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ABSTRACT

Rhizopus species are opportunistic fungal pathogens from the Mucorales order, commonly found in soil,
decaying organic matter, and indoor environments. While generally harmless, they can cause life-threatening
infections in immunocompromised individuals, leading to mucormycosis. During the COVID-19 pandemic,
mucormycosis cases surged, particularly in India, due to immune suppression caused by diabetes (present in
66.1 % of cases) and widespread corticosteroid use (80.3 % of cases). Standard treatments include antifungal agents
like Amphotericin B, Posaconazole, and Isavuconazole, along with surgical debridement. Mucorales exhibit resistance
to many antifungals due to their unique cell wall composition, making azoles like itraconazole and voriconazole
ineffective, while echinocandins show minimal activity. Seabuckthorn (Hippophae rhamnoides L. ), rich in bioactive
compounds, exhibits antioxidant, anti-inflammatory, and antimicrobial properties, making it a promising candidate
against Rhizopus infections. This study employs molecular docking using iGEM Dock to evaluate the binding affinity
of Seabuckthorn bioactive compounds against ergosterol biosynthesis in Rhizopus azygosporus, a major causative
agent of mucormycosis. ADMET analysis is performed to assess the pharmacokinetic profiles of the compounds,
ensuring their suitability for therapeutic applications. The present study identifies futuristic novel drug targets and

efficient antifungal agents to effectively address mucormycosis.
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1. INTRODUCTION

Mucormyecosis is a rapidly progressing fungal infection
marked by its ability to invade blood vessels, caused by
environmental moulds from the order Mucorales'. While
these fungi are commonly found in the environment,
they usually become pathogenic only in individuals with
weakened immune systems. In such cases, they can cause
severe infections marked by tissue damage and vascular
invasion. The disease can present in various forms-such
as rhino cerebral, pulmonary, cutaneous, gastrointestinal,
or even widespread-based on how fungus enters the body
and the patient’s immune condition?.

Among the various genera within Mucorales, Rhizopus
species especially Rhizopus arrhizus and Rhizopus
microsporus are identified as the most prevalent causes
of mucormycosis worldwide®. These fungi possess natural
resistance to several antifungal agents, largely due to
their distinct cell wall composition and adaptive stress
response systems, making treatment more challenging.
Standard treatment protocols typically involve the use of
high-dose Amphotericin B, Posaconazole, or Isavuconazole
combined with aggressive surgical debridement*. However,
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therapeutic success remains limited, particularly due
to delayed diagnosis, extensive angioinvasion, and the
intrinsic antifungal resistance exhibited by Mucorales
fungi®.

The global burden of mucormycosis witnessed an
alarming escalation during the COVID-19 pandemic,
notably in India, where mucormycosis incidence rates
were significantly higher than in developed nations®.
A synergistic interaction between COVID-19-associated
immune dysregulation, widespread corticosteroid therapy,
and a high background prevalence of uncontrolled diabetes
mellitus contributed to the so-called “epidemic within
a pandemic™®. Studies report that Diabetes mellitus,
particularly in the state of ketoacidosis, was present in
a large proportion of mucormycosis cases during the
pandemic®. Moreover, the rampant use of immunosuppressive
therapies and the presence of comorbidities such as
chronic kidney disease further predisposed individuals
to severe mucormycosis.*

Despite significant advances in antifungal therapeutics,
the treatment of mucormycosis remains challenging due
to multiple factors including drug toxicity, the poor
bioavailability in infected tissues, and emergence of
drug-resistant strains'. Azoles such as Itraconazole and
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Voriconazole, which are effective against Aspergillus
spp., exhibit minimal to no activity against Mucorales
due to the fungal ability to circumvent ergosterol-targeted
inhibition pathways’. Consequently, it is imperative to
investigate alternative antifungal approaches without
delay, including the identification of natural bioactive
compounds with potent antifungal properties.

Seabuckthorn (Hippophae rhamnoides L.), a hardy
deciduous shrub native to the cold areas of Europe and
Asia, has garnered considerable scientific attention due
to its rich phytochemical profile comprising flavonoids,
phenolics, carotenoids, and essential fatty acids®. Traditionally
acclaimed for its antioxidant, anti-inflammatory, and
antimicrobial properties, Seabuckthorn has been employed
in ethnomedicine for centuries’. Recent studies have
illuminated its potential role in combating microbial
infections, including antifungal effects against Candida
albicans and Aspergillus niger, though its efficacy against
pathogenic molds such as Rhizopus species remains
underexplored?®.

In light of the urgent demand for novel antifungal
treatments and the rich bioactive potential of Hippophae
rhamnoides, this study explores the antifungal properties
of compounds derived from Seabuckthorn against Rhizopus
azygosporus, a key causative agent of mucormycosis.
Adopting an integrated approach that combines molecular
docking, ADMET analysis, the research aims to identify
and characterise novel natural compounds capable of
inhibiting critical fungal enzymes involved in ergosterol
biosynthesis’. This work aspires to contribute to the
future development of more effective antifungal therapies.

This research not only addresses the pressing global
healthcare challenge posed by mucormycosis but also
highlights the untapped potential of natural phytochemicals
in antifungal drug discovery. The outcomes of this
investigation could thus pave the way for safer, effective,
and resistance-evading therapeutic alternatives in the
management of invasive fungal infections.

2. MATERIALS AND METHODS
2.1 Selection and Retrieval of Ligands

Bioactive compounds from H. rhamanoides L.
(Seabuckthorn) were identified through extensive literature
review and database screening. The 2D structures of
selected phytochemicals were retrieved from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/). The 37
bioactive compounds were selected based on their known
antimicrobial or antioxidant potential, which could
theoretically contribute to antifungal activity against
Rhizopus species (Table la). Besides, known antibiotics
that are inhibitors of fungal cell membrane were also
tested for molecular docking (Table 2b). Non-antifungal
drugs like antivirals, RTI agents, ACE inhibitors, blood
thinners, and iron chelators were included to explore their
potential supportive roles in mucormycosis management.
These includes Deferoxamine, Deferasirox as Iron
Chelator; Antiviral drugs- Baloxavir marboxil, Danoprevir,
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Sofosbuvir, ACE Inhibitor-Fosinopril, Quinapril; Telmisartan
as Angiotensin Receptor Blocker-, and Sulfamethoxazole
as Cardiac glycosides and drugs used against Respiratory
tract Infection (Table 3c).

