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mmatory, in silico molecular
docking and molecular dynamics simulation of
oleanane-type triterpenes from aerial parts of
Mussaenda recurvata†

Mai Dinh Tri,*ab Nguyen Tan Phat, ab Phan Nhat Minh,ab Mai Thanh Chi,ab

Bui Xuan Hao,c Tran Nguyen Minh An, *d Mahboob Alam,e Nguyen Van Kieu,fg

Van-Son Dang,ah Tran Thi Ngoc Maii and Thuc-Huy Duong*c

Bioactive-guided investigation of the aerial parts of Mussaenda recurvata Naiki, Tagane, and Yahara

(Rubiaceae) led to the isolation of four triterpenes, including two new triterpenes recurvatanes A and B (1

and 2), along with two known compounds 3b,6b,23-trihydroxyolean-12-en-28-oic acid (3) and

3b,6b,19a,23-tetrahydroxyolean-12-en-28-oic acid (4). The chemical structures of the compounds were

identified from spectroscopic data and by comparison with the literature. A comprehensive review of

NMR data of the oleanane-type triterpenes bearing 3-hydroxy and 4-hydroxymethylene groups

indicated the characteristic spectroscopic features in this series. Compounds 1–4 were evaluated for the

inhibitory NO production in LPS-stimulated RAW264.7 cells. Compounds 2 and 3 showed a moderate

reduction of nitrite accumulation with IC50 values of 55.63 ± 2.52 and 60.08 ± 3.17 mM, respectively.

Molecular docking model dedicated to compound 3 or pose 420, which is the best candidate among

docking poses of compounds 1–4 interacted well with the crystal structure of enzyme 4WCU: PDB. The

best ligand molecule, pose 420 in terms of binding energy obtained from docking studies on molecular

dynamics (MD) simulations for 100 ns exhibited non-bonding interactions with the protein and remained

stable inside the active site.
1. Introduction

The molecular docking model is one method that allows the
evaluation of biochemical activities between one ligand and one
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receptor target protein or enzyme and this model is based on
the scoring function that estimates the free energy change upon
binding.1,2 Most biochemical activities performed in silico such
as anticancer,3–5 enzyme a-glucosidase inhibition,6 antibacterial
activity, and anti-inammatory are based on the inhibition
mechanism explanations of inhibition of the biosynthesis of
bacterial and fungal cell walls.7 The molecular docking model
must assess the validation via the value of RMSD between one
reference pose that is available in an enzyme or protein and
a ranked pose or ligand.8–10 Enzyme 4WCU is a target enzyme for
anti-inammatory activity. It is a phosphodiesterase-4 enzyme
that performed the degradation of the second messenger,
cAMP; thus, the 4WCU enzyme contributed to the cell signal.
This target developed a clinical drug, which is detailed for anti-
inammatory activity and others.11 A ligand is considered that it
is interacting well with the enzyme when the three parts of the
ligand, including the capping group, linker, and functional
group bond well to the active center of the enzyme.12 MD
generates a more accurate biophysical simulation of the
protein–ligand complex binding to explain the model complex's
stability.13 Molecular dynamics (MD) simulations have been
documented to determine the accuracy of the predicted binding
pose obtained from the molecular docking study.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The genus Mussaenda (Rubiaceae) is native to tropical and
subtropical regions. It includes approximately 160 species.14

Some Mussaenda plants are believed to have valuable applica-
tions in Chinese traditional medicines.15 They are well-known
as natural sources of saponins, terpenoids, iridoids, and
avonoids.16–27 These compounds also have various pharma-
ceutical properties as antioxidants, anticancer, anti-
inammatory, anticonvulsant, and thrombolytic agents.15,28–31

Some members of this genus (M. pubescens, M. glabrata, M.
parviora, M. shikokiana, and M. pilosissima) have been thor-
oughly investigated. However, little is known about the chem-
ical and biological data of Mussaenda recurvata Naiki, Tagane,
and Yahara. A previous study on the Vietnamese native plant
indicated the presence of ve saponins and two ursane-type
triterpenes.32 These compounds exhibited potent anti-
inammatory activity.32 Bioactive-guided isolation of the Viet-
namese plant M. recurvata indicated that the less polar fraction
of this plant was the most active fraction and was selected for
further isolation. Two new triterpenes recurvatanes A and B (1
and 2) along with two known compounds 3b,6b,23-
trihydroxyolean-12-en-28-oic acid (3), 3b,6b,19a, 23-
tetrahydroxyolean-12-en-28-oic acid (4) were isolated and
structurally elucidated. Isolated compounds were evaluated for
their inhibitory effects on LPS-induced NO production in
RAW264.7 cells. A molecular docking study was conducted to
determine the mechanism of the biological activity.

