysis of the simulation
interaction diagram (Violacein-6XPS complex) revealed a fairly stable protein (Fig. 4a,c). In the first 200 ns,
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Fig. 2. 2D interaction diagram of Violacein and reference ligand with Ndk protein.
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Fig. 3. Superposition of reference ligand (GDP) before and after molecular docking; The conformation of
ligand before docking is coloured in blue and the conformation after docking is coloured in red.
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Residue Index

the protein RMSD was seen to be stabilized between 2 and 4 A, and later demonstrated a sharp rise to 7 A
with fluctuations in the order of 1-3 A from 200 to 400 ns timepoint. However, from 400 to 500 ns, the protein
RMSD achieved equilibrium between 6 and 8 A RMSD (Fig. 4a). Changes in protein RMSD in the order of
1-3 A are considered suitable for small proteins, indicating that the protein is not undergoing any significant
conformational changes during the binding and simulation. Analysis of the reference ligand-6XPS complex
RMSD graph, showed a steep rise in the protein RMSD from 2.5 to 7.2 A in the first 50 ns of the simulation, and
later fluctuated between 1.6 and 4.8 A RMSDs till 400 ns duration. Post the 400 ns trajectory, RMSD stabilized at
2 A. This indicates a slight conformational change in the protein (Fig. 4b). However, the overall RMSD average of
both Violacein and reference ligand bound proteins are similar. The Violacein RMSD showed a major fluctuation
at 100 ns trajectory reaching as high as 10 A, and immediately stabilized between 4 and 6 A. Again between 200
and 300 ns trajectory, the ligand RMSD was increased to 12-14 A, however, from 300 to 500 ns trajectory, the
Violacein ligand RMSD was found to achieve equilibrium between 4 and 6 A. However, the reference (GDP)
ligand RMSD, although stable for the initial 50 ns timeframe, was found to severely fluctuate between 8 and
56 A through the entire duration of the simulation, averaging at 30 A. Hence, the Violacein-ligand RMSD was
lesser compared to the reference ligand. The graph shows the RMSD of the violacein ligand molecule more
aligned on the RMSD of the protein. Overall, RMSD results indicate that the binding of the ligands at the active
site of the 6XPS protein was stable and had little to no effect on the overall stability of the protein. The RMSF
of the protein was calculated to characterize the local changes within the protein chain, and to calculate the
flexibility of the backbone of protein after fitting to the frame of the reference during the simulation duration.
Increased RMSF values indicate loosely structured loops and turns, whereas reduced flexibility signifies the
presence of secondary structures such as helices and sheets. Ca atoms flexibility of each residue of the Violacein
and reference-ligand protein complexes were determined. The graph’s peaks indicate the changes in the protein
that fluctuate. Further, the contacts between the ligand and protein are represented with green lines. With the
violacein-protein complex, the residues in the C terminal region were found to fluctuate reaching a high RMSF
in the range of 9-10.5 A and stabilized in the middle between 1.5 and 3 A (Fig. 3¢), while with the reference
ligand-protein complex, residues in both the N and C terminal regions were increased and stabilized in the
middle between 0.8 and 1.6 A (Fig. 3d).

Before molecular docking, the secondary structure of the protein 6XPS was found to have major helices
between the ranges 20-30, 45-50, 60-68, 82-90, 122-133, and 145-150, and beta sheets between the ranges
5-10, 33-40, 73-80, and 115-120, and the rest were looped regions (Fig. 5a). After subjecting to molecular
docking with Violacein and subsequent molecular dynamics simulations the SSE was found to be made of major
helices beta sheets. Slight fluctuations were observed at the C-terminal region (140-150), with some changes,
while the other regions remained mostly unaffected (Fig. 5b). Similar secondary structure modifications were
seen with the GDP-protein complex (Fig. 5¢). Interestingly, the secondary structures of the protein during the
500ns simulation period (in complex with violacein) revealed 33.57% helices and 16.19% strands, making up
49.76% of the total secondary structure elements, while the protein during the 500 ns simulation period (in
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Fig. 5. (a) Protein Secondary Structure before molecular docking. (b) Protein Secondary Structure after
docking with Violacein. (c) Protein Secondary Structure after docking with GDP ligand.
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complex with GDP) was made up of 32.9% helices, 15.72% strands making up a total of 48.62% of the total
secondary structures (Helices in bright red and strands in blue) (Fig. 5b, c).