2.2 Retrieval of Target Proteins

Key fungal proteins implicated in the ergosterol
biosynthesis pathway of R. azygosporus were selected as
molecular targets due to their critical role in maintaining
fungal cell membrane integrity (Table 2). Three-dimensional
(3D) structures of these proteins were retrieved in
.pdb format from the Protein Data Bank (PDB) RCSB
PDB: Homepage!'®. The physicochemical and functional
characterization of these proteins was performed through
Expasy’s Prot-param server''. The 3D-protein homology
models were generated from the Swiss model interactive
workspace!2. The protein homology models were validated
with the Ramachandran plot using the Swiss model
interactive workspace. The stereochemical quality of the
protein structures was assessed by PROCHECK which
evaluated the presence of conserved sequences and related
geometry of proteins's.

2.3 Ligand Preparation

The retrieved SDF-formatted ligand structures were
converted into SMILES notation using an online SMILES
Translator and Structure File Generator tool (Online
SMILES Translator and Structure File - Chempedia -
LookChem). This step facilitated the standardisation of
chemical structures for further processing. Subsequently, the
SMILES files were converted back into three-dimensional
.pdb format using Open Babel (version 2.4.1), an open-
source chemical toolbox, ensuring compatibility with
docking software (http://openbabel.org/wiki/Main_Page )

2.4 Molecular Docking Studies

Molecular docking simulations were performed
using iGEMDOCK software (version 2.1), a flexible and
user-friendly tool specifically designed for structure-
based drug discovery't. Docking experiments were
conducted to evaluate the binding interactions between
Seabuckthorn-derived ligands and the fungal target
proteins. The scoring function integrated electrostatic,
steric, and hydrogen bonding contributions to compute
total binding energy, thus identifying the best possible
ligand-protein complexes.

2.5 ADMET Analysis

The assessment of drug-likeness and pharmacokinetic
behaviour of the selected compounds, ADMET (Absorption,
Distribution, Metabolism, Excretion, and Toxicity) profiling
was conducted using ADMETIlab 2.0 (https://admetlab3.
scbdd.com). Critical parameters such as gastrointestinal
absorption, blood-brain barrier permeability, cytochrome P450
inhibition, and potential toxicity were evaluated to ensure
the pharmacological viability of the candidate molecule.
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Table 1(a). Phytochemical constituents from Hippophae rhamnoides L. (Sea buckthorn) used as ligands for molecular docking

S.No. Ligands Pubchem ID Smiles code 2-D structre
1. Sesquiterpenes 177131 CClICCCe(ezceenceoe)e
2. Monoterpenes 10282 CC1=CC(C(CCHC(C)C)O
H'O
3. Chromene (2H-1-benzopyran-2- 13382570 C1=Cc2c(O[CH]1)ccec2
yl) radical
)
(0]
4. Triterpenes (Obtusol) 15895316 OCCI2CCC3(C(C1=CCC1C2(C)
CCC2CI(C)CCC(C2(O)0)0)Cc(C)C(Cce3) i
C)C :
5. Saponins 198016 OCC10C(0C2C(OCC(C20C20C(CO)
C(C(C20)0)0)OC20CC(C(C20) o _—
0)0)OC2CCC3(C(C2(C)C) 0 .a 0«(‘(\ .
CCC2(C3CCr34c2(C)ce(ee(cacco) H “ flo® OD{ODH
(C=0)CC2)CO3)0)C)C)C(C(C10)0) ' . 0‘_‘@:0,‘3\)‘:{: i
OC10C(CO)C(C(C10)0)O oA 0u0 G
HO}:;'g
6. Tuberoside (Steroidal Saponin) 102019173 OCC10C(OC2CC3CCC4C(C3(CC20)0)

CCC2(C4CC3C2C(C2(03)CCC(CO2)CO)
C)C)C(C(C10C10C(C)C(C(CIOCI0C(C)
c(c(Cl
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10.

11.

12.

Isoflavone

Quercetin

Kaempferol

Isohamnetin

Rutin

Myricetin

72304

5280343

5280863

15817847

5280805

5281672

O=clc(coc2clceecc2)clececcel

Oclce(O)c2ce(cl)oc(c(c2=0)0)clcec(c(cl)
0)0

Oclcee(cel)cloc2ee(O)cc(c2e(=0)c10)0

COclcce(cec1O)cloc2ec(O)c(ecc2e(=0)c10)0

Oclcc(O)c2e(cl)oc(c(c2=0)
OCI10C(COC20C(C)C(C(C20)0)0)
C(C(C10)0)O)clece(c(c1)0)O

Oclce(O)c2ce(cl)oc(c(c2=0)0)clcec(O)
¢(c(c1)0)O
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13.

14.

15.

16.

17.

18.

19.

Resveratrol

Naringenin

Hesperidin

Eriodictyol

Homoeriodictyol

Apigenin

Luteolin

445154

932

10621

440735

73635

5280443

5280445

Oclcee(cel)C=Cclce(O)cc(c1)O

Oclcece(cel)C1CC(=0)c2¢(O1)cc(cc20)0

COclcec(cc10)C1CC(=0)c2c(O1)ce(cc20)

0C10C(COC20C(C)C(C(C20)0)0) o
C(C(C10)0)0
pe

Oc1cc20C(CC(=0)c2¢(c1)O)cleee(c(cl)
0)0 H

COclce(ecc10)C1CC(=0)c2c(O1)ce(cc20)
O hl o o

Oclcee(ccl)elec(=0)c2c(ol)ce(cc20)O

Oclce(O)c2c(cl)oc(ce2=0)clcee(c(c1)0)O
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20.

21.

22.

23.

24.

25.

26.

