TQ :
Trends in
l L Sciences

TRENDS IN SCIENCES 2025; 22(10): 10420

& Multidisciplinary Academic Platform

.: Center for Digital Journal Management

https://doi.org/10.48048/ti5.2025.10420

RESEARCH ARTICLE

B-Sitosterol from Piper crocatum: A Dual-Action Antifungal and Antibacterial

Agent for Oral Infections

Norma Aura Tristyaningrum, Tati Herlina and Dikdik Kurnia*

Department of Chemistry, Faculty of Mathematics and Natural Science, Universitas Padjadjaran,

Sumedang 45363, Indonesia.

(“Corresponding author’s e-mail: dikdik.kurnia@unpad.ac.id)

Received: 21 April 2025, Revised: 26 May 2025, Accepted: 6 June 2025, Published: 20 July 2025

Abstract

The high prevalence of antibiotic resistance and oral health problems has sparked research into the development of
new antimicrobial medications. The habit of chewing Piper crocatum leaves among Asians has driven this research,
leading to the isolation of a bioactive compound. From the methanol extract, the compound f-sitosterol, a phytosterol,
was isolated for the 1% time from this leaf, this compound has broad medicinal properties, including antifungal and
antibacterial effects. The structure of the f-sitosterol compound was validated by 'H-NMR, '*C-NMR, IR and MS
spectroscopy. Using the broth dilution method, we determined the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of p-sitosterol against the oral pathogens Streptococcus mutans,
Streptococcus sanguinis, and Candida albicans. The MIC values were 312.5 = 0.16 pg/mL for S. mutans, 625 £ 0.11
pug/mL for S. sanguinis, and 625 + 0.15 pg/mL for C. albicans, respectively. To support these data, we also predicted the
potential of the compounds as specific enzyme inhibitors and their absorption, distribution, metabolism, excretion and
toxicity (ADMET) properties of the compound and their derivatives by in silico. This study revealed that the derivative
[-sitosterol-3-O-f-d-glucoside is the most potent as inhibitor of GbpC and SrtC, as antibacterial properties, and is an
antifungal agent against Sap5 and CYP51. By preventing the formation of harmful oral bacteria and fungi, the 5-sitosterol

found in P. crocatum leaves and their derivatives can therefore potentially function as an antibacterial agent.
Keywords: [-sitosterol, Phytosterol, Piper crocatum, Bioactivity-guided, Antibacterial, Antifungal

Introduction

Oral health plays a crucial role in maintaining
general health [1]. Preventing dental problems including
cavities and periodontal diseases, as well as their wider
effects on systemic health, requires maintaining good
oral health [2,3]. Research has demonstrated that poor
oral hygiene increases the risk of serious conditions,
including cardiovascular disease, diabetes, and
respiratory infections [4-6]. Among these, certain
bacteria and fungi play significant roles in either
maintaining or compromising oral health. Strepfococcus
mutans is often associated with its capacity to create
acids from the fermentation of carbohydrates, which
results in tooth damage and dental caries [7]. By altering

the composition of biofilms and interacting with other

oral pathogens, S. sanguinis can affect the oral
environment [8]. Furthermore, a fungus called Candida
albicans can cause oral infections such as thrush,
particularly in people on antibiotics or those with
weakened immune systems [9-11].

The management of oral diseases often involves
the use of antibiotics and antifungal agents to combat
bacterial and fungal infections [12,13]. However, the
increasing prevalence of antibiotic and antifungal
resistance poses a significant challenge in this context
[14]. Commonly used antibiotics, such as penicillins and
cephalosporins, are resistant to bacteria such as
Streptococcus and Staphylococcus, while macrolides

and fluoroquinolones are also resistant in certain strains
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[15,16]. Similarly, antifungal agents like azoles are
becoming less effective against fungi such as C.
albicans, which can develop resistance through
mechanisms involving biofilms and genetic mutations
[17,18]. As a result, strategies to combat resistance,
including the development of new antimicrobial agents,
are urgently needed [19-22]. This study aims to explore
this challenge by searching for compounds abundant in
nature that can be potential antimicrobials with
multitarget bioactivity against S. mutans, S. sanguinis,
and C. albicans.

Among natural compounds, f-sitosterol, a
phytosterol commonly found in plant-based foods, has
garnered attention for its potential health benefits,
including lowering cholesterol levels and managing
benign prostatic hyperplasia [23,24]. Recent studies
have also investigated its antimicrobial properties,
revealing moderate antibacterial activity against certain
pathogens [24,25]. While its effectiveness as a
standalone antimicrobial agent is limited compared with
that of conventional antibiotics, [-sitosterol shows
promise when used in synergistic combinations with
existing drugs [26]. The antimicrobial potential of -
sitosterol against C. albicans, S. mutans, and S.
sanguinis remains underexplored in current research.

The formation of biofilms by both bacteria and
fungi further complicates treatment by protecting these
microorganisms from the effects of antibiotics and
antifungals [27]. An essential stage in the development
of dental caries is the creation and maintenance of
biofilms on the tooth surface, which are facilitated by
the GbpC enzyme from S. mutans [28]. Sap5 facilitates
adhesion and proteolysis during C. albicans biofilm
formation, whereas SrtC contributes to protein

anchoring and matrix synthesis in S. sanguinis [29,30].

Materials and methods

General experimental procedures

NMR spectra were captured using a Bruker 700
MHz device. Additionally, HR-ESI-MS spectra were
acquired by attaching a quadrupole time of flight mass
spectrometer (Xevo G2-XS QTOF, Waters Corp.) to a
Waters ACQUITY UPLC system (Waters Corp.,
Milford, MA). RP-18 gel (63 - 212 um, Fujifilm Wako,
Osaka, Japan) and silica gel (0.063 - 0.2 mm, Merck,
Darmstadt, Germany) were used for column
chromatography (CC). The RP-18 F254S (0.25 mm,

Merck) and 60 F254 (0.25 mm, Merck) precoated silica
gel plates were utilized for thin layer chromatography
(TLC). Sample spots were visualized by heating and
spraying with 10% aqueous H,SO4.

Plant materials

Fresh leaves of Piper crocatum (Ruiz and Pav.)
were gathered in September 2022 from Cikarang Barat,
Bekasi, Jawa Barat, Indonesia. The plant material was
identified in the Biosystematics and Molecular
Laboratory at the Department of Biology, Faculty of
Mathematics and Natural Sciences, Universitas
Padjadjaran, Sumedang, Indonesia with number
93/LBM/IT/9/2022.

