Open Access Article. Published on 19 March 2024. Downloaded on 6/12/2026 5:24:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 9326

Received 26th January 2024
Accepted 5th March 2024

DOI: 10.1039/d4ra00666f

rsc.li/rsc-advances

Introduction

Antimicrobial and alpha-glucosidase inhibitory
flavonoid glycosides from the plant Mussaenda
recurvata: in vitro and in silico approachest

Tran Thi Ngoc Mai,? Phan Nhat Minh,”® Nguyen Tan Phat, & °° Thuc Huy Duong,*®
Tran Nguyen Minh An, ©*¢ Van Son Dang,®” Nguyen Van Hue? and Mai Dinh Tri*°

Seven flavonoid glycosides were isolated from the aerial portions of Mussaenda recurvata during
a phytochemical analysis. This comprised one novel component, ecurvoside, and six well-studied
compounds, namely astragalin, isoquercitrin, nicotiflorin, rutin, hesperidin, and neohesperidin. The
chemical structures of compounds were identified using spectroscopic techniques and a comparison
with previously published studies. Alpha-glucosidase inhibition testing was carried out on all isolated
compounds. The compounds evaluated have ICsq values between 35.6 and 239.1 g mL~?, indicating
a moderate degree of inhibition. In vitro antimicrobial activities of compounds 1-7 have screened against
the bacteria Pseudomonas aeruginosa (P. aeruginosa), methicillin-resistant Staphylococcus aureus
(MRSA), Streptococcus faecalis (Strep. faecalis), and fungi: Candida albicans (C. albicans), Trichophyton
mentagrophytes (T. mentagrophytes), and Microsporum gypseum (M. gypseum), where compound 6
showed excellent activity against fungi T. mentagrophytes with an MIC value of 12.5 uM. In accordance
with the molecular docking study, ecurvoside (1) or pose 472 interacted well with the 3TOP enzyme:
PDB and the molecular dynamic simulations proved that the complex of ecurvoside and 3TOP has
a stable simulation time of 50-100 ns and the significant residual amino acids in 3TOP are relative to
interactions more than one time such as Asp 960, Glu 961, Lys 1088, Glu 1095, Arg 1097, Gly 1102, Thr
1103, Gln 1109, Glu 1178: A chain and Glu 1095, Thr 1101, and Asp 1107: B chain. The docking studies of
compounds 1-7 to the enzyme 2VF5 explain the general mechanism to inhibit bacteria and proved that
compound 6 (pose 370) inhibited stronger than compound 7 (pose 362) and compound 5 (pose 280),
and compounds 1 to 4 do not interact well with 2VF5.

anti-inflammatory activity.®> This model needs to assess the
validation based on RMSD values.*® Molecular dynamics (MD)

The molecular docking model is an in silico method that allows
to evaluate many biological activities such as anticancer,'
enzyme o-glucosidase inhibition,* antibacterial activity, and
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simulations permit determining the accuracy of the molecular
docking model. MD generates a more accurate biophysical
simulation of protein-ligand complex binding to explain the
model complex's stability.’

The genus Mussaenda (Rubiaceae) with approximately 160
species is native to tropical and subtropical regions.'* Some
Mussaenda plants are used in folk medicine in China." The
chemical data of this genus indicated the presence of saponins,
terpenoids, iridoids, and flavonoids.*** Little is known about
the chemical and biological data of Mussaenda recurvata Naiki,
Tagane & Yahara. Our previous studies on the Vietnamese
native plant indicated the presence of five saponins, nine
ursane- and oleanane-type triterpenes.**** These compounds
were believed to be active compounds with anti-inflammatory
activity. A continuation on the polar fraction of the Viet-
namese plant M. recurvata indicated the presence of a new
compound ecurvoside, along with six known compounds
astragalin, isoquercitrin, nicotiflorin, rutin, hesperidin, and
neohesperidin. Isolated compounds were evaluated for their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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inhibitory effects on alpha-glucosidase. Molecular docking
study and molecular dynamics simulations were conducted to
determine the mechanism of biological activity.

Results and discussion

Seven flavonoid glycosides 1-7 were isolated from the EtOAc
extract of M. recurvata. Six known compounds were elucidated
as astragalin (2),** isoquercitrin (3),%° nicotiflorin (4),* rutin
(5),%” hesperidin (6),® and neohesperidin (7).>*° The chemical
structures of compounds were elucidated using NMR spec-
troscopy. The NMR data of 2-7 are shown in Tables S1 and S2.}
Among the isolated compounds, compound 1 was a new
compound, namely, ecurvoside. The chemical elucidation of
compound 1 was described as follows.

Compound 1 was obtained as a colorless gum. The molecular
formula of 1 was deduced as C3;sH360;7 by the deprotonated
molecular ion peak at m/z 739.1856 (calcd for [C36H360:,-H] ™,
739.1874) in the HRESI mass spectrum (Fig. S11). The "H NMR
spectrum showed eight aromatic protons of two 1,4-disubstituted
benzene rings [B-ring: dy; 7.96 (2H, d, J = 9.0, H-2'/H-6') and 6.91
(2H, d,J = 9.0, H-3'/H-5") and C-ring: é;; 7.52 (2H, d, ] = 8.5, H-2"'/
H-6") and 6.83 (2H, d, J = 8.5, H-3""/H-5")], two meta-coupled
aromatic protons [0y 6.33 (1H, d, J = 1.5, H-8) and 6.18 (1H, brs,
H-6)], two trans-coupled olefinic protons [6y 7.50 (1H, d, ] = 15.5,
H-2"") and 6.20 (1H, d, J = 16.0, H-2")], and signals of two sugar