Tangeretin

L- Epicatechin gallate

Catechin

L-Epigallocatechin

Catechin 3’-O-gallate

Proanthocyanidins

Cyanidin

68077

107905

1203

72277

5276454

108065

128861

COclcee(ccl)clec(=0)c2c(o1)c(OC)
¢(c(c20C)0C)0C

Oclce(0)e2¢(c1)OC(C(C2)OC(=0)clce(0)
¢(c(c1)0)O)clcee(c(c1)0)O

Oc1cc20C(c3cce(c(c3)0)0)C(Ce2e(c1)0)0

Oc1cc20C(e3cc(0)e(c(c3)0)0)C(Ce2ce(cl)
0)0

Oclce(0)e2¢(c1)OC(C(C2)OC(=0)clec(0O)
¢(c(c1)0)O)clcee(c(c1)0)O

COcle(O)cc(cc10)C10c2¢(CC10)c(0)
cc(c2C1C(0)C(Oc2cle(O)ce(c2)0)
cleee(eec1)O)O

Oclce(O)e2e(cl)[ot]e(e(c2)O)clece(c(cl)
0)0

"
o

o-T

-0
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217.

28.

29.

30.

31.

32.

33.

Delphinidin

Malvidin

Peonidin

Petunidin

Chlorogenic acid

Coumaroylquinic acid

Beta carotene

68245 Oclcc(O)c2e(cl)[o+]e(c(c2)O)clec(O)
¢(c(c1)0)0.[Cl-]

159287 COclce(ce(c10)OC)cl[o+]c2cc(O)
cc(c2ecl0)O
441773 COclcc(eeclO)clot]c2cc(O)ec(c2ec10)O
73386 COclec(ec(c10)O)cl[ot]c2ec(O)ec(c2eclO)
O.[C]-]
1794427 O=C(OC1CC(0)(CC(C10)0)C(=0)0)

C=Cclcce(c(c1)0)O

9945785 O=C(OCI1CC(O)(CC(C10)0O)C(=0)0)
C=Cclccc(ccl)O

9828626 CC1=C(C(CCC1)(C)C)/C=C/C(=C/C=C/
C(=C/C=C/C=C(\C)/C=C/C=C(/C)\C=C\
C2=C(CCCC2(C)C)C)/C)/C
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34. Caffeic Acid 689043 C1=CC(=C(C=C1/C=C/C(=0)0)0)O
H
o o
H H
HI
O'H
35. Ferulic Acid 445858 COCI1=C(C=CC(=C1)/C=C/C(=0)0)O
o b
H H
\'0
o H
36. a-Linolenic acid 5280934 CC/C=C\C/C=C\C/C=C\CCCCCCCC(=0)O
37. Zeaxanthin 5280899 CC1=C(C(C[C@@H](C1)O)(C)C)/ o
C=C/C(=C/C=C/C(=C/C=C/C=C(/C=C/
C=C(/C=C/C2=C(C[C@H](CC2(C)C)0O) H
ON\O)\C)/C)/C nAn
Table 1(b). Standard antifungal drugs used as ligands for molecular docking
S.No. Ligands Pubchem ID  Smiles Code 2-D Structure
1. Amphotericin B 5280965 OCI1CCC(0)C(0)CC(O)CC2(O)CC(O)C(C(O2)CC(C=CCc=C
C=CC=CC=CC=CC=CC(C(C(C(OC(=0)CC(C1HO)O)C)O)C)
OC10C(C)C(C(C1I0)N)O)C(=0)O
2. Posaconazole 468595 CCC(nlnen(c1=0)clcec(cc)NICCN(CCl)cleee(cel)

OCCICOC(C1)(Cnlenenl)cleee(ce1 F)F)C(O)C
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3.

Isavuconazole

Voriconazole

Flucytosine

Anidulafungin

Caspofungin

Itraconazole

6918485

71616

3366

166548

2826718

55283

N#Cclcee(cel)clese(nl)C(C(clee(F)eeclF)(Cnlenenl)O)C

Feleee(e(c1)F)C(C(clnencclF)C)(Cnlenenl)O

Nclc(F)ene(=0)[nH]1

CCCCCOclcee(cel)cleec(cel)eleec(ccl)C(=O)NC1CC(0)C(0O)
NC(=0)C2C(O)C(CN2C(=0)C(NC(=0)C(NC(=0)C2N(C(=0)
C(NC1=0)C(0)C)CC(C2)0O)C(C(clcee(ce1)0)0)0)C(O)C)C

NCCNCINC(=0)C2C(O)CCN2C(=0)C(NC(=0)
C(NC(=0O)C2N(C(=0)C(NC(=0)C(CCI1O)NC(=0)
CCCCCCCCC(Ce(eco)o)o)c(o)o)cce(ce)o)
C(C(clcee(ec1)0)0)0)C(CCN)O

CCC(nlnen(c1=0)clcee(ccl)NICCN(CCl)eleee(ccl)
OCCI1COC(O1)(Cnlenenl)elcee(ccl CI)CI)C

3
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9. Micafungin 477468 CCCCCOclccec(ecl)clone(cl)clcec(ccl)C(=O)NC1CC(0O) ot
C(O)NC(=0)C2C(0)C(CN2C(=0O)C(NC(=0)C(NC(=0) o3 il o%a,
C2N(C(=0)C(NC1=0)C(0)C)CC(C2)0)C(C(clcece(e(cl) %-Eu iy r;ﬁféjo .
0S(=0)(=0)0)0)0)0)C(CC(=O)N)O)C oﬂ ..H%&NPH

&0
o

10. Clarithromycin 84029 CCC10C(=0)C(C)C(OC2CC(C)(OO)C(C(02)C)O)C(C)

C(OC20C(C)CC(C20)N(C)O)C(CC(C(=0)C(C(C1(O)O)

0)C)C)(C)oC
11. Virginiamycin 73160420 O=CINCC=CC(=CC(0O)CC(=0)Cc2nc(C(=0)

N3C(=CCC3)C(=0)OC(C(C=C1)C)C(C)C)c02) ?5;

C.CCCINC(=0)C(NC(=0O)c2ncccc20 DJCLE‘.; e

SaiEd:
5
o5
&
o "o e

12. Tunicamycin 56927836 OCCI10C(0OC20C(CC(C30C(C(C30)0)n3cce(=0)[nH]

¢3=0)0)C(C(C2NC(=0)C=CCCCCCCCCCCC(C))0)0)

