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KEYWORDS Abstract Data on synthesized derivatives of salazinic acid are scarce, with existing reports address-
Lichen; ing only derivative hexaacetyl salazinic acid. This study investigated a set of novel potential antidi-
Bromination; abetic agents. Analogs of salazinic acid were designed and synthesized using bromination,
Nucleophilic addition; nucleophilic addition, Friedel-Crafts alkylation, and esterification. Ten synthetic compounds were
a-glucosidase inhibition; prepared and structurally elucidated, including eight new compounds (1a-1c, 2a, 3a, 3b, 4a, 4b) and
Molecular docking; two known analogs. Under bromination, salazinic acid (1) enabled the following reaction chain:
Kinetic oxidation, decarboxylation, and substitution. This yielded products 1a-1c, which were found to

have unprecedented scaffolds. Parmosidone F (5) was prepared from 1 with orsellinic acid via
Friedel-Crafts alkylation, confirming a previously reported biosynthesis route. These analogs were
evaluated for enzyme inhibition of a-glucosidase, and all showed more potent activity than that of
acarbose, a positive control (ICsy 332 uM), with ICs, values in the range 9.32-39.96 uM. An in
silico molecular docking model confirmed that, in terms of enzyme inhibition, the compounds
ranked as follows: 3b > 4b > 4a > 1c¢ > 2a > 1b > la > 3a. The kinetics of enzyme inhibition
showed 4a and 5 to be a non-competitive-type and mixed-type inhibitors, respectively.
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1. Introduction

Heterocyclic compounds that contain nitrogen, sulfur, and
oxygen are potential a-glucosidase inhibitors (Dhameja and
Gupta, 2019). In molecular docking models (AutoDock),
Schrodinger packages perform well. The relevant approach
uses a Lamarckian genetic algorithm with an empirical binding
free energy function to predict the bound conformation of the
stable ligand to the receptor that is its macromolecular target
(Morris et al., 1998). In silico molecular docking has been used
in the design of drug-delivery systems (Hassan et al., 2019;
Brancolini et al., 2012), in a-glucosidase inhibition (Nguyen
et al., 2017; Ghani et al., 2018; Shaikh et al., 2019), and to
investigate antitumor agents (Gomha et al., 2016), FabH
antibacterial inhibitors (Uwabagira et al., 2019), and Pim-1
Kinase inhibitors with a flexible-receptor docking protocol
(Li et al., 2019). It has also been used in covalent docking pre-
diction (London et al., 2015), for algebraic graph-theory-based
models in physical modeling and molecular studies (Nguyen
et al., 2019), for incorporating a docking scoring function into
consensus scoring for use in virtual screening (VS) (Perez —
Castillo et al., 2019), and in the critical assessment of docking
programs and scoring functions (Warren et al., 20006).

o-Glucosidase plays important roles in the digestion of car-
bohydrates and the biosynthesis of glycoprotein (Rocha et al.,
2020). It is commonly used in screening of natural therapeutic
agents for the control of postprandial hyperglycemia
(Chandran et al., 2016). Commercial drugs, including vogli-
bose and acarbose, are potent o-glucosidase inhibitors cur-
rently used for treatment of diabetes (Hollander, 1992).
However, their long-term intake has undesirable side effects.
There is therefore an ongoing search for novel o-glucosidase
inhibitors with fewer adverse properties. A wide range of -
glucosidase inhibitors have been isolated from medicinal
plants, in the form of flavonoids, alkaloids, terpenoids, antho-
cyanins, glycosides, and phenolic compounds, among others
(Chiasson et al., 2002; Kumar et al., 2011).

Depsidone, commonly isolated from lichens, has a unique
scaffold (Lang et al., 2007; Shrestha et al., 2014; Moreira
et al., 2015, Duong et al., 2020; Devi et al., 2020) and has been
shown to have several biological functions, being a blocker of
UV rays (Russo et al., 2008), antioxidant (Chomcheon et al.,
2009), antifungal (Millot et al., 2017), inhibitor of malignant
cancer cells (Khumkomkhet et al., 2009; Boustie et al., 2011),
antiviral, antimicrobial, and enzyme inhibitor (Rajachan
et al., 2014; Abdou et al., 2010; Boustie et al., 2005; Bucar
et al., 2004; Neamati et al., 1997). Salazinic acid, a major f-
orcinol-type depsidone isolated from Parmotrema lichens
including P. tinctorum, P. delicatulum (Eifler-Lima et al.,
2000), and P. dilatatum (Devi et al., 2020), is a member of the
rare depsidone class. A hydroxymethylene moiety in its ff-ring
has yielded compounds with applications as an antibacterial,
antifungal (Ankith et al., 2017), antimicrobial (Candan et al.,
2007), and antioxidant (Bhattacharyya et al., 2016). It has been
reported to exhibit a-glucosidase inhibition, with an ICs, value
of 44.3 uM (Verma et al., 2012). Devi and co-workers reported
potent a-glucosidase inhibition by four natural salazinic acid
derivatives of P. dilatatum. However, only a single hexaacetyl
derivative of salazinic acid has been reported (Selvaraj et al.,
2015). In this study, we demonstrated the preparation of salazi-
nic acid derivatives via bromination, esterification, and imine

formation. We conducted a structural elucidation, evaluated
a-glucosidase inhibition and conducted a molecular docking
analysis as well as kinetic study of the inhibitory mode.

2. Experimental

2.1. General experimental procedures

NMR spectra were recorded on a Bruker Avance III
(500 MHz for "H NMR and 125 MHz for '*C NMR) using
residual solvent signals as internal references: acetone dys at
Oy 2.05, 8¢ 29.84 and chloroform-d at 8y 7.26, 6¢ 77.18. HRE-
SIMS were recorded on Bruker MicrOTOF-QII and Agilent
ESIQTOF mass spectrometers. Salazinic acid was isolated
from the lichen Parmotrema indicum following the procedure
in Do et al. (2021). Solvents were distilled before use. All
reagents were purchased from Sigma-Aldrich. All reactions
were monitored on silica gel 60 F,s4 TLC plates (Merck). Thin
layer chromatography (TLC) was carried out on precoated 60
F»s4 silica gel or 60 RP—18 F,s4g silica gel (Merck). Spots were
visualized by spraying with 10% H,SO, solution followed by
heating. Gravity column chromatography was performed
using 60 silica gel (0.040-0.063 mm, Himedia). Saccharomyces
cerevisiae o-glucosidase (E.C 3.2.1.20), acarbose, and
4-nitrophenyl fS-D-glucopyranoside (pNPG) were obtained
from Sigma-Aldrich Co (Saint Louis, USA).

2.2. Isolation of salazinic acid from P. indicum

The material (3.8 kg) was cleaned, air-dried, ground, and mac-
erated with ethyl acetate extract at room temperature. The fil-
trated solution was concentrated under reduced pressure to
afford a crude ethyl acetate extract (719.52 g). The filtrated
solution was evaporated to dryness and 152.32 g of the
precipitate was collected. The crude extract was re-extracted
using n-hexane and n-hexane—ethyl acetate extract (1:1, v/v)
as solvents, affording three extracts: n-hexane (H, 112 g),
n-hexane:ethyl acetate (HEA, 56 g), and a residual (EAR, 70 g).
The EAR was subjected to silica gel CC and eluted with a
solvent system of n-hexane-EtOAc-AcOH (1:1:0.02, v/v/v),
yielding fractions EARI-EAR10. EAR10 (7.8 g) was subjected
to further silica gel CC using n-hexane-chloroform-EtOAc-acet
one-AcOH (1:2:2:2:0.01, v/v/v/v/v) as eluent. This afforded
fractions EAR10.1-EAR10.5. Fraction EA10.1 (870 mg) was
loaded into a Sephadex LH-20 CC and eluted with methanol
to obtain fractions EA10.1.1-EA10.1.3. EA10.1.3 (670 mg)
was washed with acetone, yielding compound 1 (480 mg).