2. Results and discussion
2.1. Phytochemical identication of compounds 1–4

Compound 1, a white amorphous powder, exhibited a deproto-
nated molecular ion peak at [M − H]− 471.3488 on the HRESI
mass spectrum, indicating its molecular formula as C30H47O4.
Subsequent 1H NMR and HSQC analysis revealed one olen
proton (dH 5.16), one oxymethine (dH 3.44), one oxymethylene
(dH 3.32 and 3.07), six tertiary methyls (dH 0.53, 0.72, 0.87 × 3,
1.10), three methines (dH 2.74, 1.50, and 1.11) and nine meth-
ylenes in the range 1.13–1.90 ppm. The 13C-NMR data, in
accordance with HRESI mass data, showed 30 carbon signals,
including one carboxylic acid carbon (dC 178.6), two olenic
carbons (dC 143.9 and 121.6), one oxymethine carbon (dC 70.3),
one oxymethylene carbon (dC 64.5), six methyls (dC 32.8, 25.6,
23.4, 16.9, 15.5, and 12.6), three methines (dC 47.1, 46.4, and
40.8), and nine methylenes. These spectroscopic data indicated
that compound 1 was an oleanane-type triterpenoid. NMR data
of compound 1 were highly similar to those of oleanolic acid.
The differences between them are in the structure of the A-ring.
The rst point is the oxygenation at C-23 in compound 1. HMBC
correlations from the oxymethylene at dH 3.32 and 3.08 (H2-23),
the methyl at dH 0.53 (H3-24), and the hydroxy group at dH 4.13
to carbon at dC 70.3 (C-3) (Fig. S1†) and from themethyl H3-24 to
C-23 (dC 64.5) support the presence of the hydroxy group at C-23.
The second difference is the change in the C-3 conguration as
compared to that of oleanolic acid. The hydroxy group at C-3
was dened as being located at the a-position, based on the
NOESY correlation of H-3 (dH 3.44) and H3-26 (dH 0.87). The
relative conguration of compound 1 was further determined
© 2023 The Author(s). Published by the Royal Society of Chemistry
from the NOESY spectrum and comparison with the literature.
NOESY correlations H2-23/H-5, H-5/H-9, H2-23/H-9, H-9/H3-27,
and H-5/H-9 indicated the a orientations of H-5, H-9, H2-23, and
H3-27. The chemical shi of H-3 of compound 1 was downeld,
and the coupling pattern of this proton was changed compared
to those of compounds 3 and 4, which were recorded in the
same deuterated solvent (i.e., DMSO-d6, Table S1†). These
points support the a-position of the 3-OH group in compound 1.

The literature review supports the relative conguration of
compound 1. In particular, the NMR data of the series of
oleanolic-acid derivatives bearing a 4-hydroxymethylene group
are shown in Table S2.† In this series, two chiral centers, C-3
and C-4, provided four possible stereoisomers of 1 (Fig. S3†),
namely wilforol C (1A),33,34 3a,24-dihydroxyolean-12-en-28-oic
acid (1B),35 scutellaric acid (1C),36 and hederagenin (1D).37

NMR data of compound 1were obviously different from those of
1A–1D. Notably, the chemical structure of compound 1 was
identical to that described for wilforol C.32,33 However, the 13C
chemical shis of carbons C-23 and C-24 of wilforol C were
more signicantly shied to downeld than those of the related
compounds. As can be seen in Table S2,† the oxymethylene
carbon was at dC 71.3 in wilforol C (1A) compared to other
compounds (1B–1D, 2A, 3, 3A, 3B, and 4: dC 64–67), whereas the
methyl carbon was downeld shied (dC 18.3 in wilforol C vs.
13–15 ppm of other compounds) in different deuterated
solvents. More specically, the compounds coded 1C, 1D, 3, 3A,
3B, and 4 [recorded in the same deuterated pyridine-d5 as wil-
forol C (1A)] demonstrated different chemical shis of C-23 and
C-24 than those of wilforol C. These ndings indicate that the
structural elucidation of wilforol C can be regarded as dubious.
Altogether, compound 1 was elucidated, as shown in Fig. 1,
namely, recurvatane A.

Compound 2 was isolated as a white amorphous powder.
The HRESI mass spectrum exhibited a deprotonated molecular
ion peak at [M−H]− 487.3441, indicating its molecular formula
as C30H47O5. NMR and mass data of compound 2 indicated that
2 had one more hydroxy group than 1. The only difference
between them was the presence of an additional hydroxy group
at C-19 in 2. This was supported by HMBC correlations of H3-29
(dH 0.88) and H3-30 (dH 0.84) to C-19 (dH 80.1), and COSY
correlation of H-18 (dH 2.93) and H-19 (dH 3.13). The 19-OH
group was determined to be at a-orientation due to the small
coupling constant of H-19. With two chiral centers, C-3 and C-4,
four possible isomers of compound 2 (namely 2A, 2B, 2C, and
3B) existed (Fig. S3†). Among them, 2C and 3B were reported
previously as spathodic acid and ilexosapogenin A, respectively.
A careful comparison of NMR data of compounds 1 and 2
indicated that they shared the same congurations as C-3 and
C-4. Altogether, compound 2 was elucidated as shown, namely
recurvatane B.
2.2. The NO inhibition of compounds 1–4