C(C(C10)O)NC(=0)C R

'
& N‘ﬁc o
£ 'gi”[\g @,
HO 410 W90 .
el JJ\H&V\NVW
HO 0 \O

Table 1(c). Repurposed drug candidates with antiviral, RTI, ACE inhibition, and iron chelation properties

S.No. Ligands Pubchem ID Smiles Code 2-D Structure

1. Deferoxamine 2973 NCCCCCN(C(=0)CCC(=0)
NCCCCCN(C(=0)CCC(=0)
NCCCCCN(C(=0)C)0)0)O

2. Deferasirox 214348 OC(=O)clcec(cel)

nlnc(nclcleccec1O)cleeccc1O Q/:or'
7
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3. Baloxavir marboxil 124081896 COC(=0)0COclc(=0) .
cen2¢1C(=0)N1CCOCCIN2C1c2 .
ccccc2SCe2clecc(c2F)F

e N/" o
AT
o Ol/O :
R

4. Danoprevir 11285588 0O=C(OC(C)(C)C)

NCICCCCCC=CC2C(NC(=0) :
C3N(C1=0)CC(C3)OC(=0) ;gj
N1Cc3¢(Cl)ccec3F)(C2)C(=0) <L o —{N
NS(=0)(=0)C1CCl1 oF ;O_(/o . -

5. Sofosbuvir 45375808 CC(OC(=0)C(NP(=0) o
(Oclecceel)OCCIOC(C(C10)(C) fLu =
F)nlcee(=0)[nH]c1=0)C)C .o

6. Fosinopril 55891 CCC(=0)OC(C(C)C)OP(=0)
(CC(=O)N1CC(CCIC(=0)O) .
C1CCCCCI1)CCCCcleccecl o o O\‘p’o‘jf
HO ">__/— -
7. Quinapril 54892 CCOC(=0)C(NC(C(=0)

N1Cc2ccccc2CCIC(=0)0)C) .
CCclcccccl ..io

8. Telmisartan 65999 CCCclnc2c¢(nlCcelcec(ccl)
clceeec1C(=0)0)cc(cc2C)
clnc2c(nlC)ccec2
- o
Fa A\Z;[ N/>—\_ “ =
9. Sulfamethoxazole 5329 Nclcee(ecl)S(=0)(=O)Nclnoc(cl)
Cardiac glycosides C _—
and drugs used against " e
Respiratory tract Infection ) "
(RTI) °=7=°
H" N H
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Table 2. Quality assessment and structural properties of fungal sterol biosynthesis

S. No. Gene Protein Length Mol. Wt. pl

1 ERGI1 Squalene epoxidase 466 51970.34Da 7.63
2 ERG2 C-8 Sterol isomerase 227 25706.71Da 6.16
3 ERG3 C-5 Sterol desaturase 306 36487.09Da 6.87
4 ERGS RNA polymerase C-22 sterol desaturase 724 84340.47Da 8.63
5 ERG6 Sterol 24 -C-methyltransferase 375 42182.71 Da 5.92
6 ERG7 Lanosterol synthase 730 83545.94 Da 5.83
7 ERGI1 14 o -Sterol demethylase A 507 57,479.14 Da 6.71
8 ERG12 Mevalonate kinase 404 44,037.32 Da 5.51
9 ERG13 fe'ii‘:;‘s’zyd'methylgluta‘yl coenzyme A y10p 119,395.95 Da 8.77
10 ERG20 Farnesyl Pyrophosphate Synthetase 352 40,708.88 Da 5.05
11 ERG24 C-14 Sterol reductase 438 50,298.60 Da 8.96
12 ERG25 C-4 Sterol methyl oxidase 293 35,165.57 Da 7.34
13 ERG26 Sterol-4-a-carboxylate3-dehydrogenase 347 38,275.76 Da 7.63

3. RESULTS The analysis of the ERG protein structure provides

Physico-chemical and functional characterisations of
13 target ERG proteins were analysed using Expasy’s Prot-
param server. The homology modelling of differnt proteins
was performed to determine the structural template. ERG
3, ERG 5, ERG 6 showed 00 % of sequence identity with
a template in homology modelling (Table 3) and while
ERG 1 protein depicted 97.64 % of sequence identity
with template AOA1X0QR28.1.A (Table 3).

supporting evidence that the predicted 3D structure of
ERG is of good quality The structural stability of all
13 ERG proteins was depicted through Ramachandran
phi-psi plot confirming the residues in the favourable
region (Figurel; Table 3). The study revealed 99.0 % to
92.24 % of residues in the allowed region (dark green)
and only 0.00 % to 1.73 % lay in the (i) disallowed
region (light green).

Table 3. Protein validation and homology modelling estimation using the SWISS-MODEL interactive workspace.

Sequence identity

Residues in

Residues in

&

Mol probity

S. No. Protein Template (%) {il/:;)urable region ::gfia:;o;l;a)ble deviation score
1. ERGI1 AOA1XOQR28.1.A 97.64 98.06 0.00 1 0.60
2. ERG2 AOAOAINVGS.1.A  96.48 95.56 0.44 1 0.81
3. ERG3 AO0A367J0CS.1.A 100 97.37 0.00 0 0.76
4. ERGS5 A0A367JUG4.1.A 100 92.24 3.46 23 1.46
5. ERG6 AO0A1X0S4K6.1.A 100 98.66 0.27 2 0.84
6. ERG7 AO0A2G4SWW2.1.A 100 97.80 0.14 0 0.72
7. ERG11 AO0A2G4SNIS.1.A 77.28 98.61 0.40 3 0.97
8. ERGI12 A0A367JTMI1.1.A 97.68 99.00 0.00 0 0.81
9. ERG13 AOA1XORHYO0.1.A 9991 93.64 1.73 5 1.30
10. ERG20 AO0A068S1L5.1.A 84.38 98.86 0.00 0 0.57
11. ERG24 AO0A167JQB3.1.A 70.02 96.55 0.23 0 1.28
12. ERG25 AOA1XOR3HO.1.A 96.59 98.28 0.34 0 0.70
13. ERG26 AOAIXORLII.1.A 97.69 97.68 0.00 0 0.70
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Figure 1. Ramachandran plot of target ERG proteins.
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Among the 37 natural compounds derived from H.
rhamnoides, Saponins exhibited a remarkably strong
binding affinity with a docking score of -979.72 kcal/mol
against the fungal target ERG5(C-22 desaturase) (Figure
2; Table 4). This high binding energy indicates a robust
interaction with the fungal protein, highlighting saponins as
promising candidates for antifungal drug development due
to their potential efficacy and favourable safety profile's.