2.3. Synthesis of analogues la-1c: General procedure

Sodium bromide (21 mg, 0.204 mmol) was added to a solution
of salazinic acid (1, 60 mg, 0.155 mmol) in acetic acid (3 mL) at
room temperature and dissolved under stirring. Hydrogen
peroxide (0.021 mL, 0.182 mmol, 30%) was added each hour
for 3.5 h at room temperature with stirring. The reaction
was monitored using TLC. Saturated sodium hydrogen car-
bonate was used to stop the reaction then the neutralized mix-
ture was partitioned between ethyl acetate-water (1:1). The
organic layer was pooled, washed with brine, and dried over
anhydrous Na,SOy. The residue was absorbed onto silica gel
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in column chromatography using CHCI;-EtOAc-acetone-
AcOH (40:8:5:2, v/v/v/v) as eluent. This yielded compounds
1a (28%), 1b (25%), and 1c (21%).
5,9-Dibromo-1,4,10-trihydroxy-8-methyl-3,7-dioxo-1,3-dihy
dro-7 H-benzo[6,7][1,4]dioxepino[2,3-e]isobenzofuran-11-carbal
dehyde (1a). A white amorphous powder with an isolated yield
of 28%. Tables 1 and 2 present the 'H and '*C NMR data for
1a: HRESIMS m/z caled for C;7H;Br,Oy [M—H]: 512.8456,
found: 512.8438.
9,11-Dibromo-1,4,10-trihydroxy-5-(hydroxymethyl)-8-methy
1-7H-benzo[6,7][1,4]dioxepino|2,3-e]isobenzofuran-3,7(1H)-dion
e (1b). A white amorphous powder with an isolated yield of
25%. See Tables 1 and 2 for 'H and '*C NMR data on 1b:
HRESIMS m/z caled for C;;H¢Br,Oy [M—H]: 514.8613,
found: 512.8612.
2,4,7-Tribromo-3,8-dihydroxy-9-(hydroxymethyl)-1-methyl-
11-ox0-11H-dibenzo|b,e|[1,4]dioxepine-6-carbaldehyde (1c). A
white amorphous powder with an isolated yield of 21%. See
Tables 1 and 2 for '"H and '*C NMR data on lc: HRESIMS
m/z caled for CsHgBr;O; [M—H]": 548.7820, found: 548.7836.

2.4. Synthesis of analogues 2a and 2b: General procedure

Salazinic acid (1, 30 mg, 0.077 mmol) and corresponding car-
boxylic trichloroacetic acid (582 mg, 3.56 mmol) and acetic
acid (213.5 mg, 3.56 mmol) were added to 6 mL of DMF dis-
solved with 3.3 mg of AICl;. The mixture was heated at 85 °C
for 2 h under stirring. The reaction was periodically monitored
using TLC. The mixture was partitioned between EtOAc-H,0O
(1:1, v/v) and was further processed as described in Section 2.3.
The residue was subjected to silica gel CC and eluted with
CHCl;- EtOAc-acetone-AcOH (40:8:5:2, v/v/v/v) to yield com-
pounds 2a (21%) and 2b (32%).

(11-Formyl-1,4,10-trihydroxy-8-methyl-3,7-dioxo-1,3-dihy
dro-7H-benzo|6,7][1,4]dioxepino|2,3-e]isobenzofuran-5-yl)methy
1 2,2,2-trichloroacetate (2a). A white amorphous powder with
an isolated yield of 21%. Tables 1 and 2 present the '"H and
13C NMR data for 2a: HRESIMS m/z caled for C1oH;»CliOy
[M—H + H,0-CO,]: 504.9496, found: 504.9497.

Galbinic acid (2b). Another white amorphous powder with an
isolated yield of 32%. The NMR data on 2b were consistent with
an earlier report (Elix and Engkaninan, 1975; Devi et al., 2020).

2.5. Synthesis of analogues 3a, 3b, 4a, and 4b: General
procedure

Salazinic acid (1, 40 mg, 0.103 mmol) was added to a solution
of phenylhydrazine (44.6 mg, 0.412 mmol) in 10 mL of
ethanol-acetic acid (7:0.08, v/v). The mixture was stirred for
3 h at 60 °C. The reaction was periodically monitored using
TLC. The mixture was worked to yield an organic residue,
which was subjected to silica gel CC and eluted with »n-
hexane-EtOAc-acetone (1:6:2, v/v/v) to yield compounds 3a
(41%) and 3b (33%). Salazinic acid was reacted with
4-bromophenyl hydrazine (77.0 mg, 0.412 mmol) or
4-chlorophenyl hydrazine (73.7 mg, 0.412 mmol) to afford
compounds 4a (64%) or 4b (47%), respectively.
(E)-5,11-Dihydroxy-6-(hydroxymethyl)-9-methyl-3-phenyl-1
2-((2-phenylhydrazineylidene)methyl)-8 H-benzo|6,7][1,4]dioxe
pino|2,3-f]phthalazine-4,8(3H)-dione (3a). A white amorphous
powder with an isolated yield of 41%. Tables 1 and 2 present

"H NMR spectral data of compounds 1a-1c, 2a-2b, 3a-3b (400 MHz), 4a-4b (500 MHz) and salazinic acid (1) (500 MHz).

Table 1
No

1 (DMSO dy)
6.88 (1H, s)

4b (DMSO dy)

4a (DMSO dj)
6.78 (1H, s)

3b (Acetone dy)
6.83 (1H, s)
9.04 (1H, s)

3a (Acetone dy)
7.00 (1H, s)

2b (Acetone dy)
6.84 (1H, s)

1c (Acetone ds) 2a (Acetone dy)
6.70 (1H, s)

1b (Acetone dy)

1a (Acetone dy)

6.78 (1H, s)

10.45 (1H, s)
2.45 (3H, s)
4.64 (2H, s)

8.24 (1H, br)
2.38 (3H, s)
4.53 (2H, s)
4.79 (1H, 5)

8.22 (1H, br)
2.38 (3H, 5)
4.53 (2H, )
4.77 (1H, )

9.03 (1H, s)

10.61 (1H, s)
2.54 (3H, 5)
5.25 (2H, s)

10.57 (1H, s)
2.40 (3H, 5)

10.57 (1H, s)
2.59 (3H, s)

8
9

2.46 (3H, 5)
4.85 (2H, s)
8.83 (1H, s)

2.53 (3H, )

2.49 (3H, 5)

2.49 (3H, s)

4.83 (2H, br)
8.48 (1H, s)

4.88 (2H, m)
6.43 (1H, s)

5.09 (2H, s)

4.87 (2H, )
7.07 (1H, s)

6.80 (1H, s)

7.05 (IH, br 5)
1.99 (3H, s)

10.73 (1H, s)

7.41 (LH, br s)

9

11

7.32 (2H, ¢, 7.6) 692 (2H, d, 8.8) 6.97 (2H, d, 8.7)

7.17 (2H, d, 8.0)
7.14 (2H, m)

2/,_6/’
3/9_5/9

4/’

745 (2H, d, 8.8) 7.34 (2H, d, 8.7)

7.01 (2H, d, 8.0)

6.90 (1H, 1, 7.2)

6.83 (1H, 1, 7.2)

1*

7.64 (2H, d, 7.6)

7.71 (2H, d, 7.2)
7.40 (2H, m)

2%-6*
REN T3

7.54 (2H, ¢, 7.6)
7.46 (1H, m)

731 (1H, d, 7.6)

12.25 (1H, s) 12.26 (1H, s) 12.06 (1H, s)

12.26 (1H, s)

12.29 (1H, s)

4-OH

12.85 (1H, s) 10.35 (1H, br)  10.34 (1H, br)

12.71 (1H, s)

2'-OH
8'-OH
9-OH
NH-1”

4.30 (1H, br s)

4.32 (1H, br s)

