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Abstract: This study, combining biological assays of Rubia manjith Roxburgh ex Fleming with
computational analysis, aims to identify potential a-glucosidase and a-amylase inhibitors from a pool
of compounds sourced through a literature survey. The potential inhibitory activities of Rubia manjith
were investigated using experimental and computational approaches. The chloroform extract of the
plant showed significant antioxidant activity (87.4%) with an ICso of 53.1+0.5 pg/mL. It notably
inhibited a-amylase (75.8%, 1Cso = 113.943.6 ug/mL) and a-glucosidase (72.9%, ICso = 32.9+0.4
pg/mL). Selected phytochemicals were docked against the enzymes, followed by molecular dynamics
simulations. Compound 1 had docking scores of -10.0 and -9.2 kcal/mol against a-glucosidase and a-
amylase, respectively, with native ligand scores of -8.6 and -8.0 kcal/mol. RMSD profiles suggested
good geometrical stability, and binding free energy changes of -24.70+£7.94 and -14.47+6.19 kcal/mol
for a-glucosidase and a-amylase complexes, respectively, hinted at sustained spontaneity of complex
formation. Compound 2 also showed good geometrical and thermodynamic parameters against o-
glucosidase. These findings offer valuable insights for subsequent in vitro testing of the hit compounds
in the diabetes drug development process. Further validation, including drug-likeness and safety
assessments, could be broadened through additional in silico, in vitro, and in vivo trials.
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1. Introduction

Herbal medicine has a long history in the treatment of various diseases and is in use
because of some inherent active ingredients [1-3]. The World Health Organization (WHO)
suggests that medicinal plants represent an optimal resource for acquiring a diverse range of
pharmaceuticals [4]. Hence, it is imperative to conduct thorough research on these plants to
comprehend their characteristics, safety profiles, and effectiveness.

Rubia manjith is a climbing perennial herb distributed in Nepal, India, and China at an
altitude of about 1200 to 3200 m [5]. Traditionally, root powder of the plants is used as an
antiseptic, antidysenteric, and antihelminthic tonic. Additionally, the root is used to treat
leprosy, rheumatoid arthritis, neuralgia, diarrhea, skin conditions, wounds, pharyngitis, coughs,
diabetes, and delayed healing of fractured bones. Moreover, R. manjith has also been linked
with ayurvedic medicine for diabetes management [6]. Lately, there has been a synergistic
approach in the drug development process toward computational methods, primarily driven by
their efficiency and cost-effectiveness [7,8]. This investigation integrates molecular docking,
molecular dynamics simulation (MDS), and binding free energy calculations to pinpoint the
optimally docked ligand with the greatest stability, demonstrating its potential for inhibiting
the receptor protein.

Diabetes is a chronic condition that occurs when the body cannot produce enough
insulin or cannot use it effectively, and it is diagnosed by observing elevated levels of glucose
in the blood [9,10]. The WHO estimates that currently, more than 180 million people
worldwide have diabetes, with India, China, and the United States predicted to have the largest
number of affected individuals. As per the estimations provided by the International Diabetes
Federation, the prevalence of diabetes, standing at 10.5% in 2021, is expected to climb to 11.3%
by 2030 and to 12.2% by 2040 [11]. Pancreatic a-amylase and a-glucosidase are some of the
important digestive enzymes. The pancreatic a-amylase acts as a catalyst in the reaction that
involves the hydrolysis of the a-1,4 glycosidic linkages in starch, amylopectin, amylose,
glycogen, and numerous maltodextrins, being responsible for starch digestion. The enzyme a-
glucosidase hydrolyzes disaccharides and oligosaccharides, which can form absorbable
glucose. Inhibitors of these enzymes can retard the liberation of glucose from carbohydrates,
resulting in reduced postprandial plasma glucose levels and the suppression of postprandial
hyperglycemia [12]. Therefore, one strategy for maintaining and lowering blood glucose levels
is by delaying glucose absorption through the inhibition of a-amylase and a—glucosidase along
the digestive tract. This lab-based study, followed by a computational study, aims to identify
potential a-glucosidase and a-amylase inhibitors from a pool of compounds prepared from a
literature survey, reported to be isolated from R. manjith as done in a study by Kumar and team
[13]. Bridging traditional practices with modern scientific understanding is crucial for
designing effective and safer drug-like molecules in the pursuit of therapeutic solutions.

