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Abstract: Sugar esters (SEs) with fatty acyl chains showed diverse applications including antimicrobial inhibition
against multidrug-resistant (MDR) microorganisms. Thus, fatty acid esters, especially 6-O-stearoyl glucopyranoside
ester was prepared by the treatment of glucopyranoside with unimolar stearoyl chloride at low temperature. The 6-
O-stearoyl ester thus obtained was further modified to four newer 2,3,4-O-acyl esters to incorporate decanoyl,
lauroyl, palmitoyl, and benzoyl chains in the glucopyranoside skeleton. Prediction of activity spectrum for
substances (PASS) analyses suggested that these fatty acid esters are more prone to fungal pathogens compared to
bacterial pathogens. Guided by PASS analyses in vitro antifungal activities were screened against four fungal
pathogens, which supported the PASS observation. To validate the findings molecular docking was conducted with
lanosterol 14a-demethylase (CYP51), a significant fungal enzyme, which is the principal target of antifungal drugs.
Corroboration of in vitro results with binding affinity revealed the possibility of glucopyranoside-based fatty acyl
esters with stearoyl, decanoyl and lauroyl chains as highly potential compared to antifungal azole drugs.

Keywords: Antimicrobial activities; Binding affinity; Docking; Fatty acid esters; D-Glucopyranoside;
Regioselectivity. ©2022 ACG Publication. All right reserved.

1. Introduction

In recent years, various efforts for the application of carbohydrate compounds as functionalized
and chiral sources for the biological process have been reported [1,2] and bring sugar molecules as
scaffolds for medicinally important compounds [3-5]. These are also related to the natural carbohydrates
where nature exploits these molecules as scaffolds in building natural molecular architectures. More
clearly, the cyclic structures of the available sugar units guarantee an adequate conformational rigidity,
and multiple OH groups with chirality allow different positions/orientations for a wide scope for making
linkages with the substrates [3,6-7]. Considering all these advantages, a variety of polyfunctional
synthetic sugar derivatives are exploited as key platforms for the generation of potentially bioactive
compounds [8-10]. These bioactive compounds have comparatively less N, X, etc. instead having more
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O atoms which impose more biological relevance [11,12]. Hence, synthetic sugar derivatives like
glycoconjugates, glycohybrids, sugar esters (SEs), and neoglycoconjugates are in consideration for the
treatment of fatal diseases [13,14].

Among the sugars, acyl and alkyl glycoses, and their esters (SEs) participate in many crucial
biological processes with specific interactions with receptors [15-17]. With the diverse biological events,
SEs possess many attractive physicochemical properties like non-toxicity, biocompatibility,
biodegradability, tasteless, non-allergic, and non-irritating [18,19] leading to their applications in
pharmaceuticals, food additives, cosmetics, and personal care products [20,21]. Some SEs have better
inhibitory activities against multidrug-resistant (MDR) pathogens [20,22-23]. For example,
mannopyranose-6-O-lauroate was found to inhibit methicillin-resistant S. aureus (MRSA) [20]. SEs like
Acteoside (1, Figure 1) with an unsaturated ester group showed neuroprotective activity [24] and are
considered an important anti-Alzheimer’s compound. Glucose-derived acyl sugars confer resistance to
some potential insect herbivores indicating their anti-insect activity [25]. Natural and synthetic glucose-
derived SEs have many advantages in biological profile as these SEs impart hydrophobicity and alter their
functionality [26], and showed improved parameters in food surfactants like HLB value, emulsion
stability, foam stability, emulsion stability index, etc. with antimicrobial properties [27-30]. Surface-
active glucose ester namely rubiwettin RG1 (2) is an important biosurfactant with potential medical,
pharmaceutical, and cosmeceutical applications [31].
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Figure 1. Carbohydrate based bioactive esters.

In the past decades, many acylation methods for sugars have been reported [32,33]. Considering

the presence of many 2° OH groups of indistinguishable reactivity, different esterification methods such
as direct, catalytic, enzymatic, protection-deprotection, microwave-assisted technique, etc. are used [34-
41]. Of these methods, here direct method is used for monostearoylation of glucopyranoside 3.
Fungal infections along with SARS-CoV-2 deteriorated the current pandemic situation, which indicated
the urgency of new chemotherapeutics. In this perspective and our interest in SEs [42,43], several
glucopyranoside-based stearates are synthesized, characterized, and subjected to in vitro antifungal assay.
The designed biocompatible novel glucose fatty acid esters might improve the fungal inhibitory
properties.