Virginiamycin showed the highest binding affinity
with a docking score of -1159.50 kcal/mol against

the ERGS5 target protein (Table 4b). However, despite
their potent antifungal activity, the clinical use of such
antibiotics is often limited by significant toxicity and
adverse side effects, emphasising the need for safer
alternatives's.

Among the repurposed drug candidates, Danoprevir
an antiviral drug displayed a least binding affinity with
a docking score of -574.865kcal/mol against ERGS,
suggesting significant molecular interaction and antifungal
potential of Virginiamycin (Figure 2; Table 4c).

Table 4(a). Binding energies of H. rhamanoides L. bioactive compounds against key ergosterol biosynthesis (ERG) proteins in R.

azygosporus.
S.No. Ligands Binding energy = Target ERG gene Target ERG protein

1. Sesquiterpenes -177.471 ERGS C-22 Sterol Desaturase

2. Monoterpenes -127.805 ERGS C-22 Sterol Desaturase

3. Chromene (2H-1-benzopyran-2-yl) radical ~ -116.014 ERG7 Lanosterol Synthase

4. Obtusol -373.928 ERGS C-22 Sterol Desaturase

5. Saponins -979.72 ERGS C-22 Sterol Desaturase

6. Tuberoside -725.927 ERGS5 C-22 Sterol Desaturase

7. Isoflavone -196.767 ERGS C-22 Sterol Desaturase

8. Quercetin -253.578 ERGS5 C-22 Sterol Desaturase

9. Kaempferol -242.231 ERG7 Lanosterol Synthase

10. Isohamnetin -250.021 ERG6 Sterol 24-C Methyltransferase
11. Rutin -510.737 ERG7 Lanosterol Synthase

12. Myricetin -253.927 ERG6 Sterol 24-C Methyltransferase
13. Resveratrol -179.651 ERG2 C-8 Sterol Isomerase

14. Naringenin -230.429 ERGS C-22 Sterol Desaturase

15. Hesperidin -495.754 ERG7 Lanosterol Synthase

16. Eriodictyol -242.24 ERG24 C-14 Sterol Reductase

17. Homoeriodictyol -253.517 ERG7 Lanosterol Synthase

18. Apigenin -122.165 ERG7 Lanosterol Synthase

19. Luteolin -242.341 ERG7 Lanosterol Synthase

20. Tangeretin -311.107 ERGS C-22 Sterol Desaturase

21. L- Epicatechin gallate -227.579 ERG7 Lanosterol Synthase

22. Chlorogenic acid -270.568 ERG26 Sterol 4-Alpha Carboxylate3Dehydrogenase
23. Coumaroylquinic acid -280.957 ERG24 C-14 Sterol Reductase

24. Catechins -241.98 ERG7 Lanosterol Synthase

25. L- Epigallocatechin -255.921 ERG24 C-14 Sterol Reductase

26. Catechin 3’-O-gallate -371.689 ERG24 C-14 Sterol Reductase

27. Proanthocyanidins -495.497 ERGS5 C-22 Sterol Desaturase

28. Cyanidin -242.31 ERG24 C-14 Sterol Reductase

29. Delphinidin -254.039 ERGS C-22 Sterol Desaturase

30. Malvidin -276.573 ERGS5 C-22 Sterol Desaturase

31. Peonidin -260.212 ERG6 Sterol 24-C Methyltransferase
32. Petunidin -277.2 ERG7 Lanosterol Synthase

33. Beta carotene -91.342 ERGI11 14-Alpha Sterol Demethylase A
34. Caffeic Acid -75.646 ERGI1 14-Alpha Sterol Demethylase A
35. Ferulic Acid -74.678 ERGI1 14-Alpha Sterol Demethylase A
36. a-Linolenic acid -92.414 ERG9 C-5 Sterol Desaturase

37. Zeaxanthin -100.014 ERG7 Lanosterol Synthase
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Table 4(b). Binding energies of antifungal drugs against key ergosterol biosynthesis (ERG) proteins in R. azygosporus.

S. No Ligands Binding energy Target ERG gene Target ERG protein

1 Amphotericin B -744.073 ERG24 C-14 Sterol Reductase

2 Posaconazole -579.618 ERGS C-22 Sterol Desaturase

3. Isavuconazole -359.964 ERG7 Lanosterol Synthase

4 Voriconazole -291.287 ERGS5 C-22 Sterol Desaturase

5 Flucytosine -111.732 ERGS C-22 Sterol Desaturase

6 Anidulafungin -870.322 ERGS5 C-22 Sterol Desaturase

7 Clarithromycin -552.294 ERG7 Lanosterol Synthase

8 Virginiamycin -1159.5 ERGS C-22 Sterol Desaturase

9 Tunicamycin -686.218 ERGS C-22 Sterol Desaturase

10. Caspofungin -807.501 ERG7 Lanosterol Synthase

11. Itraconazole -533.916 ERG6 Sterol 24-C Methyltransferase
12. Micafungin -100.24 ERG6 Sterol 24-C Methyltransferase

Table 4(c). Binding energies of antivirals, RTI, ACE inhibition, and iron chelators against key ergosterol biosynthesis (ERG) proteins

in R. azygosporus.