The Ligand RMSF indicative of the fluctuation within the ligand at atomic level detail and Violacein RMSF
was observed to be stabilized between 3 and 4 A, indicating few atomic fluctuations (Fig. 6a), while GDP ligand
RMSEF was found to be equilibrated over 20 A values (Fig. 6b). GDP formed interactions with the residues
GLU28, PHE59, and ASP110 for less than 30% of the total duration (Fig. 7a), while VAL149, VAL111, ASN114,
LYS11, and GLY112 were found to form interactions with violacein for over 30% of the total simulation period
(Fig. 7b). Amino acid residues LYS11, TYR51, VAL111, GLY112, ASN114, and VAL149 formed hydrogen bonds,
LEU54, PHE59, LEU63, VALI11, and TYRI150 formed hydrophobic bonds, and LYS11, TYR51, ARG104,
VAL111, GLY112, ASN114, and HIS117 formed water bridges with violacein molecule (Fig. 7c).

The radius of gyration (rGYr) represents the overall compactness of a protein during molecular simulation.
The radius of gyration illustrates the moment of inertia of protein atoms relative to their centre of mass over a
specific time interval. This was found mostly equilibrated at 4.6 A, only one lowering to 4.2 A in the violacein-
protein complex, while in the GDP-protein complex, the rGYr varied between 4 and 4.8 A. Overall, this indicated
that the binding of the ligands to the 6XPS protein formed stable complexes. The Solvent Accessible Surface Area
(SASA) of a protein is the surface area defined by its polar and non-polar interactions. The solvent-accessible
surface area (SASA) of a protein diminishes as its compactness increases; thus, variations in SASA values can
be utilized to assess protein stability. SASA values of violacein-protein complex (mostly stabilized between 160
and 240 A), were lower than those of GDP-6XPS complex (300-600 A). This indicated that the Violacein-6XPS
complex was more compact and stable than the GDP-6XPS complex. Further, the ligand violacein was found
to have no intramolecular hydrogen bonds throughout the simulation trajectory, although GDP molecule was
found to have 1 intra-molecular bond. The calculated molecular surface area of violacein ligand with 1.4 A
probe radius was in the range of 304-308 A2 while that of GDP ligand was higher (315-330 A?). This is a
measure equivalent to van der Waal’s surface area. The polar surface area, i.e., the total area exposed to solvent
made of oxygen and nitrogen atoms ranged between 200 and 224 A2 and 400-480 A? for the violacein and GDP
molecules respectively (Fig. 8).

MMGBSA and per residue analysis

The binding free energy of the ligand to the protein was quantitatively assessed using MMGBSA. The trajectory
produced following the MD simulation was utilized for Thermal MM-GBSA. The molecular dynamics
trajectories spanning 500 ns were utilized to estimate the binding free energy of both violacein and GDP with
the 6XPS binding complexes, yielding 101 snapshots. The free energies for the Violacein-6XPS complex varied
from — 31.00 to — 34.35 Kcal/mol, and from — 22.12 to — 32.75 Kcal/mol for GDP-6XPS complex (Fig. 9).
The average binding energy for Violacein was — 31.89 +5.55 Kcal/mol, whereas the reference ligand exhibited
— 26.62+6.46 Kcal/mol. Further, the van der Waal’s energy, electrostatic solvation energy and total prime
energies of these complexes were determined (Table 1). The results demonstrate the significant stability of both
complexes and the consistent binding of the ligand at the active site. Overall, snapshots obtained at various

44
20 4
e ~ 151
w w
0N 7)
14 54
) +—T—T—rrTrrTrrrrrrrTrTrrrrTT ) -+—T+—rr—TTTrrrr—r—rrrrrrrrrTr
HANMTNONDOIOSANMTNONDONOANMITND HFAMTNORNDOIONANMTNONDOAOSANMNMTNOND
ettt At A NNNNNNN Mttt ENNNNNNNNN
Atom Index Atom Index
= Fit on Protein = Fit on Protein
(a) Violacein Ligand RMSF (b) GDP Ligand RMSF

