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Featured Application: The fatty acid chain length of mannopyranoside (MDM) esters significantly affects their
antifungal activity. An efficient method for selective acylation of MDM is described, where esters with the C8
chain substituted at the 6-O position were more active in the fungal inhibition. Also, mannopyranoside
oligoesters may be suitable to develop pharmaceutically useful materials.
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Abstract: The approval of sucrose fatty acid esters (SFAEs) as food additives/preservatives has triggered
enormous interest in discovering new applications for these materials. Accordingly, many researchers reported
that SFAEs consist of various sugar moieties, and hydrophobic side chains are highly active against certain
fungal species. The combination of chain length and site of acylation is crucial in endowing the SFAE with high
antimicrobial potency against Aspergillus species. Following several important studies, we herein present the
synthesis and an assessment of the effects of acylation site and chain length (i.e., C-6 vs. C-2, C-3, C-4, and long-
chain vs. short-chain) on the antimicrobial activity of mannopyranoside fatty acid esters. In vitro tests revealed
that the fatty acid chain length in mannopyranoside esters significantly affects the antifungal activity where
C12 chains are more potent against Aspergillus species. In terms of acylation site, mannopyranoside esters with
a C8 chain substituted at the C-6 position are more active in antifungal inhibition. Molecular docking also
revealed that these mannopyranoside esters had comparatively better stable binding energy, and hence better
inhibition, with the fungal enzymes lanosterol 14-alpha-demethylase (3LD6), urate oxidase (1R51), and
glucoamylase (IKUL) than the standard antifungal drug fluconazole. Additionally, the thermodynamic,
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orbital, drug-likeness, and safety profiles of these mannopyranoside esters were calculated and discussed,
along with the structure-activity relationships (SAR). This study thus highlights the importance of the acylation
site and lipid-like fatty acid chain length that govern the antimicrobial activity of mannopyranoside-based
SFAE.

Keywords: ADMET; antimicrobial agents; effects of chain length; molecular docking; regioselective
acylation; structure-activity relationship; sugar fatty acid ester (SFAE)

1. Introduction

Sugar fatty acid esters (SFAEs) are biobased surfactants widely used for the emulsification and
dispersion of water-immiscible materials in organisms [1]. They are composed of a hydrophilic sugar
moiety and one or more fatty acids as lipophilic moieties [2]. These molecules are generally tasteless,
odorless, biodegradable, and non-toxic [3]. Since its approval as a food additive by the USFDA
(21CFR 172.859), SFAE has triggered enormous interest in discovering new applications for these
materials, such as antimicrobial [4-7], anticancer [8], insecticidal activities [9], and drug delivery [10-
14]. There is no doubt that commercial sources of SFAE are available for various applications [15].

The use of synthetic SFAE, especially those enzymatically prepared monoesters, has been
extensively investigated as antimicrobials [16]. Sucrose monolaurate and sucrose monocaprate, in
particular, have been shown to inhibit the growth of several Gram-positive bacteria [5].
Mannopyranose monomyristate shows broad-spectrum inhibitory activity against a panel of bacteria
and fungi, including methicillin-resistant S. aureus (MRSA) [17]. One of the proposed mechanisms of
bacterial inhibition caused by these SFAEs was revealed through the disruption of the bacterial cell
membrane, causing the release of intracellular components and subsequently rendering cell death
[7]. The sugar moiety of these monoesters was found to have a significant effect on antimicrobial
activity. Among the lauric esters of galactose, fructose, glucose, sucrose, and mannose, 6-O-
lauroylgalactose showed the highest inhibitory effect against S. mutans [18]. Sucrose monononanoate
and lactose mononervonoate were found to selectively inhibit certain fungi such as C. parapsilosis, E.
faecalis, Y. enterocolitica, and C. albicans, but not bacteria [19]. The potency of these sugar fatty acid
monoesters has been proven, which opens new prospects for these compounds to be used as
antimicrobials. While the majority of the antimicrobial studies have been focused on sugar fatty acid
monoesters, relatively few studies have investigated sugar fatty acid diesters or oligoesters, mainly
due to their low water solubility. 6-O-Methacryloylsucrose heptaacetate has been reported to inhibit
a variety of clinical and food contaminant important microbial pathogens, with the lowest MIC of
0.28 uM [20]. Oligofatty acid esters of glucopyranoside and rhamnopyranoside have been shown to
inhibit the growth of fungi A. flavus, A. niger, and yeast C. albicans at 10 pg/mL [21,22]. The issue of
water solubility does not prevent the development of these high-order esters into antimicrobial
agents. SFAE with low hydrophile-lipophile balance (HLB) values, i.e., low solubility, can be
formulated in propylene glycol to enhance their penetration and absorption effects in transdermal
drug delivery [10]. Other effective formulation strategies can also be applied to secure these
compounds in the preclinical evaluation [23].

Methyl a-D-mannopyranoside (1) has been reported to prevent E. coli colonization and
adherence [24]. Though some previous works have introduced the likelihood of using
mannopyranoside or its derivatives as an antimicrobial, their application in antimicrobials has not
been systematically studied [25]. Importantly, the lack of investigation into the structure-activity
relationship (SAR) of mannopyranoside-based SFAE has impaired not only our understanding of
SAFE-microbial interaction but also the development of more potent antimicrobial SFAE. Besides
focusing on antimicrobial activity, the site of acylation, fatty acid chain length, and HLB are equally
important contributing factors for microbial interactions, aqueous solubility, and membrane
permeability [26]. Given that mannopyranoside-based SFAEs have the potential to enhance both
antimicrobial inhibition and membrane permeability, various efforts have been made to enhance
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their antimicrobial efficacy via the use of different types of fatty acids, e.g., of different alkyl chain
lengths [27] and functional groups [28-30]. Very recently, we described the synthesis of 6-O-valeroyl-
a-D-mannopyranosides that showed good efficacy against a panel of bacteria and fungi [31]. These
SFAEs are essentially lipophilic, and we found that saturated valeric (C5) and caprylic (C8) chains
were necessary to achieve good antimicrobial activity (Table 1).

Table 1. Antimicrobial potency of the recently reported sugar fatty acid esters.

Type of . . .
SFAE SFAEs Active against MIC Ref.
Listeria monocytogenes, Bacillus subtilis 2.5 mM [7]
Listeri
6-O-lauroylsucrose isteria monocytogenes, Staphylococcus 0.4 mM 32]
aureus
Streptococcus suis 0.02 mg/mL [33]
6-O-myristoylsucrose Bacillus megaterium 32 ng/mL [34]
Baci Baci .
6-O-caproylsucrose acillus cereus, Bacillus subtilis, 25 mM 5]
Staphylococcus aureus
6-O-nonanoylsucrose Candida parapsilosis 0.313 mg/mL [19]
Listeria monocytogenes, Micrococcus
2 6-O-methacryloylsucrose flavus, Enterobacter cloacae, E. coli 0.24 uM [20]
§ Listeria monocytogenes, Escherichia coli,
g Staphylococcus enteritidis, Enterococcus
-O- lact ’ 064 L
6-O-nervonoyllactose faecalis, Yersinia enterocolitica, Candida 0.064 mg/m [6]
albicans
6-O-lauroylmaltose Staphylococcus aureus 0.25 mg/mL [35]
thyl 6-O-1 1- a-D- E ichia coli
Methyl 6-O auroyl- Staphylococcus AUTEUS, | scherichia coli, 0.188 mg/mL [36]
glucopyranoside Candida albicans
Methyl 6-O-1 1- B-D-
ethyl 6-0 aurO}'r B Staphylococcus aureus 0.04 mM [4]
glucopyranoside
Methyl 6-O-1 l-a-D-
e anroy-a Staphylococcus aureus 0.04 mM [24]
mannopyranoside
6-O-methacryloylsucrose A.spergillus vers'ic‘ol‘or, Penicillium 028 UM [20]
heptaacetate funiculosum, Penicillium ochrochloron
tyl 2,4-di-O- 1-3,6-
Octy . di-O-decanoyl-3,6 Escherichia coli, Aspergillus flavus, o
5 di-O-valeroyl-B-D- . . . . 68.4% [22]
2 . Aspergillus niger, Candida albicans
8 glucopyranoside
o
B 14-O-b I- a-L-
£  Benzyl &-Obenzoyl o Candida albicans 65.0% [21]
© rhamnopyranoside
Methyl 2,3,4-tri-O-lauroyl-6-
O- octanoyl-a-D- Aspergillus flavus, Aspergillus niger 58.2% This work
mannopyranoside

*SFAEs = Sugar fatty acid esters; MIC = Minimum inhibitory concentration.