8.30 (1H, s)

8.11 (1H, s)

10.40 (1H, brs)  10.87 (1H, s) 10.87 (1H, s)

9.91 (1H, br s)
7.44 (1H, br s)

NH-1*




Table 2

13C NMR spectral data of compounds 1a-1c, 2a-2b, 3a-3b (100 MHz), 4a-4b (125 MHz) and salazinic acid (1) (125 MHz).

z
o

1a (Acetone dj)

1b (Acetone d)

1c (Acetone dy)

2a (Acetone dy)

2b (Acetone dy)

3a (Acetone dy)

3b (Acetone d)

4a (DMSO d)

4b (DMSO dy)

1 (DMSO dy)

—_ 0 0 NN U A WN -

9

10/
1

1”°
2/9_6/9
3°-5/°
4"

1*
2%-6%
3*-5%
4%

113.6
159.4
112.3
162.2
110.4
148.1
162.9
193.9

223
110.0
151.4
118.9
147.9
147.3
138.1
166.9

105.1

111.9
155.4
103.8
157.9
115.5
142.0
160.2

21.3
109.6
153.1
122.3
148.4
148.3
137.4
167.1

54.0
100.1

113.1
156.2
100.6
158.6
116.5
143.1
161.1

223
104.9
153.4
122.9
142.1
145.1
129.2

58.4
189.8

112.9
162.7
111.2
163.0
118.3
149.5
161.7
195.0

21.1
110.4
154.2
123.2
147.1
139.4
137.8
165.2

55.0
104.4
161.9

80.9

113.7
161.3
112.0
162.9
118.5
149.9
161.7
194.9

21.9
110.6
154.3
125.4
147.7
139.4
137.6
165.2

56.2

98.5
171.1

23.3

114.4
161.3
111.0
162.6
117.8
146.6
160.8
135.4

21.3
109.7
158.1
123.3
148.9
137.4
122.2
161.6

53.0
141.4

146.2
114.0
128.8
120.6
139.2
128.7
135.7
126.2

112.9
161.6
109.8
163.0
117.7
145.8
161.9
134.2

21.3
124.3
158.5
130.5
149.4
138.6
119.8
160.5

53.1
134.1

144.4
110.3
129.6
121.4
141.7
122.5
129.2
127.0

112.2
nd
108.3
161.8
116.1
144.4
161.2
132.1
18.4
110.6
158.6
126.8
144.4
138.1
138.1
168.4
52.0
87.4

143.2
113.8
132.0
113.7

112.2
160.3
108.3
161.9
116.2
144.4
160.3
136.2
20.8
112.2
158.1
123.0
144.4
142.8
142.8
nd
52.0
86.4

143.3
113.3
129.3
123.0

112.2
160.0
nd
164.0
117.9
152.0
160.3
193.1
21.4
110.6
152.1
123.8
145.1
144.7
137.6
165.0
52.8
95.0

‘T 12 Weyd UdAN T -WI3-UdANn3 N
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the 'H and '*C NMR data for 3a: HRESIMS m/z caled for
C30H2N4O; [M—H]: 549.1409, found: 549.1410.
3,8-dihydroxy-9-(hydroxymethyl)-1-methyl-11-ox0-4-((E)-(2
-phenylhydrazineylidene)methyl)-6-((Z)-(2-phenylhydrazineyli
dene)methyl)-11 H-dibenzo[b,e][1,4]dioxepine-7-carboxylic acid
(3b). A white amorphous powder with an isolated yield of
33%. See Tables 1 and 2 for the "H and '*C NMR data on
3b: HRESIMS m/z calcd for C;oH,1N4O; [M—H]": 549.1409,
found: 549.1409.
(E)-11-((2-(4-Bromophenyl)hydrazineylidene)methyl)-1,4,10-
trihydroxy-5-(hydroxymethyl)-8-methyl-7 H-benzo[6,7][1,4]diox
epino|2,3-elisobenzofuran-3,7(1 H)-dione  (4a). A  white
amorphous powder with an isolated yield of 64%. See Tables
1 and 2 for the 'H and '*C NMR data on 4a: HRESIMS m/z
caled for Cy4H; BrN,Og [M—H]: 557.0019, found: 557.0057.
(E)-11-((2-(4-chlorophenyl)hydrazineylidene)methyl)-1,4,10-t
rihydroxy-5-(hydroxymethyl)-8-methyl-7 H-benzo[6,7][1,4]dioxe
pino|2,3-e]isobenzofuran-3,7(1 H)-dione (4b). A white amor-
phous powder with an isolated yield of 64%. See Tables 1
and 2 for the 'H and '>C NMR data on 4b: HRESIMS m/z
caled for Cy4H6CIN,Og [M—H]: 511.0544, found: 511.0564.

2.6. Synthesis of compound 5: General procedure

AICl; (5.5 mg, 0.041 mmol) was added to a mixture of salazinic
acid (1, 40 mg, 0.103 mmol) and orsellinic acid (17.3 mg,
0.103 mmol) in DMF solvent (2 mL). This was stirred at
90 °C for 3 h and the reaction was periodically monitored using
TLC. The mixture was partitioned between ethyl acetate and
water (50 mL each). Organic layers were pooled, washed with
brine, and dried over anhydrous Na,SOy. The residue was puri-
fied by normal phase silica gel column chromatography eluted
with CHCI5;-EtOAc-acetone-AcOH  (100:40:24:8, v/v/v/v),
yielding compound 5 (31%). The NMR data were consistent
with a previous report (Devi et al., 2020).

2.7. In silico molecular docking: General procedure

The target compounds 1, 1a-1c, 2a-2b, 3a-3b, 4a-4b, and 5
were tested in silico for inhibition of a-glucosidase. Acarbose
was used as control. AutoDockTools-1.5.6rc3 was used to
model the docking of one receptor to each ligand. The crystal
structures of the target proteins and receptors were assumed to
be SKEZ (PDB: https://doi.org/10.2210/pdbSKEZ/pdb),
based on the protein data bank. The crystal structure of
enzyme SKEZ was detected as a hydrolase inhibitor, convert-
ing 4-nitrophenyl-a-D-glucopyranoside (p-NPG) to 4-
nitrophenol and a-D-glucopyranose. If the enzyme was inac-
tive or inhibited, the hydrolase conversion of 4-nitrophenyl-o
-D-glucopyranoside (p-NPG) was not observed or proceeded
slowly. The inhibitory effect of the ligand was evaluated based
on this reaction. One strategy for controlling Type-2 diabetes
is to slow the release of glucose from food and limit its absorp-
tion into the bloodstream. SKEZ:PDB exhibited HPA
(Human pancreatic alpha-amylase) inhibition and constitutes
a novel enzyme inhibitor. This model can be used to detect gly-
cosidase inhibitors that are highly selective for active carbohy-
drate enzymes (Jongkees et al., 2017).

The receptor was first tested for removal of small molecules
like water, small ligands, and heteroatoms. The crystal

structures were saved as format files (receptor.pdb) using the
Discovery Studio 2019 Client (DSC) package. In the case of
ligands, the minimum energy of conformation was investigated
using the Molecular Mechanics & Force Fields (MMFF94)
method, with optimal conformation discovery via the Avo-
gadro package. This optimal conformation was saved. The
AutoDock 4.2 package was used for docking of the ligand to
the receptor. In the target procedure, a polar hydrogen and
Kollman charge were added to the atoms. For ligands, this
was added to all polar hydrogens, the Gasteiger charges were
computed, non-polar hydrogen was merged, and the files were
saved in pdbqt format. The values used were a grid point spac-
ing of 0.375 A, 120 x120 x 120 user-specified grid points, and
X = -8,214,Y = 20.667, Z = -19.179 coordinates of the cen-
tral grid point of maps. A Lamarckian genetic algorithm
docked the conformation ligand to the macromolecular
target. The maximum negative free energy of binding was
selected to correspond to the most stable conformation after
2,500,000 energy evaluations and 200 runs (Thiratmatrakul
et al., 2014). The Discovery Studio and Molegro (MMYV) pack-
ages were used to visualize the results and present them as
tables and figures. The docking procedure is described in
Scheme S1.