Fig. 6. (a) Ligand (violacein) RMSE. (b) Ligand (GDP) RMSE

Scientific Reports |

(2024) 14:29905 | https://doi.org/10.1038/s41598-024-81471-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

12/

NH,

(a) GDP-6XPS complex

0

&

(b) Violacein-6XPS complex

Interactions Fraction

(c) Violacein-6XPS complex

Fig. 7. (a) GDP-6XPS contacts (b) Violacein-6XPS contacts (c) Histogram of Violacein-6XPS contacts

occurring throughout the 500 ns simulation trajectory.

T T

T T

No Intramolecular HBs Detected

100 200

O~

300 400 500

(a) Violacein Ligand properties

rGyr ()
O = N W O &

AdA 2) intraHB

éAé) Mog

RMSD (A)

O = N W

30

0

100

200

300

400 50C

(b) GDP Ligand properties

Fig. 8. The ligand properties of the ligands during the simulation trajectory (a) Violacein ligand (b) GDP

ligand.

Scientific Reports|  (2024) 14:29905

| https://doi.org/10.1038/s41598-024-81471-2

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

MM-GBSA binding free energy values

= Violacein-6XPS complex

Mg e csesoeraocacaneseasasstoaressarescastrassasasssostescesaranstransacanas
= GDP201-6XPS complex

S -10-
g

< 20

&

L

5

£ 30

E

£

7 -40=-

0 T T T T T
0 100 200 300 400 500
Trajectory (ns)
Fig. 9. MM-GBSA binding free energy values throughout the 500ns molecular dynamics simulation (101
snapshots of the trajectory).
Van der Waals energy (Kcal/mol) | Generalized Born electrostatic solvation energy (Kcal/mol) | Total energy (prime energy) (Kcal/mol)
Violacein | —33.87 +3.46 89.76+13.48 —4213.72+42.77
GDP —22.66+4.78 18.45+5.72 — 4455.13+43.86

Table 1. Table showing the Van Der Waal, SASA and binding energy of Violacein-Ndk and GDP-Ndk
complexes generated by MMGBSA.

Residue name | Violacein dGbind (Kcal/mol) | GDP dGbind (Kcal/mol)
VAL111 —5.63 —-5.33

ASN114 —45 —4.59

LYS11 —6.03 —0.34

TYR51 —-5.63 -0.75

ARG104 —4.43 -1.6

PHE59 —-83 —6.47

Table 2. Table showing the contribution of individual amino acid resides of 6XPS protein for the binding of
Violacein and GDP.

intervals during the MD simulation demonstrated that the binding of violacein was more stable than that of
GDP.

The contributions of individual amino acid residues involved in the binding interactions were quantified.
The per residue interaction profile of VAL111, ASN114, LYS11, TYR51, ARG104, and PHE59 was analyzed. The
binding energies attributed to these amino acid residues were — 5.19, — 4.5, — 6.03, — 5.63, — 9.14, and — 8.3
Kcal/mol, respectively and were lower compared to those by GDP (Table 2). Further, it was confirmed that the
molecules were bound at the active site of the protein. The crucial role of these residues in complex formation
was emphasized.