Here, we report an investigation of the acylation site and fatty acid chain length that affect the
antimicrobial activity of mannopyranoside esters. For this study, mannopyranoside esters with
various fatty acids substituted at C-2, C-3, C-4, and C-6 acylation sites are regioselectively
synthesized. Their antimicrobial activities are evaluated against a panel of bacteria and fungi.
Molecular docking and dynamics simulation are performed for the most active compound in the
catalytic triad of putative targets (3LD6, 1R51, and 1KUL). I silico ADME prediction is carried out to
analyze the therapeutic potential of these compounds as antimicrobials. Drug-likeness and safety
profiles of the mannopyranoside esters are discussed, along with the structure-activity relationship
(SAR).
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2. Materials and Methods

2.1. General methods

Evaporations were conducted below 40 °C under low pressure. Thin-layer chromatography
(TLC) was performed on the Kieselgel GF2s4 plate and column chromatography (CC) was performed
with Merck 230-400 mesh silica gel. The solvent system employed for the TLC and CC was
chloroform/methanol and/or n-hexane/ethyl acetate in different ratios. FT-IR spectra were recorded
on an FT-IR spectrophotometer (Shimadzu, IR Prestige-21) in the CHCls technique. 'H (400 MHz,
Bruker DPX-400 spectrometer, Switzerland) and *C (100 MHz) NMR spectra were recorded in CDCls
solution. Chemical shifts were reported in d unit (ppm) concerning tetramethylsilane as an internal
standard and ] values are shown in Hertz (Hz). Elemental analyses were conducted with CH-
analyzer. Methyl a-D-mannopyranoside, ethanoic anhydride (acetic anhydride), acyl halides, etc. were
purchased from Sigma-Aldrich (purity 299.0%).

2.2. Synthesis

Methyl 6-O-octanoyl-a-D-mannopyranoside (2). To a cooled (0 °C) mixture of methyl a-D-
mannopyranoside (1) (1.0 g, 5.150 mmol) and anhydrous pyridine (3 mL) was added octanoyl chloride
(0.801 g, 4.924 mmol) slowly. It was stirred at 0 °C for 8 h and then 6 h at room temperature when TLC
indicated the conversion of the starting compound into a faster-moving single product (Rf = 0.43;
chloroform/methanol = 5/1, v/v) with little starting material. The reaction was quenched with water.
Usual workup followed by concentration and column chromatography purification provided
compound 2 (1.004 g, 61%) as semi-solid which resisted crystallization. Rt = 0.43 (chloroform/methanol
=5/1); FT-IR (CHCls) vmax (cm™): 3200-3550 (br, 3H, OH), 1732 (CO), 1062 cm™! (pyranose ring); 'H NMR
(400 MHz, CDCls) d ppm: 4.70 (s, 1H, H-1), 4.39 (dd, ] = 12.2 and 5.0 Hz, 1H, H-6), 4.29 (dd, ] = 12.2 and
1.2 Hz, 1H, H-6'), 3.95 (app d, ] =2.0 Hz, 1H, H-2), 3.78 (dd, ] = 9.6 and 3.6 Hz, 1H, H-3), 3.67-3.73 (m,
1H, H-5), 3.62 (t, ] = 9.6 Hz, 1H, H-4), 3.36 (s, 3H, OCH3), 2.30-2.40 [m, 2H, CH3(CH2)sCH2CO], 1.58-1.67
(m, 2H, CH3(CH2)4«CH2CH2CO), 1.22-1.37 [br m, 8H, CHs(CH2)s(CH2)2CO], 0.87 [t, | = 6.4 Hz, 3H,
CH5(CH2)sCO]; *C NMR (100 MHz, CDCls) d ppm: 174.6 [CH3(CH2)sCO], 100.9 (C-1), 71.5, 70.5, 70.5, (C-
2/C-3/C-5), 67.7 (C-4), 64.0 (C-6), 54.8 (OCH3), 34.2 [CH3(CHz2)sCH2CO], 31.8 [CH3(CH2)sCHCH-CO],
29.1, 28.9 [CHs3(CHz2)2(CH2)2(CH2)2CO], 24.9 [CHsCH:2CH2(CH2)«CO], 22.6 [CH3CH2(CH2)sCO], 14.0
[CH3(CH2)sCO]; Anal. (C1sH2:07): C, 56.23; H, 8.81, Found: C, 56.25; H, 8.86.

General procedure for the syntheses of mannopyranoside esters 3-8. To a stirred solution of
the 2 (0.1 g) in anhydrous pyridine (1 mL) was added the corresponding acyl halide (3.3 eq.) slowly
at 0 °C, followed by the addition of a catalytic amount of N,N-dimethylpyridin-4-amine (DMAP, 0.01
g). The reaction mixture was allowed to reach room temperature and stirring was continued for 11-
17 h. For compounds 6-8, the reaction mixture was stirred for an additional 1-2 h at 45 °C prior to
stopping the reaction. A small amount of ice was added to the reaction mixture to decompose
excessive acyl halide, and the reaction mixture was extracted with dichloromethane (5x3 mL). The
organic layer was washed successively with 5% hydrochloric acid, saturated aqueous sodium
hydrogen carbonate solution, and brine. The organic layer was dried and concentrated under
reduced pressure. The residue was purified using silica gel column chromatography (elution with n-
hexane/ethyl acetate) and furnished with the corresponding targets.

Methyl 2,3,4-tri-O-acetyl-6-O-octanoyl-a-D-mannopyranoside (3). Clear syrup; yield 94%; R
= 0.48 (n-hexane/EA = 4/1); FT-IR (CHCIs) vmax (cm™): 1748, 1741, 1738, 1735 (CO), 1084
(pyranose ring); 'H NMR (400 MHz, CDCls) o ppm: 5.26-5.37 (m, 3H, H-2, H-3 and H-4), 4.73
(d, J=1.6 Hz, 1H, H-1), 4.26 (dd, ] = 12.0 and 5.2 Hz, 1H, H-6), 4.17 (dd, ] = 12.0 and 2.0 Hz,
1H, H-6"), 3.98 (ddd, ] =8.8, 5.2 and 2.0 Hz, 1H, H-5), 3.43 (s, 3H, OCHs), 2.38 [t, ] =7.6 Hz, 2H,
CHs(CH2)sCH2CO], 2.16 (s, 3H, CHsCO), 2.05 (s, 3H, CHsCO), 2.00 (s, 3H, CHsCO), 1.59-1.71
[m, 2H, CH3(CH2)«CH2CH2CO)], 1.23-1.39 [m, 8H, CH3(CH2)4(CH?2)2CO], 0.89 [t, ] = 6.8 Hz, 3H,
CH3(CH2)sCO]J; 1*C NMR (100 MHz, CDCls) d ppm: 173.5 [CH3(CH2)sCO], 170.0, 169.9, 169.6
(CHsCO), 98.6 (C-1), 69.6, 69.2, 68.5, (C-2/C-3/C-5), 66.2 (C-4), 62.4 (C-6), 55.3 (OCHs), 34.1
[CH3(CH2)sCH2CO], 31.7 [CH3(CH2)«CH2CH2CO], 29.1, 29.0 [CH3(CH2)2(CH2)2(CH2)2CO], 24.8
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[CHsCH2CH2(CH2)4CO], 22.6 [CH3CH2(CH2)sCO], 20.9, 20.7(2) (CH3CO), 14.1 [CH3(CH2)4+CO];
Anal. (C21H34010): C, 56.49; H, 7.68; Found: C, 56.56; H, 7.73. The assignments of the signals were
confirmed by scanning and analyzing its DEPT-135, COSY, HSQC, and HMBC experiments.