2.8. a-Glucosidase inhibition assay

The a-glucosidase (0.2 U/mL) and substrate (5.0 mM p-nitro
phenyl-a-D-glucopyranoside) were dissolved in 100 mM pH
6.9 sodium phosphate buffer. The inhibitor (50 pL) was prein-
cubated with o-glucosidase, then the substrate (40 pL) was
added to the reaction mixture. The enzymatic reaction was car-
ried out at 37 °C for 20 min and stopped by the addition of
0.2 M Na,COj3 (130 pL). Enzymatic activity was quantified
by measuring absorbance at 405 nm. All samples were ana-
lyzed in triplicate at five different concentrations around the
1C5 values, and the mean values were retained. The inhibition
percentage (%) was calculated as follows:
Inhibition (%) = [1 — (A sample/A control)] x 100.

2.9. Inhibitory type assay of 4a and 5 on o-glucosidase

The mechanisms by which compounds 4a and 5 inhibits alpha-
glucosidase were determined through Lineweaver-Burk plots
(Microsoft Excel 2010, Washington, USA), using methods
similar to those reported by Tran and co-workers (Tran
et al., 2021). Enzyme inhibition at different concentrations of
4a and 5 was evaluated by the effect on the substrate. In Line-
weaver—Burk double reciprocal plots of 1/enzyme velocity (1/
V) vs. l/substrate concentration (1/[S]), the inhibition type
was determined using pNPG concentrations of 1 mM,
2 mM, and 4 mM in the presence of test compound concentra-
tions of 0, 4.5, 9.0, 18.0, and 36.0 uM for 4a and 0, 3.16, 6.33,
and 12.65 uM for 5. All experiments used three replicates. The
mixtures were incubated at 37 °C and the 405 nm optical den-
sity was measured at 1 min interval for 30 min using a Clar-
iostar Labtech microplate reader (Ortenberg, Germany).
Optimal concentrations of the test compounds were chosen
based on ICs, values. The inhibition constants were obtained
graphically from secondary plots (Microsoft Excel 2010,
Washington, USA).
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2.10. HPLC experiments proving the purity of compounds 4a
and 5

The compounds 4a and 5 were analyzed through a HPLC-
DAD using the modified method (Duong et al., 2017). Samples
were injected separately. The mobile phase consisted of
(ACN + 0.1% HCOOH) as solvent A and (H,O + 0.1%
HCOOH) as solvent B with a gradient of 5% — 10% A over
5 min, 10—30% A over 15 min, 30—80% A over 10 min,
80—100% A over 5 min, then 100% A for 5 min. The flow rate
was 1 mL/min, and 10 pL of each sample was injected. The
HPLC chromatograms were showed in Figs. S33-34.

3. Results and discussion

3.1. Structural elucidation of synthetic compounds

In this study, ten salazinic acid derivatives were successfully
synthesized. These included eight new compounds, 1a-1¢, 2a,
3a, 3b, 4a, and 4b, and two known analogs, 2b and 5
(Fig. 1). Synthesis proceeded via four different routes, shown
in Scheme 1. In the first route, salazinic acid (1) underwent
bromination with sodium bromide and hydrogen hydroxide
to yield la-lc. The chemical structures of la-le (Tables 1
and 2) were identified from 'H NMR, '*C NMR, HMBC,
and HRESI mass spectra. The 'H NMR data showed 1a-1c¢
and 1 to be highly similar. 1a and 1 showed two structural dif-
ferences: the absence of the aromatic methine proton (g 6.88,
d¢c 117.9, H-5) and the hydroxymethylene group (8 4.64, ¢
52.8, H»-8'), suggesting that both H-5 and 8-CH,OH were
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replaced by bromine in 1a. This was confirmed by the HRESI
mass data. In 1b, proton H-5 and the formyl group 3-CHO (6y
10.45, 8¢ 193.1) were replaced by bromine, suggesting that the
reaction occurred at C-3 and C-5 of 1. Scheme 2 proposes a
possible mechanism for the formation of 1a-1¢. First, bromina-
tion takes place at C-5, forming the intermediate la-1 (Abe
et al., 2002; D’Aleo et al., 2013). This intermediate becomes
oxidized, then decarboxylated, then brominated at C-3, form-
ing 1b. A similar procedure occurs at C-8 of the intermediate
1a-1, yielding 1a (Lei and Wang. 2008; Zhao et al., 2018; Perry
et al., 2017; Quibell et al., 2018; Kong et al., 2019) (Scheme 2).
1b and lc differ structurally in the addition of an extra alde-
hyde group (6c 189.8, 6y 10.73) and the disappearance of
the hemiacetal proton H-9' from 1lc. This suggests that the
S-member lactone of 1 becomes hydrolyzed, enabling decar-
boxylative bromination at C-1" (Munoz and Murelli, 2012)
and the formation of 1c¢ (Scheme 2). In combination, these
reactions give la-1c their unique scaffolds.

Salazinic acid (1) esterification yielded 2a when using tri-
chloroacetic acid and 2b when using acetic acid. NMR data
showed 2a and 1 to be similar, with the only structural differ-
ence being observed in the B-ring. The H,-8' was shifted down-
field (g 4.88 in 2a compared with 6y 4.64 in 1), suggesting
that esterification of 1 appeared at C-8'.

Hydrazone formation was applied to compound 1, and
yielded 3a-3b and 4a-4b. Their chemical structures were eluci-
dated using '"H NMR, '*C NMR, HMBC, and HRESI mass
spectra. The active site 3-CHO of 1 was shown to react with
4-chlorophenylhydrazine or 4-bromophenylhydrazine to form
4a and 4b. Interestingly, compounds 3a and 3b were both
obtained when phenylhydrazine was used as reagent under

Br 0 OH

OH o) OH
OH HO o) OH
’
N '}‘

an ©3b®

OH S
o
o HO o}
O/
HO g O
5

Chemical structure of compounds 1a-1c¢, 2a-2b, 3a-3b, 4a-4b, and 5.
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the same conditions. This indicated that phenylhydrazine is
more reactive than either 4-chlorophenylhydrazine or 4-
bromophenylhydrazine. Proton H-8 was shifted upfield in
3a-3b and 4a-4b (3 9.03-9.33) relative to 1 (8y 10.45), indicat-
ing that the reaction occurred at 3-CHO. This was supported
by the substitution of the imine carbon (8¢ 135.4) in 3a-3b
and 4a-4b for the 3-CHO group (8¢ 193.1) in 1 and was backed
up by the HMBC correlations of H-8 to C-2, C-3, and C-4.
Spectroscopic analysis of 3a indicated that a further reaction
occurred at C-9'. This was supported by a downfield shift of
H-9" (8y 8.48, 3¢ 141.4 in 3a compared with 8y 6.80, 6¢c 95.0
in 1), together with the HMBC correlations of NH-1* (dy
7.44) to C-9' (6¢c 141.4), C-2* (8¢ 128.7), and C-6* (S¢
128.7), and of H-9' (35 8.48) to C-1" (8¢ 109.7) and C-6' (8¢
122.2). NMR data showed strong structural similarities
between 3b and 3a. The absence of the NH-1* proton in 3b
indicated that a 6-member lactam was produced by the nucle-
ophilic attack of an active amino group on carbonyl carbon C-
7' (Saundane and Kalpana. 2015; Rafeeq et al., 2015). Scheme 2
presents a possible mechanism for the formation of 3a and 3b.