Conceptual DFT calculation

Chemical reactivity, charge transfer, and thermodynamic and kinetic stability of the molecule are all significantly
influenced by the energy band gap i.e., the difference in energies between the highest and lowest occupied
molecular orbitals (HOMO and LUMO respectively)*®. The HOMO and LUMO energies also define the ability
of a compound to either receive or donate electrons. These also help with the prediction of the most reactive
conformations of the compound. Small energy gaps make molecules more polarizable, causing them to be soft
molecules with high chemical reactivity and low kinetic stability. On the other hand, molecules with a wider
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energy gap provide additional kinetic steadiness and a reduced amount of chemical reactivity*!. Figures 10 and
11 illustrate the energies of HOMO and LUMO, and the electrostatic potential surface of Violacein and the
reference ligand (GDP), respectively. Energies of HOMO and LUMO for the Violacein ligand were calculated to
be — 0.031818 eV and — 0.040749 eV, respectively, while those for the reference ligand were — 0.017180 eV and
—0.132092 eV, respectively. Consequently, the energy band gap (AEHOMO-ELUMO) for the violacein molecule
was calculated to be — 0.072567 eV, whereas for the reference ligand, it was found to be 0.149272 (Table 3). These
findings suggest that violacein, with the smaller energy gap, is more polarizable with higher chemical reactivity.
The electronegativity, chemical hardness and softness, net electrophilicity index, and chemical potential of
the violacein molecule were also identified as additional quantum mechanical reactivity descriptors using the
HOMO and LUMO energies (Table 3). The electrophilicity index provides information regarding the binding
ability of a compound with other biomolecules and measures the equilibrium between a particle’s resistance to
changing its electron density in response to its surroundings and its inclination to attract additional electron
density®. Electrostatic potential maps for compounds Violacein and GDP revealed regions of positive and
negative charge, key for understanding their binding interactions. The molecular electrostatic potential surface
will illustrate the three-dimensional charge distributions of molecules. The molecular electrostatic potential
surface serves as a representation of regions with electron excess and deficiency?®. The electrostatic potential
of Violacein and the reference ligand were — 120,979 and — 153.785 which highlights the areas where these
compounds might attract electrophiles or nucleophiles. Violacein, with a much more negative potential, is likely
to have stronger interactions with positively charged species (electrophiles), indicating a higher capacity for
engaging in such interactions compared to GDP, which has a much smaller negative potential. This implies that
Violacein may be more reactive and can form stronger bonds in biological systems or during drug interactions,
making it potentially a more effective compound for targeting positively charged biomolecules.

Discussion

The United Nations ad hoc interagency coordinating group on antimicrobial resistance cautioned that drug-
resistant infections to be responsible for up to 10 million fatalities per annum by 2050 and cause economic harm.
Antimicrobial resistance may become responsible for extreme poverty in nearly 24 million of the population by
2030 *. Owing to the intrinsic limits of currently available antifungal medications and the growth in antifungal
resistance, treatment often necessitates intensive antifungal therapy. Hence, there is an increased attention
towards studying crucial metabolic pathways to comprehend the intricacies of fungal biology in the background
of human disease and find possible targets for antifungals. One of these is the process of the fungal de novo purine
biosynthesis pathway. The purine biosynthesis and salvage pathways of several clinically significant pathogenic
fungi, such as Candida albicans, A. fumigatus, and Cryptococcus neoformans, have been thoroughly explored®s.
Serious virulence reduction or, in some cases, complete loss of virulence is related to genetically disrupting the
purine biosynthesis process*’. To lower the likelihood of infection while simultaneously considering antifungal

(c) Molecular Electrostatic Potential Surface of Violacein Compound

Fig. 10. 3D plot of HOMO, LUMO and molecular electrostatic potential surface of violacein compound.
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(c) Molecular Electrostatic Potential Surface of GDP molecule

Fig. 11. 3D plot of HOMO, LUMO and molecular electrostatic potential surface of GDP molecule.

Global reactivity descriptors Violacein | GDP

E Homo (eV) —0.031818 | 0.017180
E Lumo (eV) 0.040749 0.132092
AE (gap) =E LUMO — E HOMO (eV) | 0.072567 0.114917
Electrostatic potential (V) —120,979 | —153.785

Table 3. Global reactivity descriptors of Violacein and GDP reference ligand.

resistance, the focus has now shifted to identifying novel drug targets across unconventional pathways occurring
across fungal biosystems. One possible target identified is the protein nucleoside diphosphate kinase (Ndk),
which is significant for the nucleotide biosynthesis of organisms’.