2. Materials and Methods

2.1. Plant collection.

The plant part was collected from Arghakhanchi, Nepal, which was duly identified as
Rubia manjith Roxburgh ex Fleming (voucher code: NCBD170) at the National Herbarium
and Plant Research, Lalitpur, Nepal.
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2.2. Preparation of extracts.

Powder (50 gm) form of the root of R. manjith was extracted for 8 hours using water,
hexane, chloroform, and ethanol (250 mL) with respect to increasing polarity in the Soxhlet
apparatus. The extract was then evaporated to dryness, and the percentage yield was calculated.
The final dry crude extract was stored in a cold place until it was used for the experiments.

PercentageYield(%) = Drywelghtofextract 4 (1)

Totalweightofpowder
2.3. Determination of total phenol content.

The total phenol content of the extracts was measured using the Folin-Ciocalteu method
[14]. The reaction was done in a 200 pL final volume by adding 20 puL of plant extracts. In
each well, 100 pL of Folin-Ciocalteu and 80 pL of NaxCOs; were added to standards and
samples. After incubating in the dark for 30 minutes, absorbance was measured at 765 nm with
a UV spectrophotometer (Epoch, BioTek, USA).

2.4. Determination of total flavonoid content.

The reaction was conducted in a 200 pL final volume by combining 20 pL of a 500
pug/mL plant extract with 110 uL of distilled water in each well-containing plant sample,
maintaining a final volume of 130 pL. Subsequently, 60 uL of ethanol, 5 pL of AlCI3, and 5
uL of potassium acetate were added to each well containing standard and plant sample. The
mixture was left in the dark for 30 minutes, and absorbance was measured at 415 nm using a
UV spectrophotometer [15].

2.5. DPPH free radical scavenging assay.

Equal volumes of DPPH were added to the sample in a 1:1 ratio at various
concentrations. The mixture was incubated in the dark for 15 minutes, after which the
absorbance was taken at 517 nm [16,17]. The ability to scavenge the DPPH radical was
determined by the reduction of absorbance and calculated using the following equation:

%scavanging = % x 100 (2)

Where A, is the absorbance of DPPH with 3% DMSO and A: is the absorbance of
DPPH with test or reference sample

2.6. Alpha-amylase inhibition assay.

The a-amylase inhibition activity was assessed using 50 mM phosphate buffer at pH
6.8. Initially, 80 uL of amylase at a final concentration of 1.5 units/mL was added to each well.
Subsequently, various concentrations of 20 pL test compounds (prepared in DMSO) were
incubated at 37°C for 15 minutes, and the initial absorbance was recorded. The reaction was
initiated by adding 100 pL of the substrate 2-chloro-4-nitrophenyl-a-D maltotrioside (CNPG3)
(375 uM) immediately after incubation, prepared in the aforementioned buffer to maintain a
final volume of 200 pL [18].

%inhibition = 2= x 100 3)

(0]

Where A, is the absorbance of enzyme-substrate reaction with 5% DMSO, and A is
the absorbance of enzyme-substrate with plant extract.
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2.7. Alpha-glucosidase inhibition assay.

a-glucosidase (0.2 Units) was premixed with 5 pg/mL of the extract in 50 mM
phosphate-buffered saline (PBS) at pH 6.8, and the final concentration was maintained up to
100 pg/mL. Subsequently, 0.7 mM 4-nitrophenyl B-D glucopyranoside (PNPG) was added.
This reaction mixture was incubated in a 96-well plate reader at 37°C for 15 minutes, and OD
was recorded at 410 nm [19].