Methyl 6-O-octanoyl-2,3,4-tri-O-pentanoyl-a-D-mannopyranoside (4). Semi-solid; yield 89%;
Rt = 0.52 (n-hexane/EA = 4/1); FT-IR (CHCls) vmax (cm™): 1754, 1749, 1745, 1739 (CO), 1082
(pyranose ring); '"H NMR (400 MHz, CDCls) ® ppm: 5.38 (dd, | = 10.0 and 3.2 Hz, 1H, H-3),
5.33 (t, J=10.0 Hz, 1H, H-4), 5.25-5.28(m, 1H, H-2), 4.72 (s, 1H, H-1), 4.25 (dd, ] = 12.0 and 5.6
Hz, 1H, H-6), 4.16 (dd, ] =12.0 and 2.0 Hz, 1H, H-6'), 3.94-4.00 (m, 1H, H-5), 3.42 (s, 3H, OCHs),
2.34-2.45,2.27-2.32, 2.21-2.26 [3xm, 8H, CH3(CH2)sCH2CO and 3xCHs(CH2):CH2CO], 1.60-1.70,
1.50-1.59 [2xm, 8H, CH3(CH2)«CH>CH2CO and 3xCHsCH2CH>CH2CO], 1.23-1.42 [br m, 14H,
CH3(CH?2)4(CH?2)2CO and 3xCHsCH2(CH2)2CO], 0.96, 0.90 [2xt, ] = 7.2 Hz, 12H, CH3(CH2)sCO
and 3xCH3(CH2)sCO]; BC NMR (100 MHz, CDCls) & ppm: 1734, 172.8, 172.6, 1724
[CH3(CH2)sCO and 3xCH3(CHz2)sCO], 98.7 (C-1), 69.3, 69.0, 68.6, (C-2/C-3/C-5), 65.8 (C-4), 62.4
(C-6), 55.3 (OCHs), 34.1, 33.9, 33.8(2) [CH3(CH2)sCH2CO and 3xCHs3(CH2).CH2CO], 31.7
[CH3(CH2)sCH2CH2CO], 29.1, 29.0 [CHs3(CH2)2(CH2)2(CH2).CO], 27.0, 269, 26.8
(3xCH3CH2CH2CH:CO), 24.8 [CH3sCH2CH2(CH2)4sCO], 22.6, 22.2(2), 22.1 [CH3CH2(CH2)sCO
and 3xCHsCH2(CH2)2CO], 14.1, 13.7, 13.6(2) [CH3(CH2)¢CO and 3xCHs(CH2)sCO]; Anal.
(Cs0Hs52010): C, 62.91; H, 9.15; Found: C, 62.89; H, 9.18.

Methyl 2,3,4-tri-O-hexanoyl-6-O-octanoyl-a-D-mannopyranoside (5). Oil; yield 82%; R¢= 0.54
(n-hexane/EA = 4/1); FT-IR (CHCls) vmax (cm™): 1759, 1755, 1747, 1742, (CO), 1084 (pyranose
ring); 'H NMR (400 MHz, CDCls) d ppm: 5.37 (dd, J =10.0 and 2.8 Hz, 1H, H-3), 532 (t, | =
10.0 Hz, 1H, H-4), 5.26-5.28 (m, 1H, H-2),4.72 (d, ] = 1.1 Hz, 1H, H-1), 4.25 (dd, ] =12.0 and 5.6
Hz, 1H, H-6), 4.16 (dd, J=12.0 and 1.8 Hz, 1H, H-6'), 3.96-4.01 (m, 1H, H-5), 3.42 (s, 3H, OCHps),
2.35-2.45, 2.19-2.31 [2xm, 8H, CH3(CH2)sCH2CO and 3xCHs(CH2)sCH2CO], 1.51-1.68 [m, 8H,
CH3(CH2)sCH2CH2CO and  3xCHs3(CH2)2CH2CH2CO], 1.22-1.39 [br m, 20H,
CH3(CH2)4(CH2)2CO and 3xCHs(CH2)2(CH2)2CO], 0.87-0.95 [m, 12H, CH3(CH2)sCO and
3xCH3(CH2)4COJ; *C NMR (100 MHz, CDCls) o ppm: 173.4, 172.8, 172.6, 172.4 [CH3(CH2)sCO
and 3xCHs(CH2)4CO], 98.7 (C-1), 69.3, 69.0, 68.6, (C-2/C-3/C-5), 65.9 (C-4), 62.4 (C-6), 55.3
(OCHs), 341 (4) [CHs(CH2)sCH2CO and 3xCHs(CHz2)sCHCO], 31.7, 31.2(3)
[CH3(CH2)sCH2CH2CO and 3xCH3(CH2)>2CH2CH2CO], 29.1, 29.0 [CH3(CHz2)2(CH32)2(CH-2)CO],
24.8, 24.6, 24.5, 24.4 [CHsCH2CH2(CH2)sCO and 3xCHsCH:CH2(CH2).CO], 22.6, 22.3(3)
[CH3CH2(CH2)sCO and 3xCHsCH2(CH2)sCO], 14.1, 14.0, 13.9(2) [CH3(CH2)sCO and
3xCH3(CH2)4CO]; Anal. (CssHss010): C, 64.47; H, 9.51; Found: C, 64.54; H, 9.57.

Methyl 2,3,4-tri-O-decanoyl-6-O-octanoyl-a-D-mannopyranoside (6). Semi-solid; yield 85%;
Ri = 0.57 (n-hexane/EA = 4/1); FT-IR (CHCls) vmax (cmm): 1755, 1747, 1745, 1740 (CO), 1084
(pyranose ring); 'TH NMR (400 MHz, CDCls) ® ppm: 5.36 (dd, ] = 10.0 and 3.2 Hz, 1H, H-3),
5.33 (t, J=10.0Hz, 1H, H-4), 5.26 (dd, ] =3.4 and 1.2 Hz, 1H, H-2), 4.70 (s, 1H, H-1), 4.24 (dd,
J=12.2 and 5.6 Hz, 1H, H-6), 4.14 (dd, ] = 12.2 and 1.6 Hz, 1H, H-6'), 3.95-3.99 (m, 1H, H-5),
3.41 (s, 3H, OCHps), 2.32-2.42, 2.18-2.29 [2xm, 8H, CH3(CH2)sCH>CO and 3xCHs(CH:2)-CH2CO)],
1.52-1.67 [m, 8H, CH3(CH2)s«CH2CH2CO and 3xCH3(CH2)sCH2CH2CO], 1.21-1.38 [br m, 44H,
CH3(CH?2)4(CH2)2CO and 3xCH3(CH?2)s(CH2)2CO], 0.89 [t, ] = 6.8 Hz, 12H, CH3(CH2)sCO and
3xCH3(CHz2)sCO]J; 13C NMR (100 MHz, CDCls) o ppm: 173.4, 172.8, 172.5, 172.4 [CH3(CHz2)sCO
and 3xCHs(CH2)sCO], 98.6 (C-1), 69.3, 68.9, 68.6, (C-2/C-3/C-5), 65.8 (C-4), 62.4 (C-6), 55.2
(OCHs), 34.2, 34.1(2), 33.9 [CH3(CH2)sCH2CO and 3xCHs(CH2)>CH2CO], 31.8(3), 31.7
[CH3(CH2)sCH2CH2CO and 3xCHs(CH2)sCH2CH2CO], 29.5, 29.4(2), 29.3(2), 29.2(3), 29.1(4),
29.0(2) [CH3(CHz2)2(CHz2)2(CH2)>CO and 3xCHs(CH2)2(CH2)s(CH?2).CO], 25.0, 24.9, 24.8, 24.7
[CH5CH2CH2(CH2)4CO and 3xCHsCH2CH2(CH2)sCO], 22.7(2), 22.6(2) [CH3CH2(CH2)sCO and
3xCHsCH2(CH2)7CO], 14.1, 14.0(3) [CH3(CH2)sCO and 3xCH3(CHz2)sCO]; Anal. (CssHs20m0): C,
69.02; H, 10.55; Found: C, 69.05; H, 10.61.