2. Experimental

Methyl a- p-glucopyranoside, acylating agents, solvents, and necessary chemicals are purchased
from Merck, Germany, and were used directly (solvents were distilled before use). Evaporations were
conducted under diminished pressure on a rotary evaporator (Buchi R-100, Switzerland) and temperature
was kept ~40 °C. TLC (thin-layer chromatography) was performed with Kieselgel GFzs4 and column
chromatography was conducted using silica gel Geo. Different ratio of solvents (CHCls/MeOH, n-
hexane/EtOAcC, etc) was used for TLC and CC. The functional group(s) in the products was detected by
FT-IR spectrophotometer (MB 3000, ABB, Canada). Proton (400 MHz) and carbon (100 MHz) NMR
spectra were scanned using a Bruker DPX-400 spectrometer (Switzerland) in deuterated chloroform
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solution using TMS as an internal standard ( scale).
2.1. Synthesis

Methyl 6-O-stearoyl-a- p-glucopyranoside (4): Unimolar stearoylation of methyl a- b-glucopyranoside
(3) was conducted by stirring 3 (2.0 g, 10.31 mmol) with stearoyl chloride (4.02 g, 13.27 mmol) in arid
pyridine at 0 °C for 12 h. The reaction mixture was shaken for 5 h at normal temperature. Usual workup
and chromatography furnished the title compound 4 (2.46 g, 52%) as semi-solid, which withstand
crystallization.

Rf = 0.28 (CHCIs/CH3OH = 5/1); FT-IR (neat): 3225-3610 (br, OH), 1726 (CO), 1040 cm™ (pyranose
ring); *H NMR (400 MHz, CDCls): 8 4.82 (J = 4.0 Hz, 1H, d, H-1), 4.59 (dd, J = 12.4 and 4.0 Hz, 1H,
H-6a), 4.24 (dd, J=12.4 and 1.8 Hz, 1H, H-6b), 3.88-3.92 (m, 1H, H-5), 3.76 (t, J = 9.2 Hz, 2H, H-3 and
H-4), 3.55 (dd, 1H, H-2), 3.46 (s, 3H, OCHs), 2.40 [t, J = 7.6 Hz, 2H, CH3(CH>)15sCH.CO], 1.71-2.11 (br
s, 3H, 3xOH), 1.62-1.67 (m, 2H, CH3(CH2)14CH2CH>CO), 1.22-1.37 [br m, 28H, CH3(CHz)14(CH2).CO],
0.90 [t, J = 7.2 Hz, 3H, CH3(CH)16CO]; **C NMR (100 MHz, CDCls): 8¢ 174.5 (C17H35CO), 99.4 (C-1),
74.2, 72.1 (C-2/C-3), 70.2, (C-5), 69.8 (C-4), 63.3 (C-6), 55.3 (OCHs), 34.2 [CH3(CH,)15sCH.CO], 31.9
[CH3(CH2)14CH,CH2CO], 29.7(4), 29.6(3), 29.5, 29.4, 29.3, 29.2, 29.1 [CH3(CH2)2(CH)12(CH,).CO],
24.9 [CH3CH2CH2(CH,)14C0Q], 22.7 [CH3CH2(CH,)15CQ], 14.1 [CH3(CH,)16CQ].

General procedure for 2,3,4-tri-O-acylation of 4: To a stirred solution of the 2,3,4-triol 4 (0.1 g, 0.217
mmol) in pyridine (1 mL) was put on acyl halides (decanoyl/lauroyl/palmitoyl/benzoyl chloride; 3.3
molar eq) at 0 °C. After 30 min, the reaction mixture was brought into normal temperature. Stirring
continued for 10 h at 25 °C followed by 1 h at 45 °C. The unreacted reagent(s) was hydrolyzed by the
addition of a few drop of cooled water. The reaction mixture was extracted with dichloromethane (3x5
mL). The combined solvent extract was successively washed with dil. hydrochloric acid, saturated ag.
NaHCO;s solution, and brine. The chloroform layer was desiccated over MgSQs., filtered, and the filtrate
was evaporated off. The resulting syrup was purified by silica gel chromatography (with n-hexane/ethyl
acetate = 16/1 as eluant) to furnish the corresponding tri-O-acylates 5a-d.