The percentage a-glucosidase inhibitory effect was calculated by the following
formula:

%inhibition = 22"t x 100 (4)

o

Where A, is the absorbance of enzyme-substrate reaction with 50% DMSO and A is
the absorbance of enzyme-substrate reaction from the plant extract.

2.8. Computational procedures.

2.8.1. Selection and preparation of ligands database.

A database of fifteen ligands was prepared through a literature review of isolated
compounds from Rubia manjith [20-25], as shown in (Figure S1). 2D structures of ligands were
sketched, converted, and saved in 3D PDB format [26]. Energy minimization was carried out
using the Avogadro program with the conjugate gradient approach. The energy convergence
was set at 10°® units, and a universal force field (UFF) for 5000 cycles was taken [27]. The
molecular structure was optimized until there were no noticeable changes in atomic positions
and energy reduction. Rotatable bonds for each ligand were identified, and non-polar
hydrogens were merged. Subsequently, using the AutoDock Tools [28], the structure was
converted into PDBQT format by adding Gasteiger charges.

2.8.2. Target selection and preparation.

From the RCSB database, the crystal protein structure of a-glucosidase (PDB ID:
5ZCC) with a resolution of 1.70 A (X-ray diffraction) and a-amylase (PDB ID: 4GQR) with a
resolution of 1.20 A (X-ray diffraction) was retrieved [29]. Since there were missing amino
acid residues in the a-glucosidase structure, homology modeling was performed using the
Swiss Modeling server [30]. The protein was cleaned using the PyMOL software [31], which
involved the removal of co-crystallized ligands, water molecules, ions, and co-factors.
Subsequently, polar hydrogens and Kollman charges were added through the AutoDock Tools
and were converted to PDBQT format, as required for molecular docking.

2.8.3. Molecular docking calculations.

The binding poses and comparative binding affinities between the ligand and the
receptor were calculated from molecular docking studies using AutoDock Vina software.
Control parameters such as the number of modes of 20, the energy range of 4 units, and the
exhaustiveness of 64 were selected for the docking process. For a-glucosidase, grid center of
(-0.655, 53.715, and 72.724) and a box size of 30x30x30 A* with 0.375 A spacing were
selected. Similarly, grid center of (16.731, 17.235, 42.467) and box size of 44x46x44 A® with
0.375 A spacing were employed in the case of o-amylase. Through molecular docking
calculations, the ideal protein-ligand complex with the highest binding affinity (kcal/mol) was
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identified. The scoring function comprises six components: ERrotational, EGaussi, EHydrogen Bond,
EGauss2, ERreputsion, and Emydrophobic. Among these, rotation and repulsion are the two
destabilizing energy components, whereas the other four represent stabilizing energy. The
molecular docking protocol validation was done through the superimposition of docked native
ligand with ligand in the holo-structure of protein. A good RMSD value of 0.5 A was obtained
for a-glucosidase, and an acceptable RMSD value of 2.5 A was observed in the case of a-
amylase [32-34]. The Biovia Discovery Studio program was used for 2D and 3D visualization
of protein-ligand interactions [35]. The pose with the best binding energy was chosen for
analysis, additional investigation, and molecular dynamics simulation.

2.8.4. Molecular dynamics simulation (MDS).

The MDS of the ligand-protein complexes was performed using the GROMACS
program [36], and the Charmm?27 force field [37] from the SwissParam server [38] was used
for both the ligand and the receptor. Utilizing the TIP3P water model, a triclinic box system
with the adduct was solvated. To minimize the spurious interactions between the periodic
images, 12 A spacing at the sides was employed. The system was neutralized, and an isotonic
solution of NaCl (0.15 M) was used. It was then equilibrated in four stages, i.e., two NVT
equilibriums (500 ps and 600 ps) and the final two NPT equilibriums (500 ps and again 500
ps) each at a physiological temperature of 310 K. The final production run was conducted for
200 ns without any restrains, and utilizing built-in modules, several parameters, including
SASA, Rg, RMSD, and RMSF, were extracted from the MDS trajectory. The protein-ligand
complex's stability during the production run was evaluated using these geometrical

parameters. All other parameters used by Sharma et al. and Neupane et al. were adopted
[39,40].