Compounds 1–4 were evaluated for their inhibitory NO
production in LPS-stimulated RAW264.7 cells (Table S3†).
Compounds 2 and 3 showed a moderate reduction of nitrite
accumulation in LPS-stimulated RAW 264.7 cells, with IC50
RSC Adv., 2023, 13, 5324–5336 | 5325
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Fig. 1 Chemical structures of 1–4.
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values of 55.63 ± 2.52 and 60.08 ± 3.17 mM, respectively, while
compounds 1 and 4 were inactive compared to the positive
control, L-NMMA (IC50 value of 29.35 ± 0.30 mM). The biological
activities of compounds 1 and 4 are weaker than those of
compounds 2 and 3, indicating the important role of the
hydroxy substituents in this scaffold. Molecular docking studies
of compounds 1–4 were conducted to clarify the inhibitory
mechanism.
2.3. In silico molecular docking model

2.3.1 Pose 217. One ranked pose, the most stable confor-
mation ligand of compound 2 interacted well with the 4WCU
enzyme target with the values of affinity energy and inhibition
constant of −7.21 kcal mol−1 and inhibition constant of 5.20
mM, respectively, as shown in Table 1. As shown in Fig. 2, three
hydrogen bondings formed from the residual amino acids on
one pocket enzyme, 4WCU to active atoms on the ligand or pose
217. Among the hydrogen bondings formed between pose 217
and one pocket enzyme or active center of enzyme 4WCU, the
hydrogen bonding, hydrogen bonding linked from Glu230 to
atom hydrogen on pose 217 is the strongest bonding because of
the shortest bond length, 1.82 Å, as seen in Table 1. It is also the
strongest hydrogen bonding among hydrogen bondings that
was formed from the ranked pose and active pocket on the
4WCU enzyme due to the shortest bond length among hydrogen
bondings, as indicated in Table 1. As shown in Fig. 3, one 2D
diagram indicated the most signicant ligand interactions
formed between pose 217 and pocket enzyme of the crystal
structure of enzyme 4WCU that included the capping group of
pose (identication protein – interactions with aromatic ring or
Table 1 The significant ligand interactions between the best docking po

Entry Active posea Affinity energyb Inhibition con

Compound 1 Pose 260/500 −7.98 1.42

Compound 2 Pose 217/500 −7.21 5.20

Compound 3 Pose 420/500 −5.36 118.09

Compound 4 Pose 455/500 −5.87 49.93
Small ligand in B chain Pose 96/500 −8.30 0.00083

a Active pose-based AutoDockTools-1.5.6rc3 package and the results ind
package and the results indicated in dock.dlg le, affinity energy in th
d Calculation based on AutoDockTools-1.5.6rc3, Ki in the unit of mM.

5326 | RSC Adv., 2023, 13, 5324–5336
heterocyclic), connecting unit, CU or linker of pose (identica-
tion aliphatic chain or hydrophobic group) and functional
group or ZBG (hydrogen bonding).38 For pose 217/compound 2,
there are three hydrogen bonds linked from residual amino
acids, Asn 321, Tyr 159, and Glu 230 to hydrogen atoms of
alcohol hydroxyl of pose 217. The connecting unit and capping
unit have no ligand interactions, so we consider that the protein
and linker of this pose will not be detected. Pose 217, the best
docking pose, and the most stable conformation of the ligand
compound 2 do not interact well in the ligand model although
the value of the affinity energy and the inhibition constant are
low.

2.3.2 Pose 260. One ranked pose among 500 poses inter-
acted with the range of the active enzyme pocket with the values
of affinity energy and inhibition constant of −7.98 kcal mol−1

and 1.42 mM, respectively, as seen in Table 1. Pose 260 linked 2
hydrogen bondings from hydrogen atoms of alcohol hydroxyl
on pose to Glu 230 and Asp 201 of the B chain, as shown in
Table 1. For the ligand interaction model, the linker of pose 260
formed one carbon–hydrogen interaction – hydrophobic inter-
action fromHis 160 to atom carbon on this pose. The functional
group of this pose detected 2 hydrogen bondings from Asp 201
and Glu 230 to hydrogen atoms of alcohol hydroxyl atoms on
pose 260. The capping group of this pose has no interactions
with the active enzyme pocket so the capping group of this pose
is not identied. Pose 260 is not an active pose in the ligand
interaction model, although the value of the affinity energy of
pose 260 with the enzyme is very low (Fig. 4).