Methyl 2,3,4-tri-O-decanoyl-6-O-stearoyl-a- p-glucopyranoside (5a): Oil; yield 78%; R: = 0.68 (n-
hexane/ethyl acetate = 5/1); FT-IR (neat): 1755, 1750, 1738, 1735 (CO), 1088 cm™* (pyranose ring); *H
NMR (400 MHz, CDCls): 81 5.52 (t, J = 10.0 Hz, 1H, H-3), 5.09 (t, J = 10.0 Hz, 1H, H-4), 4.97 (d, J =
3.6 Hz, 1H, H-1), 4.90 (dd, J = 10.4 and 3.6 Hz, 1H, H-2), 4.22 (dd, J = 12.4 and 4.8 Hz, 1H, H-6a), 4.13
(dd, J = 12.4 and 2.0 Hz, 1H, H-6b), 3.97-4.02 (m, 1H, H-5), 3.42 (s, 3H, OCH3), 2.22-2.39 [m, 8H,
CH3(CH>)15CH,CO and 3xCH3(CH);CH.CO], 1.52-1.70 [m, 16H, CHs(CH2):3(CH,).CH,CO) and
3><CH3(CH2)5(CH2)2CH2CO], 1.22-1.38 [br m, 56H, CH3(CH2)13(CH2)3CO and 3XCH3(CH2)5(CH2)3CO],
0.90 [t, J = 6.8 Hz, 12H, CH3(CH,)15CO and 3xCH3(CH,)sCOJ; *C NMR (100 MHz, CDCls): 8¢ 173.4,
172.9, 172.6, 172.2 (C17HssCO and 3xCoH1sCO), 96.9 (C-1), 70.8, 69.7 (C-2/C-3), 68.4, (C-5), 67.4 (C-
4), 61.9 (C-6), 55.4 (OCHs), 34.2, 34.1(2), 34.0 [CH3(CH2)15CH2CO and 3xCHs(CH.)7;CH.CO], 31.9(4)
[CH3(CH2)14CH.CH,CO and CHs(CH,)sCH.CH,CO], 29.7(8), 29.6(2), 29.5, 29.4(5), 29.3(4), 29.2(2),
29.1, 29.0 [CH3(CH2)2(CH2)12(CH2)2CO and 3XCH3(CH2)2(CH2)4(CH2)2CO], 249(2), 248(2)
[CH3CH2CH2(CH3)14CO and 3xCH3CH,CH2(CH2)sCO], 22.7, 22.6(3) [CH3CH2(CH,)1sCO and
3xCH3CH,(CH,);CQ], 14.1, 14.0(3) [CH3(CH2)16CO and 3xCH3(CH,)sCO].

Methyl 2,3,4-tri-O-lauroyl-6-O-stearoyl-a- p-glucopyranoside (5b): Syrup; vyield 75%; Rs = 0.74 (n-
hexane/ethyl acetate = 5/1); FT-IR (neat): 1750(2), 1742(2) (CO), 1080 cm (pyranose ring); *H NMR
(400 MHz, CDCls): 84 5.52 (t, J = 10.0 Hz, 1H, H-3), 5.09 (t, J = 10.0 Hz, 1H, H-4), 4.97 (d, J = 3.6 Hz,
1H, H-1), 4.90 (dd, J = 10.4 and 3.6 Hz, 1H, H-2), 4.23 (dd, J = 12.4 and 4.8 Hz, 1H, H-6a), 4.14 (dd, J
= 12.4 and 2.0 Hz, 1H, H-6b), 3.96-4.03 (m, 1H, H-5), 3.41 (s, 3H, OCHs), 2.20-2.39 [m, 8H,
CH3(CH2)15CH2CO and 3XCH3(CH2)9CH2CO], 1.51-1.68 [m, 16H, CH3(CH2)13(CH2)2CH2CO) and
3XCH3(CH2)7(CH2)2CH2CO], 1.22-1.38 [br m, 68H, CH3(CH2)13(CH2)3CO and 3XCH3(CH2)7(CH2)3CO],
0.90 [t, J = 6.8 Hz, 12H, CH3(CH)16CO and 3xCH3(CH3)10CO]; *C NMR (100 MHz, CDCl3): 8¢ 173.4,
172.9, 172.6, 172.2 (C17H35CO and 3xC11H23CO), 96.9 (C-1), 70.8, 69.7 (C-2/C-3), 68.4, (C-5), 67.4 (C-
4),61.9 (C-6), 55.4 (OCHa), 34.2, 34.1(2), 34.0 [CH3(CH2)15CH.CO and 3xCH3(CH2)sCH>CO], 31.9(4)
[CH3(CH2)14CH2CH.CO and 3xCH3(CH2)sCH2CH.CO], 29.7(8), 29.6(5), 29.5(3), 29.4(5), 29.3(4),
292(2), 29.1(2), 29.0 [CH3(CH2)2(CH2)12(CH2)2CO and 3xCH3(CH2)2(CH2)6(CH2)2CO], 24.9(2), 248(2)
[CHsCHzCHz(CHz)14CO and 3XCH3CH2CH2(CH2)8CO], 22.7(4) [CH3CH2(CH2)15CO and
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3XCH30H2(CH2)9CO], 141(4) [CH3(CH2)16CO and 3XCH3(CH2)1oCO].