Table 1 NMR data of 1 and 4 in DMSO-dg
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units ranging from dy 0.75 to 5.40. The "*C NMR spectrum in
accordance with the HSQC spectrum exhibited 36 carbon reso-
nances attributable to two carbonyl carbons (6¢ 177.3 and 166.4),
eight aromatic methine carbons [d¢ 130.2 (x2), 130.0 (x2), 115.9
(x2),115.1 (x2), 98.4, and 93.6], two olefinic methine carbons (6
144.6 and 114.4), two anomeric carbons (6¢ 101.1 and 100.3),
a methyl carbon (dc 17.1), nine quaternary carbons (d¢c 159.3,
153.2, 150.0, 149.3, 129.1, and 123.5), and nine oxygenated
carbons of two sugar units in the range of 65.9-76.5 ppm. These
spectroscopic data indicated that 1 was a flavonoid glycoside
bearing two sugar units and a 4-hydroxycinnamoyl moiety. The
detailed comparison of the NMR data of 1 and nicotiflorin (4)
gave the similarity, indicating that both compounds have
a kaempferol-derived aglycone and two sugar units, p-glucose
and r-rhamnose (Table 1). The nature of sugar units were strongly
supported by NOESY correlations and the NMR comparison of 1
and co-isolates 2-7 (Fig. 2). The difference between them is the
presence of an additional 4-hydroxycinnamoyl moiety in 1. The
NMR data of 1 was highly similar to those of kaempferol-3-O-B-p-
[4"-p-E-coumaroyl-o-.-rhamnosyl(1 — 6)]galactoside reported
previously,* supporting the chemical structure of 1. Combined,
the chemical structure of 1 was elucidated as shown in Fig. 1,
namely, ecurvoside.

Flavonoid glycosides 1-7 were reported in the first time from
M. recurvata. Astragalin (2), isoquercitrin (3), nicotiflorin (4),
and rutin (5) were reported previously in M. arcuata leaves.*

1 4 1 4
No. Oc O Oc 0" No. Oc O Oc 0"
2 156.8 156.7 6"-ORha
3 133.0 133.1 1” 100.3 4.48 (1H, brs) 100.7  4.38 (1H, d, 1.0)
4 177.3 177.3 2" 68.3 3.56 (1H, m) 70.3 3.41 (1H, m)
5 161.2 161.1 3" 70.4 3.70 (1H, m) 71.7 3.08 (1H, m)
6 98.4 6.18 (1H, brs) 98.7 6.20 (1H, d, 2.0) 4" 73.4 4.77 (1H, t, 9.5) 70.5 3.27 (1H, m)
7 164.0 164.1 5" 65.9 3.48 (1H, m) 68.1 3.25 (1H, m)
8 93.6 6.33 (1H, d, 1.5) 93.7 6.41 (1H, d, 2.5) 6" 17.1 0.75 (d, 6.0) 17.6 0.99 (1H, d, 6.0)
9 156.5 156.4 2""-OH 4.91 (1H, m)
10 103.8 103.9 3"-OH 4.65 (1H, m)
5-OH 12.56 (1H, brs) 12.56 (1H, s) 4""-Cin
1 120.9 120.8 1" 125.2
2/ 1302 7.96 (1H, d, 9.0) 130.8 7.99 (1H, d, 8.0) 2" 130.0  7.52(1H, d, 8.5)
3 115.1 6.91 (1H, d, 9.0) 115.0  6.88 (1H, d, 8.0) 3" 115.9 6.83 (1H, d, 8.5)
4 159.9 159.8 a" 159.8
5/ 115.1 6.91 (1H, d, 9.0) 115.0 6.88 (1H, d, 8.0) 5" 115.9 6.83 (1H, d, 8.5)
6 1302  7.96 (1H, d, 9.0) 130.8 7.99 (1H, d, 8.0) 6" 130.0  7.52 (1H, d, 8.5)
3-0Gle 7" 144.6 7.50 (1H, d, 15.5)
1" 101.1 5.40 (1H, d, 8.0) 101.3 5.31 (1H, d, 7.5) 8" 114.4 6.20 (1H, d, 16.0)
2" 74.2 3.19 (1H, m) 74.1 3.18 (1H, d, 7.5) 9" 166.4
3" 76.5 3.22 (1H, m) 76.3 3.22 (1H, m)
4 69.4 3.19 (1H, m) 69.8 3.24 (1H, m)
5" 75.3 3.26 (1H, m) 75.7 3.21 (1H, d, 7.5)
6" 66.2 3.48 (1H, m) 66.8 3.29 (1H, m)

3.68 (1H, d, 10.0) 3.69 (1H, d, 10.0)

2"-OH 5.36 (1H, d, 4.5)
3"-OH 5.16 (1H, d, 5.5)
4"-OH 5.09 (1H, d, 5.0)

% Multi, J in Hz.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Chemical structures of compounds 1-7.

Fig. 2 Selected HMBC correlations of 1.

Rutin was isolated from M. macrophylia.**** Flavanone glyco-
sides such as hesperidin (6) and neohesperidin (7) rarely
occurred in the genus Mussaenda.