2.8.5. Binding free energy change estimation.

The changes in binding free energy of the complex were determined using the Poisson-
Boltzmann solvation model as implemented in the MMPBSA method [41]. The spontaneity
and feasibility of the forward reaction were assessed based on end-state binding free energy
changes. For its calculation, an equilibrated portion of the trajectory (200 frames) was
employed with the gmx MMPBSA tool of the GROMACS program in the conda environment.

The changes in binding free energy of the protein-ligand complex are given by linear
equation (1) [42].

AGBFE: AC}complex - AC}protein - AC}ligand (1)
AGgrg= AGgas t AGsolvent (2)

And can be decomposed as equation (3)

AGgre= AGypw + AGgp + AGpg + AGsurr  (3)

Equation (2)'s right-hand side has two components that represent gas phase energies
(AGgas) and solvation (AGsolvent), respectively.

2.9. Statistical analysis.

The results of the spectrophotometric analyses, such as enzyme assays, were processed
using Gen5 Microplate. The collected data were analyzed with Microsoft Excel (2016) was
also employed for additional analysis. The ICso (Inhibition of enzymatic hydrolysis of the
substrate by 50%) was calculated using the EZ-Fit software (Perellela Scientific, Inc., Amherst,
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Mars, USA). The results were presented as the mean + standard error from triplicate
experiments.

3. Results and Discussion

3.1. Percentage yield and phytochemical screening.

The highest yield of the R. manjith was achieved with the ethanolic extract (13.1%),
followed by the chloroform extract (1.2%), and the lowest in the hexane extract (0.93%), as
shown in (Table S1). A study conducted by Chandrashekhar et al. found a percentage yield of
11.63 % in chloroform extract [43]. Phytochemical screening showed the presence of different
phytochemical compounds, such as alkaloids, steroids, tannin, saponin, polyphenols,
terpenoids, and glycosides, as shown in (Table S2). The majority of antioxidant action is
attributed to phenolic chemicals that contain free hydrogen. Flavonoids, tannins, polyphenols,
and reducing sugar all contribute significantly to antioxidant activity. Rubia contains a wide
variety of antioxidants, such as alizarin, hydroxyl anthraquinones, and rubiadin, which have
been used in various medicaments [44,45].

3.2. DPPH (o, o-diphenyl-B-picrylhydrazyl) free radical scavenging assay.

The chloroform extract of R. manjith exhibited the highest free radical scavenging
activity at 87.4% with an ICso of 53.1+0.5 pg/mL, as observed in (Table S3). Our results align
with those reported by Deoda’s study, where the chloroform extract of Rubia demonstrated
potent protective action [46]. This activity might be influenced by climatic variation,
geographical differences, or the solvent used for extraction, as well as the high-grade chemicals
or the authenticity of the sample.

3.3. Total phenolic and flavonoid content.

The hexane extract of R. manjith showed the highest concentration of TPC at 2.65 +
0.01 mg GAE/gm, while the lowest concentration was observed in the ethanol extract (0.10 +
0.01 mg GAE/gm), as shown in (Table S4). In the TFC test, ethanolic extract of R. manjith was
found to have the highest (0.34+0.01 mg QE/gm) TFC, whereas hexane extract was found to
have the lowest TFC (0.03+0.01 mg QE/gm) as demonstrated in (Table S5).

In a study by Srabana and Kshitij in 2017, the determination of TPC and TFC yielded
values of (41.1+ 0.8 mg GAE/gm) and (30.1+ 1.3 mg QE/gm), respectively [47]. These values
differ from the results of our study. This discrepancy might be attributed to geographical
variation, plant variability, time of study, UV light, pathogenic attack, and pollution, according
to a paper by Manach and group [48].