Methyl 2,3,4-tri-O-palmitoyl-6-O-stearoyl-a- p-glucopyranoside (5¢): Syrup; yield 69%; R: = 0.53 (n-
hexane/ethyl acetate = 5/1); FT-IR (neat): 1748, 1741(3) (CO), 1068 cm™* (pyranose ring); *H NMR (400
MHz, CDCls): &1 5.52 (t, J = 10.0 Hz, 1H, H-3), 5.09 (t, J = 10.0 Hz, 1H, H-4), 4.97 (d, J = 3.6 Hz, 1H,
H-1), 4.90 (dd, J = 10.4 and 3.6 Hz, 1H, H-2), 4.22 (dd, J = 12.4 and 4.8 Hz, 1H, H-6a), 4.13 (dd, J =
12.4 and 1.2 Hz, 1H, H-6b), 3.97-4.04 (m, 1H, H-5), 3.42 (s, 3H, OCHs), 2.22-2.44 [m, 8H,
CH3(CH2)15CH2CO and 3XCH3(CH2)13CH2CO], 1.53-1.72 [m, 16H, CH3(CH2)13(CH2)2CH2CO) and
3XCH3(CH2)11(CH2)2CH2CO], 1.23-1.38 [bl’ m, 92H, CH3(CH2)13(CH2)3CO and
3xCH3(CH2)11(CH2)3CO], 0.90 [t, J = 6.8 Hz, 12H, CH3(CH>)16CO and 3xCH3;(CH.)14CO].

Methyl 2,3,4-tri-O-benzoyl-6-0O-stearoyl-a-D-glucopyranoside (5d): Pasty mass; yield 87%; Rs=0.59 (n-
hexane/ethyl acetate = 5/1); FT-IR (neat): 1748, 1732, 1728(2) (CO), 1066 cm™ (pyranose ring); *H NMR
(400 MHz, CDCly): 64 7.86-8.06 (m, 5H, Ar-H), 7.48-7.59 (m, 3H, Ar-H), 7.32-7.46 (m, 7H, Ar-H), 6.16
(t, J=9.6 Hz, 1H, H-3), 5.61 (t, J = 9.6 Hz, 1H, H-4), 5.30 (dd, J = 10.0 and 3.6 Hz, 1H, H-2), 5.26 (d, J
= 3.6 Hz, 1H, H-1), 5.17-5.22 (m, 1H, H-5), 4.28-4.33 (m, 2H, H-6a and H-6b), 3.50 (s, 3H, OCHj3), 2.35
[t, J = 7.6 Hz, 2H, CH3(CH>)1sCH»CO], 1.58-1.68 (m, 2H, CH3(CH.)12CH,CH,CO), 1.22-1.38 [br m,
28H, CH3(CH2)14(CH).CQ], 0.90 [t, J = 7.2 Hz, 3H, CH3(CH)16CO]; *C NMR (100 MHz, CDCls): 8¢
173.4 (C17H3sCO), 165.8, 165.7, 165.2 (CsHsCO), 133.4, 133.3, 133.1, 129.9(2), 129.8(2), 129.7(2),
129.3, 129.1, 129.0, 128.4(4), 128.3(2) (Ar-C), 97.1 (C-1), 72.0, 70.4 (C-2/C-3), 69.4, (C-5), 67.6 (C-4),
62.4 (C-6), 55.6 (OCHs), 34.0 [CH3(CH2)1sCH.CO], 31.9 [CH3(CH2)1.CH.CH2CO], 29.7, 29.6(3),
29.5(2), 29.4, 29.3(2), 29.2, 29.1, 29.0 [CH3(CH2)2(CH2)12(CH).CO], 24.8 [CH3CH.CH,(CH)1.CO],
22.7 [CH3CH2(CH2)15C0O], 14.1 [CH3(CH2)16CO].