Methyl 2,3,4-tri-O-lauroyl-6-O-octanoyl-a-D-mannopyranoside (7). Syrup; yield 77%; Rt =
0.57 (n-hexane/EA =4/1); FT-IR (CHCls) vmax (cm™): 1752, 1747, 1745, 1739 (CO), 1082 (pyranose
ring); "TH NMR (400 MHz, CDCls) d ppm: 5.36 (dd, ] =10.0 and 2.8 Hz, 1H, H-3), 532 (t, | =
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10.0 Hz, 1H, H-4), 5.27 (dd, ] =3.2 and 1.1 Hz, 1H, H-2), 4.71 (d, ] = 1.1 Hz, 1H, H-1), 4.25 (dd,
J=12.4 and 5.6 Hz, 1H, H-6), 4.16 (dd, ] = 12.4 and 2.0 Hz, 1H, H-6'), 3.96-4.00 (m, 1H, H-5),
3.42 (s, 3H, OCHps), 2.35-2.44, 2.19-2.30 [2xm, 8H, CH3(CH2)sCH>CO and 3xCHs(CH2)sCH2CO],
1.51-1.69 [m, 8H, CH3(CH2)s«CH2CH2CO and 3xCH3(CH2)sCH2CH2CO], 1.21-1.38 [br m, 56H,
CH3(CH?2)4(CH2)2CO and 3xCHs(CH?2)s(CH2)2CO], 0.90 [t, ] = 6.8 Hz, 12H, CH3(CH2)sCO and
3xCH3(CHz2)10CO]J; 3C NMR (100 MHz, CDCls) o ppm: 173.4, 172.8, 172.5, 172.4 [CH3(CH2)sCO
and 3xCHs(CH2)10CO], 98.7 (C-1), 69.3, 68.9, 68.6, (C-2/C-3/C-5), 65.9 (C-4), 62.4 (C-6), 55.32
(OCHs), 34.2, 34.1(2) [CH3(CH2)sCH2CO and 3xCHs3(CH2)CH-CO], 319 (3), 31.7
[CH3(CH2)sCH2CH2CO and 3xCH3s(CH:2)sCH2CH2CO], 29.6(5), 29.5(4), 29.4(2), 29.3(4), 29.1(3),
29.0(2) [CHs(CHz2)2(CHz2)2(CH2)2CO and 3xCHs(CH:2)2(CH2)s(CH2)2CO], 25.0, 24.9, 24.8(2)
[CHsCH2CH2(CH2)4CO and 3xCHsCH:2CH:(CH:2)sCO], 22.7(3), 22.6 [CHsCH2(CH2)sCO and
3xCHsCH2(CH:2)9CO], 14.1(4) [CH3(CH2)sCO and 3xCH3(CH2)10CO]; Anal. (C51H94On10): C, 70.63;
H, 10.92; Found: C, 70.71; H, 10.96.

Methyl 6-O-octanoyl-2,3,4-tri-O-stearoyl-a-D-mannopyranoside (8). Semi-solid; yield 69%; Rt
=0.66 (n-hexane/EA = 4/1); FT-IR (CHCls) vmax (cm™): 1751, 1747(3) (CO), 1084 (pyranose ring);
'H NMR (400 MHz, CDCls) o ppm: 5.36 (dd, ] =10.0 and 3.2 Hz, 1H, H-3), 5.32 (t, J=10.0 Hz,
1H, H-4), 5.27 (d, ] =3.2 Hz, 1H, H-2), 4.71 (s, 1H, H-1), 4.25 (dd, ] = 12.0 and 5.6 Hz, 1H, H-6),
4.15 (dd, ] = 12.0 and 1.2 Hz, 1H, H-6'), 3.95-4.00 (m, 1H, H-5), 3.42 (s, 3H, OCHs), 2.35-2.44,
2.18-2.29 [2xm, 8H, CHs3(CH:2)sCH2CO and 3xCHs3(CHz)1sCH2CO], 1.53-1.69 [m, 8H,
CH3(CH2)sCH2CH2CO  and  3xCHs3(CH2)uCH:CH2CO], 1.21-1.38 [br m, 92H,
CH3(CH?2)4(CH?2)2CO and 3xCHs(CHz2)14(CH2)2CO], 0.90 [t, ] = 7.2 Hz, 12H, CH3(CH2)6CO and
3xCH3(CHz2)16CO]J; *C NMR (100 MHz, CDCls) d ppm: 173.4, 172.8, 172.5, 172.4 [CH3(CHz2)sCO
and 3xCH3(CH2)1sCO], 98.7 (C-1), 69.3, 69.0, 68.6, (C-2/C-3/C-5), 65.8 (C-4), 62.4 (C-6), 55.2
(OCHs), 34.2, 34.1(3) [CH3(CH2)sCH2CO and 3xCHs(CH2)1sCH2CO], 31.9(3), 31.7
[CH3(CH2)sCH2CH2CO and 3xCH3(CH-2)14CH2CH2CO)], 29.7(12), 29.6(10), 29.5(2), 29.4, 29.3(4),
29.3(5), 29.1(3), 29.0 [CH3(CHz2)2(CH2)2(CH2)CO and 3xCHs(CH2)2(CHz2)12(CH?2)2CO)], 25.0, 24.9,
24.8(2) [CH3CH2CH2(CH2)+CO and 3xCHsCH2CH2(CH32)14CO], 22.7(3), 22.6 [CH3CH2(CH2)sCO
and 3xCHsCH2(CH2)15CO], 14.1(3), 14.0 [CHs3(CH2)sCO and 3xCHs3(CHz2)16CO]; Anal.
(CevH130010): C, 74.01; H, 11.70; Found: C, 74.05; H, 11.68. The assignments of the signals of 8 were
established by scanning and analyzing its DEPT-135, COSY, HSQC, and HMBC experiments.

2.3. Prediction of Activity Spectra for Substances (PASS)

For the web-based prediction of PASS, structures of the compounds were drawn and then
converted into their SMILES (simplified molecular-input line-entry system). These SMILES were
used to  predict biological = spectrum = using the PASS  online  version
(http://www.way2drug.com/passonline/).

2.4. Evaluation of in vitro antimicrobial activities

Two Gram-positive (Bacillus cereus BTICC 19 and Bacillus subtilis ATCC 6633) and two Gram-
negative (Escherichia coli ATCC 25922 and Salmonella typhi AE 14612) bacteria were tested by using
the CLSI standardized disc diffusion method [38]. In vitro antifungal activities were investigated
against Aspergillus flavus, Aspergillus niger, Fusarium equiseti, and Penicillium notatum [39]. The test
tube cultures of the bacterial and fungal pathogens were collected from the Biochemistry Laboratory,
Department of Biochemistry and Molecular Biology, University of Chittagong, Bangladesh. Proper
control was maintained without chemicals. Each experiment was carried out three times. All the
results were compared with the standard antibacterial antibiotic ampicillin (brand name Avlocillin,
ACI Ltd., Bangladesh) and antifungal antibiotic fluconazole (brand name Omastin, Beximco
Pharmaceuticals Ltd., Bangladesh).
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2.5. Computational method for molecular docking

Preparation of protein: The starting three-dimensional (3D) structure of different fungi from the
RCSB Protein Data Bank (PDB) https://www.rcsb.org/. The lanosterol 14a-demethylase was taken
from PDB which was uploaded and consist of Glucoamylase. The Aspergillus flavus (1R51), Aspergillus
niger (1kul), Aspergillus aculeatus (11A5), were taken from PDB as the pdb type of file. After taking the
protein from RCSB Protein Data Bank (PDB; https://www.rcsb.org/), it was inputted Pymol software
version using PyMOL V2.3 (https://pymol.org/2/). The input files in PyMOL software identified the
protein, ligands, and water molecules, and then it was saved as PDB files [40-42].

Preparation of ligands: For the preparation of ligands, Gaussian 09 was used. At first, the ligand
molecules were drawn by GaussView (5.0) and input into Gaussian 09 software for its optimization.
For optimization, the density functional method (DFT) was used for simulation and saving in PDB
form.

Molecular docking: For molecular docking, PyRx software was used. Although it consists of
Auto Dock 4 and Auto Dock Vina, we have used Auto Dock Vina only and is found more
sophisticated than others for calculating binding energy and docking site with non-polar and polar
bonds. Initially, the PyRx was opened and uploaded the macromolecules as proteins for simulating
[42]. Then opened the bubal and uploaded the ligand and optimized minimum energy. Using Auto
Dock Vina, the docking was performed by selecting the active site of the protein. Maximum grid box
size was X = 61.8544, Y = 61.6556, Z = 70.6697 A for 13LD6; X = 58.4699, Y = 70.0953, Z = 58.3121 A for
1R51; X =36.9822, Y = 48.2899, Z =31.8335 A for 1IKUL; and X = 67.8720, Y = 51.2189, Z = 42.0505 A for
1IA5. After finishing the job, it was saved as win rar files.