Extraction and isolation

The dried and cut leaves of P. crocatum (15 kg)
were extracted with 150 L of methanol through
maceration at room temperature (25 °C) for 3 days. The
collected methanol filtrate was evaporated under
reduced pressure (Buchi  Rotavapor R-100,
Switzerland), to yield a solid extract (25 g). The
concentrated P. crocatum methanol extract was then
separated by column chromatography using Silica G 60
stationary phase (0.063 - 0.200 mm) with solvent n-
hexane and ethyl acetate with an increasing 10%
gradient, from 100% n-hexane to 100% ethyl acetate to
afford in a total of 11 fractions (Fr.A-K). With the
bioactivity-guided method, each fraction was then tested
against S. mutans, S. sanguinis, and C. albicans
microorganisms by disc diffusion [31,32]. The results
obtained are listed in Table S1 in the Supplementary
information, showing that Fr.C has the most active
activity against all microbes. Fr.C was then purified by
column chromatography, eluted with a solvent gradient
system of 100% n-hexane to a mixture of n-hexane
(95%) in ethyl acetate with a gradient of 0.5%. until 21
subfractions (Fr.C-1 to Fr.C-21) were obtained.
Subfractions Fr.C.13 (29.9 mg) and Fr.C.14 (55.5 mg)
were combined, and purified with methanol-water
solvent, and [-sitosterol (1) was eluted as a pure

compound in 10% methanol in water.

Microbial strains and culture media

The American Type Culture Collection (ATCC)
standard strains Streptococcus mutans ATCC 25175, S.
sanguinis ATCC 10556, and Candida albicans ATCC
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10231 were employed. Mueller-Hinton agar (MHA) and
brain heart infusion (BHI) were used as the culture and
assay media for bacteria. Potato dextose broth (Sigma-
Aldrich, US) and potato dextrose agar (PDA) were used
as the media for the fungi C. albicans. Before testing,
stock cultures of bacterial strains were grown in the
proper medium at 37 °C for 24 h. The turbidity of the
bacterial suspension was then adjusted to 0.5 McFarland
standard using a Biochrom microplate reader set to 620
nm in wavelength. This resulted in a final concentration
of 10’ CFU/mL [33].

Antimicrobial assay

The fractions (Fr.A-K) with antibacterial activity
were screened via the disk diffusion method. Fractions
were prepared with a concentration of 2%, and the
positive control, chlorhexidine (Sigma-Aldrich, US),
was utilized. A 5 mL brain heart infusion (BHI) medium
(Sigma-Aldrich, US) was inoculated with 100 pL of
bacteria. Following a 48 h incubation period at 37 °C,
bacterial strains were tested at 620 nm to meet the 0.5
McFarland standard. An aliquot of 100 pL bacterial
suspension was spread evenly onto agar medium
(Sigma-Aldrich, USA) to assess the zone of inhibition.
Each of the fractions and chlorhexidine was dripped for
20 pL on a paper disk (6 mm, Grainger approved,
Origin, USA). The paper disks were subsequently
cultured for 24 h at 37 °C on a nutritional agar medium
[34].

The MIC of compound 1 was assessed via the
broth microdilution method. To perform the MIC assay,
100 pL of broth medium was added to each well of a 96-
well microplate (NEST Biotechnology, Wuxi, China). A
solvent volume of 100 pL was added to columns A-1, B-
1, E-1, and F-1, while 100 pL of compound 1 with an
initial concentration of 2500 pg/mL was added to
columns C-1, D-1, G-1, and H-1. Serial dilutions were
performed from columns 1 to 12 via a microdilution
technique. In addition, 5 uL of bacterial suspension was
added to columns E to H. After incubation for 48 h at 37
°C, the optical density was measured using a microplate
reader (Biochrom Ltd., Cambridge, UK) at 620 nm.
Then, to determine the minimum bactericidal
concentration (MBC) or minimum fungicidal
concentration (MFC), each solution including the

media, the compound, and bacteria in the microplate

(columns G and H) was subsequently distributed over an
agar medium and incubated for 48 h at 37 °C [32].

Ramachandran plot for enzyme validation

Ramachandran’s plots were used to assess the
structural accuracy of the enzymes in this study. Each 3-
dimensional structure Gbp C (PDB ID: 6CAM), Srt C
(PDB ID: 8GR6), Sap 5 (PDB ID: 2QZX), and CYP51
(PDB ID: 5TZ1) were input in .pdb format on the
PROCHECK SAVES v6.1 by the UCLA web server
(https://saves.mbi.ucla.edu/) [35].

Molecular docking study

The crystal structures of the target enzymes,
including their crystal ligands were retrieved from the
RCSB Protein Data Bank (PDB)
(https://www.rcsb.org/) in .pdb format. The PDB IDs for
each enzyme are as follows: Glucan binding protein C
from Streptococcus mutans (PDB ID: 6CAM), sortase C
from Streptococcus sanguinis (PDB ID: 8GR6), Sap 5
from Candida albicans (PDB ID: 2QZX), and sterol 14-
alpha demethylase enzyme from C. albicans (PDB ID:
5TZ1). The receptors are separated from water, ions,
and other impurities and saved in .pdb format. f3-
sitosterol, a compound isolated in P. crocatum, that was
tested as a ligand (CID 222284) and its derivatives, 73-
hydroxysitosterol (CID 12309569), f-sitosterol-3-O-f-
d-glucoside (CID 12309057), and stigmastanol (CID
241572) was obtained from Pubchem
(https://pubchem.ncbi.nlm.nih.gov/) and the energy is
minimized with Chemdraw 3D. Kollman partial charges
for protein molecules were applied by Autodock 4.0 to
create the search grid box and.pdbqt files before the
structures were saved as.pdbqt files [36].

The coordinates of the receptor target were
determined using a grid box search method, with a focus
on the crystal ligands. Redocking was conducted after
separating the ligands from the macromolecules to
optimize the molecular docking method. The
optimization results demonstrated that the docking
parameters yielded a Root Mean Square Deviation
(RMSD) value of < 2.0 A, confirming the validity of the
grid box [37,38]. The GbpC grid box was X: 236.063,
Y: —26.596, Z: 12.498 with box size 40x40x40 A. The
Srt C grid box was X: —2.378, Y: —10.837, Z: —12.165
with box size 40x40x40 A. The Sap5 grid box was X: —
2.378,Y: -10.837, Z: —12.165 with box size 40x50x40
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A. The CYP51 was X: 70.486, Y: 65.237, Z: 4.453 with
box size 40x40x40 A. Subsequently, docking was
performed using a genetic algorithm with 100 runs with
Autodock 4.0. After docking, the protein and ligand
complexes with the best energy were visualized with
BIOVIA Discovery Studio [39].