2.3.3 Pose 420. One ranked pose among 500 conformation
ligands of compound 3 in molecular docking model docked to
the range of 4WCU: PDB active pocket enzyme with the values of
se and receptor, 4WCU (B chain)

stantc, Ki Hydrogen bond The property and bond lengthd

2 Pose 260: H – B: Glu 230: O (2.02 Å); pose
260: H – B: Asp 201: O (2.09 Å)

3 B: Tyr 159: O – pose 217: O (2.77 Å); pose
217: H – B: Glu 230: O (1.82 Å); pose 217:
H – B: Asn 321: O (2.17 Å)

2 B: Asp 272: O – pose 420: H (3.83); B: Glu:
230: N – pose 420 (5.23)

1 Pose 455: H – B: Asn 321: O (4.19 Å)
1 Small ligand: H – B: Tyr159: O (2.00 Å)

icated in dock.dlg le. b Calculation based on AutoDockTools-1.5.6rc3
e unit of kcal mol−1. c Calculation based on AutoDockTools-1.5.6rc3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The hydrogen bonding between pose 217, ranked pose of
compound 2, and target enzyme, 4WCU. This pose formed 3
hydrogen bondings with residual amino acids, Tyr 159, Glu 230, and
Asn 321.
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View Article Online
affinity energy and inhibition constant of −5.36 kcal mol−1 and
118.09 mM, respectively, as shown in Table 1. As shown in Fig. 5,
the most signicant ligand interactions indicated in one 2D
diagram that included the capping group of poses were iden-
tied by carbon hydrogen interaction, hydrophobic interaction,
or non-polar interaction from Glu 230 of the B chain to the
carbon atom of the cyclohexyl group of this pose, the connect-
ing unit or linker of this pose identied via pi–sigma, hydro-
phobic interaction from Phe 372 to one methyl group on this
pose, and 2 hydrogen bondings, hydrophilic or polar
Fig. 3 The 2D diagram indicated the ligand interactions between pose 21
and this pose did not interact well with the 4WCU enzyme.

© 2023 The Author(s). Published by the Royal Society of Chemistry
interaction from Asp 272 and Glu 230 to one hydrogen atom of
the alcohol hydroxyl of the cyclohexyl ring. They are character-
istics, such as B: Asp 272: O – pose 420: H (3.83 Å) and B: Glu:
230: N – pose 420 (5.23 Å). Pose 420 was identied for full ligand
interaction because 3 parts of pose 420 have ligand interactions
with the active range of the pocket enzyme 4WCU. The second
interaction between this pose and the enzyme is indicated on
one ligand map, as indicated in the one ligand map in Fig. 6. As
seen in Fig. 5, the ligand map indicated the hydrogen bondings,
brown color lines from Tyr 159, Asn 321, and Glu 369 to the
active center of this pose, the steric interactions, green lines
being relative to Tyr 159, His 160, Glu 230, Me 273, Asn 321, Ile
336, Gln 369, and Phe 372. More steric interactions proved that
pose 420 interacted strongly with the active range of the whole
enzyme conformation processing. The overlap interactions,
violet circles on atoms of the pose, and bigger size of violet
circles indicate that the overlap interactions between the pose
and enzyme are stronger.4

2.3.4 Pose 455. Ranked pose for the best conformation
ligand of compound anchored to enzyme 4WCU with the values
of affinity and inhibition constant of −5.87 kcal mol−1 and
49.93 mM, respectively, as shown in Table 1. This pose linked
one hydrogen bonding from Asn 321 to a hydrogen atom on this
pose at a distance of 4.19 Å, pose 455: H – B: Asn 321: O (4.19 Å),
as shown in Table 1. This pose detected the functional group
(ZBG) via one hydrogen bonding from Asn 321 to the hydrogen
atom of alcohol hydroxyl of the cyclohexyl group on this pose, as
indicated in Fig. 7. This pose had not identied the capping
group and linker group, so it does not interact well with the
4WCU enzyme.
7/compound 2 and B chain of 4WCU. Three hydrogen bonding formed,

RSC Adv., 2023, 13, 5324–5336 | 5327
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Fig. 4 The 2D diagram indicated the ligand interactions between pose 260/compound 1 and B chain of 4WCU. Two hydrogen bondings from
Glu 230 and Asp 201 to atoms on the pose and one carbon–hydrogen bond fromHis 160 to this pose. This pose does not have good interactions
with the enzyme.
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2.3.5 Pose 96. One ranked pose of a small ligand that is
available in the crystal structure of 4WCU was redocked to
assess the validation of the docking model. This pose docked to
the receptor of the 4WCU enzyme with the values of affinity and
inhibition constant of −8.30 kcal mol−1 and 0.83 nM, respec-
tively, as seen in Table 1. At the thermodynamic site, this pose
docked at the best crystal structure of 4WCU enzyme among
Fig. 5 The 2D diagram indicated the ligand interactions between pose 42
4WCU. Two hydrogen bondings from Asp 272, Glu 230, one carbon–hyd
This pose interacted well with the 4WCU enzyme.