239.1

1 2 3 4 5 6 7 8

Fig. 3 The alpha-glucosidase inhibitory (ICs0) of compounds 1-7 and
positive control: ecurvoside (1), astragalin (2), isoquercitrin (3), nicoti-
florin (4), rutin (5), hesperidin (6), neohesperidin (7), acarbose (8).
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Compounds 1-7 were evaluated for the alpha-glucosidase
inhibition, revealing the significant activity with ICs, values
ranging from 35.5 to 239.1 uM (compared to the positive control
acarbose ICs, 214 pM), as seen in Fig. 3. Compounds 2 and 3
were stronger than compounds 4 and 5, indicating that the -
rhamnose moiety in 4 and 5 decreased the activity. The
comparison of the inhibition of 1, 4, and 5 revealed that the 4-
hydroxycinnamoyl group would enhance the activity. Flavanone
glycosides 6 and 7 were weaker than flavonol glycosides 1-5,
indicating the important role of the carbon skeleton in alpha-
glucosidase inhibition. The alpha-glucosidase inhibition of
compounds 2-7 has been reported previously. Astragalin (2) and
isoquercitrin (3) strongly inhibited alpha-glucosidase, consis-
tent with published results.***¢ Isoquercitrin (3) was in silico
investigated, revealing its inhibitory mechanism.*” Rutin (5) is
believed to have antidiabetic potential.*® This compound

o
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Fig.4 The MIC values of compounds 1 to 7 that inhibited bacteria and
fungi.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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showed significant pancreatic amylase and alpha-glucosidase
inhibition.*® In 2013, Shin and co-workers investigated the
beta-glucosidase inhibition of flavonoid glycosides from Pyro-
coccus furiosus, revealing the inhibitory order: hesperidin >
neohesperidin > rutin.*

In vitro antimicrobial activity

Compounds 1-7 were tested against three bacteria such as
Pseudomonas aeruginosa, methicillin-resistant Staphylococcus
aureus (MRSA), and Streptococcus faecalis (Strep. Faecalis) and
three fungi, namely, Candida albicans (C. albicans), Trichophyton
mentagrophytes (T. mentagrophytes), and Microsporum gypseum
(M. gypseum). As seen in Fig. 4, the MIC values of compounds 1-
7 were determined and among them, the MIC of compound 6
was the lowest (12.5 pM) (light blue bar), proving that
compound 6 inhibited well against Trichophyton mentagrophytes

fungus (Fig. 5).

Trichophyton mentagrophytes =

Fig.5 The inhibition zones at different concentrations of compound 6
(Cq: 6.125, C5: 3.06, C3: 12.5, and Cy4: 25 puM) that inhibited against the
fungus Trichophyton mentagrophytes.
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In silico docking studies

Inhibition of the a-glucosidase enzyme

Pose 472. The best conformation of compound 1 among 500
docking conformations docked to 3TOP: PDB enzyme with
values of free Gibbs energy and inhibition constant of
—7.16 kecal mol ™" and 5.64 uM, respectively, as shown in Table
2. In this case, pose 472 formed 7 H-bonds, as seen in Table 2
and Fig. 6. Among the H-bonds, the two H-bonds from the
hydrogen atoms on pose 472 to Glu 1095 and Gln 1109 are the
strongest because of their shortest bond length, and they are
listed as pose 472:H-A:Glu 1095:0 (1.98 A) and pose 472:H-
A:Gln 1109:0 (1.98 A). As seen in Fig. 6, the H-bonds (red lines)
formed from active atoms to active atoms of residual amino
acids with 5 A length and are demonstrated by the PyMOL
software. As shown in Fig. 7, the functional group of this pose
formed H-bonds from Glu 1095: B chain, Glu 1095: A chain, Ile
1104: A chain, Asp 1179: A chain, Gln 1109: A chain, Lys 1088: A
chain, Thr 1101: B chain, and Thr 1103: A chain to hydrogen
atoms and oxygen atoms of alcohol groups in the carbohydrate,
hydroxyl phenolic groups, and carbonyl group. The capping
group of this pose 472 are hydrophobic interactions such as pi-
alkyl forming from Ile 1104: B chain to the pi-electron system of
an aromatic ring. The connecting unit (CU) or the linker of the
ligand was identified by hydrophobic interactions such as pi-

Fig. 6 H-bonds formed from active sites on pose 472, the best pose
docking of compound 1, and residual amino acids on 3TOP by PyMOL
software.

Table 2 The significant ligand interactions forming from pose 472, the best docking pose among 500 conformations of compound 1 to 3TOP

enzyme: PDB

Entry Pose” Free Gibbs energy” K The number of hydrogen? The character and bond length®

1 Pose 472 -7.16 5.64 7 B:Lys 1088:N - pose 472:0 (2.76 A)
B:Thr 1101:0 - pose 472:0 (3.12 A)
Pose 472:H-Asp 1179:0 (2.31 A)
Pose 472:H-A:Glu 1095:0 (1.98 A) pose
472:H-B:Glu 1095:0 (2.26 A)
Pose 472:H-B:Thr 1101:0 (2.40 A)
Pose 472:H-A:Gln 1109:0 (1.98 A)

Acarbose Pose 61 —8.81 0.351 0 —

“ The calculation results from AutoDockTools-1.5.7 (ATD). ? The calculation results from AutoDockTools-1.5.7 (ATD). ¢ The calculation results from
AutoDockTools-1.5.7 (ATD). ¢ Building from Discovery Studio 2021 Client software. ¢ Building from Discovery Studio 2021 Client software.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Pose 472, the best docking pose of compound 1 anchored to
the 3TOP enzyme.

donor H-bonds formed from Gly 1102: B chain and Arg 1097: B
chain, and the Thr 1103: B chain to the pi-electron system of the
phenyl ring, carbon, and oxygen atom on this pose. The ligand/
pose 472 has three parts: functional group: H-bonding, capping
group: protein identification via hydrophobic interactions, and
connecting unit: detected via hydrophobic interactions that
interacted well with residual amino acids on the enzyme.*’ Pose
472 is a good ligand in interactions with enzyme 3TOP, and we
say that this pose inhibited the enzyme well. As seen in Fig. 8,
one ligand map indicated the secondary interactions formed
from pose 472 to residual amino acids around this pose, which
included H-bonds from Asp 1179, Ile 1104, Gln 1109, Glu 1095,
and Lys 1088 (brown color lines) to atoms on pose 472, steric
interactions (green lines) from Ile 1104, Thr 1101, Thr 1103, GIn