A reaction between compound 1 and orsellinic acid yielded
compound 5. NMR data showed 5 to be identical to parmosi-
done F (Devi et al., 2020). This supported the biosynthesis
reaction proposed by Devi and co-workers. First, orsellinic

S
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O@@O

General synthetic routes to form 1a-1c¢, 2a-2b, 3a-3b, 4a-4b, and 5.
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acid becomes decarboxylated to orcinol and this intermediate
undergoes Friedel-Crafts alkylation of the activated 3’ —CH,-
OH in 1 to form compound 5.

3.2. In vitro a-glucosidase inhibition of compounds 1-5

Salazinic acid (1) and its derivatives 1a-1c, 2a-2b, 3a-3b, 4a-4b,
and 5 were tested for inhibition of a-glucosidase (Table 3).
Most of the synthetic products showed inhibition twice as
potent as that of the mother compound (ICsy 34.80 uM). In
the Br-substituted products 1a-1¢, the presence of bromine at
C-3 enhanced inhibition. However, as the ICs, values of these
compounds were similar, the structural changes in the B-ring
may have little effect on potency. The significant increase in
potency of compound 2a may be attributed to the presence
of chlorine. Compounds 3a, 3b, 4a, and 4b exhibited excellent
potency, suggesting that imine moieties play an important role
in a-glucosidase inhibition. Compound 5 was the most potent
(ICs0 9.72 uM), which was consistent with the findings of Devi
et al., (2020), who isolated natural Friedel-Crafts alkylated
depsidones similar to 5. They attributed the increase in potency
to the transformation of the CH,OH group in 1 to CH,-Ph in
5, enhancing the activity of salazinic acid derivatives. In our
study, the replacement of the 3-CHO of 1 by substituents in
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Scheme 2 The proposed mechanism of the bromination and nucleophilic addition to form 1a-1c¢ and 3a-3b.

Table 3 o-Glucosidase inhibition of
compounds 1, 1a-1¢, 2a-2b, 3a-3b, 4a-4b,
5 and acarbose.

Compounds IG5 (LM)

la 14.34 + 0.64
1b 15.57 £ 1.23
1c 16.35 + 1.56
2a 34.96 + 1.12
2b 14.68 + 1.80
2c 39.14 + 0.49
3a 11.87 £ 0.36
3b 14.67 £ 0.16
4a 11.36 + 0.26
4b 19.44 £ 1.12
5 9.72 + 1.80
1 34.80 + 0.85
Acarbose (positive control) 332 + 3.9

la-1c, 3a-3b, and 4a-4b significantly enhanced a-glucosidase
inhibition.

3.3. In silico molecular docking

To elucidate the mechanisms of a-glucosidase inhibition, the
binding modes in the active site were investigated. Figs. 2-21
and S1-S5, and Tables 4-5, show the interactions of the -
glucosidase enzyme with all ligands and with 1, 1a-1c, 2a-2b,
3a-3b, 4a-4b, 5, and the acarbose control. The a-glucosidase
enzyme corresponded to the crystal structure of enzyme
5KEZ: PDB. Figs. 2-21 and Tables 4-5 showed docking of
the most active ligands to SKEZ: PDB. Compounds 3b,

2a, 3a, 1a, 1c, 1b, and 5 were shown In vitro to exhibit strong
inhibition of this a-glucosidase enzyme. Further details are pre-
sented in Figs. SI—S16 in the supporting information. As can
be seen from Table 4, the docking of conformation ligands with
the target enzyme were ranked as follows: 5 > -
3b >4b > 4a > 1c > 1b > 1la > 1 > 2a > 3a > 2b. This
suggested that a lower value of free energy of binding was asso-
ciated with stronger and more stable docking with the receptor,
and therefore a lower ICs, value. Fig. 2 shows conformation
ligands 1, la-c, 2a-b, 3a-b, 4, 4a-b, 5 and acarbose docked to
the same pocket enzyme in the crystal structure of o-
glucosidase enzyme SKEZ: PDB. Fig. 3 shows the docking
poses of ligands including pose 90 (the most stable conforma-
tion ligand of entry 1), pose 7 (1a), pose 56 (1b), pose 88 (1c¢),
pose 150 (2a), pose 196 (2b), pose 104 (3a), pose 65 (3b), pose
164 (4a), pose 15 (4b), pose 13 (5), and pose 164 (acarbose).
The RMSD values shown in Table 5 confirmed the validity of
the model. The poses of the most stable conformation ligands
were ranked as follows: 3b > 1¢ > 2a > 1b > la > 3a.
Ranked pose 65, ligand 3b: Figs. 4-7 and Table 4 show the
docking profile of 3b. Pose 65 gave the most stable docking
with receptor SKEZ, with free energy of binding of —9,79 kcal.-
mol~! and inhibitor constant of 0.067 pM. It was also strongly
hydrophilic (shown by the blue range). Pose 65 therefore
showed strong thermodynamic bonding to SKEZ. As seen in
Fig. 5 and Table 4, three hydrogen bonds formed from residual
amino acids of the A chain of enzyme SKEZ: Asp300, His201,
and Ala 307. These bound to N and O atoms. As seen in Fig. 6,
significant ligand interactions between pose 65 and 5KEZ
included hydrogen bonds, pi-cation, alkyl, pi-anion, pi-pi T
shaped, pi-donor hydrogen, carbon-hydrogen bonds, and
Van der Waals forces. The structure had three parts: a cap
group (protein identification), a linker (aromatic or aliphatic
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Fig. 2 The docking poses of ligands, 1a-1c¢, 2a-2b, 3a-3b, 4a-4b, 5 and Acarbose docked to the same cavity in a pocket enzyme of

receptor, SKEZ. Pose 65 or ligand 3b was reference ligand.

Fig. 3 Ranked docking poses of ligands 1, 1a-1c¢, 2a-2b, 3a-3b,
4a-4b, 5 and acarbose aligned and calculated the values of RMSD
by PyMOL software.

chains), and functional groups that interacted with the struc-
ture enzyme. The cap group (protein identifications) formed
interactions including pi-pi T-shaped ligands from the Ile
235: A chain to the aromatic ring, alkyl or pi alkyl ligands
from the Ala307: A chain and Cys5: B chain, pi-cation or

pi-anion ligands from the Glu233: A chain and Pro2: B chain
to aromatics, from the Tyr3: B chain to the aromatic chain via
carbon-hydrogen bonding, and from the Gly308: A chain to
the aromatic chain via pi-donor hydrogen bonding. The link
from Leul62, Alal98 to the methyl group was via pi-pi T
shaped ligands, from the Pro2: B chain to the methyl group
via pi-cation or pi-anion interactions, from the Pro2: B chain
to the oxygen heterocyclic (pi-cation or pi-anion interactions),
from the I1e235: A chain with oxygen heterocyclic via pi-pi-T-
shaped ligands, from the I1e235: A chain to the nitrogen hete-
rocyclic (pi-pi-T shaped), and from the Ala307: A chain to the
nitrogen heterocyclic via alkyl or pi-alkyl interactions. The
functional group at the identification part of the pose con-
firmed the hydrogen bonds, which formed from amino acids
Asp300 and His201: A chain to the hydrogen atoms of pheno-
lic hydroxyl group, hydrogen of an amine group, and hydroxy
benzyl of the pose. Ligand 3b or pose 65 is the best candidate
among ligands to delivery. The ligand map in Fig. 7, indicated
the secondary interactions like hydrogen bonds (brown color),
steric (light blue), and overlap (violet circles on atoms of ligand
3b) interactions between pose 65 and residual amino acids (dis-
tance of less than 4 A) of the receptor, SKEZ. Those green
lines presented the steric effects to the strength of interactions
of the stable pose 65 to the receptor, SKEZ. The size of violet
circles on atoms controlled the strength of overlap interactions
and contributed to steric hindrance.