2.2. PASS Calculation

Numerous in silico methods for predicting biological and toxicity properties of molecules are
developed. These are relying on the data-based approaches, similarity comparison, QSAR (quantitative
structure—activity relationship), 3D QSAR, pharmacophore modeling, etc. [44,45]. Most of them are not
freely available which limits their use in the scientific community. Thus, for the biological activity search
freely available resource PASS (Prediction of Activity Spectra for Substances) software was applied
(http://www.way2drug.com/passonline/) [46,47]. In this respect, all the compounds’ structure was drawn
with the ChemDraw 18.0, followed by conversion into their SD file format. This format was used to
predict the biological spectrum like antibacterial, antifungal, anticarcinogenic, and membrane
permeability inhibition properties using PASS software. The predicted results are mentioned as Pa
(probability for active substance) and Pi (probability for inactive substance) on the scale of 0.000 to 1.000.

2.3. Antifungal Activity Evaluation

For in vitro antifungal susceptibility testing, the food poisoning technique was employed [48].
Necessary test tube cultures of the tested fungal pathogens were collected from the Microbiology
Laboratory, University of Chittagong, Bangladesh. Sabouraud medium (agar and broth, PDA) was
employed for the culture of fungi. The results are measured after 3~5 days of incubation as linear mycelial
growth of the fungus. In general, the percentage susceptibility of radial mycelial growth of the fungal

organisms was computed using the formula: | = {@} x100

where, | = percentage of inhibition, C = diameter of the fungal colony in control (DMF), T =
diameter of the fungal colony in treatment. To validate and compare antifungal efficacy, standard
antifungal antibiotic nystatin (100 pg/mL medium) was tested under similar conditions.

2.4. Molecular Docking

Most of the antifungal drugs (azoles, polyenes, etc.) are targeted to inhibit the lanosterol C-14 o-
demethylase (a cytochrome P450 [CYP450] enzyme). Thus, related protein 3LD6 was selected for
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molecular docking.

2.4.1. Ligand Preparation

Structures of the compounds are drawn in ChemDraw with appropriate geometry. Each of them
is optimized by DFT (RB3LYP, 6-31G, d,p) [49]. The optimized structure of each of the compounds is
then saved as a PDB file format and used as ligands.

2.4.2. Protein Preparation

The selected protein structure of human lanosterol 14alpha-demethylase (CYP51, PDB ID:
3LD6) was downloaded as a three-dimensional (3D, Resolution: 2.80 A) crystal structure from RSCB
Protein Data Bank (PDB) [50]. The 3LD6 PDB file is opened in Discovery Studio followed by removal
of H>O and ketoconazole chain (present as docked with 3LD6 in PDB), and saving as a PDB file. Its
energy is then minimized in software called Swisspdb.

2.4.3. Molecular Docking

To know the binding affinity of glucopyranosides with 3LD6 protein, their bonding interaction,
bonding mode molecular docking was performed. Initially, both the ligands and protein are loaded in
PyMOL software (PyMOL V2.3; https://pymol.org/2/) [51]. Protein (3LD6) is marked as a
macromolecule. Ligands (compounds) are made energy minimized and converted to the corresponding
pdbqt file formats. Both the protein and ligand are forwarded to AutodockVina wizard with maximum
grid box size to cover to wrap the protein's substrate-binding region. For example, the grid center points
for 5awere setin X =38.7752 A, Y =-1.2252 A, Z =-3.8245 A, and the dimension in X = 61.8917883587
A Y = 61.1866195297 A, Z = 70.6893203354 A. Docking result files are saved and opened in the
BIOVIA Discovery Studio Visualizer 2017 for necessary 2D and 3D interaction analyses.