3.4. Alpha-amylase inhibition assay.

The a-amylase inhibition potential of plant extracts was analyzed based on their ICso
values, representing the concentrations causing 50% inhibition. The chloroform extract sample
exhibited the highest a-amylase inhibition at 75.8%, with an ICs¢ value of 113.943.6 pg/mL,
suggesting strong potency in inhibiting the a-amylase's activity. In contrast, the ethanol extract
showed 17% inhibition, while the hexane extract exhibited the lowest inhibition at 6.9%, as
displayed in (Table S6). Ethanol, chloroform, and hexane plant extracts are found to be a-
amylase digestive enzyme inhibitors, as mentioned by Kunwar [49]. While the ICso value of

https://biointerfaceresearch.com/ L7309


https://doi.org/10.33263/LIANBS143.162
https://biointerfaceresearch.com/

https://doi.org/10.33263/LIANBS143.162

the positive control, acarbose, is lower at 6.1 pg/mL compared to the plant extracts, it is
expected that the extracts would have higher ICso values. This is because plant extracts consist
of a multitude of compounds, unlike the single compound acarbose, as described by Khadayat
[18].

3.5. Alpha-glucosidase inhibition assay.

The a-glucosidase inhibition potential of different plant extracts was evaluated at 500
pg/mL. Acarbose was used as a standard reference (ICso value 387.4+0.1 pg/mL). The highest
a-glucosidase inhibition was exhibited by chloroform extract of R. manjith (72.9%) with an
ICso value of 32.9+0.5 pg/mL, as presented in (Table S7). Our findings align with the study by
Kang [50], where the chloroform extract demonstrated significant inhibitory activity against a-
glucosidase. The ICso values for our three extracts, chloroform, hexane, and ethanol, were all
lower than the ICso value observed for acarbose (387.36+0.05 pg/mL).

3.6. Docking scores and poses of ligands.

Proteins can bind ligands at their orthosteric pocket based on the ligand's size, structure,
functional groups, and other interactions [51-53]. Molecular docking calculations comprises of
flexible ligand molecules docked into the pockets of rigid protein receptors. Structural
optimization of ligands prior to molecular docking aims to reduce forces acting on each atom
and minimize the ligand's total energy. By releasing strains from the ligand molecule, this
optimization procedure provides the structure with its most stable form [54]. Based on the
scoring components, molecular docking computations identify the optimal ligand positions and
poses and provide numerical values as binding affinities, as shown in (Table S8). Docking the
selected ligand database against the a-glucosidase protein revealed that most of the ligands
possessed better binding affinity (kcal/mol) than that of the native ligand, which had -8.6
kcal/mol. The best binding affinity was observed with compound 1 having -10.0 kcal/mol.
Similarly, compounds 2, 3, and 4 also demonstrated exemplary binding affinities, exceeding -
9.0 kcal/mol. Moreover, compound 5 exhibited a good binding affinity of -8.9 kcal/mol.

Molecular docking against a-amylase protein revealed that compound 3 exhibited the
highest binding affinity of -9.7 kcal/mol, surpassing that of the native ligand with -8.0 kcal/mol.
Similarly, the binding affinities of -9.1 kcal/mol, -8.6 kcal/mol, -8.2 kcal/mol, and -8.0 kcal/mol
were observed with compounds 1, 5, 7, and 11, respectively. Interestingly, the top candidates
for a-glucosidase exhibited similar trends to those with a-amylase, suggesting that certain
ligands (such as 1, 3, and 5) were capable of inhibiting both receptor molecules simultaneously.
The better binding of these ligands compared to the native ligand indicated the presence of
stronger interactions at the catalytic site of the protein. A higher negative value of binding
affinity suggested a more favorable binding interaction between the receptor and ligand,
suggesting their potential for diabetes management [55].