2.6. DFT calculations

For the DFT (density functional theory) calculations, the basic geometry of methyl a-D-
mannopyranoside (1) was taken from the online structure database (ChemSpider). Then the other
CFA esters 2-8 were drawn in GaussView (5.0) program. All these compounds were optimized using
Gaussian 09 program at B3LYP/6-31G* basis set of DFT. HOMO (highest occupied molecular orbital)
and LUMO (lowest unoccupied molecular orbital) gap, hardness (1)), and softness (S) were calculated
at the same level of theory using the following equations [43]:

Gap = [eLUMO - eHOMOJ; n = S50 1 s = =

To visualize MEP online WebMO demo server was used and a DOS plot was drawn from
GaussSum 3.0.

2.7. Hydrophile-lipophile balance (HLB) calculation

HLB values were calculated using Grifin’s method of non-ionic surfactants [44].
Grifin’s mathematical method = 20x(MH/M)
MH = molecular weight of the hydrophilic group.

M = molecular weight of the whole molecule.

2.8. ADMET analysis

Absorption, distribution, metabolism, excretion and toxicity (ADMET) analyses were conducted
by using computational approaches. At first all the structures of MDM esters were drawn in
ChemDraw 16.0 to collect InChI Key, isomeric SMILES and SD file format. ADMET of all the MDM
esters were predicted by using AdmetSAR [45] and SwissADME [46] free web tools. SMILES
(simplified molecular-input line-entry system) strings were used throughout the process.
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3. Results and discussion

3.1. One-step regioselective octanoylation of mannopyranoside 1

Methyl a-D-mannopyranoside (MDM, 1) was chosen for 6-O-octanoylation on purpose due to
its expanding biological profile. Thus, treatment of MDM with equimolar octanoyl chloride at low
temperature (0-22 °C) for 14 h formed a faster-moving 6-O-octanoate 2 (61%, Scheme 1) exerting
regioselectivity at the C-6 hydroxyl position.

OH
HO 1o C/H150C0g OH
HOS _@ _ " Hoz=[Q
HO

H
1(|\/|DM)OC 3 2 OCHs

Scheme 1. Reagents and conditions: (a) dry pyridine, CzHisCOCI, 0 °C, 8 h, rt, 6 h, 61%.

The FT-IR spectrum of this semi-solid showed characteristic resonance bands at 3200-3550 (br
OH) and 1732 cm! (CO), indicating the partial attachment of an octanoyl group to the MDM
molecule. In the "H NMR spectrum, two two-proton multiplets at d 2.30-2.40 and 1.58-1.67, an eight-
proton broad multiplet at o 1.22-1.37, and a three-proton triplet at d 0.87 (J 6.4 Hz) indicated the
attachment of only one octanoyloxy group in the molecule. Furthermore, corresponding H-6 (d 4.39)
and H-6' (0 4.29) resonated considerably downfield as compared to its precursor MDM [37] clearly
demonstrating the incorporation of octanoyloxy group at the C-6 position of the molecule. Additional
analysis of its 13C NMR spectrum and elemental analyses led us to assign the compound as methyl 6-
O-octanoyl-a-D-mannopyranoside (2).

To improve the yield, the reaction was conducted with several solvents and catalysts (Table 2).
Most of them formed inseparable complex mixtures, and mono-substituted ester yield was low. Only
the conditions of (i) using a bulkier acylating agent like octanoyl chloride, (ii) using an exactly
equimolar reagent or less than that, and (iii) using a lower temperature (0 °C) led to better yields.

Table 2. Different reaction conditions for the selective 6-O-substitution of 1.

Reagent c
Entry (C7H1sCOCl) Solvent Catalyst Temg)eé)a ture Product Ylei/d 2
(equivalent) °
1. 1.2 pyridine - 0-25 4 & mixture? 37
2. 0.98 pyridine - 0-22 4 & mixture 61
3. 0.98 pyridine DMAP 0-22 4 & mixture 49
Pyridine & .
4. 1.1 CHCls - 0-22 4 & mixture 43
Pyridine & . .
5. 1.1 CHCl: DMAP 0-22 4 & mixture 33
6 1.1 CHCIs DMAP 0-22 4 & mixtureb 39

‘Inseparable mixture of di- and tri-substituted products; *Starting recovered.

3.2. Synthesis of 2,3,4-tri-O-acylates of 6-O-octanoate 2

In an attempt to get newer ester derivatives of 2, we have synthesized six 2,3,4-tri-O-acyl esters
of various chain lengths (C2-C18) employing acetic anhydride, pentanoyl chloride, hexanoyl
chloride, decanoyl chloride, lauroyl chloride, and stearoyl chloride. Initially, 2,3,4-triol 2 on reaction
with acetic anhydride in pyridine in the presence of DMAP (cat.) for 11 h afforded a faster-moving
single product in 94% (Scheme 2). In its FT-IR spectrum, four carbonyl stretching peaks were
observed at 1748, 1741, 1738, and 1735 cm”, and the disappearance of an OH group frequency
indicated the tri-O-acetylation of the molecule. In its 'H NMR spectrum, three three-proton singlets
at 0 2.16, 2.05, and 2.00 were assigned for acetyloxy-methyl protons. The H-2, H-3, and H-4 protons
appeared considerably downfield at d 5.26-5.37 as multiplets as compared to d 3.95, 3.78, and 3.62,
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respectively of its precursor 2, and hence clearly indicated the attachment of acetyloxy groups at the
C-2, C-3, and C-4 positions, respectively. Three acetyl carbonyl peaks appeared in its *C NMR at o
170.0, 169.9, and 169.6; additionally, three acetyl methyl carbons resonated at © 20.9 and 20.7(2). Based
on its FT-IR, 'H, and *C NMR data, the structure was assigned as methyl 2,3,4-tri-O-acetyl-6-O-
octanoyl-a-D-mannopyranoside (3).

C;H4s0C0O. OH C,H4s0C0. OAc
HO 0 (a) AcO -Q
HO AcO
, OCHs 3 OCHs

Scheme 2. Reagents and conditions: (a) Py, Ac2O, DMAP, 0 °C-rt, 11 h, 94%.

The assignments of the signals for compound 3 were also confirmed by scanning, and analyzing
its DEPT-135, 2D COSY, HSQC, and HMBC experiments. For example, the positions of three COCHs
groups at C-2, C3, and C-4 positions and one COC7His group at C-6 in the HMBC experiment are
shown in Figure 1.

H-2,3,4 H-6,6" J
M A Ahn

(a) 7.6 7.0 6.6 60 656 S50 4.6 4.0 3.6

Figure 1. The HMBC correlations for (a) the compound 3 and (b) CO groups.

Successful synthesis and characterization of the tri-O-acetate 3 led us to use more aliphatic acyl
halides for the derivatization of 2. Thus, the reaction of compound 2 with excess pentanoyl chloride
and hexanoyl chloride, separately followed by purification furnished 2,3,4-tri-O-pentanoate 4 and
2,3,4-tri-O-hexanoate 5, respectively in good yields (Scheme 3). All these compounds were well
characterized by FT-IR, 'H, and *C NMR spectra.

C7H15|$g © 0_8 @) C7H15|SOC © O.(F; 4: R = COC,4Hy (89%)
HO RO 5: R = COCsH11 (82%)

OCH, OCH; 6: R = CgHyg (85%)

7:R = Cq1Hp3 (77%)

8: R = Cy7H35 (69%)

Scheme 3. Reagents and conditions: (a) Py, RCOCl, DMAP, 0 °C-rt, 13-15 h, 45 °C, 1-2 h.