5328 | RSC Adv., 2023, 13, 5324–5336
those poses. As shown in Fig. 8, one 2D diagram indicated the
most ligand interactions that identied parts of this pose at
interaction sites. The capping unit was identied as an aromatic
ring of pose via pi–alkyl (hydrophobic interaction) from Pro 322
and Ile 336 to the benzyl group, one pi–anion (electrostatic
interaction) from Met 373 to phenyl group, one pi–pi stacked
(hydrophobic interaction) from Phe 372 to a phenyl group, one
0, the best one stable conformation of compound 3 and the B chain of
rogen, Thr 271, and one pi–sigma from Phe 372 to atoms on this pose.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The ligand map indicated the secondary interaction between pose 420/compound 3 and the crystal structure of the 4WCU enzyme.
There are many interactions as steric interactions and hydrogen bondings made around pose 420. This proved that this pose interacted strongly
with the 4WCU enzyme.
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pi–sulfur from Asp 318 to nitrogen heterocyclic, and 5 carbon–
hydrogen interactions (hydrophobic interaction) from Asp 318,
His 200, Thr 271, and Asn 321 to nitrogen heterocyclic. The
Fig. 7 The 2D diagram indicated the ligand interactions between pose 45
4WCU. There is only one ligand interaction, hydrogen bonding and this

© 2023 The Author(s). Published by the Royal Society of Chemistry
linker of the pose was detected via one pi–sigma interaction
(hydrophobic interaction) from Phe 372 to methyl of the
methoxy group of the phenyl group. The functional group of
5, the best one stable conformation of compound 4 and the B chain of
pose did not interact well with the 4WCU enzyme.
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Fig. 8 The 2D diagram indicated the ligand interactions between the best stable conformation of small ligands, pose 96, and the B chain of
4WCU. This pose interacts well with the 4WCU enzyme. One hydrogen bonding from Tyr 159, a conventional hydrogen bond from Asn 321, two
carbon–hydrogen (violet) from Thr 271, Glu 230, two pi–alkyl from Pro 322, Ile 336 (light violet), one pi–cation from Asp 318, one pi–anion from
Met 273, and two pi–pi stacked from Phe 372 to atoms on the ligand. This pose interacted well with the 4WCU enzyme.
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poses or ZBG was identied via hydrogen bondings from Tyr
159 and Asn 321 to the hydrogen atom of the amide group on
the pose. Pose 96 interacted well with the active enzyme pocket
of 4WCU because 3 parts of pose 96 have full ligand interactions
and pose 96 was considered as good enzyme inhibition via the
ligand interaction model for both thermodynamic and inter-
action sites. The ability of the poses was evaluated as pose 96
(small ligand) > pose 420 (compound 3) > pose 217 (compound
2) > pose 260 (compound 1) > pose 455 (compound 4) (Fig. 9 and
Table 2).
Fig. 9 Pose 455-blue color, pose 217-orange, pose 260-green color,
and pose 420-magenta color aligned to pose 96-red color. Pose 217,
pose 260, pose 420, and pose 455 aligned to pose 96, one the best
docking that is available in enzyme and called reference pose. The
values of RMSD between pair poses were calculated by PYmol soft-
ware and presented in Table 2.
2.4. Analysis of MD simulations

Pose 420, ranked the pose of compound 3 among the poses of
compounds 1–4 and was selected to analyze the strength in the
real environment with residual enzyme 4WCU. The ligand's
ability to bind to the protein over time at the atomic level was
tested using MD simulation. The radius of gyration, RMSD,
RMSF, hydrogen bonding, and other factors, among others, all
provide valuable information about the bond pattern in the
protein–ligand complex. As shown in Fig. 10, a 100 ns MD
simulation study was performed to evaluate the conformational
stability of the ligand with the 3D structure of the receptor (PDB:
4WCU) to assess the overall stability and binding efficiency of
the protein–ligand complex. To determine the conformational
stability of a system, RMSD parametric analysis provides
detailed structural information. Based on the simulation results
5330 | RSC Adv., 2023, 13, 5324–5336
obtained aer 30 ns, the protein–ligand complex appears to be
highly equilibrated and stable (Fig. 10a). As shown by the close
interaction of the ligand complex, the RMSD value for the
ligand to dock in the active sites of protein decreased to 0.11 nm
during the rst 9 ns (time), and then increased to 0.59 nm at 36
ns (time), to respect its original position, but it is within its limit
of the RMSD of the trajectory (Fig. 10a). Based on the RMSD of
the receptor analysis, it was determined that the protein
remained stable throughout the MD simulations of the protein–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The values of RMSDs between poses and reference pose, pose 96