Ranked pose 150, ligand 2a: the interaction profile of pose
150 and target enzyme showed in Figs. 8-10 and Table 4. As
seen in Fig. 8, pose 150 anchored to a pocket enzyme with
the values of AG® and Ki of —6.90 Kcal.mol™! and 8.75 uM,
respectively. The values of 1Cs, in vitro and K; in silico are
equivalent. The hydrophilic ability of this pose is also indicated
by eight hydrogen bonds, which are linked from active amino
acids of A or B chain as seen in Table 4 and Fig. 9. Among
hydrogen bonds, 2a:H-A:ASP300:0 was the strongest due to
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Fig. 5 The most stable conformation of ligand 3b formed two hydrogen bonds with active sites of receptor, SKEZ.

its shortest bond length of 1.68 A. The significant interactions
between this pose and SKEZ indicated in the 2D diagram in
Fig. 10. The cap group of pose recognized via Pro 2: B chain
with an aromatic ring- pi cation, an electrostatic interaction,
Tyrl51: A chain with an aromatic ring via pi-pi- stacked.
The linker interaction linked from Tyrl51: A chain to the
methyl group of pose via a pi-sigma ligand interaction. The
functional group of pose formed from His305: A chain,
Cys5: B chain, Asp300: A chain, Tyr3: B chain, and Tyr151:

A chain to hydro atom of alcohol group, oxygen atom of ether
group, hydrogen atom of phenolic hydroxy, oxygen of ketone
group, and oxygen atom of lactone ring. It indicated that pose
150, a conformation ligand 2a interacted well with target
enzyme.

Ranked pose 104, ligand 3a: the ranked pose 104/200, the
most stable conformation ligand docked to target enzyme with
values of the free Gibbs energy and inhibition constant of —
6.45 Kcalmol™' and 18.80 pM. As shown in Table 4 and
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Fig. 6 The interactions between active sites of receptor (SKEZ) and the active site atoms on ligand (3b) were indicated like hydrogen
bonds (light green color), Val der Waals, pi-cation, pi-anion, pi-donor hydrogen bond, pi-pi T-shaped, alkyl and pi-alkyl on a 2D diagram.

Fig. 11, pose 104 formed five hydrogen bonds from active
amino acids such as Lys200, His201, Glu240: A chain, and
Pro2, and Cys5: B chain to oxygen and hydrogen atoms in
pose 104. Among hydrogen bonds, one hydrogen bond, 3a:H
— A:GLU240:0 is the strongest due to its shortest bond length
of 1.94 A. Those hydrogen bonds determined the hydrophilic
ability of pose because they were classified by electrostatic
interactions. The important interactions between this pose
and the crystal structure of the enzyme exposed in the 2D dia-
gram as seen in Fig. 12. Pose 104 considered strong interaction
with target enzyme because three parts of pose 104 identified
full ligand interactions. The cap group detected by Ala307,
Alal98, Ile 235, Lys200 of A chain via pi-alkyl ligand interac-
tions, Tyr151: A chain via pi-pi stacked, Glu233: A chain via
pi-cation, an electrostatic, and Cys5: B chain via pi sulfur
interaction. The linker was identified by Tyr151 via pi-alkyl
interaction. The functional groups in this pose were recognized
by hydrogen bonds which bound from Pro2: B chain, His 201:
A chain, and Glu240: A chain to the oxygen atom of car-
boxylic group, the hydrogen atom of an amine, and the hydro-
gen atoms of phenolic hydroxy group in pose 104. Other

residual interactions were weak Van der Waals interactions,
which linked from this pose to wall of the cell via residual
amino acid around poses such as His305, Gly306, Asp300,
Leul62, Val234, and Ser199 of A chain.

Ranked pose 7, ligand 1a: the interaction profile between
ranked pose 7, the most stable conformation ligand was
selected and docked to receptor after performing docking as
shown in Figs. 13-14 and Table 4. The values of AG® and Ki
of binding between the best docking pose 7 and receptor
5KEZ conducted —7.30 Kcal.mol~! and 4.48 uM, respectively
as shown in Table 4. As seen in Fig. 13 and Table 4, pose 7 and
receptor, SKEZ showed four hydrogen bonds from active
amino acids such as Ala307, Glu233, Glu240: A chain of the
pocket enzyme to active atoms in the pose. They are hydrophi-
lic interactions because the hydrogen bonds were electrostatic
interactions. The essential interactions between pose 7 and
enzyme were indicated in the 2D diagram in Fig. 15. Pose 7
interacted well with enzyme due to three parts of pose 7, which
had strong ligand interactions with enzyme, SKEZ. The cap
group of pose 7 recognized by Ile235: A chain and via pi-
alkyl or alkyl, and Pro2: B chain via pi-cation (electrostatic
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T 510

Ala 307(

Fig. 7 The ligand map showed secondary interactions between the most stable conformation 3b and receptor, SKEZ.

Fig. 8 The most stable conformation, ranked pose 150/200, 2a
anchored in receptor (SKEZ: PDB), one crystal structure of
a-glucosidase enzyme.

Fig. 9 Five hydrogen bonds formed from residual amino acids
of receptor, SKEZ to active sites in ligand, 2a.
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Fig. 11  The hydrogen bonds linked from residual amino acids of target protein of receptor, SKEZ to active atoms in a docking pose 104,
one conformation of the ligand 3a.
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Fig. 12 The interactions between the best conformation, pose 104 of ligand 3a and receptor SKEZ indicated on a 2D diagram.

u240

a307

u233

Fig. 13  The hydrogen bond bound from residual amino acids of protein of enzyme, SKEZ to pose 7/200, ranked pose of ligand 1a.

interaction), the aromatic identifications of pose 7. The linker
part of pose discovered by Tyrl151: A chain, His201: A chain,
Leul62: A chain, Pro2: B chain, Tyr3; B chain, Alal98: A
chain via alkyl or pi-alkyl, and Asp300: B chain via carbon-
hydrogen bond. The functional groups of this pose were iden-
tified via hydrogen bonds, which linked from Glu240, Lys200,
and Glu233: A chain to hydrogen atom of a phenolic hydroxy

group, bromine atom of the phenyl ring, and hydrogen atom
of a phenolic hydroxy group, respectively. In other sites, the
bromine atoms which linked to phenyl rings indicated more
ligand interactions with receptors.

Ranked pose 88, ligand 1c: ranked pose 88/200, the best
stable conformation ligand of ligand 1¢c among 200 conforma-
tions, which were docked to the enzyme, SKEZ had the values
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Fig. 15 The hydrogen bonds formed from residual amino acids
of receptor SKEZ to active site binding atoms on the most stable
conformation ligand 1c, pose 88.

of free Gibb’s energy and inhibition constant of —8.03 Kcal.-
mol ™" and 1.03 , respectively. As seen in Fig. 15 and Table 4,
active atoms in pose 88 and pocket enzyme performed 5 hydro-
gen bonds, electrostatic interactions, and hydrophilic interac-
tions. The essential ligand interactions between this pose and
the crystal structure of an enzyme were indicated in the 2D dia-
gram in Fig. 16. Generally, this pose interacted well with
enzyme because it has full ligand interactions at three parts
of this pose. The protein identification of ligand or cap group
detected aromatic rings of ligand via category interactions such
as alkyl or pi-alkyl from Ile235: A chain to aromatic rings in
the structure of this pose, pi-cation, an electrostatic interac-
tion, or hydrophilic interaction (yellow lines) from Pro2: B
chain to the aromatic ring. The linker part in this pose has
been identified via alkyl or pi-alkyl (pink color lines) from
Ile235, I1e237, Ala307, His201, Leul62, Alal98 of A chain,
and Tyr3, Pro2 of B chain to bromine atoms and methyl group
in the pose. The functional group of this pose was classified by
hydrogen bonds linked from Ala307, Tyrl51, Glu233, and
Glu240 to aldehyde, carbonyl, phenolic hydroxyl group, and
alcohol benzyl group in pose (green lines). Another special site,
this pose has fully characteristic identifications via cap group:
aromatic ring, oxygen heterocyclic of 7 members, linker part:
(bromine atoms or methyl), and functional groups. Bromine
atoms in this pose made more ligand interactions.