Finally, we used three higher fatty acid halides, such as decanoyl chloride, lauroyl chloride, and
stearoyl chloride, for the derivatization of 2 (Scheme 3). In these reactions, 2,3,4-tri-O-decanoate 6;
2,3,4-tri-O-laurate 7; and 2,3,4-tri-O-stearate 8, respectively were obtained with reasonably good
yields. All the structures were established by spectroscopic analyses as well as correlation with other
MDM tri-O-acyl esters (3-5). The structure of compound 8 and the assignment of signals were
completely supported by its DEPT-135, COSY, HSQC, and HMBC spectra. Thus, we have
successfully synthesized 6-O-octanoate and its six acyl esters with the MDM core skeleton employing
the direct acylation technique with various fatty acid-derived acylating reagents (C2-C18).
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3.3. Computational-based biological activity evaluation

Recognized essential pharmacological and toxicological activities of a compound can be
predicted simultaneously by the web-based PASS (prediction of activity spectra for substances)
program with 90% accuracy in a non-laborious and inexpensive way [47]. The results are presented
as Pa (probability for active compound) and Pi (probability for inactive compound) where Pa>Pi is
considered possible for a particular compound, and their values vary from 0.000 to 1.000. In the
present study, PASS results for antibacterial, antifungal, anticarcinogenic, and antioxidant properties
are mentioned in Table 3.

Table 3. Predicted biological activity of synthesized MDM esters 2-8 using PASS software.

Biological activity

Drugs Antibacterial Antifungal Anticarcinogenic Antioxidant
Pa* Pi Pa Pi Pa Pi Pa Pi
3 0.528 0.014 0.669 0.012 0.731 0.008 0.667 0.004
4 0.558 0.012 0.675 0.011 0.769 0.010 0.530 0.008
5 0.551 0.012 0.673 0.011 0.675 0.010 0.461 0.008
6 0.551 0.012 0.673 0.011 0.614 0.012 0.461 0.008
7 0.551 0.012 0.673 0.011 0.614 0.012 0.461 0.008
8 0.551 0.012 0.673 0.011 0.614 0.012 0.461 0.008
9 0.551 0.012 0.673 0.011 0.614 0.012 0.463 0.008
10 0.551 0.012 0.673 0.011 0.614 0.012 0.463 0.008

*Pa = Probability ‘to be active’; Pi = Probability ‘to be inactive’.

PASS predication clearly indicated 0.52<Pa<0.55 for antibacterial and 0.67<Pa<0.68 for antifungal
(Table 3). Thus, the MDM esters 2-8 had more potentiality against phytopathogenic fungi as
compared to those bacterial pathogens. The prediction was also extended for anticarcinogenic and
antioxidant evaluation (Table 3) where 0.61<Pa<0.77 was observed for anticarcinogenic and
0.46<Pa<0.67 for antioxidant. The results thus indicated that the esters 2-8 were more potent as
anticarcinogenic agents than their antioxidant properties, and hence, needed further studies to
validate these promising results.

3.4. In vitro antimicrobial evaluation of MDM esters

The in vitro antimicrobial activity of the MDM esters was evaluated against four bacterial and
four fungal pathogens.

Effects of MDM esters 2-8 against bacteria. For antibacterial tests, two Gram-positive, and two
Gram-negative organisms were used and evaluated by the disc diffusion method [48]. Gram-positive
organisms were Bacillus cereus BTCC 19, and Bacillus subtilis BTCC 17. Two Gram-negative organisms
were Escherichia coli ATCC 25922, and Salmonella typhi AE 14612. The results in the form of inhibition
zone (diameter) due to the effect of synthesized CFA esters 2-8 are presented in Table 4, and Figure
2, which indicated that these CFA esters were weak to moderate inhibitors against both of these tested
Gram-positive and Gram-negative pathogens.

Table 4. Inhibition on bacterial pathogens by MDM esters.

Diameter of zone of inhibition in mm (100 pug dw / disc)

Drug B. cereus B. subtilis E. coli S. typhi
1 NI NI NI NI
2 6.17+0.29 *10.27+0.46 NI 7.17+0.29
3 8.00+0.50 *10.67+0.58 6.50+0.40 NI
4 *12.33+0.58 7.00+0.40 7.00£00 8.00+0.30
5 6.17+0.29 8.00+1.00 NI *10.50+0.50
6 6.50+0.50 NI 7.00+1 8.00+0.35
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7 6.50+0.50 NI 7.17+0.29 *10.73+0.46
8 7.00+1.00 7.00+0.20 7.50+0.5 8.00+0.00
Ampicillin** *10.60+0.53 *12.67+0.58 *15.54+0.5 *13.23+0.41

Data are presented as (Mean+SD). Values are represented for the triplicate of all the experiments. Significant
inhibition values are marked with * sign for test compounds and, ** sign for reference antibiotic ampicillin (25
ug/disc). dw = Dry weight; NI = No inhibition. NI was observed for control DMF.
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Figure 2. Activities against bacterial pathogens by 1-8.

Effects of MDM esters 2-8 against fungal pathogens. The effect of the MDM esters 2-8 against
four pathogenic fungi viz. Aspergillus flavus, Aspergillus niger, Fusarium equiseti, and Penicillium
notatum are presented in Table 5, and Figure 3. The results are presented in the form of percentage
inhibitions of mycelial growth [48,49].

Table 5. Inhibition of fungal pathogens by the MDM esters.

% Inhibition of fungal mycelial growth (100 pg dw / mL PDA)

A. flavus A. niger F. equiseti P. notatum
1 NI NI NI NI
2 NI NI *54.57+0.41 33.33+0.58
3 NI 40.23+0.25 NI NI
4 NI 22.22+0.27 43.13+0.32 NI
5 22.22+0.26 NI *59.37+0.55 38.27+0.40
6 9.53+0.45 NI 46.42+0.47 45.67+0.58
7 *58.33+0.58 *54.17+0.29 *54.93+0.76 28.20+0.26
8 NI 40.53+0.76 *52.00+0.72 38.50+0.50
**Fluconazole 47.03+0.25 37.10+0.17 *62.00+0.50 *65.73+0.46

Data are presented as (Mean+SD). Values are represented for the triplicate of all the experiments. Significant
inhibition values are marked with * sign for test compounds, and ** sign for reference antibiotic fluconazole (12.5
ug/mL PDA). dw = Dry weight; NI = No inhibition; NI was observed for control DMF.
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Figure 3. Activities on fungal pathogens by 1-8.

It should be noted that MDM (1) didn’t show any inhibition whereas the introduction of ester
groups at different positions increased antifungal activities. MDM esters especially 5 (*59.37%), 7
(*54.93%), 2 (*54.57%), and 8 (*52.00%) were found more prone against F. equiseti, and comparable to
standard antifungal antibiotic fluconazole (*62.00%). 6-O-Capryl-2,3,4-tri-O-lauroyl esters 7 exhibited
better inhibition against A. flavus (58.33%) and A. niger (54.17%) which was higher than fluconazole
(47.03% and 37.10%, respectively). Thus, most of the MDM-based CFA esters 2-8 possess excellent
potentiality towards all tested fungal pathogens than the bacterial organisms. To our surprise, these
in vitro results are in complete agreement with PASS predication results. Also, some compounds like
5, 7, and 8 exhibited encouraging antifungal and antibacterial potentiality which need further study
to establish them as antifungal antibiotics.

3.5. Molecular docking and nonbonding interactions

With the encouraging antifungal results of several MDM esters, it was thought to investigate
with molecular docking of compounds 2-8 with related fungal proteins essential for antifungal
functionality. Especially, inhibition (binding) of lanosterol 14a-demethylase (3LD6/CYP51A1) is
necessary for antifungal action [50]. For better explanation and comparison molecular docking of
MDM (1), standard antifungal antibiotic fluconazole (FCZ), nystatin (NST), and papulacandin D
(PCD), were calculated. For the SAR study, binding affinities were also calculated for caprylic acid
(CA), lauric acid (LA), and stearic acid (SA), and are presented in Table 6, and Figure 4. Binding
energy was calculated for lanosterol 14a-demethylase, and three fungi (Table 6).

Table 6. Molecular docking score (binding energy) of 1-8 and some important antibiotics.