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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(Thr 11030)

(Gin 11090}

Arg 1097()

Fig.8 Ligand map indicated the secondary interactions between pose
472 and 3TOP such as H-bonding-brown color lines, steric interac-
tions-green lines, and overlap interactions-violet circles.
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1109, Gly 1102, Glu 1095, Arg 1097, and Lys 1088 to atoms on
pose 472, and overlap interactions (violet circles). The diame-
ters of the circles are larger, and the overlap interactions are
stronger. There are many steric interactions (many green lines)
that formed around pose 472 that proved that the interaction
between pose 472 and 3TOP is strong in conformation
processing.

Pose 61. Ligand acarbose: the best docking pose of acarbose
compound among 500 conformations anchored to the 3TOP
enzyme with the values of free Gibbs energy and inhibition
constant of —8.81 kcal mol ' and 0.351 uM, respectively, as
seen in Table 2. As indicated in Fig. 9, the significant ligand
interactions are shown in one 2D diagram including H-bonds
(functional groups) from Gly 1102: B, Gln 1109: B, Glu 1095: A
chain to the oxygen atoms of the hydroxyl alcohol of carbohy-
drate on pose 61. The capping group of poses is detected by
carbon-hydrogen bond forming from Glu 1095: B chain to
a carbon atom of carbohydrate. The connecting unit or linker of
pose 61 is identified by carbon-hydrogen bonds from Gly 1102
and Thr 1101: A chain to methylene groups on pose 61. Pose 61
is a strong ligand in the ligand interaction model. At the ther-
modynamic site and ligand interaction with the 3TOP enzyme,
pose 472 is weaker than pose 61.

Model validation. As indicated in Fig. 10, pose 472 is aligned
with pose 61 with an RMSD of 2.112 A, indicating that the RMSD
is about 2 A, which was conducted by the PyMOL software. This
value demonstrates that pose 472 lines up with pose 61, acar-
bose, and that there is not much variation in the conformation
of pose 472*** as well as the confirmation of the model in
docking parameters using docking calculation, active center on
enzyme, docking orientation, docking processing, and predic-
tion of good interactions with interesting ligands.

Molecular dynamics simulations. Fig. 11A-F and S9-S14F
display the outcomes of the molecular dynamic simulations for
the best pose docking 472 and 3TOP. The simulation course did
not account for protein flexibility in all simulation courses from
0 to 100 ns. Molecular dynamic simulations were conducted
using the Desmond program in Ubuntu to examine the process
of ligand binding and the balance of the pose 772_3TOP
complex. Pose 472 yields favorable outcomes in the ligand
interaction model through docking. The simulation details are
shown in Fig. S91 and the simulation system includes one CPU,
Mdsim job type, NPT ensemble method, 300 K temperature,
100.102 ns time, 185 274 heavy atoms, 52 285 water molecules,
and 0 charge. The 3TOP enzyme consists of 1784 total residues,
with A and B chains, 27992 atoms, 14 324 heavy atoms, and
a charge of —46. The data for pose 472 in Fig. S107 consists of 89
atoms, an atomic mass of 740.678 atomic units (au), 0 charge,
and 19 rotational bonds. Fig. S1171 displays the fragments and
root mean square (RMSF) of 3TOP, which are valuable for
analyzing local variations along the enzyme chain fluctuation
and the residual amino acids (C-alpha). The enzyme undergoes
significant conformational changes at 400, 500, and 1800
residual indexes due to large fluctuations. The secondary
enzyme, as shown in Fig. S12,7 consists of 15.36% helix, 24.13%
strand, and 39.48% SSE elements of the 3TOP structure. The
SSE plot ranges from 0 to 1800 index, showing the percentage of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 One 2D diagram showing the most important ligand interactions between acarbose and 3TOP enzyme.

Fig. 10 Pose 472, the best stable conformation ligand of 1 aligned to
pose 61, the best stable conformation ligand of the acarbose ligand
with the value of RMSD of 2.112 A.

red color lines (15.36%) representing SEE and green color lines
(24.13%) representing strand chain. Fig. S13} indicates that the
contacts between pose 472 and 3TOP are exposed through
hydrogen bonds. Specifically, the oxygen atom of phenolic
hydroxyl group on pose 472 interacts with the Lys 1089: A chain
(positively charged, violet color) for 73% of the simulation time,
and with the oxygen atom of the carbonyl group on this pose for
61% of the simulation time. Arg 1097 formed a hydrogen bond
with a hydroxyl group on the carbohydrate moiety of pose 472
for 86% of the simulation time. The hydrogen atom of the
hydroxyl group from the carbohydrate part on pose 472 formed
a hydrogen bond with B: Glu 1095 via the water bridge at 128%
of the simulation time. At a specific time during the simulation,
Glu 1095 formed a hydrogen bond with a hydroxyl group on the
carbohydrate moiety via water bridge. One H-bonding forms
between A: Arg 1097 and the hydrogen atom of the hydroxyl

© 2024 The Author(s). Published by the Royal Society of Chemistry

group of the carbohydrate part, occurring at 86% of the simu-
lation time. At 75% of the simulation time, one of the hydroxyl
phenolic groups linked to B: Asp 1107 through a water bridge.
Fig. S147 displays the torsion profile of pose 471, showing a 10-
torsion and two carbon-carbon bonds with large energies of
10.21 and 10.00 kcal mol " and torsion angles of —180 and +180
degrees, represented by pink and orange colors.