3. Results and Discussion
3.1. Selective Stearoylation: Formation of 6-O-stearoyl-glucopyranoside

Selective stearoylation of methyl a- p-glucopyranoside (3) was conducted by stirring 3 with
unimolar stearoyl chloride at 0 °C for 12 h, which gave a semi-solid in 52% (Scheme 1). The appearance
of a carbonyl stretching at 1726 cm™ in its FT-IR spectrum informed the attachment of the stearoyl group
in the molecule. The existence of additional thirty-five aliphatic protons in its *H NMR and related carbon
signals in its *C NMR spectrum confirmed the attachment of one stearoyl group in the molecule. The
substantial downfield shift of H-6 protons (at 6 4.59 and 4.24 ppm) was indicative of bonding of the acyl
group at the C-6 position of the glucopyranoside structure. Thus, this product was designated as methyl
6-O-stearoyl-a- p-glucopyranoside (4).

OH OCOC,;H5;
HO 0 Py, CiH3sCOCI o o)
HO 0 Crt HO ™
HO Gve 12-14 h OMe
3 4 (52%)

Scheme 1. Selective stearoylation of glucopyranoside 3

The formation of 4 in lower yield (52%) was anticipated for the appearance of the inseparable
complex mixture during stearoylation reaction at 0 °C. However, 6-O-stearate 4 indicated the better
reactivity of the primary OH group compared to secondary OH groups as present in the glucopyranoside
3. The similar compound 4 was also prepared by Xia and Hui [52]. In their procedure, treatment of 3 with
S-stearoyl-p-nitrothiophenol in pyridine for 12 h followed by treatment with acetic acid gave 4 in lower
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yield (59.8%). The reaction conditions are harsher than that we reported here.
3.2. Derivatization of Stearate 4

Glucose esters with different chain length maintaining HLB are known to have different
applications [27,24,53,54]. Thus, having stearate 4 in hand, 2,3,4-tri-O-acylation was conducted by the
direct method in pyridine (Scheme 2). Initial treatment of 4 with decanoyl chloride furnished an oil
(Scheme 2). Its FT-IR spectrum indicated the absence of OH bands indicating complete decanoylation.
In its *H NMR spectrum, fifty-seven additional aliphatic protons resonated compared to the stearate 4,
which clearly informed the attachment of three decanoyl groups in this molecule. The fact was again
confirmed by analyzing its *C NMR spectrum where four carbonyl carbons appeared at § 173.4, 172.9,
172.6, and 172.2. A careful observation indicated that H-2 (6 4.90), H-3 (6 5.52), and H-4 (6 5.09) shifted
considerably downfield than its precursor 4, thereby confirming the attachment of decanoyl groups at C-
2, C-3 and C-4 positions, respectively. Thus, the structure of the oil is named methyl 2,3,4-tri-O-decanoyl-
6-O-stearoyl-a-D-glucopyranoside (5a).

0COC,;Hss 0COC,;Hss
HO O Py, RCOCI ROCO 0 5a: R = CoH g (78%)
HO 0 °C-rt > ROCO 5b: R = C;H,; (75%)
T :R= H 0
HO GMe  12-14h ROCO |y, 3% R =Cisty (69%)

Scheme 2. 2,3,4-Tri-O-acyl esters of stearate 4

Similarly, the separate treatment of stearate 4 with lauroyl chloride, palmitoyl chloride, and benzoyl
chloride furnished the corresponding acylate 5b, 5c¢, and 5d, respectively (Scheme 2). All of these pure
compounds were characterized by spectroscopic methods.

3.3. PASS Analysis of Compounds 3-5

Prediction of activity spectra for substances (PASS) program is used for the analyses of a plethora
of biological spectrum of a new compound(s) with safety and efficacy [46]. Online-based this program is
available (http://www.pharmaexpert.ru/ PASSonline/index.php). With the help of PASS, any researcher
can choose the synthesized new molecule for the selection of the most desirable/suitable biological
activities. In short, PASS helps for selecting the prospective compounds for high throughput screening,
and hence, saves time and cost. PASS results of the glucopyranoside compounds in the form of Pa
(probability for active compound) and Pi (probability for inactive compound) are presented in Table 1.