Lanosterol 14a- Fungi (kcal/mol)
Drugs/Compounds demethylase A. flavus A. niger A. aculeatus
(3LD6) (1R51) (1IKUL) (1IA5)
1 -5.3 -5.4 -4.6 4.3
2 -6.7 -6.3 -4.7 -5.2
3 -6.4 -6.3 -4.8 -6.7
4 -5.8 -6.1 -4.4 -6.2


https://doi.org/10.20944/preprints202311.0365.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 November 2023 doi:10.20944/preprints202311.0365.v1

13

5 -5.7 -5.6 -4.3 -5.8

6 -5.3 -5.7 -4.3 -5.4

7 -7.7 -7.1 -3.8 -4.1

8 -5.0 -5.1 -3.1 -4.9
FCZ* -6.5 -7.0 -6.5 -5.4
NST -5.6 -6.1 -4.6 -4.4
PCD -8.9 -7.8 -6.4 -5.9
CA -4.9 -4.7 -4.2 -3.9
LA -5.0 -4.8 -4.3 -4.5
SA -4.8 -5.3 -3.8 -5.0

* Fluconazole (FCZ), nystatin (NST), papulacandin D (PCD), ampicillin (APC) were used as standard drugs and
to compare with CFA esters; Pymol software version using PyMOL V2.3 used for protein preparation; PyRx
software was used for molecular docking; Discovery studio version 2017 was performed for analysis and view
of docking result; Generally the binding energy is -6.0 to -8.5 kcal/mol for a good drug.

It was evident from Table 6 that mannopyranoside-based ester 7 with one caprylic chain (C8)
and three lauric chains (C12) possess a binding affinity with 3LD6 (-7.7 kcal/mol), and with 1R51 (-
7.1 kcal/mol) which was better than that of standard fluconazole (-6.5 and -7.0 kcal/mol, respectively).
The binding energy of CA, LA, and SA was calculated to compare with that of CFA esters and
standard antibiotics whether these hydrolysis products were responsible for inhibition activities or
not. Although CA, LA, and SA showed some binding energy values with 3LD6, for three fungi (A.
flavus, A. niger, and A. aculeatus,), the values were very much lower than those of FCZ, NST, and PCD.
Also, in most of the cases, they showed lower binding affinity than those of mannopyranoside
esters 2-8. These observations indicated that CA, LA, and SA were not involved in the enzyme
inhibition process.

Again, the interaction of drug molecules with various amino acid (AA) residues of the
importance of lanosterol 14a-demethylase (3LD6) is also determined. It was found that MDM ester 7
interacts with several AAs via the formation of H-bonding, Pi-alkyl bonding, alkyl bond, and Pi-
sigma bond similar to or even better than that of the standard antifungal drugs. MDM (1), CA, LA,
and SA didn’t show significant interactions with these AAs although LA has some van der Walls
interactions. Better interaction is essential for the inhibition of the enzyme. To make it more visible
binding affinity of 7 with the 3LD6 is also shown in 2D and 3D pose format as shown in Figure 4.

Hydrophobicity
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Figure 4. (a) Ligand 7 in binding pocket of 1R51 after docking; (b) Binding interactions of 7 with the
active protein residues of urate oxidase (1R51); (c) 3D Hyrophobic representation of interaction
between 1R51 and 7. It should be noted that the long alkyl chain(s) of ester moieties in compounds 2-
8 underwent bending during molecular docking.

3.6. DFT-based thermodynamic properties

DFT (density functional theory; B3LYP/6-31G* basis set) based optimized structure (298.15 K,
1.0 atm) of MDM 1-8 are presented in Figure 5. Also, thermodynamic properties such as RB3LYP
electronic energy (EE), enthalpy (AH), Gibbs free energy (G), dipole moment (u), total energy, and
Van der Waals forces calculated at 298.15 K are shown in Table 7.

Figure 5. DFT optimized (B3LYP/6-31G¥) structures of 2-8 (visualized from webMO).

Table 7. Physicochemical and thermodynamic properties of 1-8.

Comp. MW  RB3LYP, EE G u WebMO Mechanics
No. ME* (g/mol) (Hartree) ARl (Hartree)  (Debye) TE VWE

1 C7H1406 194.18 -726.22423 -725.9849 -726.0398 3.3323 62.3786 44.0835

2 CisH2s07 320.38 -1114.6733 -1114.2110  -1114.2941 29772 67.2912 43.0505

3 C21H34010 446.49 -1572.4892 -1571.9035  -1572.0140 8.4446 78.3025 60.8014

4 C30H52010 572.73 -1926.2212 -1925.3637  -1925.5067 7.1562 91.5670 59.2060

5 CasHss010 614.81 -2044.1349 -2043.1875  -2043.3400 6.5944 92.7009 64.1183

6 CsHse2010  783.13 -2502.8194 -2501.5084  -2501.6961 6.1728 109.2732 83.0093

7 Cs51H94O10 867.29 -2737.4306 -2735.9377  -2736.1367 7.5728 94.3915 56.8761

8 CeoHi130010  1119.76 -3441.2472 -3432.3005  -3432.5009 6.8291 127.6629 86.6837

*MF = molecular formula; TE = total energy (kcal/mol); VWE = van der Waals energy (kcal/mol).

All the compounds were found to possess almost regular *Ci conformation with C1 symmetry.
Here, negative RB3LYP EE gradually increased with the increase of the number and chain length of
the ester group(s) indicating the gradual increase of tightness of electron binding to the nucleus, and
hence, stabilizes the molecules. Similarly, the negative value Gibbs free energy (G) also increases
gradually with the increase of acyl group(s) to the MDM molecule where G < 0 signifies the
spontaneity of a reaction [51,52]. These EE and G values agree with their exothermic esterification
reactions, spontaneous binding, and interaction with other substrates. The ester compounds 2-8 had
higher dipole moments than the non-ester precursor 1, suggesting a higher binding affinity with the
target enzyme during antimicrobial actions. WebMo molecular mechanics (https://www.webmo.net)
indicated that lauroyl compound 7 had lower total energy (94.4 kcal/mol) and van der Waals energy
(56.9 kcal/mol) compared to decanoate 6 and stearate 8 (Table 7). This clearly indicated the more
compactness of the lauroyl (C12) chain than the decanoyl (C10) and stearoyl (C18) chains.
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3.6.1. Molecular orbitals (MO) analysis

Frontier molecular orbitals (FMO) in the form of HOMO (highest occupied molecular orbital)
and LUMO (lowest unoccupied molecular orbital) were calculated from the DFT (B3LYP/6-31G¥)
optimized structures. The HOMO/LUMO energy levels, energy gap, hardness (1)), and softness (S) of
CFA esters 2-8 are mentioned in Table 8 (Figure 6). It is evident from Table 8 that the addition of ester
group(s) gradually increased their HOMO-LUMO energy gap. Consequently, the sugar esters
hardness value rises and softness decreases.

Table 8. Energy (eV) of HOMO, LUMO, energy gap, hardness, and softness of 2-8.

Drug eHOMO eLUMO Gap Hardness (1) Softness (S)
1 -7.014 -1.288 5.726 2.863 0.349
2 -7.048 -0.307 6.641 3.371 0.297
3 -7.215 -0.771 6.444 3.222 0.310
4 -7.299 -0.752 6.547 3.274 0.305
5 -7.292 -0.681 6.611 3.306 0.302
6 -6.819 -0.313 6.506 3.253 0.307
7 -6.731 -0.577 6.154 3.077 0.325
8 -7.296 -0.663 6.633 3.317 0.301

10

(b) HOMO

LUMO

DOS

S G T 0 5 10 15 20 -200 -15 -10 -5 0 5 10 15 20
Energy (eV) Energy (eV)

Figure 6. HOMO-LUMO energy gap and DOS plot of (a) 3, and (b) 5.

3.6.2. Molecular electrostatic potential (MEP) analysis

The molecular electrostatic potential (MEP) of the CFA esters was calculated and presented in
Figure 7. Generally, active sites are denoted by color presentation as the red color represents the
maximum negative area and is a favorable site for the electrophilic attack, the blue color indicates the
maximum positive area and is a favorable site for nucleophile attack, and the green color represents
zero potential areas. With the incorporation of ester groups, both the negative red and positive blue
color of the CFA esters increased than the precursor MDM. However, the comparatively positive red
color increased more, and hence, indicated that these MDM esters are more suitable for electrophilic
reactions with the substrates, proteins, or enzymes.
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Figure 7. Molecular electrostatic potential (ev) of mannopyranosides 1-8.