3.7. Ligand-protein interactions in o-glucosidase complex.

Several interactions, such as hydrogen bonds, carbon-hydrogen bonds, Pi-donor
hydrogen bonds, Pi-anion, Pi-sigma, Pi-alkyl, Pi-Pi T-shaped, and van der Waals forces, were
observed between the ligand and the active site residues of the a-glucosidase, as presented in
(Table 1). In the case of the compound 1-a-glucosidase complex, a hydrogen bond was
observed at a relatively shorter distance (2.45 A), with amino acid residue ASP282 likely
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playing a significant role in binding interactions. Additionally, a carbon-hydrogen bond and a
Pi-donor hydrogen bond were observed with amino acid residues GLY384 and GLU141,
respectively. Relatively weaker Pi-anion and Pi-alkyl interactions were formed between the
ligand and amino acid residues ASP327, ALA200, PHE225, and ILE143. Multiple van der
Waals interactions were also observed between the ligand and the receptor molecule that may
provide significant support for binding, as depicted in (Figure 1) and will be dealt with in
subsection 3.9.5 separately. In the case of the compound 2-a-glucosidase complex, multiple
hydrogen bonds were observed at relatively shorter distances (2.09, 2.33, 2.90, and 2.92 A)
with amino acid residues SER145, ILE143, ASN258, and TRP288, respectively. Similarly, a
carbon-hydrogen bond was observed with the PRO233 residue. Several hydrophobic
interactions were observed with the amino acid residues GLU141, ILE143, PHE225, PRO233,
and PHE282, as illustrated in (Figure 2). Moreover, various van der Waals interactions
contributed to the overall binding between the ligand and the protein, as in the previous case.

Table 1. Binding affinities of top two protein-ligand complexes and their respective interactions with a-

glucosidase
. Binding affinity . . s . .
Ligands (keal/mol) Types of interactions Active site residues (Distance A)
Hydrogen bond ASP382 (2.45)
Carbon-hydrogen bond GLN256 (3.13), GLY384 (3.62)
Pi-donor hydrogen bond GLU141 (3.43)
| 10,0 Pi-anion ASP327 (4.39,4.95)
’ Pi-alkyl ILE143 (5.01, 4.55), ALA200 (4.76), PHE225 (5.03)
ASP60, TYR63, SER142, PHE144, PHE163, ASP199, HIS203,
van der Waals GLN256, ASN258, PHE282, TRP288, MET385, TRY388,
THR409, ARG411
Hydrogen bond ILE143 (2.90), SER145 (2.33), ASN258 (2.92), TRP288 (2.09)
Carbon-hydrogen bond PRO233 (3.10)
Pi-sigma PHE225 (3.80)
Pi-anion GLU141 (3.40)
’ 97 Pi-alkyl PRO223 (4.66)
’ Pi-Pi T-stacked PHE282 (5.25)
Alkyl ILE143 (3.86, 4.90)
SER142, PHE144, PHE163, SER224, GLY286, ASP327,
van der Waals GLN328, GLY384, MET385, TRY388, THR409, GLY410,
ARG411
GLU
SER. SRR ad
om 14 P
A:l44 3.43
ASP
A:327 PHE ? A-I:—::’.(QB
A:163 ILE (o
A:143
4.381.95 THR
ASP 5.08.55 A:403
A:199 f o o
EN A PN 5.03 AT§§8
ASP 6\ H
A0 3.13 "o &5
4.76 H é) :
GLN
A:256 ARG g/ MET
A:411 3.62 A:385
feon 2.45
A:200 TYR P
A:63 HIS GLY
A:203  PHE ASP A:384
A:282 A:382
Ea:::);‘:rwaa\s [ Fi-Anion
[ conventional Hydrogen Bond [ Fi-Donor Hydrogen Bond
[ carbon Hydrogen Bond [ Fi-alkyl

Figure 1. 2D representation of the interactions of compound 1 with a-glucosidase at the active pocket.
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ET
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4 329 SER
5.16% — 3]
4 340 \ &
\
TR ; 4.6 3.80
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A141 piE,
A:22
ASP.
Rad K35 PRO
A:223
Interactions
[ van der waals B Frsigms

Bl PP T-shaped
Alky
[ Pi-asyl

Figure 2. 2D representation of the interactions of compound 2 with a-glucosidase at the active pocket.
3.8. Alpha-amylase and ligand interactions.