S. No. Ligands Binding energy Target ERG gene Target ERG protein
1. Baloxavir marboxil -442.128 ERG24 C-14 Sterol Reductase
2. Danoprevir -547.865 ERG26 Sterol 4-Alpha

Carboxylate3Dehydrogenase
3. Sofosbuvir -425.9 ERGS C-22 Sterol Desaturase
4. Fosinopril -435.559 ERG2 C-8 Sterol Isomerase
5. Quinapril -350.613 ERGS C-22 Sterol Desaturase
6. Telmisartan -427.216 ERGS C-22 Sterol Desaturase
7. Sulfamethoxazole -196.277 ERGS5 C-22 Sterol Desaturase
8. Deferoxamine -413.16 ERGS5 C-22 Sterol Desaturase
9. Deferasirox -318.051 ERG7 Lanosterol Synthase

The ADMET properties are absorption, distribution,
metabolism, excretion, and toxicity. Further, solubility,
dissolution, and permeability across the GI barrier are
important factors for drug absorption!’. Table 5 represents
the findings of drug parameters assessed to determine
the feasibility and stability of ligands.

4. DISCUSSION

The study depicted the promising potential of
Seabuckthorn active constituents against R. azygosporus.

Among the phytochemicals tested, saponins emerged
as the top candidate, showing a binding energy of -979.72
kcal/mol against the fungal target ERG5(C-22 desaturase).
This strong interaction suggests that saponins may inhibit
fungal growth by disrupting membrane biosynthesis,
thus compromising fungal cell viability. The ADMET
(Absorption, Distribution, Metabolism, Excretion, and
Toxicity) properties revealed the strengths and limitations
of saponins from H. rhamanoides L. It has poor water
solubility and a high molecular weight, which result in
low absorption through the gastrointestinal tract, suggesting
it is unsuitable for oral or systemic use'®. However,
saponin shows a favourable safety profile suggesting its
non-toxic, non-mutagenic behaviour and non-interference
with liver enzymes such as the cytochrome P450 family,

making it a promising candidate for drug discovery'.
The saponins showed inability to cross the blood-brain
barrier, rendering their safe application against fungal
infections. Given these properties, saponin may be best
suited for non-oral delivery systems like topical creams,
gels, or nano-formulations, which can improve local
absorption and effectiveness without causing systemic
side effects?.

C-27 steroidal saponins have demonstrated potential
antifungal activity against Cryptococcus neoformans,
and Aspergillus fumigatus, suggesting the futuristic
investigations on exploring the application of saponins against
fungal diseases?!. Likewise, previous study has also report
antifungal activity of plant based active compounds viz.,
iscisoflavone C, 8-o-methylaverufin and Punicalagin against
glucoamylase enzyme of Rhizopus oryzae.?

Virginiamycin, an antibiotic, exhibited the highest
binding affinity among all tested compounds, with a docking
score of -1159.50 kcal/mol against ERGS (C-22 desaturase).
However, despite this promising docking result, antibiotics
like Virginiamycin are often associated with significant
health risks, including toxicity, disruption of beneficial
microbiota, and the potential for resistance development?.
These adverse effects limit their suitability for long-term
or preventive antifungal applications in humans.
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Figure 2. Molecular docking images of some efficient interaction between ERG protein and ligands: (a.) Saponin- Bioactive compound
of H. rhamanoides L., (b.) Virginiamycin - antifungal drug, ( ¢.) Danoprevir — an antiviral drug.

In the present study, non-antifungal drugs like antivirals,
RTT agents, ACE inhibitors, blood thinners, and iron chelators
were also explored for their promising drug repurposing
potential against mucormycosis management. These agents
may help reduce inflammation, prevent blood clots, or
limit iron availability essential for fungal growth?*?*, Their
inclusion supports a drug repurposing approach through
molecular docking. Danoprevir, originally developed as
an HCV NS3/4A protease inhibitor*® was evaluated for
antifungal activity against ERG26 (C-3 sterol dehydrogenase).
It demonstrated a moderate binding affinity with ERG26,
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and a docking score of -547.87 kcal/mol. This interaction
indicates a potential for disrupting fungal sterol metabolism,
contributing to antifungal efficacy. ADMET profiling of
Danoprevir showed moderate gastrointestinal absorption,
high plasma protein binding, and favourable toxicity
parameters, although it does inhibit the CYP3A4 liver
enzyme. These properties suggest that Danoprevir could
be used as a treatment for fungal infections throughout the
body. However, understanding the mechanism of CYP3A4
inhibition, and thorough clinical management is required
for its future application?’.
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Table 5. ADMET analysis of H. rhamanoides L. bioactive compounds, antifungal drugs, and repurposed drug candidates

S.No. Ligand name Water solubility GI absorption BBB permeability CYP450 inhibition = AMES toxicity
Sesquiterpenes Low High Yes No Non-toxic
Monoterpenes Low High Yes No Non-toxic