3.7. Drug-likeness and ADMET analysis of 2-8

Absorption, distribution, metabolism, excretion, and toxicity (ADMET) constitute the
pharmacokinetic profiles of a drug molecule. Today, in silico ADMET studies are often used to screen
for promising drug candidates and minimize the risk of failure during the drug development process
rather than in vivo tests [53]. Herein, we used SwissADME [54,55] and admetSAR [56] for predicting
the drug-likeness and ADMET properties of compounds 1-8 (Table 9). The results suggested that
compounds 1-3 have good drug-likeness such as MLogP (Moriguchi octanol-water partition
coefficient) values from -2.40-1.00 (<5) and topological PSA values from 99.38-123.66 (<140 AZ),
indicating that they should have good oral bioavailability. Compounds 1-3 also followed Lipinski
drug-likeness rule (Table 9). In terms of the Lipinski rule, compounds 4-8 violated only higher
molecular weight (MW>500). In addition, compounds 6-8 have moderate MLogP (>4.15). Thus, fully
esterified compounds have moderate drug-likeness properties.

Table 9. Calculated HLB, drug-likeness and ADMET parameters for compounds 1-8.

2 ~ 3= Lipinskirule g § £ 8 e S
8 < = _Lipinsl £ g g 9 _EEZ.
ag = | » & g B8 £ & £E. 85 E- ET23888 8 =
g & S E -3 ,3 =8 ™ violatio = op '3 T o & =S .oQ m
= follo 5 2 2 SO~ S Re O m
S = 3 273 v T 2 =2° § <°E5és
1 19418 10.29 99.38 -2.40 Soluble Yes 0 0.8373 NI NC m 11350 N
’ : : ' : 0.9393  0.9654 :
2 32038 898 10545 -0.21 Soluble Yes 0 0.6797 NI NE m 20091 N
: : - v : 07283  0.9671 :
3 34649 931 123.66 1.00 Soluble Yes 0 0.8974 10.8144 01;(;7 m 19138 Y
4 57274 726 123.66 2.85 Soluble Yes 1 0.8974 10.8144 01;](;7 m 19138 Y
NC
5 61482 6.76 12366 341 Poor  Yes 1 08974 108144 - I 19138 Y
NC
6 78314 531 12366 549 Poor  No 2 08974 108144 - I 19138 Y
7 86730 4.79 123.66 6.44 Insoluble No 2 0.8974 10.8144 01;(;7 m 19138 Y
8 1119.79 3.71 123.66 9.06 Insoluble No 2 0.8974 10.8144 01;](;7 m 19138 Y

MW: molecular weight; HLB: hydrophile-lipophile balance; TPSA: topological polar surface area; log P:
logarithm of octanol-water partition coefficient; NI = non-inhibitor; I = inhibitor; BBB: blood-brain barrier; LDso
in mol/Kg.
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Compounds 3-8 are potentially P-glycoprotein inhibitors, which can attenuate P-glycoprotein’s
function as a drug transporter [57]. They were expected to be non-carcinogenic but showed acute oral
toxicity category-IIL, indicating that they should be used with caution. Compounds 3-8 were also
expected to pass through the blood-brain barrier (BBB).

3.8. Structure-activity relationship (SAR)

As mentioned in the PASS scrutiny and in vitro test sections that the MDM esters were found
more susceptible against several fungal pathogens than that of tested bacterial organisms. However,
only a selective mannopyranoside based CFA esters exhibited considerable activity in vitro and
comparable to the standard antifungal antibiotics (NST, FCZ, PCD). Hence, SAR was derived from
combined results of the in vitro antimicrobial tests (Tables 4 and 5), docking scores (Table 6) and
hydrophobic interactions of MDM esters with key enzyme 3LD6 (lanosterol 14a-demethylase).

Firstly, attachment of acyl group from mono to multiple and elongation of chain length (C2 to
C18) gradually increased hydrophobicity of the MDM esters. Hydrophobicity, an important
parameter, is related to bioactivity such as toxicity or alteration of membrane integrity and hence it
is directly related to membrane permeation [31]. Hydrophobicity MDM esters gradually increased
from 2 to 8, and thus nonbonding hydrophobic interactions between acyl chains and lipid regions in
the organism membrane gradually increased. Consequently, fungi/bacteria lose their membrane
permeability and ultimately causing death of the organism [31].

Secondly, it was interesting to know whether CFA esters (2-8) or their hydrolyzed fatty acid (CA,
LA, SA etc.) is responsible for the activity. The lanosterol 14a-demethylase binding affinity (Table 5)
indicated lower value (CA, -4.9 kcal/mol; LA -5.0 kcal/mol; SA -4.8 kcal/mol) than MDM ester 7 (-7.7
Kcal/mol, other esters have also higher negative values -5.0 to -6.4). If hydrolysis occurred in
fungal/bacterial cell wall or membrane then the resulting MDM sugar must show similar in vitro
results, which were not found practically (in fact use of such MDM as control showed no zone of
inhibition, Tables 4 and 5). These observations supported that MDM esters are responsible for the
activity and were found in agreement with some reported articles [58].

Finally, we considered the effect of chain length and positional effect on antifungal activity. In
most of the sugar esters in pyranoside form capryl (C8) and lauroyl (C12) chains were found more
effective [22]. In the present study, one capryl and three lauroyl groups containing 7 exhibited very
good in vitro antifungal activities along with greater binding affinity (-7.7 kcal/mol) with 3LDé.
Positional changes of such group(s) also changed activity profile. For example, previously we
observed that caprylic groups at C-2, C-3 and C-4 positions and lauric at C-6 position increased the
antimicrobial potentiality of MDM (1) [29]. In our present MDM esters, positional interchange i.e.
caprylic (C8) chain at C-6 position and lauric (C12) chains at C-2, C-3 and C-4 positions, as in 7,
showed better efficacy compared to previous our previous result (-5.1 kcal/mol; [29]) along with
highest binding energy (-7.7 kcal/mol) which was better than nystatin (-5.6 kcal/mole) and
fluconazole (-6.5 kcal/mol).

3.9. Probable antifungal mechanism of action

Ergosterol (lack of C-14 methyl group; Figure 8) is very essential for bioregulation and integrity
of membrane in fungal cells. This structure is quite different from the cholesterol present (position
and number of double bonds and side chains) in mammalian cells [59]. Fungal ergosterol is
biosynthesized from lanosterol via demethylation of its C-14 methyl group. In fungi, cytochrome P450
enzyme (CYP51A1/3LD6), also known as lanosterol 14a-demethylase, catalyzes the demethylation of
lanosterol to create the necessary precursor which is eventually converted into ergosterol [59]. Thus,
most of the commercial antifungal drugs (fluconazole; itraconazole; voriconazole; terbinafine) are
designed to deter the activity of the CYP51A1 enzyme. Due to the inactivity of CYP51A1 fungi could
not synthesize ergosterol which ultimately causes disruption of the fungal cell wall [60].

As most of the antifungal drugs like triazoles have a greater affinity for fungal compared with
mammalian P450 enzymes, our molecular docking score results (Table 6) and SAR studies led us to
propose the following mechanism (Figure 8) for antifungal action by MDM ester 7, which restrict
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CYP51/3LD6 enzyme activity by binding with it and hence fungal lanosterol couldn’t proceed for
next step ultimately deter the formation of ergosterol.

CYP51A1
 ——
MDM 7

Figure 8. Probable mechanism for antifungal activity of MDM esters.

4. Conclusions

The current work presents a thorough assessment of the effects of acylation site and fatty acid
chain length on the antimicrobial activity of mannopyranoside esters. Although not profoundly
observed in bacteria due to inactivity, both the acylation site and the fatty acid chain length of
mannopyranoside esters significantly affect their antifungal activity. Based on the structure-activity
relationship (SAR) analysis, mannopyranoside esters with C12 chains were more potent against
Aspergillus species. In terms of acylation site, mannopyranoside esters with a C8 chain substituted at
the 6-O position were more active in the antimicrobial inhibition. Compound 7, which fulfills these
criteria, was the most potent inhibitor against A. flavus and A. niger with percentages of inhibition
higher than that of fluconazole. Compound 3 with a shorter C2 chain at the 2-, 3-, and 4-O acylation
sites seemed to be selectively active against A. niger. Based on the in vitro and docking results,
compound 7 was found to interact better with lanosterol 14a-demethylase and urate oxidase than
glucoamylase. Both in vitro experimental and in silico results were in agreement with these findings,
suggesting that lipid-like fatty acyl group bearing these mannopyranoside oligoesters may be
suitable to be developed into pharmaceutically useful materials.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figures S1-S50.
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