ADMET prediction and drug-likeness analysis

ADME (absorption, distribution, metabolism, and
excretion) predictions were analyzed on the pkCSM
web server (biosig.lab.uq.edu.au/pkcsm/), while drug-
likeness predictions were completed from the
SwissADME web server (http://www.swissadme.ch/)
[40,41]. Further ADMET profiling was conducted using
ADMETIlab 3.0 (https://admetmesh.scbdd.com/), to
predict toxicity-related parameters, including plasma
protein binding (PPB), volume of distribution (VD),
clearance (CL), hERG inhibition, AMES toxicity,
hepatotoxicity [42,43].

Molecular dynamics simulation

Among the enzyme-ligand complexes evaluated
through molecular docking, the complex with lowest
binding free energy and the most stable docking pose
compared to the other candidates was selected for
molecular dynamics (MD) simulations. The partial
atomic charges of p-sitosterol-3-O-glucoside was
calculated using the semi-empirical quantum
mechanical Austin Model 1-Bond Charge Correction
(AM1-BCC) method, implemented in the antechamber
module of AmberTools21. The topology for the ligand
was generated using the Generalized Amber Force
Fields 2 (GAFF2), and the complex was solvated in a
box of 10 A with TIP3P water molecules. Counter ions
(Na* and Cl") were added to attain a salt concentration
of 0.15 M using the tleap utility in AmberTools21.

Molecular dynamics simulations for each protein-
ligand complex were conducted using GPU-accelerated
Particle-Mesh Ewald Molecular Dynamics (PMEMD)
with periodic boundary conditions in Amber20
software27. The procedure began with 2 sequential
energy minimization steps: Initially, a positional
restraint of 25 kcal mol™" A2 was applied to the protein-
ligand complex, followed by a reduction of the restraint
to 5 kcal mol A2 in the 2" step. The system
temperature was then increased to 300 K under an NVT
(Number-Volume-Temperature) ensemble for 50 ps.

Subsequently, the simulation switched to an NPT
(Number-Pressure-Temperature) ensemble to
equilibrate the system density to 1 g cm™ over 50 ps.
During the following NVT equilibration, restraints on
the solute were decreased incrementally by 1 kcal mol™
A2 every 50 ps until completely removed. Production
molecular dynamics simulations were performed for
100 ns at 300 K under NPT conditions to generate
trajectories for each system. Root Mean Square
Deviation (RMSD) and Root Mean Square Fluctuation
(RMSF) analyses were performed using R programming
language to evaluate the complex’s stability and

inhibitory potential throughout the simulation.

Results and discussion

Chemical characterization of f-sitosterol (1)

The isolated compound f-sitosterol (1), was white
crystal (65 mg) with ES- m/z 413.27; IR (in KBr) vmax
3439, 3072, 2937, 2851, 1639, 1464, 1378, 1054, and
924 cm™'. The 'H and 3*C-NMR shifts of compound 1
are summarized in Table 1. The 3C-NMR (Figure S3
in Supplementary Information) and DEPT displayed 29
carbon signals for 6 methyl carbons (6¢ 11.9 C-18, 19.1
C-19, 18.9 C-21, 21.3 C-26, 19.5 C-27, and 12.0 C-29),
11 methylene carbons (8¢ 37.3 C-1,31.7 C-2,42.2 C-4,
31.9 C-7,21.2 C-11, 39.8 C-12, 24.4 C-15, 28.3 C-16,
33.9 C-22, 26.1 C-23, and 23.1 C-28), 8 methine
carbons (¢ 71.9 C-3, 31.9 C-8, 50.2 C-9, 56.0 C-14,
56.1 C-17, 36.2 C-20, 45.9 C-24, and 29.2 C-25), 3
quaternary carbons (8¢ 140.8 C-5, 36.6 C-10, and 42.4
C-13), and 1 olefinic methine carbon (§c 121.8 C-6). 'H-
NMR (Figure S4) revealed 6 methyl protons (65 0.84
H-18, 0.82 C-19, 0.92 H-21, 0.83 H-26, 0.83 H-27, and
0.83 H-29), 11 methylene protons (6 1.85 H-1, 1.95 H-
2,2.30 H-4,1.99 H-7,1.02 H-11, 1.16 H-12, 1.58 H-15,
1.09 H-16, 1.34 H-22, 1.16 H-23, and 1.25 H-28), and 9
methine protons (6 3.52 H-3, 5.36 H-6, 2.02 H-8, 0.95
H-9, 1.01 H-14, 1.14 H-17, 1.35 H-20, 0.94 C-24, and
1.67 H-25).

The presence of 1 primary methyl at ¢ 12.0/C-29
(0u 0.83, t, J = 7 Hz, H-29) and an additional 1
methylene at 8¢ 25.5/C-28 (6u 1.15, t, J=3.1 Hz, H-28)
confirmed the chain moiety of the stigmastane skeleton.
Moreover, the attachment of a hydroxyl at C-3 (5¢ 71.9)
with a hydroxyl proton (du 4.53) and another double
bond pair at C-5 (8¢ 140.8)/C-6 (8¢ 121.8) afforded the
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whole structure of 1. A comparison of the NMR data of
compound 1 with those in the literature revealed that it
was nearly identical which enabled us to identify it as
stigmast-5-ene, known as f-sitosterol, with the structure
shown in Figure 1 [44,45].

In vitro antibacterial and antifungal activity

Using the Kirby-Bauer method, the potential
antibacterial activity of [-sitosterol compound was
evaluated by determining the zones of inhibition against
S. mutans, S. sanguinis, and C. albicans. The
antibacterial and antifungal data for [-sitosterol are
presented in Table 2. According to the MIC value
classification, concentrations ranging from 101 to 500
pug-mL™! indicate strong antibacterial activity, whereas
those ranging from 500 to 1000 pg-mL™! denote
moderate antibacterial activity, and MIC more than
1000 pg'mL™! indicates weak antibacterial activity
[46,47]. Table 2 shows that -sitosterol (1) was most
active against S. mutans, with an MIC of 312.5 + 0.16

pg-mL ™" which falls into the strong category. However,
S. sanguinis has moderate activity, with low bactericidal
(MBC) ability. Compared with S. sanguinis, compound
1 also has moderate fungicidal ability against C.
albicans. Therefore, it can be concluded that compound
1 has the strongest activity against S. mutans. This could
be due to several factors, one of which is the different
specificities of virulence factors in S. mutans and S.
sanguinis, one of which is the biofilm-forming virulence
enzyme expressed by S. mutans, which is highly
dependent on glucose, so that if the compound is an
inhibitor of the enzyme, the compound can disrupt the
biofilm of S. mutans without affecting S. sanguinis,
which does not depend on the gene or enzyme [48-50].
Therefore, the mechanism of the compound was
predicted via in silico molecular docking to determine
the interaction of the compound with key enzymes in S.
mutans, S. sanguinis, and C. albicans, which cause
pathogenicity [51].

Table 1 'H-NMR (700 MHz) and '*C-NMR (175 MHz) data of compound 1 in CDCl; compared to the reference.