Fig. 11A illustrates that pose 472 exhibited strong interac-
tions with the 3TOP enzyme through hydrophobic interactions
involving specific amino acid residues such as Pro 109 in the A
chain, Pro 1127 in the B chain, and Ile 1104 in the A chain.
Additionally, polar interactions were observed with residues like
Asn 1090 in the A chain, Thr 1101 in the B chain, and Gln 1109
in the A chain. Charge interactions were noted with residues
like Asp 1179 in the B chain and Glu 1095 in the B chain.
Positive charge interactions involve Lys 1088 in the B chain,
while negative charge interactions are present. As indicated in
Fig. 11A, pose 472 consisted of four regions: hydrophobic,
hydrophilic, negative-charge interaction, positive-charge inter-
action, and the RMSD curves are shown on the left and right Y-
axes in Fig. 11B. The pharmacokinetics of the 3TOP enzyme and
pose 472 have been altered to glycine. The Root Mean Square
Deviation (RMSD) of the 3TOP enzyme has stabilized to less
than 30 ns, approximately 1.0. RMSD values exceeding 3 and
a simulation time exceeding 30 ns indicate a change in the
conformation (3.0 A) of the 3TOP enzyme. The RMSD values for
pose 472 indicate minimal conformational changes, reflecting
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Fig. 11 One simulation result course of complex between pose 472 and 3TOP enzyme (complex_pose_472_3TOP) from 0 to 100 ns in Linux or
Ubuntu Environment including: (A) main interaction scheme of pose 472 and 3TOP; (B) protein—ligand RMSD indicated by Desmond; (C) the
fluctuations of pose 472 on 3TOP enzyme; (D) the contacts between 3TOP enzyme and pose 472; (E) the contact maintained and shown by
a darker shade of orange color in whole simulation time; and (F) pose 472 properties.

the internal fluctuations of the ligand when aligned with the
backbone frame curve of the 3TOP enzyme. The various
configurations of pose 472 were analyzed by aligning it with the
3TOP enzyme (dark red line). The RMSD values exceed 3 A when
the simulation time exceeds 25 ns. Pose 472, previously
confined, now expands beyond its original location. The root-
mean-square fluctuations (RMSF) for each atom in the ligand
are displayed in Fig. 11C, specifically in the RMSF of pose 472.
The Root Mean Square Fluctuation (RMSF) calculated the
average fluctuations of the ligand's heavy atoms squared devi-
ation after aligning them with the reference frame over the
entire simulation period. Pose 472's alignment on the enzyme
showed variations in binding and values. The root mean square
fluctuation (RMSF) of pose 472 when fitted onto the 3TOP
enzyme ranges from less than 6 to 2 A. The most prevalent atom
is the oxygen atom located at pose 472 in the hydroxyl phenolic
group of the seven atoms. The ligand contacts plot in Fig. 11D
provides information on protein-ligand interactions. One bar
chart displays the duration of ligand contact with particular
amino acid residues during the simulation, while another chart
illustrates how these contacts evolve over time. The diagram
shows the H-bonds (green lines) between pose 472 and enzyme
3TOP, involving Asp 960, Glu 961, Kys 1088, Glu 1095, Arg 1097,
Gly 1102, Thr 1103, QIn 1109, Glu 1178 in chain A, and Glu 1095,
Thr 1101, and Asp 1107 in chain B. The residual amino acids of
the 3TOp enzyme created two hydrogen bonds with the same
atom at position 472: Lys 1088 in the A chain, Glu 1095 in the A
chain, and Glu 1095 in the B chain. Fig. 11D illustrates an

9332 | RSC Adv, 2024, 14, 9326-9338

increase in the number of contacts between pose 472 and the
3TOP enzyme from 8 to 14 over a simulation period of 0-100 ns.
Fig. 11E displays a simulation interaction diagram of the 3TOP
enzyme, showing 472 contacts occurring between 0 and 100 ns
during the simulation. Most interactions are identified through
an orange color, including Asp 1107, Glu 1095: B chain, Gln
1109, Thr 1103, Arg 1097, Glu 1095, Lys 1088, Glu 961, and Asp
960: A chain. The properties of the ligand, such as polar surface
area, solvent-accessible surface area, molecular surface area,
number of intramolecular hydrogen bonds, radius of gyration,
and ligand root-mean-square deviation from the initial
conformation (RMSD), are visually represented in Fig. 11F. The
mean values for RMSA, r-Gyr, intra-HB count, Mol SA, SASA, and
PSA are 3 A, 6 A, 1 H-bond, 585 A% 450 A%, and 440 A2
respectively.

In silico antibacterial activity

The important docking calculations for the best docking poses
of entries 1-7 have been compiled in Table 3. Table 3 shows
three compounds that have successfully docked to the crystal
structure of the 2VF5 enzyme: compound 6 (pose 370),
compound 7 (pose 362), and compound 5 (pose 280).
Compound 370 exhibits the most favorable docking pose
according to both the thermodynamic and ligand interaction
models. Pose 370 is linked to the 2VF5 enzyme in the thermo-
dynamic site with a free Gibbs energy of —7.57 kcal mol™* and
an inhibition constant of 2.83 pM. The pose also engaged in six

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00666f

Open Access Article. Published on 19 March 2024. Downloaded on 6/12/2026 5:24:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 3 The significant docking results of docking poses to 2VF5 enzyme: PDB
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The character and bond length®

Describe

Free Gibbs The number
Entry Pose” energy” K of hydrogen?
6 370 —7.57 2.83 6
7 362 —6.42 19.59 2
5 280 —5.85 51.58 5
2 305 —6.90 8.74 7
3 387 —5.92 45.57 8
4 136 —5.90 47.64 8
1 43 —5.40 110.8 7