The reversible exchange of the y-phosphate between nucleoside triphosphate and nucleoside diphosphate is
catalysed by the enzyme Ndk, and maintains intracellular nucleotide triphosphates, which are required for DNA
and RNA synthesis®*>!. Recent studies identified Ndk to play an elaborate role in the development of spores and
sclerotia in Aspergillus species and, hence, may be considered a probable antifungal drug target®>**. The crucial
functions performed by Ndk in the survival of fungi and their virulence increases the enzyme’s potential as a
novel antifungal target>’. The primary role of the highly conserved enzyme Ndk, which is found worldwide, is to
maintain intracellular NTPs. The ultimate step of the purine and pyrimidine biosynthesis pathway is catalysed
by the enzyme Ndk by converting nucleoside diphosphates into nucleoside triphosphates and producing ATP>.
These fundamental components serve as signal transduction pathway mediators and are necessary for the
production of DNA and RNA. For fungi to survive in the natural environment, controlled synthesis of NTPs is
essential. Particularly in Eumycophyta, a range of biological roles for NDK have gained insufficient attention. A.
fumigatus must adjust to variations in nucleoside accessibility to survive and flourish®>*. Ndk is a key enzyme
in the final step of nucleotide biosynthesis, which is essential for fungal survival. Inhibition of Ndk, would cause
the inhibition of DNA and RNA synthesis, it would lead to a wide variety of effects within the fungus, including
cessation of growth, reproduction as well as cell death®>”. Hence, since Ndk aids in survival inside human
hosts, inhibition of the NDK protein may help fight against A. fumigatus. Hence, Ndk has been discovered as
a vital gene in both A. fumigatus and A. nidulans, suggesting it may be a good target for new antifungals.
Ndk has also been investigated as a probable target for creating antiparasitic medications in parasitic infections
such as Leishmaniasis and trypanosomiasis®. Similarly, research has been focused on Aspergillus flavus Ndk for
antifungal treatments®. In line with its critical functions in DNA synthesis, A. nidulans Ndk has been linked to
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vital cell cycle events such as hyphal expansion. In contrast, Ndk of A. flavus has been observed to play a complex
function in the development of spores, conidia, and sclerotia and has been demonstrated to contribute to plant
pathogenicity®>°%%’. The rise in drug-resistant fungi has prompted the exploration of natural compounds as
possible antifungal agents. Hence, the present work attempted to evaluate the efficacy of violacein, a natural
bacterial pigment, for its anti-fungal effects, specifically on A. fumigatus.

Bioinformatics uses various computation techniques to generate hypotheses or uncover novel biological
phenomena, such as sequence and structural alignment, and investigation of a sizable assortment of biological
data. Gaining pace is using bioinformatics tools and methods to analyse the growing volume of data produced
in genomics, molecular biology, transcriptomics, and proteomics"’l. Additionally, the expanse of data compiled
in databases and literature for creating molecular profiles and gathering information on the epidemiology
of pathogens has significantly expanded®>%2. Therefore, it is essential to apply computational techniques and
approaches to avert the spread of drug-resistant microbes, detect and classify pathogens, find indicators for
diagnosis and treatment, enable individualised interventions, and forecast patient outcomes. The interactions
with the target (Ndk) were analysed using bioinformatic tools. The STRING analysis depicted the interactions
with 11 nodes and 49 edges. Many of the identified enzymes are involved in phosphorylation reactions, essential
for conversion of nucleoside monophosphates to diphosphates. Thymidylate kinase, uridylate kinase, and
guanylate kinase facilitate the transformation of their corresponding monophosphates into diphosphates. Ndk
subsequently transforms these NDPs into NTPs, which are essential for DNA and RNA synthesis®>-%°. Adk1 and
Adk2 regulate the ADP/ATP equilibrium®-¢’. Cytidine triphosphate synthase catalyzes the conversion of uridine
triphosphate to cytidine triphosphate®®-7!. Similarly, the other identified enzyme, Similarly, the other identified
enzyme, Ribonucleoside-diphosphate reductase is responsible for ribonucleotides to deoxyribonucleotides,
which are required for the action of NDK*?. Hence, all these proteins are essential for microorganism functioning,
including Ndk.