RMSD, Å
Pose 96,
red

Pose 175,
blue

Pose 217,
orange

Pose 260,
green

Pose 420,
magenta

Pose 96,
reference pose

0 4.009 3.413 3.392 3.600
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ligand complex. As shown in Fig. 10b, root means square uc-
tuation (RMSF) measures the exibility of the protein residues
in the presence of a ligand. The uctuation pattern of the
protein–ligand complex is nearly identical, conrming the
restricted movements over 100 ns of the simulation. Although
some residues were not directly involved, such as Lys 85, Glu
218, Glu 244, Arg 348, Glu 349, and Arg 350, which had some
mobility with a 0.6 to 0.8 nm uctuation from their initial
position (Fig. 10b, e and f), indicating non-signicance, another
Glu 230 was found to participate in carbon–hydrogen bond
formation as well as van der Waals forces, leading to Glu 230
peak (Fig. 10b) elongation due to the interaction of the ligand
with the protein during MD simulation process. These residue
uctuations were small in comparison to other residue uctu-
ations, as shown in Fig. 10b. The small uctuations show that
the ligand and protein are developing stable interactions. In
addition, the radius of gyration (Rg) of a protein with ligand in
active sites was estimated during a 100 ns MD simulation, as
shown in Fig. S21.† Rg values of protein–ligand complexes are
shown in nanometers in Fig. S21† due to the dynamic behavior
of the protein–ligand complex with ions and solvent molecules
during theMD simulation process. In theMD simulation, the Rg

values for the best-docked model started at 2.02 nm, and the
Fig. 10 (a) The graph of RMSD studies for the docked ligand to protein (P
of gyration (Rg) of a protein in the presence of a ligand and comparedwith
formed between the ligand and the crystal structure of protein determine
three-point transferable intermolecular potential solvent box and (f) som

© 2023 The Author(s). Published by the Royal Society of Chemistry
structure gradually grew and shrank within the limit. Rg

remained almost the same throughout the process. Although
the Rg value increased from 2.02 to 2.05 nm, then decreased to
1.98 nm during the 20–47 ns MD simulation process, and then
increased again to return the system to its near original posi-
tion, demonstrating that the receptor-ligand was stable and
tightly packed. For comparison, an MD simulation of up to 50
000 ps was also performed with the best-docked model and the
protein-bound reference molecule. The radius of gyration (Rg)
in the presence of the best-docked pose and the crystallized
protein molecule [N-benzyl-2-{6-[(3,5-dichloropyridin-4-yl)
acetyl]-2,3-dimethoxyphenoxy}acetamide] as a reference for
comparison, attached to the active sites (PDB: 4WCU), were also
used to determine the level of protein compactness using MD
simulation, as shown in Fig. 10c. The MD simulation results
revealed that the best docking pose with protein (PDB: 4WCU)
was a static representation with only minor uctuations.
Beginning at 2.02 nm (Rg), it decreased to 1.98 nm until 9000 ps,
showing slightly more compactness. Following that, it
increased slightly to 2.08 ns until 36 000 ps and then was
maintained at a constant Rg value of 2.02 nm until the MD
simulation was complete. On the other hand, N-benzyl-2-{6-
[(3,5-dichloropyridin-4-yl)acetyl]-2,3-dimethoxyphenoxy}
DB: 4WCU); (b) the root mean square fluctuation (RMSF); (c) the radius
the presence of a reference up to 50000 ps; (d) the number of H bonds
d using 100 ns simulation trajectories; (e) the protein–ligand complex in
e amino acids participate in the formation of non-bonding interactions.
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Fig. 11 Pose 260, the best pose docking was interacted with the active center of enzyme 4WCU as shown by PYmol.
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acetamide, taken as a reference, exhibited a great deal of static
depiction. Firstly, Rg values uctuated slightly between 2.01 and
2.05 nm till the MD simulation time of 0 to 25 000 ps, sug-
gesting slightly reduced protein compactness with the reference
molecule. Following that, the Rg value of the system remained
constant at 1.98 nm throughout the simulation time of 25 000–
50 000 ps, as depicted in Fig. 10c. As seen from the difference
between the starting and nal Rg values (2.01− 1.98= 0.02 nm),
the protein bound to the reference molecule was determined to
be more compact. Based on the radius of gyration (Rg) values
derived from MD simulations for the compactness of the
protein, the best docking pose corresponded most closely to the
reference pattern. Aer binding with the receptor, the molecule
was efficiently accepted into the active cavity of the protein,
resulting in improved compactness, as was the case with the
Fig. 12 Pose 217 was interacted with the active center of enzyme 4WC