Compound 1

f-sitosterol literature data

(CDCl) (CDCh)
Carbon position [79.80]
8c (ppm) 8u (ppm) Sc (ppm)  Bu(ppm) oo
(175 MHz) (700 MHz) (100 MHz) (400 MHz)
C-1 373 1.85 (m, 2 H) CH» 37.4 1.85(m,2H) CH:
C-2 31.7 1.95 (m, 2 H) CH» 31.8 1.95(m,2H) CH:
C-3 71.9 3.52 (m, 1 H) CH 72.0 355(m,1H) CH
C-4 42.2 2.30 (m, 2 H) CH» 42.4 238 (m,2H) CH:
C-5 140.8 - C 140.9 - C
C-6 121.8 5.36 (m, 1 H) CH 121.9 537(m,1H) CH
C-7 31.9 1.99 (m, 2 H) CH» 32.1 1.99(m,2H) CH:
C-8 31.9 2.02 (m, 1 H) CH 31.9 200(m,1H) CH
C-9 50.2 0.95 (m, 1 H) CH 50.3 094 (m,1H) CH
C-10 36.6 - C 36.6 C
C-11 21.2 1.02 (m, 2 H) CH» 21.2 1.02(m,2H) CH:
C-12 39.8 1.16 (m, 2 H) CH» 39.9 1.16 (m,2H) CH:
C-13 42.4 - C 42.5 - C
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f-sitosterol literature data

Co(zll’)ocull:)d ! (CDC3)
Carbon position [79,80]

bt I A il L
C-14 56 1.01 (m, 1 H) CH 56.9 1.00(m,1H) CH
C-15 244 1.58 (m, 2 H) CH» 28.4 1.58(m,2H) CH:
C-16 28.3 1.09 (m, 2 H) CH» 28.4 1.09(m,2H) CH:
C-17 56.1 1.14 (m, 1 H) CH 56.2 1.12(m,1H) CH
C-18 11.9 0.84 (s, 3 H) CH; 12.1 0.85(s,3H) CHs
C-19 19.1 0.82 (s, 3 H) CH; 19.4 0.82(s,3H) CHs
C-20 36.2 1.35 (m, 1 H) CH 36.3 1.35(m,1H) CH
C-21 18.9 0.92 CH; 18.9 095(d,3H) CHs

(d,J=5.12 Hz, 3H)
C-22 33.9 1.34 (m, 2 H) CH» 34.0 1.33(m,2H) CH:
C-23 26.1 1.16 (m, 2 H) CH» 26.1 1.16 (m,2H) CH»
C-24 45.9 0.94 (m, 1 H) CH 45.9 094(m,1H) CH
C-25 29.2 1.67 (m, 1 H) CH 28.9 1.66(m,1H) CH
C-26 21.3 0.83 CH3 21.4 0,83(d,3H) CHs
(d,J=11Hz, 3H)

C-27 19.5 0.83 (d,3 H) CH3 19.2 0.84(d,3H) CHs
C-28 23.1 1.25 (m, 2 H) CH» 23.2 1.25(m,2H) CH:
C-29 12.0 0.83 (m, 3 H) CH3 12.1 0.85(m,3H) CHs

HO

Figure 1 Structure of f-sitosterol (1).
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Table 2 Antibacterial and antifungal activity of compound 1 (in vitro).

Activity of compound 1

Organisms
Inhibition zone at 2% (mm) MIC (ug-mL™) MBC/MFC (ng-mL™)
S. mutans 12.7+0.84 312.5+0.16 1250
S. sanguinis 10.63 + 0.62 625 +£0.11 2500
C. albicans 9.8 +0.75 625+0.15 1250

Gbp C (PDB ID:6CAM

Srt C (PDB ID: 8GR6)

L | - — ol 180 R
1357 b F ' T . | 135 - L
90 L. 4,_‘ P | w0 |
- 45 ] d | b 5
5o i i.
BT . i 3
45 = | a—
L |
o0 _7_ J—,_,J THR 302 (A) ] -90 |
| ; -
-1354" I7 » ‘ ‘ L ‘ 135
L N i ..
130- 13; S0 ds 0 45 90 135 10 Ak 35 0 5 0 @5 w0 1B 10
Phi (degrees) Phi (degrees)
Residues in most favourd regions 285 92.2% Residues in most favourd regions 156
Residues in additional allowed regions 23 7.4% Residues in additional allowed regions 13
Residues in generously allowed regions 0 0.0% Residues in generously allowed regions 0
Residues in disallowed regions 1 03% Residues in disallowed regions 1
Number of non-glycine and non-proline residues 309  100% Number of non-glycine and non-proline residues 170
Number of end residues 2 Number of end residues 2
Number of glycine residues 25 Number of glycine residues 16
Number of proline residues 15 Number of proline residues 10
Total number of residues 351 Total number of residues 198
CYP51 (PDB ID:5TZ1)
.‘f”'!”‘”'[
Al
180 0 45 9 135 180
Phi (degrees) Phi (degrees)
Residues in most favourd regions 518 852% Residues in most favourd regions 771
Residues in additional allowed regions 89 146% Res!dues !n additional allowed regio_ns 71
Residues in generously allowed regions 1 0.2% Residues in generously allowed regions 4
Residues in disallowed regions 0 0.0% Residues in disallowed regions 0
Number of non-glycine and non-proline residues 608 100% Number of non-glycine and non-proline residues 846
Number of end residues 6 Number of end residues 4
Number of glycine residues 62 Number of glycine residues 60
Number of proline residues 20 Number of proline residues 58
Total number of residues 696 Total number of residues 968

Figure 2 Ramachandran plot of GbpC, SrtC, Sap5, and CYP51 enzymes.

91.8%
7.6%
0.0%
0.6%

100%

91.1%
8.4%
0.2%
0.0%

100%
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Ramachandran plot

Validation via the Ramachandran plot is a critical
step for validating protein structures before molecular
docking studies to ensure the reliability of the
conformational data used in simulations. Ramachandran
plot visualizing the backbone dihedral angles [52].
These angles determine how the peptide backbone folds
and whether the conformation is sterically allowed. The
favored regions are the most energetically favorable
conformations with minimal steric clashes, namely the
[-sheet area in the range —180 < @ < —45 and 45 <y <
225 and the alpha-helix area in the range —180 < ¢ <0
and —100 <y <45 as the additional allowed region, the
generously allowed regions in the range 0 < ¢ < 180 and
—90 < y < 90, and disallowed regions that are highly
unfavorable due to steric clashes between atoms. The
stereochemistry of the enzyme could be validated if
there were not more than 2% amino acids in the
generously allowed region [53,54].