Hence, this study aimed at the evaluation of violacein as an antifungal against the Nucleoside Diphosphate
Kinase protein of A. fumigatus, via computational methods. Investigating and analysing the Violacein-Ndk
protein interactions in silico revealed that the molecule significantly interacts with the majority of the active
amino acid residues of both enzymes’ catalytic pockets with robust interactions, primarily H-bonds, hydrophobic
interactions, ionic bonds, and water bridges, of relatively short bond distances and low binding energies.
Interaction analysis of violacein with Ndk revealed four hydrogen bonds with the positively charged amino acid
residues ARG87, THR93, ARG104, and ASN114, two salt bridges with the positively charged residues LYS11
and ARG104, and two Pi-Pi Stalking interactions [with the hydrophobic amino acid residue PHE59]. A glide
g-score of — 7.211 kcal/mol was observed for the same interaction. In comparison, the chosen reference ligand
(GDP, pre-bound to 6XPS) was found to generate a complex with glide g-score of — 7.010 Kcal/mol, forming
4 hydrogen bonds (ASN114, THR93, HIE117, GLY118), and 2 Pi-Pi stalking interactions (PHE59). The lower
glide gscore of GDP-Ndk complex (— 7.01 Kcal/mol), and lower number of total interactions within when
compared to Violacein-Ndk complex (— 7.211 Kcal/mol), indicate a stronger binding of violacein to the protein.

The study analyzed the dynamics variation in the Ca backbone of both the generated complexes. The
calculated protein overall RMSD average for both violacein and reference ligand was comparable, however,
violacein-protein complex had a lower RMSD value. The protein RMSF value in both complexes was analyzed
and were found to be fairly stable expect at the N and C terminal regions. The secondary structures of the
protein (in complex with violacein) revealed 33.57% helices and 16.19% strands, making up 49.76% of the
total secondary structure elements, and comparison with pre-bound protein revealed minimal changes to
the protein’s secondary structural elements. Comparison of the ligand properties, the ligand RMSF indicated
fluctuation within the ligand at atomic level detail, with Violacein RMSF stabilized between 3 and 4 A, while
GDP ligand RMSF was found to be equilibrated over 20 A values. Violacein-Ndk complex was found to be
more compacted and stable than the reference ligand-protein complex. VAL149, VALI111, ASN114, LYS11,
and GLY112 were found to form interactions with violacein for over 30% of the total simulation period and
GLU28, PHE59, and ASP110 for less than 30% of the total duration with GDP. Further MMGBSA analysis of
the 101 snapshots of the trajectory revealed an energy of — 31.89+5.55 Kcal/mol for the violacein complex,
which was lower than that of the GDP complex. In addition, the study quantified the contributions of individual
amino acid residues in binding interactions, analyzing the per residue interaction profiles of VAL111, ASN114,
LYS11, TYR51, ARG104, and PHE59. The binding energies were lower than those by GDP, indicating that the
molecules were bound at the active site of the protein. The crucial role of these residues in complex formation
was emphasized. The Violacein-Ndk complex exhibited superior stability in both protein and ligand RMSD
analyses when compared to the GDP-Ndk complex. The Violacein-Ndk complex exhibited enhanced binding
interactions, a more compact structure, and increased stability as indicated by the MMGBSA binding energy
analysis. This suggests that Violacein establishes a more stable and consistent interaction with the NDK protein
compared to the reference ligand, thereby positioning it as a more effective ligand for protein binding.

The DFT studies of Violacein, particularly its HOMO and LUMO energies, offer essential insights into its
chemical reactivity and stability. Compared to the reference ligand (AE=0.114917 eV), the violacein molecule
was calculated to have a smaller energy band gap (AE=0.072567 eV), suggesting its softness with lower kinetic
stability and higher chemical reactivity. This minor gap increases the polarizability of violacein, facilitating
its participation in electron transfer during biochemical interactions. The electrostatic potential analysis
corroborates this, indicating that Violacein exhibits a substantially more negative potential (— 120979) compared
to the reference ligand (— 153.785), suggesting enhanced interactions with electrophiles and positively charged
biomolecules. These attributes indicate the possible effectiveness of Violacein as an antifungal agent, particularly
through its interactions with fungal proteins such as the Ndk protein.