3. Chromene (2H-1- Moderate High Yes No Non-toxic
benzopyran-2-yl) radical

4. Obtusol Very low Low Yes No Non-toxic

5. Saponins Very low Low No No Non-toxic

6. Tuberoside Very low Low No No Non-toxic

7. Isoflavone Low High Moderate Weak inhibitor Non-toxic

8. Quercetin Low Low No Inhibits CYP1A2, Non-toxic

3A4

9. Kaempferol Low Moderate No Inhibits CYP1A2 Non-toxic

10. Isohamnetin Low Moderate No Inhibits CYP1A2, Non-toxic

3A4

11. Rutin Very low Low No No Non-toxic

12. Myricetin Low Low No Inhibits CYP1A2 Non-toxic

13. Resveratrol Moderate High Yes Weak CYP1A2 Non-toxic

inhibitor

14. Naringenin Low Moderate No Inhibits CYP3A4 Non-toxic

15. Hesperidin Very low Low No No Non-toxic

16. Eriodictyol Low Moderate No Weak CYP inhibition Non-toxic

17. Homoeriodictyol Low Moderate No Possible CYP Non-toxic

inhibitor

18. Apigenin Low High No Inhibits CYP1A2 Non-toxic

19. Luteolin Moderate High No Inhibits CYP1A2 Non-toxic

20. Tangeretin Low High No Inhibits CYP3A4 Non-toxic

21. L- Epicatechin gallate Low Moderate No Inhibits CYP3A4 Non-toxic

22. Chlorogenic acid Moderate High No Weak CYP inhibition Non-toxic

23. Coumaroylquinic acid Moderate High No No data Non-toxic

24. Catechins Moderate High No Inhibits CYP3A4 Non-toxic

25. L- Epigallocatechin Moderate High No Inhibits CYP3A4 Non-toxic

26. Catechin 3’-O-gallate Low Moderate No Inhibits CYP3A4 Non-toxic

27. Proanthocyanidins Low Low No No data Non-toxic

28. Cyanidin Moderate Moderate No No data Non-toxic

29. Delphinidin Moderate Moderate No No data Non-toxic

30. Malvidin Moderate Moderate No No data Non-toxic

31. Peonidin Moderate Moderate No No data Non-toxic

32. Petunidin Moderate Moderate No No data Non-toxic

33. Beta carotene Very low High (oral) Yes (likely) No significant Non-toxic

inhibition

34. Caffeic Acid Moderate High No Weak CYP inhibition Non-toxic

35. Ferulic Acid Moderate High No Weak CYP inhibition Non-toxic

36. a-Linolenic acid Very low High Yes (likely) No Non-toxic

37. Zeaxanthin Low Moderate Limited No Non-toxic

38. Amphotericin B Very low Low No No Non-toxic

39. Posaconazole Very low Moderate No Strong CYP3A4 Non-toxic

inhibitor

40. Isavuconazole Low High Moderate Inhibits CYP3A4 Non-toxic
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41. Voriconazole Moderate High Yes Inhibits CYP2C19,  Non-toxic
2C9,3A4
42. Flucytosine High High No No Non-toxic
43. Anidulafungin Very low Low (IVonly) No No Non-toxic
44. Caspofungin Very low Low (IVonly) No No Non-toxic
45. Itraconazole Very low Moderate No Strong CYP3A4 Non-toxic
inhibitor
46. Micafungin Very low Low (IVonly) No No Non-toxic
47. Baloxavir marboxil Low Moderate No No Non-toxic
48. Danoprevir Low Moderate No Inhibits CYP3A4 Non-toxic
49. Sofosbuvir Moderate High No No Non-toxic
50. Fosinopril Moderate High No No Non-toxic
51. Quinapril Moderate High No No Non-toxic
52. Telmisartan Low Moderate No No Non-toxic
53. Sulfamethoxazole Moderate High No Weak CYP2C9 Toxic
inhibitor
54. Clarithromycin Low High No Inhibits CYP3A4 Non-toxic
55. Virginiamycin Very low Low No No Non-toxic
56. Tunicamycin Very low Low No No Non-toxic
57. Deferoxamine High (very polar) Low No No Non-toxic
58. Deferasirox Low High No Inhibits CYP1A2, Non-toxic
2C9
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ACKNOWLEDGEMENT

The authors express their sincere gratitude to the
Graphic Era (Deemed to be University), Dehradun, for
providing the essential laboratory support, and technical
assistance required to carry out this research work.

258

1. Aranjani JM, Manuel A, Abdul Razack HI, Mathew
ST. COVID-19-associated mucormycosis: Evidence-
based critical review of an emerging infection burden
during the pandemic’s second wave in India. PLoS
Neglected Tropical Diseases. 2021;15(11):¢0009921.

2. Arnold K, Bordoli L, Kopp J, Schwede T. The swiss
model workspace: A web-based environment for
protein structure homology modelling. Bioinformatics.
2006;22:195-201.

3. Dahan A, Miller JM. The solubility-permeability
interplay and its implications in formulation design
and development for poorly soluble drugs. American
Association of Pharmaceutical Scientists J. 2012;
14(2):244-51.

4. Deodhar M, Al Rihani SB, Arwood MJ, Darakjian
L, Dow P, Turgeon J, Michaud V. Mechanisms
of CYP450 inhibition: Understanding drug-drug
interactions due to mechanism-based inhibition in
clinical practice. Pharmaceutics. 2020;12(9):846.

5. Deutsch M, Papatheodoridis G.V. Danoprevir, a
small-molecule NS3/4A protease inhibitor for the
potential oral treatment of HCV infection. Current
Opinion in Investigational Drug. 2010; 11(8):951-63.

6. Y, ZhaoJ, Chen Z. Insights into the molecular mechanisms
of protein-ligand interactions by molecular docking and
molecular dynamics simulation: A case of oligopeptide
binding protein. Computational and Mathematical
Methods in Medicine. 2018; 2018:3502514.

7. Gasteiger E, Hoogland C, Gattiker A, Duvaud S,Wilkins
MR et al. Protein identification and analysis tools
on the ExPASy server, In walker John M, eds., The



GUPTA, et al.: ANTIFUNGAL POTENTIAL OF SEA BUCKTHORN HIPPOPHE RHAMNOIDES L. AGAINST RHIZOPUS AZYGOSPORUS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

proteomics protocols handbook, Humana Press, 2005.
Hamaamin HN, Hameed HA, Jamalis J, Shakya S,
Chander S, et al. Potential inhibitory activity of
phytoconstituents against black fungus: In silico ADMET,
molecular docking and MD simulation studies.
Computational Toxicology. 2022;24:100247.

Hao H, Sander P, Igbal Z, Wang Y, Cheng G,
Yuan Z. The risk of some veterinary antimicrobial
agents on public health associated with antimicrobial
resistance and their molecular basis. Frontiers in
Microbiology. 2016;7:1626.

doi: 10.1007/978-3-031-11276-8 15

Kai-Cheng HC, Yen-Fu L, Shen-Rong Y, Jinn-
Moon Y. iGEMDOCK: A graphical environment
of enhancing GEMDOCK using pharmacological
interactions and post-screening analysis. BMC
Bioinformatics. 2011;12(Suppl 1): S33.

Kathwate GH, Shinde RB, Mohan KS. Non-antifungal
drugs inhibit growth, morphogenesis and biofilm formation
in Candida albicans. J of Antibiotics. 2021;74:346-
353.

Kelley LA, Sternberg MJ, Protein structure prediction
on the web: A case study using the phyre server.
Nature Protocols. 2009;4(3):363-371.