5332 | RSC Adv., 2023, 13, 5324–5336
reference molecule (Fig. 10c, or more specically, Fig. 16). The
number of hydrogen bonds observed between a protein and
ligand complex during the MD simulation was counted using
the Gromacs package. Fig. 10d depicts the number of H-bonds
formed between protein (4WCU: PDB) and active compound
using 100 ns MD simulation trajectories. The majority of the
hydrogen bonds in protein–ligand complexes in the MD simu-
lation process are 1 > 2 > 3, with the fewest being 4 hydrogen
bonds at roughly 20 ns. This equal number of hydrogen bonds
produced during the process without abrupt changes in the
hydrogen bonds (most of which are Hb; 1 to 3) that aids the
stability of the ligand with no signicant change in the RMSD
value during the simulation period. By maintaining a steady
state throughout the simulation, these results contributed to
the stability of the protein–ligand complex (Fig. 11–16).
U, which is shown by PYmol software.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Pose 420, the best pose docking of compound 3 bonds to the active site on 4WCU as presented by PYmol software.
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3. Experimental
3.1. General experimental procedures

NMR spectra (1D and 2D) were recorded on a Bruker Avance at
500 MHz for 1H NMR and 125MHz for 13C NMR. HRESIMS were
recorded on a Bruker MicrOTOF-Q II mass spectrometer. Thin
layer chromatography was carried out on precoated Kieselgel 60
F254 or silica gel 60 RP-18 F254S (Merck). Spots were visualized by
spraying with 20% H2SO4 solution, followed by heating.
Fig. 14 Pose 455, the best pose docking of compound 4 interacted wit

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2. Plant material

Aerial parts ofMussaenda recurvata were collected in the Hon Ba
Nature Reserve (12°07′34.82′′N, 109°01′22.56′′E), Khanh Hoa
province, Vietnam (October to November 2019). The scientic
name of the plant was authenticated by the botanist Van-Son
Dang, Institute of Tropical Biology, Vietnam Academy of
Science and Technology. A voucher specimen (VNM_Dang356)
was deposited in the VNM Herbarium, Institute of Tropical
Biology, Vietnam Academy of Science and Technology.
h the active site of 4WCU and was exposed by PyMol software.
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Fig. 15 Pose 96, one small ligand was available in 4WCU that was shown by PYmol software.
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3.3. Extraction and isolation

The dried Mussaenda recurvata aerial parts (6.0 kg) were
powdered to produce a powder with 30 mesh (0.59 mm). This
powder was exhaustively extracted with methanol at room
temperature to produce the crude extract (420 g) aer evapo-
ration of the solvent. This extract was suspended in H2O and
then successively partitioned with n-hexane, CH2Cl2, and EtOAc
to yield n-hexane (95.0 g), CH2Cl2 (130.0 g), and EtOAc extracts
(80.0 g), respectively. The CH2Cl2 (130.0 g) extract was subjected
to silica gel column chromatography (CC) and was eluted with
the gradient system of n-hexane–EtOAc (10 : 1–0 : 10, v/v) to
produce ten fractions (C1–C10). Fraction C4 (28 g) was further
chromatographed on silica gel CC and eluted with the solvent
system of n-hexane–EtOAc (20 : 1, 10 : 1, 5 : 1, 1 : 1, v/v) to afford
four subfractions (C4.1–C4.4). The subfraction C4.2 (3.1 g) was
separated by silica gel CC using the mobile phase CHCl3–EtOAc
(30 : 1, 20 : 1, 10 : 1, 5 : 1, 1 : 1 v/v) to yield three subfractions
(C4.2.1–C4.2.13). Subfraction C4.2.2 (120 mg) was repeatedly
chromatographed on a silica gel column using CHCl3–EtOAc
(10 : 1 v/v) as an eluent to afford compounds 1 (7.2 mg) and 2
Fig. 16 The radius of gyration of protein-reference (reference pose),
and protein-best pose (pose 420) complexes with the best-docked
position as calculated using 50 ns MD simulations.

5334 | RSC Adv., 2023, 13, 5324–5336
(8.1 mg). Fraction C5 (22 g) was applied to silica gel CC, eluted
with n-hexane–EtOAc (15 : 1–0 : 1 v/v) to give ve fractions (C5.1–
C5.5). Fraction C5.3 (4.5 g) was subjected to silica gel CC using
the solvent system of CHCl3–EtOAc (20 : 1, 10 : 1, 5 : 1, 1 : 1, 0 : 1
v/v) as a mobile phase to give ve subfractions (C5.3.1–C5.3.5).
Subfraction C5.3.2 (183 mg) was rechromatographed by silica
gel CC eluting with CH2Cl2–EtOAc (5 : 1 v/v) to give two sub-
fractions (S1 and S2). Subfraction S1 (49 mg) was further puri-
ed by C-18 reverse-phase silica gel CC eluted with MeOH–H2O
(1 : 3, v/v) to provide compounds 3 (15 mg) and 4 (20 mg).