X:Ser 349:0 - pose 370:0, (2.92 A);
pose 370:H-X:Lys 603:0, (1.86 A);
pose 370:H-X:Glu 488:0, (2.14 A);
pose 370:H-X:Lys 603:0, (2.21 A);
pose 370:H-X:Lys 603:0, (2.08 A);
pose 370:H-X:Glu 488:0, (1.92 A)
X:Tyr 476:0 — pose 362:0, (2.4 A);
pose 362:H-X:Tyr 476:0, (2.22 A)
X:Ser 316:0 - pose 280:0, (2.82 A);
pose 280:H-X:Ser 316:0, (1.88 A);
pose 280:H-X:Arg 472:0, (2.01 A);
pose 280:H-X:Ala 520:0, (1.88 A);
pose 280:H-X:Ala 520:0, (2.44 A)
X:Thr 302:N - pose 305:0, (3.06 A);
X:Ser 349:N - pose 305:0, (3.20 A);
X:Ser 349:0 - pose 305:0 (2.87 A);
X:Ser 401:N - pose 305:0 (2.78 A);
X:Lys 603:N - pose 305:0 (3.02 A);
pose 305:H-X:Val 399:0 (2.22 A);
pose 305:H-X:Val 399:0 (2.11 A)
X:Thr 302:N - pose 370:0 (2.95 A);
X:Ser 347:0 - pose 370:0 (3.21 A);
X:Gln 348:N - pose 370:0 (2.96 A)
X:Ser 349:N - pose 370:0 (2.94 A)
X:Ser 349:0 - pose 370:0 (2.75 A);
X:Ser 401:N - pose 370:0 (2.98 A);
pose 370:H-X:Ser 349:0G (2.04 A);
pose 370:H - X:Lys 603:0 (1.93 A)
X:Gly 301:N - pose 136:0 (2.74 A);
X:Gln 348:N - pose 136:0 (2.96 A);
X:Ser 349:N - pose 136:0 (3.01 A);
X:Ser 349:0 - pose 136:0 (2.81 A);
X:Thr 352:0 - pose 136:0 (3.07 A);
pose 136:H-X:Glu 488:0 (2.00 A);
pose 136:H - X:Glu 488:0 (2.11 A);
pose 136:H-X:Ser 349:0 (2.02 A)
X:Gly 301:N - pose 43:0 (3.06 A);
X:Tyr 304:0H - pose 43:0 (3.12 A);
X:Gln 348:N - pose 43:0 (2.73 A);
X:Tyr 476:0H - pose 43:0 (2.93 A);
X:Lys 487:N — pose 43:0 (3.15 A);
pose 43:H-X:Gly 301:0 (2.04 A);
pose 43:H-X:Tyr 476:0H (2.42 A)

Good interactions in ligand
interaction model

Good interactions in ligand
interaction model
Good interactions in ligand
interaction model

Unfavorable donor-donor
and acceptor-acceptor: Thr
302

Unfavorable donor-donor
and acceptor-acceptor: Cys
300

Unfavorable donor-donor
and acceptor-acceptor: Ala
602, and Gly 301

Unfavorable donor-donor
and acceptor-acceptor: Gln
348

“ The calculation results from AutoDockTools-1.5.7 (ATD). * The calculation results from AutoDockTools-1.5.7 (ATD). © The calculation results from
AutoDockTools-1.5.7 (ATD). ¢ Building from Discovery Studio 2021 Client software. ¢ Building from Discovery Studio 2021 Client software.

hydrogen bonds with 2VF5, as shown in Table 3. The hydrogen
bonding between pose 370:H-X:Lys 603:0 is the strongest due
to its shortest bonding length. The hydrogen bonds play
a crucial role in the hydrophilic characteristics and metabolic
processes. The interaction profile between poses 370 and 2VF5
has been documented in Fig. 12, 13 and Table 3. Fig. 12 illus-
trates the key interactions between pose 370 and 2VF5 on
a single 2D diagram. Pose 370 had good interaction with 2VF5
due to the compatibility of the functional group, capping group
(CA), and connecting unit (CU) with 2VF5. Hydrogen bonds are
formed between the oxygen atoms of hydroxyl groups and
hydroxyl methylene groups on pose 370 with Lys 603, Ser 349,

© 2024 The Author(s). Published by the Royal Society of Chemistry

and Glu 488 to identify the functional groups. Pi-sigma inter-
actions between leucine 484 and lysine 487 aid in determining
the capping group of this conformation. The linker in this pose
is identified by carbon-hydrogen bonds from Tyr 491, Ala 602,
and Val 399 to the carbon atoms of the methoxy group and the
carbon atoms of the carbohydrate group in pose 370. Fig. 13
displays some of the secondary interactions occurring between
pose 370 and 2VF5. The interactions consist of hydrogen bonds
(Ser 349 and Lys 603 with atoms in pose 370), steric interactions
(Tyr 491, Lys 487, Leu 484, Val 399, Cys 300, and Ser 401), and
overlap interactions (violet circles) with atoms in pose 370. The
greater diameters of violet circles indicate more intense overlap