Kimura T, Higaki K. Gastrointestinal transit and drug
absorption. Biological and Pharmaceutical Bulletin.
2002; 25(2):149-164.

Kumar A, Singh R. Antifungal activity of Hippophae
rhamnoides L. (Seabuckthorn) against Candida albicans
and Aspergillus niger. J of Medicinal Plants Res.
2020;14(6): 177-182.

Muthu V, Rudramurthy SM, Chakrabarti A, Agarwal
R. Epidemiology and pathophysiology of COVID-
19-associated mucormycosis: India versus the rest of
the world. Mycopathologia. 2021; 186(6):739-754.
Pellicciari, R. Attrition in the pharmaceutical industry-
reasons, implications, and pathways forward. Edited
by Alexander Alex C, John Harris, Dennis A Smith.
Chem Med Chem. 2017;12:1097-1098.

Rai S, Acharya-Siwakoti E, Kafle A, Devkota HP,
Bhattarai A. Plant-derived saponins: A review of their
surfactant properties and applications. Sci. 2021;3(4):44.
Sadowska B, Budzynska A, Stochmal A, Zuchowski J,
Rézalska B. Novel properties of Hippophae rhamnoides
L. L. twig and leaf extracts-anti-virulence action and
synergy with antifungals studied in vitro on Candida
spp. model. Microbial Pathogenesis. 2017;107:372-
379.

Sama-ae I, Pattaranggoon NC, Tedasen A. In silico
prediction of antifungal compounds from natural
sources towards lanosterol 14-alpha demethylase
(CYP51) using molecular docking and molecular
dynamic simulation. J of Molecular Graphics and
Modelling. 2023; 121:108435.

Sarda R, Swain S, Ray A, Wig N. COVID-19-associated
mucormycosis: An epidemic within a pandemic. QJM:
An Int J of Medicine. 2021;114(6):355-356.
Spellberg B, Edwards Jr JE. Type 1/Type 2

immunity in infectious diseases. Clinical Infectious
Diseases. 2001;32(1):76-102.

22. Suganya R, Malathi N, Karthikeyan V, Janagaraj
VD. Mucormycosis: A brief review. J of Pure and
Applied Microbiology. 2019;13(1):161-5.

23. Waterhouse A, Bertoni M, Bienert S, Studer G,
Tauriello G, Gumienny R ef al. Swiss-model: Homology
modelling of protein structures and complexes.
Nucleic Acid Res. 2018;46:W296-W303.

24. Xueyangn J, Ming Z, Jinghui L, Ximeng D, Jinyao
C, Yue L, et al. Hinokitiol chelates intracellular iron
to retard fungal growth by disturbing mitochondrial
respiration. J of Advanced Res. 2021;34:65-77.

28. Yang CR, Zhang Y, Jacob MR, Khan SI, Zhang
YJ, Li XC. Antifungal activity of C-27 steroidal
saponins. Antimicrobial Agents and Chemotherapy.
2006; 50(5):1710-4.

26. Yang YL, Xiang ZJ, Yang JH, Wang WJ, Xu ZC,
Xiang, RL. Adverse effects associated with currently
commonly used antifungal agents: A network meta-
analysis and systematic review. Frontiers in Pharmacology.
2021; 12:697330.

27. Zhong M, Zhao S, Xie J, Wang Y. Molecular and
cellular mechanisms of the anti-oxidative activity
of Seabuckthorn (Hippophae rhamnoides L.). In:
Sharma PC. (eds) The Seabuckthorn Genome.
Compendium of plant genomes. Springer, Cham.
2022. pp 301-313.

CONTRIBUTORS

Ms. Maitri Gupta has completed BTech in Biotechnology with
a specialisation in Computer Science and Biology from Graphic
Era (Deemed to be University), Dehradun. Her interdisciplinary
background enables her to explore the interface of computational
biology and biomedical sciences.

She performed in silico molecular docking analyses and prepared
the initial draft of the manuscript.

Ms. Prachi Gupta is currently pursuing a Bachelor of Technology
in Biotechnology at Graphic Era (Deemed to be University),
Dehradun, India. Her academic and research interests lie in
the areas of Microbiology, Molecular biology, and Sustainable
biotechnology, with a focus on understanding microbial systems
and their applications in eco-friendly biotechnological solutions.
She performed the ADMET profiling of all compounds, and
also prepared the initial draft of the manuscript.

Dr. Devvret Verma is currently associated with Graphic Era
(Deemed to be University), Dehradun, India, and is working
as Assistant Professor in the Department of Biotechnology. His
work focuses on ADMET prediction of phytochemicals and drug
repurposing for diseases such as tuberculosis and COVID-19.
He contributed in modelling and structural validation of target
proteins for this study.

Dr. Balwant Singh Rawat is currently working as an Associate
Professor in School of Agriculture, Graphic Era Hill University,
Dehradun. He is a forest and alpine ecologist and has been
working in vegetation dynamics with special focus on regeneration

259



DEF. LIFE SCI. J., VOL. 10, NO. 4, OCTOBER 2025

behaviour and climate change in high altitude Himalayas
including both forest and alpine vegetation for last 15 years.
He reviewed the content and helped in finalising the manuscript.

Dr. Janhvi Mishra Rawat is currently working as Professor
in the Department of Biotechnology, Graphic Era (Deemed to
be University, Dehradun), Uttarakhand, India. Dr Rawat did
her PhD in Biotechnology from Barkatullah University, Bhopal,
M.P. in 2010. Dr Rawat significantly contributed to the field
of Medicinal Plant Biotechnology. She established propagation
protocols for High Altitude Plants.

She contributed in identification of bioactive compounds in
H. rhamanoides for preparing manuscript.

260

Dr. Jigisha Anand is currently working as Associate Professor,
in the department of Biotechnology at Graphic Era (Deemed to
be University), Dehradun, Uttarakhand, India. She earned her
PhD in Biotechnology from same University in 2015, with her
doctoral research work focused on the anti-candidal efficacy
of green tea catechins and antimycotics.

She has conceptualised, designed the study, and contributed in
final drafting and critical revision of the manuscript.