Ranked pose 56 or ligand 1b: Ranked pose 56 docked to the
pocket enzyme with the calculated values of AG® and K; of
—7.81 Kcalmol™! and 1.9 uM, respectively as shown in
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Fig. 16 The 2D diagram presented the remarkable interactions between pose 88, ligand 1c and receptor SKEZ.

His201

Fig. 17 The hydrogen conducted from the conformation ligand 1b, pose 56 to amino acids of protein of enzyme, SKEZ.

Table 4. As seen in Table 4 and Fig. 17, pose 56 formed 5
hydrogen bonds with target enzyme, SKEZ. They are electro-
static interactions, which proved more hydrophilic ligand. The
hydrogen bond, 1b:H-A: His305: O was the strongest among
them owing to its shortest bond length of 1.98 A. As shown
in Fig. 18, in the 2D diagram, pose 56 of ligand 1b did not
interacted ligand as well as pose 65 (ligand 3b) because it did
not identify fully the characteristic conformation ligand for

instance without ligand interactions with oxygen heterocyclic
of seven members, lactone ring. The cap group of this pose
identified the aromatic ring via ligand interaction styles such
as pi-cation (electrostatic interaction) via Pro2: B chain, alkyl,
or pi-alkyl via Tyr3: B chain, I1e235: A chain. The linker part
of this pose detected bromo atoms by pi-cation style via Pro 2B
with bromo atom, pi-alkyl, or alkyl interactions via Tyr3: B
chain, Alal198: A chain, and His201: A chain. The functional
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Fig. 18 The 2D diagram indicated the essential interactions from residual amino acids of receptor, SKEZ to active sites on the docking

pose 88, ligand 1b.

Fig. 19 Ranked pose 13, the best stable conformation of ligand 5 docked to crystal structure of alpha-glucosidase, SKEZ.
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Fig. 20  The active amino acids of enzyme 5KEZ bound to active atoms in pose 13 of ligand 5.

Interactions

:I van der Waals

- Conventional Hydrogen Bond
[] Carbon Hydrogen Bond

Fig. 21 The 2D diagram showed the essential interactions between pose 13 of ligand 5 and receptor 5KEZ.
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Table 4 The calculated results in silico molecular docking of ranked poses of the ligands and Acarbobose (drug) to one receptor,
S5KEZ!¥ performed briefly output of calculation such as the free energy of binding (AG®), inhibition constant, K;, the number of

hydrogen, the property, and the bond lengths of hydrogen bond.

Entry Free Energy ICsg in vitro K The number of  The property and bond length!®
of Binding[b] hydrogen
bonds!¥
1 —7.08 3480 £ 0.85 6.42 4 A:Ala307:N-1: O (2.86 A); Ala307:N-1:0 (2.68 A); 1:H- A:Glu233:0
Pose 90/200 (1.89 A); 1:H-A:His201:N (2.09 A).
la —7.30 14.34 £ 0.64 4.48 2 A:Ala307:N — 1a:0 (3.10 A); :Ala307:N — 1a :0O (3.09 A); la:H — A:
Pose 7 Glu233:0 (2.15 A); 1a :H — A:Glu240:0 (2.14 A).
1b ~7.81 1557 = 123 190 5 A:His305:N-1b:0 (3.0 A); :Pro2:N-1b :0 (3.11 A); 1b :H-A:His201:N
Pose 56 (2.11 A); 1b :H-A:His305:0 (1.98 A); 1b :H— A:His305:0 (2.43 A).
1c —8.03 16.35 £ 1.56 1.30 5 A:Lys200:N-1¢:O (3.05 A); Ala307:N-1¢:O (2.85 A); 1¢:H-A:Glu233:0
Pose 88 (2.19 A); 1e:H- A:Glu240:0 (2.11 A); 1e:H-A: Glu240:0 (1.95 A
2a —6.90 14.68 + 1.80 8.75 8 A:His305:N-2a:0 (2.75 A); A:His305:N-2a :0 (2.07 A); A:Gly306:N-2a
Pose 150 :0 (3.07 A); B:Pro2:N-2a :0 (3.03 A); B:Pro2:N-2a :0 (2.83 A); B:Cys5:
N-2a:0 (2.97 A); 2a :H-A:His305:0 (2.20 A); 2a :H-A:Asp300:0
(1.68 A).
2b —17.45 39.14 £ 049 343 1 2b:H — A:Glu233:0E1 (2.48 A).
Pose 196
3a — 6.45 13.87 £ 0.36 18.80 5 A:Lys200:N — 3a:0 (2.43 A); B:Pro2:N — 3a:0 (3.09 A); B:Cys5:S — 3a:
Pose 104 O (3.03 A); 3a:H — A:His201:N (2.14 A); 3a:H — A:Glu240:0 (1.94 A).
3b -9.79 14.67 = 0.16 0.07 3 3b:H — A:Asp300:0 (1.93 A); 3b:H — A:His201:N (2.12 A); A:Ala307:N
pose 65 - 3b:N (3.17 A)
4a —8.56 13.36 £ 0.26 0.53 3 A:Ala307:N—4a :0 (2.96 A); 4a :H-A:Glu233:0 (2.13 A); 4a :H-A:
Pose 164 His201:N (2.16 A).
4b —8.95 19.44 + 1.12 028 5 A:Alal98:N — 4b:0 (3.18 A); A:Ala307:N — 4b:0 (2.73 A); 4b:H — A:
Pose 15 His305:0 (1.87 A); 4b:H — A:Glu233:0 (1.93 A); 4b:H — A:His201:N
(2.02 A).
5 —9.24 9.72 £ 1.80  0.17 5 A:Gly9:N — 5:0 (2.64 A); A:Arg252:N — 5:0 (2.80 A); A:Arg398:N — 5:
Pose 13 0 (2.62 A); 5:H — A:Pro332:0 (2.29); 5:H - A:Asp402:0 (2.18 A).
Acarbose —3.25 332 +£ 39 >100 11 A:His305:N — Acarbose :O (2.74 A); A:Ala307:N — Acarbose:O
Pose 164 (3.10 A); B:Pro2:N — Acarbose :O (2.63 A); B:Tyr3:N — Acarbose:O

(2.91 A); B:Ser4:N — Acarbose:O (2.92 A); Acarbose:H — A:GLU240:
OEl (2.11 A); Acarbose:H — A:ASP300:0 (2.12 A); Acarbose:H — A:
HIS305:0 (2.02 A); Acarbose:H — A:HIS305:0 (2.02 A); Acarbose :
H — A:GLU240:0 (1.69 A); Acarbose:H — A:GLY238:0 (1.9 A).

[a] The crystal structure of SKEZ: PDB code was downloaded from the protein data bank. [b] The free energy of binding, receptor-ligand
presented in the unit of kcal.mol~" and calculated by Auto Dock Tools-package. [c] The inhibition constant calculated by Auto Dock Tools-

and reported in the unit of uM. [d] The number of hydrogen bonds

was indicated by Discovery Studio 2019 Client package. [e] They have

visualized in Discovery Studio 2019 Client package and the unit of Angstrom, respectively.

groups have been detected by hydrogen bonds via His201, His
305: A chain to hydrogen atoms of phenyl rings. Pose 56 of
ligand 1b was the potential drug delivery due to full identifica-
tion ligand.