RSC Adv, 2024, 14, 9326-9338 | 9333
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Fig. 13 The ligand map forming between pose 370 and 2VF5.
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interactions between residual amino acids and atoms in pose
370. At pose 370, there are numerous steric, overlap, and
hydrogen interactions. Altering the configuration of pose 370
without affecting the overall structure is challenging, and there
are significant connections between pose 370 and 2VF5. Pose
370 is evaluated to have good interaction with 2VF5 in the
ligand interaction model. Fig. 14, 15 and Table 3 display the
interaction profile between pose 362 and 2VF5. It is anchored by
pose 362 and the pocket enzyme 2VF5. The Gibbs free energy is
—6.42 kecal mol™?, and the inhibition constant is 19.59 pM. It
connected two hydrogen bonds from Tyr 476 to atomic oxygen
on pose 362, as shown in Table 3 and Fig. 14 shows that pose
362 had favorable interactions with 2VF5, including hydrogen
bonding between Tyr 476 and the oxygen atom of the hydroxyl
methylene group on pose 362, pi-alkyl interactions between
Met 308 and the carbon of the methoxy group on pose, and
capping groups involving carbon-hydrogen bonds from Tyr 476
and Tyr 304 to aromatic rings for protein identification. Fig. 15
displays a ligand map illustrating the secondary interactions
between the remaining amino acids on 2VF5 and atoms on pose
362. The interactions consist of hydrogen bonds between Asn
305 and Ala 496, steric interactions involving Asn 305, Met 308,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 The ligand map forming between pose 362 and 2VF5.

96% N

Leu 480, Ala 496, and Tyr 304, and overlap interactions on pose
306 represented by violet circles. These interactions are weak
due to the lower number of amino acids in this pose. The
optimal docking conformation of compound 5, as shown in
Table 3, pose 280, has successfully docked to 2VF5 with a free
Gibbs energy value of —5.85 kcal mol ' and an inhibition
constant of 51.58 puM. Five hydrogen bonds have been estab-
lished between active atoms on pose 280 and residual amino
acids on 2VF5, with one of the hydrogen bonds specifically
involving pose 280. H-X:Ser 316:0 is the strongest due to its
minimal bond length. Fig. 16 shows that pose 280 has effec-
tively interacted with 2VF5 in the ligand interaction model. This

© 2024 The Author(s). Published by the Royal Society of Chemistry

interaction is facilitated by three components of pose 280: Asp
474, Ser 316, Arg 472, Ala 520, and Asn 522, which interact with
2VF5 through functional groups; Asp 474 forms pi-cation bonds
with the aromatic and ketone groups on pose 280, acting as
a capping group, and Arg 472 contributes a pi-alkyl interaction
with the aromatic ring of pose 280 as part of the linker section.
The ligand interaction model ranks the poses as follows: pose
370 (compound 6) > pose 362 (compound 7) > pose 280
(compound 5). Poses 305, 387, 136, and 43, representing
compounds 2, 3, 4, and 1, respectively, demonstrated poor
interactions with 2VF5 due to unfavorable donor-donor and
acceptor-acceptor interactions, as observed in Fig. S14-S17.F
The adverse interactions are located at Thr 302 (pose 305), Cys
300 (pose 387), Ala 602, Gly 301 (pose 36), and Gln 348 (pose 43),
as depicted in Fig. S15-S18f and Table 3.

Conclusions

Seven flavonoid glycosides have been isolated from the polar
fraction of the aerial parts of Mussaenda recurvata. Ecurvoside
(1) was a newly discovered compound among them. Six
compounds identified as astragalin, isoquercitrin, nicotiflorin,
rutin, hesperidin, and neohesperidin were analyzed for their
structures. Individual compounds exhibited moderate inhibi-
tion against alpha-glucosidase. Ecurvoside was identified as an
optimal candidate through molecular docking and molecular

RSC Adv, 2024, 14, 9326-9338 | 9335
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dynamics simulations, demonstrating strong interactions with
the crystal structure of the 3TOP enzyme. The complex of 3TOP
and pose 472 or compound 1 remained the most stable for
a duration ranging from 40 to 100 ns. Compound 6 exhibited
superior inhibition against the Trichophyton mentagrophytes
fungus compared to other compounds. In the docking model,
compound 6 exhibited better inhibition than compounds 7 and
5. Compounds 1-4 revealed poor in silico activity.

Experimental section
General

NMR spectra were recorded on a Bruker Avance III spectrometer
(500 MHz for "H NMR and 125 MHz for "*C NMR) with TMS as
internal standard. HRESIMS was recorded using a MicrOTOF-Q
mass spectrometer on an LC-Agilent 1100 LC-MSD Trap spec-
trometer. Thin-layer chromatography (TLC) was carried out
using precoated silica gel 60 Fy54 or 60 RP-18 Fys5,5 (Merck).
Spots were visualized by applying a 10% H,SO, solution, fol-
lowed by heating. Gravity column chromatography was per-
formed on silica gel 60 (0.040-0.063 mm, Himedia).
Saccharomyces cerevisiae a-glucosidase (E.C. 3.2.1.20) and acar-
bose were obtained from Sigma-Aldrich Co.

9336 | RSC Adv, 2024, 14, 9326-9338

Plant material

Aerial parts of M. recurvata were collected from Khanh Hoa
province, Vietnam in November 2019. The scientific name of the
plant was authenticated by the botanist Dang Van Son, Institute
of Tropical Biology, Vietham Academy of Science and Tech-
nology. A voucher specimen (VNM_Dang356) was deposited in
the VNM Herbarium, Institute of Tropical Biology, Vietnam
Academy of Science and Technology.