As shown in Figure 2, the most favored regions,
additionally allowed regions, generously allowed
regions, and disallowed regions of Gbp C amino acid
residues, were 92.2% (285), 7.4% (23), 0%, and 0.3%
(1), respectively. In SrtC, the percentages were 91.8%
(156), 7.6% (13), 0%, and 0.6% (1), respectively. The
analysis revealed that the amino acid ASP 118 is situated
in the disallowed region, indicating that this amino acid
is not permitted in the active site area while docking. In
Sap 5, the percentages were 85.2% (518), 14.6% (89),
0.2% (1), and 0%. In CYPS51, there were 91.1% (771),
8.4% (71), 0.5% (4), and 0%, respectively. The
percentage of these residues indicated that the
stereochemistry of the 4 enzymes could be well
validated.

Molecular docking study

The inhibitory activity of the enzyme against f-
sitosterol was monitored by comparing the binding
affinity values of the molecular docking results against
various key enzymes derived from S. mutans, S.
sanguinis, and C. albicans, which play a role in biofilm
formation that causes dental caries and oral diseases.
This method allows the identification of the binding
affinity and inhibitory potential of compounds against
enzymes that play a role in biofilm formation. The

docking results show low binding energy and stable

interactions at the active site of the enzyme [55].
Therefore, this compound has potential as a specific
inhibitor of the enzyme. The key enzymes targeted in
the antibacterial in silico assay were GbpC (glucan-
binding protein C) and SrtC (sortase C), whereas in the
antifungal assay, the enzymes Sap5 (secreted aspartyl
protease 5) and lanosterol-14-o-demethylase were
targeted.

In addition to molecular docking tests with various
targets involving p-sitosterol, docking was also
conducted with p-sitosterol-derived compounds that
differ in terms of a single functional group and have
previously been isolated from natural materials. This
was done to investigate how structural modifications in
these derivative compounds influence the binding
affinity to the enzyme target. By comparing the binding
energy and interactions formed, it can be seen whether
the presence of certain functional groups or structural
changes can increase or decrease the inhibitor activity.
In this study, the 3 B-sitosterol derivative compounds
shown in Figure 3 were selected, namely, stigmastanol
(2), which is different from hydrogenated derivatives
with saturated C5-C6 bonds (without A®) [56]. p-
sitosterol-3-O-glucoside (3) is a modification of the S-
D-glucopyranoside group at the C-3 hydroxyl position
of the sterol backbone [57,58], and compound 7-f-
hydroxysitosterol (4) has a different structure in addition
to a hydroxyl group (-OH) at C-7 [59,60].

The results of the molecular docking of the f-
sitosterol compounds against the 4 enzymes shown in
Figure 4 and Table 3 indicate that, as antibacterial
agents, f-sitosterol is more potent at inhibiting the GbpC
enzyme of S. mutans than the SrtC enzyme in S.
sanguinis. This finding is in line with the in vitro test in
which compound 1 more strongly inhibited S. mutans.
As an antifungal agent, f-sitosterol has a lower binding
affinity when docked to the lanosterol 14-alpha
demethylase enzyme (—12.38 kcal/mol) than to the Sap5
enzyme (—9.13 kcal/mol). It can be hypothesized that -
sitosterol compounds may act better as specific
inhibitors of the CYP51 enzyme, which has a role in
inhibiting the biosynthesis of ergosterol, leading to the
loss of fungal membrane integrity and function, rather
than as Sap5 inhibitor enzyme that target C. albicans
virulence enzymes [61].
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Figure 1 The structure of S-sitosterol and its derivatives, with the differences highlighted in yellow.

Table 2 Binding affinity of the complex protein-ligands.

Binding affinity (kcal/mol)

Inhibition constant (nM)

Compounds Compounds ID
GbpC SrtC Sap5 CYP51 GbpC SrtC  SapS CYP51
B-sitosterol (1) 222284 -991 -7.02 -9.13 -12.38 54.73 33210 201.61 0.8358
Stigmastanol (2) 241572 -9.11 -6.94 -977 -11.34 210.74 8210 69.3 4.87
B-sitosterol-3-O-f-d-glucoside (3) 12309057 -11.56 -7.66 -9.75 -13.15 3.38 5440 71.8 0.2306
7B-hydroxysitosterol (4) 12309569 -9.92 -6.65 -8.78 -12.05 53.63 13450 368.54 1.47
1
Ehpie 11.56

Enzyme

[_]B-sitosterol (1)

[ stigmastanol (2)

[ B-sitosterol-3-O-B-d-glucoside (3)
[ 78-hydroxysitosterol (4)

Binding affinity (- kcal.mol™)

Figure 4 Binding affinity comparison of f-sitosterol and its derivatives against Gbp C, SrtC, Sap5, and CYP51.
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In the Gbp C enzyme shown in Figure S,
compounds 1 and 2 have different types of interactions
with the amino acid TRP:351. In compound 1, the
interaction that occurs is only a pi-alkyl interaction, but
in compound 2, pi-alkyl and pi-sigma interactions occur.
The difference from compound 3 is that more hydrogen
interactions occur because it is clear from the glucoside
structure that it has more OH functional groups than
does compound 1. The difference from compound 4 is
that the addition of one -OH group at position C-7 has
little effect, as it does not significantly increase the
interaction with the enzyme active site, resulting in a
minimal difference in bonding affinity.

In the Sap5 enzyme from C. albicans, as shown in
Figure 7, compound 2 exhibited more hydrogen bond
interactions than did compound 1, specifically at SER

TRP351

g
50 b B S

B A

D

¥
faa
3

A'%o Af‘i!‘é y

B:301 and ASP B:303, whereas compound 1 formed
only 1 hydrogen bond with LYS B:193. Although
compound 3 has fewer interactions, because hydrogen
bonds are stronger and more stable than alkyl
interactions are, it still has a strong bond affinity. In
contrast, in compound 4, the addition of OH groups
reduces the interaction between the ligand and the
enzyme due to the loss of hydrogen bonding interactions
with the amino acid LYS B:193. The interaction of the
ligand and lanosterol 14-alpha demethylase shown in
Figure 8 revealed that there were more interactions
among all the compounds than among the other
enzymes. This may be due to the match of the structure
of fS-sitosterol compounds and derivatives, which tend

to be hydrophobic, with the active site contained in the

enzyme.