These DFT calculations were performed using the Becke 3-parameter exchange functional (B3LYP) method
with the 6-31G(d, p) basis set, which has both merits and limitations. The primary advantage of using the 6-31G(d,
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p) basis set is its incorporation of polarization functions (d on heavy atoms and p on hydrogen), which improves
the description of electron distribution and molecular geometry, especially in the regions of electron density
critical for bonding. This results in enhanced accuracy in predicting molecular properties, including dipole
moments, and reaction mechanisms, rendering it a favoured option for organic compounds such as violacein.
However, the 6-31G(d, p) basis set is not without limitations. It may not consistently yield highly accurate results
for systems characterized by substantial electron correlation effects or extensively delocalized electrons, due
to its medium-sized basis set, as for larger or more complex molecules, it may be inadequate relative to larger
basis sets or more advanced methods that successfully address electron correlation and dispersion interactions.
Furthermore, more refined datasets (such as 6-311++G**) could yield improved precision at the expense
of more computational resources, yet it provides a reasonable trade-off between accuracy and computational
efficiency. Thus, while 6-31G(d, p) offers solid performance for Violacein, its limitations must be considered,
particularly when higher accuracy is required.

There exists no direct evidence which ascertains the antifungal activity of Violacein. Notwithstanding,
damages in the fungal cell wall, decreased hyphal development and biofilm formation owing to induction of
ROS by violacein is a strongly profounded hypothetical mechanism(s). NDK was chosen as the potential target
for this study due to its importance in fungal growth and development as established”? based on the extensive
review of literature and in silico screening, by molecular docking conducted by us, we did not come across any
other significant pathway through which violacein could show the antifungal activity against A. fumigatus. In
addition, the existing non-NDK-antifungal drugs are reported for their adverse effects”>.

This suggests that Violacein could be an effective molecule and strong antifungal agent against the NDK
protein of A. fumigatus. Violacein’s potential as an antifungal against A. fumigatus was discovered through in
silico techniques via inhibition of the Nucleoside Diphosphate Kinase protein. The study provides a strong
platform for future evaluation of the pigment as an anti-fungal agent in vitro and in vivo, suggesting the pigment
as a potential candidate in the management of A. fumigatus infections.

Materials and methods

STRING analysis

STRING analysis was carried out to look for known and predicted interactions between proteins. Version 11.5
of the STRING application (https://string-db.org/) was used’*. The protein was submitted to the database and
performed with STRING's default parameters. A full STRING network with a minimum required interaction
score of 0.4 was employed, the network edges were evidence-based, and active interaction sources were based on
neighborhood, experiments, text mining, gene fusion, databases, co-occurrence, and co-expression.

Protein preparation

The NDK (PDB ID: 6XPS) X-ray crystal structures of the protein was chosen and obtained from the RCSB
PDB with a resolution of 1.64 A and chain A of sequence length 162. The protein was then included in the
Maestro workspace (V 14.1)27%. The protein was loaded into the protein preparation wizard, and the plan for
minimizing protein energy was implemented. The pH was set to 7.5, and the Prime module was used to fill in the
missing chains and loops. The protein’s regulatory component was removed, another application of the refining
process. The Epik module was used to assign the appropriate protonation state and hydrogen atoms were added
at pH 7.5. Optimization of the protein was achieved using PROPKA pH 7.5, the OPLS4 force field was used to
minimize atoms beyond 0.3 A RMSD, and water molecules at a distance of over 5 A were also removed, and
partial atomic charges were assigned. The reduced protein was then further processed for grid construction
in the receptor grid-generating panel to reflect the active binding pocket of the protein to the ligand for Glide
docking. The pre-existing ligand (GDP) in the selected protein was chosen to carry out the construction of grid.
Receptor grid creation was then performed with the default settings, scaling the van der Waals radius, scaling
factor 1.0, and removing the partial charge. The residues around the pre-bound ligand were identified to be
LYS11, TYR51, LEU54, PHE59, LEU63, TYR66, ARG87, GLY91, ALA92, THR93, ARG104, VAL111, GLY112,
ARG113, ASN114, CYS116, HIS117, GLY119, ASP120.