Extraction and isolation of the EtOAc extract

The dried powder of M. recurvata aerial parts (6.0 kg) was
extracted with MeOH (3 x 50 L) at room temperature by
maceration method, which was further filtered, and solvents
were removed under low pressure to obtain the crude extract
(420 g). This extract was separated by liquid-liquid extraction
procedures to yield n-hexane (95.0 g), CH,Cl, (130.0 g), and
EtOAc (80.0 g) extracts together with the water-soluble layer (110
g). The EtOAc extract was applied to silica gel column chro-
matography (CC) using the gradient system of CH,Cl,-MeOH
(50:1-0:1, v/v), affording eight fractions E1-E8. Fraction E4
(16.0 g) was separated by silica gel CC and eluted with the
gradient system of CH,Cl,-MeOH (20:1-0:1, v/v) to give six

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fractions E4.1-4.6. The fraction E4.3 (3.6 g) was rechromato-
graphed by silica gel CC and eluted with solvent n-hexane-
CH,Cl,-MeOH (1:5:1, v/v/v) to afford compounds 2 (9.0 mg)
and 3 (11.0 mg). Fraction E6 (15.0 g) was chromatographed on
a silica gel column eluting with a gradient of CH,Cl,-MeOH
(10:1 — 0:1, v/v) to give five fractions (E6.1-6.5). Compound 1
(8.0 mg) was obtained from fraction E6.2 (120 mg) by two
consecutive silica gel CC: a normal-phase column with n-
hexane-CH,Cl,-MeOH (1:5:1 to 1:2:1, v/v/v) as the mobile
phase and a C-18 reverse phase column using a solvent system
of MeOH-H,0 (3:1, v/v). Fraction E6.4 was chromatographed
using a C-18 reverse phase silica gel CC eluted with MeOH-H,O
(1:1, v/v) to obtain compounds 4 (12 mg) and 5 (9 mg). Fraction
E7 (9.5 g) was subjected to silica gel CC, eluted with a gradient
system of EtOAc-MeOH (10: 1 to 0: 10, v/v) to provide fractions
E7.1-7.5. Subfraction E7.3 was chromatographed on silica gel
CC with the eluent as EtOAc-MeOH-H,O (10:1:0.1 — 1:1:
0.1, v/v/v) to give four fractions E7.3.1-7.3.4. Compounds 6 (6.0
mg) and 7 (8.0 mg) were obtained from fraction E7.3.3 on a C-18
reverse phase silica gel CC, eluted with MeOH-H,O (1: 2, v/v).

Ecurvoside (1). Colorless gum; '"H NMR (DMSO-ds, 500 MHz)
and *C NMR (DMSO-dg, 125 MHz): see Table 1. HRESIMS m/z
739.1856 (caled for [Cy6H360,,-H] ™, 739.1874).

Alpha-glucosidase inhibition

The a-glucosidase inhibitory activity of compounds 1-7 was
determined using a method adapted from a previous method.**
The sample was analyzed in triplicate at five different concen-
trations around the ICs, values, and the mean values were
retained.

Antimicrobial activity

Antimicrobial activities of compounds 1-7 were screened
against the bacteria Pseudomonas aeruginosa, methicillin-
resistant Staphylococcus aureus (MRSA), and Streptococcus fae-
calis (Strep. faecalis) and fungi Candida albicans (C. albicans),
Trichophyton mentagrophytes (T. mentagrophytes), and Micro-
sporum gypseum (M. gypseum) according to the published
method.*

Molecular docking study

The general docking of conformation of compound 1 and
acarbose, one small ligand in 3TOP enzyme: PDB, were docked
to 3TOP enzyme followed article.** For docking, the optical
energy of compound 1 or acarbose was determined by Avogadro
software and saved as a *.pdb file, and 3TOP enzyme was
collected from Protein Data Bank. From the enzyme, the small
ligand acarbose and molecular waters were removed, hetero
atoms and missing amino acids were checked using
SPDBV_4.10 software, and the active center on the ligand was
determined by Discovery Studio 2021 Client software (DSC).**
The grid parameters were saved in a dock.gpf file and set up by
the numbers of grid points in X, Y, Z of 50, 50, 50, respectively,
with a spacing of 0.400 A and active center coordinates of
(—41.385, 12.152, —16.311) corresponding to (X, Y, Z), respec-
tively. AutoDockTools-1.5.7 package was used to calculate the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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docking of ligand compound to receptor or enzyme and build
the best conformation ligand or the best pose to the 3TOP
enzyme by DSC. The ligand map showed the secondary inter-
actions between the best pose docking and 3TOP enzyme by
Molegro Molecular Viewer (MMYV) software version 2.5. The H-
bonding interactions between the best docking pose and
3TOP were performed by PyMOL software version 2.5.4.

Molecular dynamic simulation

Maestro, Schrodinger Suite version 2018 version 4 was used to
perform the molecular dynamic model***® in a Linux environ-
ment. Protein Preparation Wizard, Desmond system builder,
and molecular dynamics are the three important parameters
that should be configured. These parameters, such as assigning
bond ordering, adding hydrogens, generating disulfide bonds,
capping termini, and removing waters below 5 A, must be
chosen during protein manufacturing. All these steps were
finished in protein wizard: interactive H-bond optimizer:
selecting the interactive optimizer, assessing the network, and
optimizing. We execute two items in the Desmond system
builder menu, namely, solvation and ions. Predefined functions
in the solvation panel include selecting SPC (water molecules as
solvation), box form orthorombic, buffer, setting distances of 10
A, selecting to show border box, clicking to minimize menu, and
running. OPLS2005 is the force field parameter. In Desmond
system builder's ion tab, the ion table is selected, the neutralize
button is clicked, the salt concentration is entered as 0.15 M
NaCl, and the ion tab function is run. Finally, three parameters
are employed to start molecular dynamics in the menu: (1)
choose “load from workspace”, (2) enter 100 ns in the simula-
tion time box, (3) choose a temperature of 300 K and a pressure
0f 1.01325 bar, (4) select the number of CPUs or GPUs supported
by the Desmond version, and (5) click run in the tab to start
simulation and modelling.**°
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