(d)

H sass

ILE
g o
A% PLE TRP /\TXQ%
&hoa A,
ey

Interactions

Pi-Donor Hydrogen
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- Pi-Sigma

Pi-Alkyl

van der Waals

Conventional
. Hydrogen Bond

Carbon Hydrogen
Bond

Figure 2 Molecular docking interactions from S-sitosterol (a) stigmastanol (b) f-sitosterol-3-O-B-d-glucoside (¢), and

7B-hydroxysitosterol (d) with the glucan binding protein C enzyme from S. mutans.
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Figure 3 Molecular docking interactions from f-sitosterol (a), stigmastanol (b), S-sitosterol-3-O-f-d-glucoside (c), and
7p-hydroxy sitosterol (d) with the sortase C enzyme from S. sanguinis.
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Figure 4 Molecular docking interactions from f-sitosterol (a) stigmastanol (b) f-sitosterol-3-O-f-d-glucoside (c) and
7B-hydroxy sitosterol (d) with secreted aspartyl protease 5 enzyme from C. albicans.
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7B-hydroxy sitosterol (d) with lanosterol 14-alpha demethylase enzyme from C. albicans.
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Molecular dynamics simulation

To further validate the degree and stability of the
binding between the compound and protein, this study
conducted a 100 ns MD simulation [62]. Among the 5
enzyme-ligand complexes docking results, the complex
between enzyme CYP51 and f-sitosterol-3-O-glucoside
(3) was selected for MD simulation due to its more
favorable binding free energy (—13.15 kcal.mol ') and
stable docking conformation, suggesting a strong
inhibitory potential. Fluconazole was used as a reference
compound to compare the inhibitory potential of the test
compound because it is a well-established commercial
antifungal drug widely used to treat candidiasis [63]. Its
antifungal activity is primarily due to the selective
inhibition of the fungal enzyme lanosterol 140-
demethylase, a cytochrome P450 enzyme essential for
ergosterol biosynthesis [64].

The RMSD (Root Mean Square Deviation) curve
is a key metric in molecular dynamics simulations to
evaluate protein-ligand complexes’ stability and
conformational behavior. A lower RMSD value reflects
minimal structural deviations within the complex,
indicating enhanced stability [65]. The RMSD of the
complex CYP51 with compound 3 after 100 ns
simulation with a mean value of 1.637 A and a standard
deviation of 0.202, indicating a stable interaction, as
evidenced by an RMSD value of less than 3 A [66].
Figure 9 and Table S3 shows that compound 3 exhibits
a higher RMSD profile compared to the apo form of
CYP51 enzyme, yet maintains a lower RMSD than
fluconazole, a known CYP51 inhibitor. This result
indicates a more stable and favorable complex
formation between p-sitosterol-3-O-f-D-glucoside (3)
and CYP51, highlighting its strong potential inhibitory
activity against CYP51 in C. albicans.

The RMSF (Root Mean Square Fluctuation) analysis
was conducted to evaluate the fluctuation of residues in
the CYP51 enzyme during simulations, providing
insights to the structural stability of the protein-ligand
complexes. Lower values of RMSF indicate minimal
movement, while higher RMSF values suggest larger
fluctuations [67,68]. The RMSF curve for the compound
3 - CYP51 complex shows minor fluctuations, all within
1 nm, with no major deviations. Figure 10 provides

insight into the flexibility of amino acid residues within
the CYP51 enzyme in the presence of different ligands.
The comparison of notable differences in structural
dynamics upon ligand binding. In the CYP5I1-
fluconazole complex, several regions, particularly
residues 220 - 250 and 390 - 420, exhibit increased
fluctuations relative to the unbound enzyme, suggesting
localized flexibility and potential conformational
adaptation upon ligand interaction. These peaks are
indicative of dynamic loop or surface regions
responding to the steric and chemical nature of the
ligand. In contrast, the CYP51-compound 3 complex
shows a highly similar RMSF profile to the apo enzyme,
with only minor increases in fluctuation in comparable
regions. This implies that compound 3 induces minimal
conformational changes and binds more stably, possibly
due to stronger or more specific interactions with the
active site.

The Molecular Mechanics Generalized Born
Surface Area (MMGBSA) is an analytical approach to
estimate the Gibbs binding free energy (AG) of a ligand
to a receptor, indicating the strength of a ligand binding
to its target [65]. Figure 11 illustrates the molecular
mechanics/generalized Born surface area (MM/GBSA)
binding free energy (AG MMGBSA) for the CYP51
enzyme in complex with either compound 3 or
fluconazole, measured over a series of 10-nanosecond
sliding windows during molecular dynamics
simulations. In this context, more negative values
represent stronger binding affinity. Across all time
windows, compound 3 consistently shows significantly
more negative binding free energy values
(approximately —80 to —100 kcal/mol), indicating a
robust and stable interaction with CYP51 [69]. In
contrast, fluconazole demonstrates less favourable
binding energies, fluctuating between —20 and —40
kcal/mol, with more pronounced variability and larger
error bars. This suggests that fluconazole forms a
comparatively weaker and more dynamic interaction
with the target enzyme. The stability of compound 3
binding energy over time further supports its tight and
sustained binding, reinforcing its role as a highly
effective CYP51 inhibitor.
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The hydrogen bond (H-bond) analysis shown in
Figure 12 offers further insights into the binding
stability of the CYPS51-ligand complexes observed
during the 100 ns molecular dynamics simulation [70].
Compound 3 forms a relatively high and sustained
number of hydrogen bonds with CYP51, ranging mostly
between 2 and 4 throughout the simulation. This

frequent hydrogen bonding indicates dynamic but
consistent interaction with the binding site, possibly
reflecting the ligand’s adaptability to the binding pocket
[70]. In contrast, fluconazole forms fewer hydrogen
bonds, generally maintaining between 0 and 2 over the
same simulation period. This confirms the MMGBSA
analysis results that the Gibbs energy value of
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compound 3 is smaller than fluconazole. Thus, the on hydrogen bonding for stability and molecular

interactions.

combined data suggest that compound 3 relies heavily
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Figure 12 Number of hydrogen bonds formed over a 100 nm MD between CYP51 with compound 3 and fluconazole.

ADMET and drug-likeness analysis

Pharmacokinetic ~ characteristics related to
absorption, distribution, metabolism, excretion, and
toxicity often lead to compounds failing in clinical trials
[71]. Consequently, performing in silico experiments to
evaluate various parameters of compounds is essential
[72]. The water solubility for the absorption parameter
is assessed on a scale from —5 to 0, with intestinal
absorption considered adequate if it exceeds 80%.
Compounds 1, 2, 3 and 4 were shown to have very low
aqueous solubility values but high intestinal absorption,
as shown in Figure 9. This combination of low
solubility and high absorption suggests that these
compounds could be effective drugs despite their
that
formulation strategies are employed to ensure consistent
bioavailability [73].

In terms of distribution, a logVDss value of —0.15

solubility challenges, provided appropriate

or lower signifies a low distribution, whereas values
exceeding 0.45 indicate a high distribution. Table 4
shows that all the compounds are poorly distributed
[74]. Drugs with a low volume of distribution (Vdss)

tend to remain primarily in the plasma, which implies

that a lower dose is required to reach the desired plasma
concentration.