Table 1. PASS-based biological calculations of glucose eaters
Biological activity analysis
Drug Antibacterial Antifungal Anti-carcinogenic MPI
Pa Pi Pa Pi Pa Pi Pa Pi
3 0.514 0.013  0.628 0.016 0.731 0.008 0.917 0.003
4 0.528 0.014  0.669 0.012 0.769 0.006 0.954 0.002
5a 0.551 0.012 0.673 0.011 0.614 0.012 0.929 0.003
5b 0.551 0.012 0.673 0.011 0.614 0.012 0.929 0.003
5c 0551 0.012 0.673 0.011 0.614 0.012 0.929 0.003
5d 0.505 0.016  0.642 0.014 0.632 0.011 0.911 0.003
NYS 0967 0.000 0.986 0.000 0.416 0.028 0.959 0.000
FCz -- - 0.726 0.008 - - - -
ICZ -- - 0.846 0.003 - - - -

NYS = nystatin; FCZ = fluconazole; ICZ = itraconazole; MPI = Membrane permeability inhibitor; Pa>0.7 indicates
higher probability of activity experimentally.

Analyzed Pa for antibacterial 0.50<Pa<0.55 and Pa for antifungal 0.62<Pa<0.67 (Table 1) clearly
indicated the higher antifungal nature of the glucopyranoside compounds. Although addition of one
stearoyl group increases anti-carcinogenic properties (as in 4, Pa = 0.769) in the glucopyranoside 3 (Pa =
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0.731), further incorporation of acyl group(s) decrease anti-carcinogenic potentiality (5a-d, Pa = 0.61-
0.63). However, all the glucopyranoside esters are found excellent membrane permeability inhibitors
(Pa>0.91) and are comparable to the standard drug nystatin. The rate of passive diffusion of molecules
through the membrane is termed membrane permeability. During stress or ischemia, intracellular Na* and
Ca** can pass rapidly through the mitochondrial membrane and overloaded in its inner part resulting in
cell death. In this regard, membrane permeability inhibitors (e.g. cyclosporine A) are used [55,56]. The
higher Pa values of glucose esters indicate their significance in this field.

3.4. Antifungal Efficacy of Glucose Fatty Acid Esters

Azole drugs like fluconazole and itraconazole are found comparatively safer than amphotericin B in several
opportunistic and endemic fungal infections [57]. However, these drugs face inactivity due to the emerging drug-
resistant fungi [58].

Table 2. Antifungal efficacy of the glucose esters

Compoun Fungal mycelial growth inhibition in % (100 pg dw/ mL PDA)
d A. niger F. equiseti M. phaseolina  P. ascomycetous
3 - - - -
4 16.3243.05 28.72+1.15 23.52+1.00 77.89+3.78*
5a 27.65+3.46 38.89+2..00 73.86+1.52* 78.39+0.58*
5b 28.36+1.15 20.00+2.00 49.01+1.00 65.32+2.64*
5c 53.19+1.00 26.86+1.53 71.24+0.57* 79.39+0.57*
5d 34.75+1.15 17.58+2.08 78.43+1.00* 75.38+4.16*

Nystatin ~ 71.63+2.45*  55.48+2.97* 76.77+1.13* 79.99+1.53*

* = good inhibition; nystatin = standard antibiotic, dw = dry weight, for rigorous validation the results
are compared with nystatin.

To overcome such a threat, alternative antifungals with enhanced efficacy and fungal-specific
adjuvants are essential. Many sugar esters are reported to possess antifungal potentiality [59]. Thus, the
synthesized glucopyranoside stearates 4-5a,b,c,d are tested in vitro against four fungi (Aspergillus niger,
Fusarium equiseti, Macrophomina phaseolina, and Penicillium ascomycetous), and susceptibility testing
results are summarized in Table 2 and, it clearly shows the effectiveness of glucose stearates against the
four tested fungi. With the increase of lipophilic nature (5a-d) the antifungal susceptibility gradually
increased. The glucopyranoside esters are especially found more susceptible against M. phaseolina and
P. ascomycetous compared to A. niger and F. equiseti. Such excellent results may help these esters to
establish themselves as promising antifungal agents instead of azoles.