Ranked pose 13, ligand 5: The interaction profile of pose
13, the best stable conformation of ligand 5 was shown in
Figs. 19-20. In Fig. 19, the best docking pose ligand 5 or pose
13 docked to the same cavity of enzyme SKEZ as well as other
poses with the values of AG® and Ki of —9.24 Kcal.mol~! and
0.17 uM, respectively. It made clear that this pose interacted
with the receptor, SKEZ in the thermodynamic site. As shown
in Fig. 20 and Table 4, five hydrogen bonds linked from active
amino acids of A chain of protein of enzyme S5KEZ to active
atoms in this pose. Among them, the hydrogen bond, 5:H -
A: Asp402: O was the strongest due to its shortest bond length
of 2.18 A. As seen in Fig. 20, the significant interactions
between this pose and SKEZ indicated in the 2D diagram such
as hydrogen bond (hydrophobic interaction) pi-cation (electro-
static interaction), pi-alkyl, carbon-hydrogen bond, Van der
Waals, and unfavorable donor—-donor. In this case, unfavor-

able interaction (red color), which formed from Gly9: A chain
to hydrogen atom of alcohol group of 1,3-dienyl cyclohexyl
ring of pose 13, made the system of ligand interactions weaker.
The system energy of pose 13 and 5KEZ increased and the
complex, which formed from pose 13 to receptor, SKEZ was
unstable. Therefore, pose 13 or ligand 5 did not interact well
with enzyme.

Compared docking model and ligand interactions

Ligand piHA-Dm was a type of structure of peptide, com-
posing five amino acids linked to a head-to-side-chain
thioether macrocycle. piHA-Dm exposed selected inhibitor of
novel typical peptide and occupied in Human pancreatic
alpha-amylase (HPA). The HPA/piHA-Dm complex have
deposited under the code PDB:SKEZ (target enzyme in silico
docking.) It inhibited enzyme S5KEZ with the value of inhibi-
tion constant of 7.0 £ 3.5 nM (Jongkees et al., 2017). Ligand
3b or pose 65 was the best ligand, which inhibited enzyme
SKEZ with the value of inhibition constant of 0.067 uM or
67 nM, which indicated ligand 3b inhibited around ten-fold
lower than ligand piHA-Dm. Insightful analysis of ligand



20

Nguyen-Kim-Tuyen Pham et al.

Table 5 The values of RMSD of ranked poses, which were corresponding to ligand and Acarbose perfomred by PyMOL software.

Pose 65, ligand 3b was reference.

RMSDE!  Pose 90, Pose 7, Pose 56, Pose 88, Pose 150, Pose 196, Pose 104, Pose 164, Pose 15, Pose 13, Pose 164,
liand ligand ligand ligand ligand ligand ligand ligand ligand ligand 5 Acarbose!™
1t 1 a[d] 1 b[é] 1 e[ﬂ za[g] 2b[h] 3a[i] 4aLi] 4b[k] 1]

Pose 65, 3.618 4.059 4.453 2.840 3.589 3.854 2.290 4.295 4.337 4.312 4.424

ligand

3b[b]

[a]. Unit of A, performing by PyMOL software, and demonstration in Fig. 2. [b]. Red color in Fig. 2. [c]. Blue color. [d]. Yellow color. [e]. Green
color. [f]. Magenta. [g]. Cyan color. [h]. Orange color. [i]. Chocolate color. [j]. Marine color. [k]. Deep purple color. [1]. Line green color. [m]. Hot

pink color.

interactions between ligand piHA-Dm or ligand 3b (pose 65)
and crystal structure of enzyme SKEZ illustrated that ligand
piHA-Dm interacted well with five residual amino acids such
as Aspl197 and 300, His101 and 201, and Glu233 in enzyme
SKEZ. While as shown in the 2D diagram of Fig. 6, ligand
3b (pose 65) interacted well with SKEZ via Asp300 of A chain:
two hydrogen bonds and His 201 of A chain: one hydrogen
bond, Glu233: A chain: pi-charge interaction. Other ligand
interactions that make ligand 3b to enzyme SKEZ different
from ligand piHA-Dm to the same enzyme included alkyl or
pi-alkyl interactions as Leul62, Alal98, Ile235, Ala307: A
chain, and Cys 5: B chain, and pi-charge infractions from
Pro 2: B chain to ligand 3b as show in Fig. 6. As indicated
in Fig. 7, one ligand map presented hydrogen bonds from
His 201 and Asp300: A chain (brown color lines) to active
atoms in ligand 3b (pose 65). Many steric interactions (green
lines) bound from His201, Asp300, Glu233, Tyrl151, Gly306,
Ala307, His305, Ile235, CysS0, Serd4, and Pro2 of enzyme to
ligand 3b, which indeed proved that ligand 3b and target
enzyme, SKEZ interacted strongly through docking process-
ing. At the interaction site, ligand 3b interacted with the same
enzyme more strongly than that of ligand piHA-Dm.

The validation of molecular docking model

Ranked docking poses of ligands and Acarbose docked the
same cavity of enzyme pocket, SKEZ (Fig. 2). Pose 65 or
ligand 3b, the best docking ligand was selected as reference
ligand. Other ligands and ligand Acarbose aligned to pose 65
and calculated the values of RMSD by PyMOL software as
illustrated in Fig. 3. The calculation results of redocking can
be found in Fig. 3 and Table 5. As shown in Fig. 3, docking
poses bound to the same cavity of enzyme without being super-
imposed because they are not analogue structures. As seen in
Table 5, the values of RMSD of pair poses changed from
2.290 A (ligand 3a, ligand 3b) to 4.453 A (ligand 1b, ligand
3b). Additionally, the value of RMSD between 3a and 3b
was lowest due to their analogue structures. The values of
RMSD were considered more suitable and they proved that
the docking parameters, which were valuation in terms of con-
formation, interactions, and reproducing orientation, were
predicted well in molecular docking model of interesting com-
pounds (Hidalgo-Figueroa el al., 2021).

From these in vitro data, compounds 4a and 5 were identi-
fied as the most active. To elucidate the inhibition mechanism,
we investigated activity levels at the concentrations of 0, 4.5,
9.0, 18.0, and 36.0 uM for 4a and of 0, 3.16, 6.33, and
12.65 uM for 5. Lineweaver—Burk plots of 4a showed linearity
at each concentration, intersecting the y-axis in the first quad-

rant (Fig. 22). The kinetics of enzyme inhibition confirmed
that 4a acted as a non-competitive inhibitor. The kinetic anal-
ysis showed that an increase in the concentration of 4a had no
effect on the K, (1.20), but decreased the v, from 0.07 to
0.03 pM.min~". The inhibition constant (K;) was 28.44 + 2.
50 uM. For compound 5, Lineweaver—Burk plots gave a group
of lines with different slopes and intercepts, intersecting the y-
axis in the second quadrant (Fig. 23A). The kinetics of enzyme
inhibition indicated that 5 acted as a mixed-type inhibitor. The
inhibition constants of 5 binding with the free enzyme (K;) and
with the enzyme-substrate complex (K1) were determined to be
8.22 + 0.32 uM and 20.32 £ 0.51 uM, respectively (Fig. 23B
and Fig. 23C). The value of K; was lower than that of K’;, indi-
cating that the binding affinity of a-glucosidase-5 exceeded
that of a-glucosidase-PNPG-5 complex.
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T 45uM
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Fig. 22 Lineweaver-Burk plot for alpha-glucosidase inhibition
by compound 4a (A) and the secondary plot of slope vs the
inhibitor concentration (B).
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concentration (B and C)

4. Conclusions

Ten compounds were synthesized using bromination, esterifi-
cation, Friedel-Crafts alkylation, and imine nucleophilic addi-
tion of salazinic acid (1). The derivatives were evaluated for a-
glucosidase inhibition. The majority of the compounds proved
to be potential a-glucosidase inhibitors, with I1Cs, values in the
range 9.32-39.96 uM. All were significantly lower than those
of the mother compound 1. The results demonstrated that sal-
azinic acid modification increased the potency of a-glucosidase
inhibition. Compounds 3b, 4a, and 5 were the strongest inhibi-
tors. An in silico docking model indicated that ligands 3b and
4a were the best candidates for drug delivery systems. A kinetic
study of 4a and 5 indicated that 4a was a non-competitive-type
inhibitor and 5 was a mixed-type inhibitor.
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