Furthermore, absorption across the blood-brain
barrier (BBB) and into the central nervous system
(CNS) is classified as high if it exceeds 0.2, moderate if
it falls between 0.1 and 0.2, and weak if it is less than
0.1. Compounds 1, 2, 3, and 4 had CNS permeability
values less than 0.1 (low), except for compound 1,
which had a high BBB permeability value above 0.781.

Cytochrome P450 enzymes (CYP enzymes) are
crucial in human drug metabolism. In this study,
antimicrobial compounds that target bacteria and fungi
specifically and do not involve human CYP enzymes
were sought. Thus, the main therapeutic goal of
antimicrobials is to eliminate or reduce pathogenicity
without harming the host. Inhibiting CYP enzymes does
not support this goal and may affect treatment by
affecting the metabolism of other drugs and potentially
causing toxicity [75]. All the test compounds were
predicted not to be CYP inhibitors that interfere with
human metabolism. Therefore, compounds 1, 2, 3, and
4 have good potential.

The total clearance (CL) measures the total volume
of plasma removed by the drug per unit time and is
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expressed in units such as mL/min or L/h. In the
evaluation of drugs, toxicity plays a crucial role. The
classification of compounds based on their LD50 values,
ranging from nontoxic (LD50 > 5000 mg/kg) to highly
fatal (LD50 < 5 mg/kg), serves as a key framework for
evaluating the potential toxicity of substances [76].
Table 5 shows that a bioavailability score of 0.55
indicates that approximately 55% of the administered
dose of a drug reaches the systemic circulation in its

active form. While some drugs are absorbed effectively,
there is room for improvement through formulation or
dosing adjustments to increase therapeutic efficacy [77].
Drugs with low bioavailability may require higher doses
to achieve therapeutic levels when used in oral
administration systems, which can increase the risk of
Efforts

solubility, using solubilizing agents or designing

side effects. might focus on improving

formulations that bypass first-pass metabolism.

Table 3 ADMET prediction of f-sitosterol and its derivative compounds.

Predicted value

Properties Parameters PB-sitosterol Stigmastanol PB-sitosterol-3-O-f-d-glucoside 7B-Hydroxysitosterol
1) 2) 3) @)
. Water solubility
Absorption -6.773 —6.063 —4.741 -6.249
(log mol/L)
Intestinal Absorption
94.464 94.938 79.677 94.737
(% absorbed)
Skin Permeability -2.783 -2.737 -2.748 -2.864
R Volume Distribution
Distribution 0.193 -0.108 -1.163 -0.087
(VDss, log L/kg)
BBB Permeability
0.78 0.813 -0.78 -0.12
(log BBB)
CNS Permeability
-1.705 —-1.435 -3.021 -1.887
(log PS)
Metabolism CYP1A2 No No No No
CYP2CI19 No No No No
Inhibitor of:  CYP2C9 No No No No
CYP2D6 No No No No
CYP3A4 No No No No
. Total Clearance
Excretion i 0.628 0.621 0.689 0.653
(log ml/min/kg)
Lethal Dose 50 %
= 2.552 2.783 2.571 2.804
Toxicity (mg/kg)
Skin sensitisation No No No No

Table 5 Physicochemical properties of S-sitosterol and its derivative compounds.

Compounds
Physicochemical properties B-sitosterol Stigmastanol B-sitosterol-3-O-B-d- 7B-Hydroxysitosterol

)} 2) glucoside (3) (@)
Chemical Formula CyHs500 CyHs,0 C35Hg0Os C1oHs500,
Molecular mass (<500 g/mol) 414.39 g/mol 416.40 g/mol 576.44 g/mol 430.38 g/mol
Hydrogen bond acceptor (<10) 1 1 6 2
Hydrogen bond donor (<5) 1 1 4 2
Molar refractivity

. 133.23 133.70 165.61 134.39
(130> MR index >40)
Number of heteroatom (1 ~ 15) 1 1 6 2
Number of rigid bonds (0 ~ 30) 20 20 26 20
Formal charge (4 ~ 4) 0 0 0 0
Lipophilicity

Log Pow (iILOGP) 5.05 5.17 5.15 4.81
Log Pow (XLOGP3) 9.34 8.32 7.74 8.23
Log Py (WLOGP) 8.02 8.10 5.85 7
Log Pow (MLOGP) 6.73 6.88 3.96 5.8




Trends Sci. 2025; 22(10): 10420

17 of 28

Compounds
Physicochemical properties B-sitosterol Stigmastanol B-sitosterol-3-O-B-d- 7B-Hydroxysitosterol
a ?2) glucoside (3) “4)
Log P (SILICOS-IT) 7.04 7.05 5.02 6.15
Druglikeness
Livinski Yes; 1 violation: Yes; 1 violation: Yes; 1 violation: Yes; 1 violation:
ipinski
pins MLOGP > 4.15 MLOGP > 4.15 MW > 500 MLOGP > 4.15
. . No; 4 violations: . .
L No; 3 violations: No; 3 violations:
No; 3 violations: MW > 480,
WLOGP > 5.6, WLOGP > 5.6,
Ghose WLOGP > 5.6, WLOGP > 5.6,
MR > 130, MR > 130,
MR > 130 MR > 130,
#atoms > 70 #atoms > 70
#atoms > 70
Veber Yes Yes Yes Yes
No; 1 violation: No; 1 violation: No; 1 violation:
Egan Yes
WLOGP > 5.88 WLOGP > 5.88 WLOGP > 5.88
No; 2 violations: No; 2 violations: L .
No; 1 violation: No; 1 violation:
Muegge XLOGP3 > 5, XLOGP3 > 5,
XLOGP3 >5 XLOGP3 >5
Heteroatoms < 2 Heteroatoms < 2
Bioavailability score 0.55 0.55 0.55 0.55

Upper Limit () Lawer Limit

LogP
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Figure 9 ADMET]Iab bioavailability radar of different bioactive drug-likeness molecules, where the blue areas represent

each property (lipophilicity, molecular weight, solubility, and flexibility).