3.3.1 Recurvatane A (1). White amorphous powder;
[a]25D +158 (c 0.1, MeOH). HRESIMS m/z [M − H]− 471.3488
(calcd for C30H47O4

−, 471.3474); 1H-NMR (500 MHz, DMSO-d6)
and 13C-NMR (125 MHz, DMSO-d6) See Table S1.†

3.3.2 Recurvatane B (2). White amorphous powder;
[a]25D +311 (c 0.1, MeOH). HRESIMS m/z [M − H]− 487.3441
(calcd for C30H47O4

−, 487.3423); 1H-NMR (500 MHz, DMSO-d6)
and 13C-NMR (125 MHz, DMSO-d6) See Tables S1 and S2.†

3.4. Measurement of the NO production assay

Determination of NO production and cell viability assay were
performed using the same method described in our previous
report.30 Briey, RAW 264.7 cells were cultured in the Dulbec-
co's Modied Eagle's Medium (DMEM) supplemented with L-
glutamine (2 mM), HEPES (10 mM), sodium pyruvate (1 mM),
and 10% fetal bovine serum (FBS). The cells were seeded in 96-
well culture plates with 2 × 105 cells per well and incubated for
3 days at 37 °C in a humidied atmosphere containing 5% CO2.
The amount of NO in the cultured medium was measured using
the Griess reagent. The standard curve was created using known
concentrations of sodium nitrite, and the absorbance was
measured at 540 nm. L-NMMA was used as a positive control.

3.5. In silico molecular docking model

In silico molecular docking model of compounds 1–4 was
calculated based on AutoDockTools-1.5.6rc3 package and built
© 2023 The Author(s). Published by the Royal Society of Chemistry
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model as Discovery Studio Client 2021. The calculation docking
model was conducted briey in Scheme S1.† The receptor from
PDB was used 4WCU.7 The grid parameters in dock.gpf le set
up by one active center on enzyme 4WCU with coordinators of
(29.286–50.843–26.674), spacing of 0.5 Å, and the number of
elements on x, y, and z-axis of 50, 50, and 50, respectively. The
docking parameters were determined in the output and input of
genetic and algorithm and Lamarckian GA, respectively. The
number of the installed models was 500 models. In the pro-
cessing docking, enzyme 4WCU included 4 chains A, B, C, and
D. The docking of compound/ligand to enzyme proved that only
the B chain interacted with ligand/compound, so the B chain is
used to calculate the molecular docking model. The validation
of the model was based on the values of RMSD bet ranked pose
and reference pose, one small ligand that is available in the
target enzyme, 4WCU.39,40
3.6. Molecular dynamics simulation

A top-docked pose with high binding energy was used in an MD
simulation employing the GROMACS soware program41with the
GROMOS9643a1 force eld to ensure conformational stability.
Briey, the MD simulation was run for 100 ns, beginning with the
predicted docking pose of 4WCU and the compound. In the
Periodic Boundary Conditions (PBC), the complex was solvated
with TIP3 water molecules with a margin of 15 Å. To balance the
system's overall charge, Na and Cl were added at constant
temperature (300 K) and pressure (1.0 bar). The coordinates of the
molecules were provided to the PRODRG2/SwissParam server,
which changed them into topologies appropriate for GROMACS.
For energy minimization, the steepest descent approach of the
protein–ligand complex was applied. The compound and
receptor were then subjected to 100 ns MD simulation. The
crystal structure of PDB: 4WCU with the ligand complex was in
the periodic boundary condition, and each simulation used 5000
frames. Hydrogen bond counting, the radius of gyration (Rg), root
mean square deviation (RMSD), and root mean square uctua-
tion (RMSF), were analyzed using Xmgrace soware (https://
plasma-gate.weizmann.ac.il/Grace) and other tools such as
OriginLab and VMD soware.42 In addition to the above, the
compactness of the protein with the best docking model using
the value of the radius of gyration (Rg) was compared with that
of a reference molecule co-crystallized with a receptor (PDB:
4WCU) up to 50 000 ps of MD simulation.
4. Conclusions

From the most bioactive fraction of Mussaenda recurvata, four
compounds 1–4 were isolated and structurally elucidated.
Recurvatanes A and B (1 and 2) were determined to be new
compounds. Compounds 2 and 3 showed moderate anti-
inammatory activity with IC50 values of 55.63 ± 2.52 and
60.08 ± 3.17 mM, respectively. The molecular docking model
indicated that compound 3 is the best candidate to interact well
with the crystal structure of enzyme 4WCU: PDB. Molecular
dynamics simulations for 100 ns exhibit non-bonding interac-
tions with the protein and remained stable inside the active site.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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