Ligand preparation

The structure of violacein was taken from the PubChem database (PubChem CID:11053) to optimize energy
and produce a precise 3D structure. The ligand preparation step was essential to molecular docking, generating
optimum structures suitable for molecular docking and eliminating ligand errors. Using the Epik classic module,
with OPLS4 forcefield, energy minimization was then carried out while preserving a pH of 7 in the ionization
state, defining desalt, single tautomer synthesis, and maintaining specified chirality.

Molecular docking

In the Maestro interface of the Schrodinger suite, Glide is a very efficient way of detecting ligand hits and aids in
lead optimization in structure-based virtual screening via molecular docking. Molecular docking is a technique
that evaluates how tiny molecules behave in the binding pocket of the target protein and reveals important
biological processes while keeping the receptor rigid’>’°-’%. The chosen protein was subjected to molecular
docking with violacein using Glide XP (enhanced precision) docking. Validation of the docking protocol was
done with the superposition of pre-bound reference molecule with itself post-docking’®-8!. The optimum
docking pose was chosen based on additional examination of the glide g-score and molecular interactions with
the protein. The chosen complex was further subjected to MM-GBSA to minimize and refine the protein-ligand
complex. This step was performed in the VGSB solvation model, and OPLS4 forcefield was applied.
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Molecular dynamics simulation

The functions and dynamics of protein-ligand complexes have long been studied using the DESMOND v.
13.7 System Builder workflow. Desmond MD simulations of the non-bonding interaction between the ligand
and the protein were done for 500 ns for the protein 6XPS to understand the stability of the violacein-6XPS
complex better. The entire system was submerged in a TIP3P water-solvent model. The orthorhombic box of
size 10X 10X 10 A of boundary condition was maintained throughout the system development process. The
OPLS4 force field was prepared using the System Builder program and further neutralized by adding 0.15 M
NaCl to the buffer. Additionally, minimization was accomplished using the minimizing tool. The violacein-6XPS
developed system consisted of 21,177 atoms in total and that of GDP-6XPS had 21,210 atoms. The MD process’s
temperature (K) and pressure (bar) were held constant throughout the experiment at 300 K and 1.01325 bar,
respectively, and the calculation was performed for 500 ns. Subsequently, the simulated interaction diagram tool
built with Desmond generated reports®>%.

Post-dynamics analysis

The MMGBSA was executed utilizing a script to compute the binding free energy of the Violacein-6XPS complex
and the reference ligand-6XPS complex. Every tenth frame of 1000 frames produced from molecular dynamics
simulation was utilized to determine binding energy. Employing the OPLS4 force field and the VSGB 2.1 solvent
model, the binding energies of ligands were computed using the formula provided below.

DGbind = Ecomplex (minimized) — [Eiigand (minimized) + Eieceptor (minimized)]

represents the total free energy of the protein-ligand complex, while Bjgand and E denote the free

Ecomplex receptor

energies of the ligand and receptor in a solvent, respectively.

Per-residue decomposition was conducted to quantitatively analyze the energetic contributions of each amino
acid, encompassing both backbone and sidechain assessments. The study of binding energy decomposition was
essential for outlining the significance made by every residue to the ligand.

Conceptual density-functional theory (DFT) calculation

DFT-based calculations aim to analyze the interaction of a compound with a receptor protein. DFT calculation
for violacein and GDP molecules were analysed using optimization module of the Jaguar v11.7 package. To
study the reactivity of Violacein and GDP reference molecule, the DFT calculations focused on geometry
optimization, employing the B3LYP functional combined with the 6-31G(d, p) basis set, primarily focusing
on the highest and lowest occupied molecular orbitals (HOMO and LUMO, respectively). Electron density,
electrostatic potential, surface, spin density, and molecular orbitals parameters were selected. Additionally, the
band energy gap was calculated as the difference in energies between HOMO and LUMO to assess electronic
properties®. This approach allows for a comprehensive investigation of Violacein and GDP molecule reactivity
and potential interactions with the receptor protein.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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