3.5. Molecular Docking with Lanosterol 14a-Demethylase (CYP51)

In recent years, molecular docking appeared as a significant tool for drug discovery compared with
traditional experimental high-throughput screening (HTS). In this approach, behavior/interactions of the
compounds with target proteins can be studied and understand the comprehensive insight of the
biochemical behavior in the 3D model [60,61]. As the glucopyranoside esters of the present study showed
better antifungal susceptibility (Section 3.4), the fact is further verified by molecular docking. In most
cases, antifungal drugs are designed to inhibit lanosterol 14a-demethylase (CYP51) as it plays a crucial
step in the conversion of lanosterol to ergosterol in the fungal cell membrane [62]. So, lanosterol 14a-
demethylase related protein 3LD6 was selected for molecular docking of the synthesized compounds and
the obtained results are mentioned in Table 3. Table 3 shows that the binding affinity of compounds 5a (-
7.4 kcal/mol) and 5b (-7.7 kcal/mol) is higher than the other glucopyranosides (3, 4, 5¢,d) and comparable
to the standard drug fluconazole (-7.5 kcal/mol). However, the binding affinities are lower than the
ketoconazole (-10.2 kcal/mol). A careful observation indicated that the attachment of the lipophilic
stearoyl group at the C-6 position of 3 (as in 4) increases its binding affinity (-6.7 kcal/mol). Further
addition of decanoyl groups (10C) (as in 5a, -7.4 kcal/mol) and lauroyl groups (12C) (as in 5b, -7.7
kcal/mol) increase its binding affinity to an excellent level. However, further elongation of chain length
to the palmitoyl group (16C) decreases its binding affinity (as in 5c, -4.9 kcal/mol). Even the addition of
the benzoyl group at C-2, C-3, and C-4 positions (5d) didn’t improve considerable binding affinity (-5.8
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kcal/mol). Thus, 6-O-stearate with 2,3,4-tri-O-acylates having chain lengths 10C (5a) and 12C (5a) are
found to show better antifungal susceptibility. Both the compounds showed various bonding and
nonbonding interactions with 3LD6 protein (Figure 2). Like fluconazole, compound 5a and 5b formed
conventional H-bond with THR135 of chain A. These results are also supported by the in vitro antifungal
test results (Section 3.4).

Table 3. Molecular docking of glucose esters with 3LD6.

3LD6 Conventional Hydrophobic interactions
Compound (kcal/maol) Hydrogen Bond Alkyl Pi-Alkyl
3 -4.8 H15489; UNKO; - -
ILE488
4 -6.7 HI1S489; MET487 - PHE139;
PHE234
ba -7.4 THR135; TYR145 ILE377; META487, HIS314;
ILE488; LEU159 PHE234; PHE23;
MET304; CYS449; PHE152
ILE450
5b -1.7 THR135; LYS156; ILE377; CYS449; HIS236;
CYS449; TYR145  PRO376; MET381, TRP239;
MET378; ILE379 PHE442; HIS489
5¢ -4.9 ALA228 LEU204; VAL101, TYR182
LEU240; LEU241
5d -5.8 ARG253; ARG253; PRO137; ARG133 LYS141
ARG253
Fluconazole -7.5 THR135; MET487; - TYR131;
ILE379 PHE234
Ketoconazole -10.2 HIS447 ALA144; PHE152;
META487, ALA144,
LYS156 ALA311

2k
3 [l /‘h\
ET (a] 8] 35\{_*_‘;Ty'r;,-1v4ﬁ

]  “Phe152
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Figure 2. Docking interactions with 3LD6- (a) 2D of 5a, (b) 3D of 5a, (c) 2D of 5b, and (d) 3D of 5b
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4. Conclusion

New antifungal drugs featuring promising therapeutic profiles are essential to mitigate antifungal
tolerance. In this respect, several glucopyranoside stearate esters are synthesized and antifungal
susceptibility is tested in vitro. Fully esterified glucopyranosides 5a-d with maximum lipophilic character
showed better antifungal susceptibility. The fact was further supported by molecular docking with
lanosterol 14a-demethylase (CYP51; PDB id: 3LD6) which indicated a good binding affinity for 5a (-7.4
kcal/mol) and 5b (-7.7 kcal/mol). Corroborating all the in vitro and in silico results in the current study
may help to design biodegradable and non-azole-type antifungal drugs with broader and better efficacy.
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