According to the drug-likeness prediction results,
all the compounds fulfill the Lipinski and Veber rules,
but there are discrepancies with the Ghose and Egan
rules, except for compound 3, which fulfills all the rules
except for Ghose. Lipinski’s rule of 5 ensures that the
compound likely has favorable pharmacokinetics for
oral bioavailability, whereas Veber’s rule focuses on
oral bioavailability through structural flexibility and
polarity. The Ghose filter adds stricter criteria for
molecular weight (180 - 480), logP (—0.4 to +5.6), molar
refractivity (40 - 130), and atom count (20 - 70) [78].
Noncompliance could size,

indicate issues with

lipophilicity, or molecular complexity. Egan’s rule

evaluates drug permeability and solubility via logP and
PSA. A failure here may suggest potential challenges
with solubility or membrane permeability. Muegge’s
rule applies broader drug-likeness filters, including
molecular weight, logP, H-bond donors/acceptors, and
bonds.
deviations from general drug-like profiles.

rotatable Noncompliance may indicate

These compounds may still be orally bioavailable
according to Lipinski and Veber. Still, they could face
challenges in terms of solubility, permeability, or
similarity to drugs as defined by Ghose, Egan, or
This highlights further

experimental validation of pharmacokinetic and

Muegge. the need for
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pharmacodynamic properties. Although the compliance
of Lipinski and Veber indicates the potential for good
oral bioavailability, noncompliance with Ghose, Egan,
and Muegge may require additional scrutiny regarding
their solubility and permeability.

Conclusions

B-sitosterol (1) has been isolated from the
methanol extract of P. crocatum leaves, the 1% obtained
from this species. [S-sitosterol (1) showed antimicrobial
activity against oral pathogenic microbes, S. mutans, S.
sanguinis, and the fungus C. albicans. The inhibitory
potential of S-sitosterol against the 3 microbes showed
moderate results, and was highly potent against S.
mutans. The in silico molecular docking study also
showed potential results, which showed good binding
affinity for the four potential targets as antibacterial and
antifungal with a broad spectrum. The molecular
docking results showed that [S-sitosterol is very strong
in inhibiting Gbp C enzyme for bacteria, and CYP51 for
C. albicans fungi, which is characterized by the highest
binding affinity value. f-sitosterol-3-O-£-d-glucoside
(3) exhibited stronger activity across all enzyme
docking tests due to increased hydrogen bonding,
further supported by molecular dynamics simulations
showing lower RMSD values, indicating greater
structural stability. The results of drug-likeness analysis
also showed quite promising results as an oral drug with
several parameter considerations. Based on the in vitro
and in silico results, it can be concluded that -sitosterol
and its derivatives have good potential as antimicrobials,
especially against oral pathogenic microbes. However,
further studies are needed to validate its efficacy through
enzyme assays and in vivo experiments. Additionally,
structural modification of the compound could be
explored to improve its potential issues with solubility
and permeability.
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Figure S10 Thin layer chromatographic analysis of B-Sitosterol
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Mobile phase: n-hexane — ethyl acetate (4:6)
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concentration that results in reduction of the viability of an inoculum of a microorganism.



Trends Sci. 2025; 22(10): 10420 27 of 28

Table S1 Inhibition zone of Fr.A-K against several microorganisms.

Inhibition zone (mm) at 2% (v/v)

Fraction

S. mutans S. sanguinis C. albicans
A 6,8 6.0 9
B 7.0 7.6 7.0
C 7.3 7.8 9.5
D 0 0 0
E 7.2 7.4 0
F 7.0 7.7 0
G 7.1 7.6 0
H 7,2 7.6 0
I 6,9 6,8 0
J 6,8 0 0
K 7,0 0 0
Positive control 14.5 14.0 15.0

Table S2 Comparison of 'H-NMR and '3C-NMR of compound 1 with B-sitosterol literature.

B-sitosterol Literature Data

Carbon CO(IEI]))%I::? 1 (C[ll),g]h)
Position
iy oowiy  PET oy anowiy  PEPT

C-1 37.3 1.85 (m, 2H) CH» 37.4 1.85 (m, 2H) CH;
C-2 31.7 1.95 (m, 2H) CH» 31.8 1.95 (m, 2H) CH;
C-3 71.9 3.52 (m, 1H) CH 72.0 3.55 (m, 1H) CH
C-4 42.2 2.30 (m, 2H) CH» 42.4 2.38 (m, 2H) CH»
C-5 140.8 - C 140.9 - C

C-6 121.8 5.36 (m, 1H) CH 121.9 5.37 (m, 1H) CH
C-7 31.9 1.99 (m, 2H) CH» 32.1 1.99 (m, 2H) CH»
C-8 31.9 2.02 (m, 1H) CH 31.9 2.00 (m, 1H) CH
C-9 50.2 0.95 (m, 1H) CH 50.3 0.94 (m, 1H) CH
C-10 36.6 - C 36.6 C

C-11 21.2 1.02 (m, 2H) CH» 21.2 1.02 (m, 2H) CH;
C-12 39.8 1.16 (m, 2H) CH» 39.9 1.16 (m. 2H) CH;
C-13 42.4 - C 42.5 C

C-14 56 1.01 (m, 1H) CH 56.9 1.00 (m. 1H) CH
C-15 24.4 1.58 (m, 2H) CH» 28.4 1.58 (m, 2H) CH»
C-16 28.3 1.09 (m, 2H) CH» 28.4 1.09 (m, 2H) CH»
C-17 56.1 1.14 (m, 1H) CH 56.2 1.12 (m, 1H) CH
C-18 11.9 0.84 (s, 3H) CH; 12.1 0.85 (s. 3H) CH;
C-19 19.1 0.82 (s, 3H) CH;3 19.4 0.82 (s. 3H) CH;

C-20 36.2 1.35 (m, 1H) CH 36.3 1.35 (m, 1H) CH
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B-sitosterol Literature Data

Compound 1
(CDCl)
Carbon (CDCL) [1.2]
Position
dc (ppm) du (ppm) dc (ppm) du (ppm)
(175 MHz) (700 MHz) DEPT (100 MHz) (400 MHz) DEPT
C-21 18.9 0.92 (d, J=5,12 CH; 18.9 0.95 (d. 3H) CH;
' Hz, 3H)
C-22 33.9 1.34 (m, 2H) CH, 34.0 1.33 (m, 2H) CH,
C-23 26.1 1.16 (m, 2H) CH, 26.1 1.16 (m, 2H) CH,
C-24 45.9 0.94 (m, 1H) CH 45.9 0.94 (m, 1H) CH
C-25 29.2 1.67 (m, 1H) CH 28.9 1.66 (m, 1H) CH
C-26 0.83 (d, /=11 Hz, CH3 214 0,83 (d, 3H) CH;
21.3
3H)
C-27 19.5 0.83 (d, 3H) CH3; 19.2 0.84 (d, 3H) CH;
C-28 23.1 1.25 (m, 2H) CH; 23.2 1.25 (m, 2H) CH;
C-29 12.0 0.83 (m, 3H) CH3 12.1 0.85 (m, 3H) CH;

Table S3 RMSD data of compound 3, fluconazole, and apo state of CYP51.

Medi bsolute deviati
Variables Mean SD Median edian absolute deviation

(MAD)
Compound 3 1.637 0.202 1.646 0.219
Fluconazole 1.706 0.222 1.748 0.221

Apo 1.520 0.177 1.538 0.174