In the case of amylase protein, several interactions such as carbon-hydrogen bonds,
hydrogen bonds, Pi-cation, Pi-donor hydrogen bonds, Pi-anion, Pi-sigma, Pi-alkyl, alkyl, Pi-Pi
T-shaped, and van der Waals, were observed as presented in (Table 2).

Table 2. Binding affinities of top two ligands and their interactions with the amino acid residues of a-amylase.

Ligands B“}il:;gl /:;lf(t;ilr)nty Type of interactions Active site residues (Distance A)
Carbon-hydrogen bond THR163 (3.16)
Pi-donor hydrogen bond TRP59 (3.04)
Pi-anion ASP300 (4.18), ASP356 (4.60)
3 97 Pi-cation HIS305 (4.94)
Pi-alkyl PRO54 (5.20)
Alkyl LEU162 (5.37), ALA198 (3.66)
TRP58, GLN63, HIS101, THR163, LEU165, ASP197, GLU233,
van der Waals
TRP357
Hydrogen bond ASP197 (2.53)
Carbon-hydrogen bond HIS305 (3.74)
] 91 Pi-Pi stacked TRP59 (4.47, 3.89, 5.30)
Alkyl LEU165 (4.51)
TRP58, TYR62, GLN63, VAL9S, HIS101, LEU162, THR163, ALA198
van der Waals
GLU233, ILE235, ASP300, GLY306, ALA307, ASP356

The 2D projection of the interactions between RO3 and amino acid residues of the a-
amylase receptor is shown in Figure 3. In the case of the compound 3-a-amylase complex, the
ligand interacted with amino acid residue THR163, forming a carbon-hydrogen bond (3.16 A).
Similarly, a Pi-donor hydrogen bond (5.15 A) was observed with TRP59 amino acid residue.
Likewise, Pi-interactions such as Pi-anion, Pi-cation, and Pi-alkyl were observed with PRO54,
ASP300, HIS305, and ASP356. In addition, alkyl interaction was observed with amino acid
residues LEU162 and ALA198. Moreover, several van der Waals interactions were seen
between the ligand and amino acid residues.

Similarly, the 2D projection of the interactions between compound 1 and amino acid
residues of the a-amylase receptor is shown in Figure 4. In the 1-a-amylase complex, a notably
stronger hydrogen bond (2.53 A) was observed with one of the catalytic triads, ASP197,
suggesting a significant contribution to binding affinity. In addition, a carbon-hydrogen bond
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(3.74 A) was observed with the amino acid residue HIS305. Furthermore, TRP59 formed a Pi-
Pi stacked interaction with the ligand molecule, while an alkyl interaction was observed with
LEU165 amino acid residue. Various amino acid residues were involved in van der Waals
interactions with the ligand. Collectively, these interactions played a crucial role in the robust
binding of the ligand to the active site of the receptor molecule, resulting in higher binding
scores and are supported by thermodynamic parameters discussed later in the subsection.
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PRO =7514
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5.20 315 fl THR
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Figure 3. 2D representation of the interactions of compound 3 with a-amylase.
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Figure 4. 2D representation of the interactions of compound 1 with a-amylase.
3.9. Geometrical descriptions from MDS.
3.9.1. Root mean square deviation (RMSD).

The RMSD curves of the ligand and protein backbone were extracted separately, both
relative to the protein backbone from 200 ns MDS trajectory, to determine the geometrical
stability of the protein-ligand complex and are shown in (Figure 5 and Figure 6, respectively)

[56]. Out of all the studied ligands, only two ligands showed smooth and stable RMSD curves
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with a-glucosidase protein, and only one showed an acceptable RMSD value with a-amylase.
The ligands 1 and 2 showed smooth RMSD curves with a-glucosidase along with an
equilibrated RMSD of the ligands below 6.5 A. Compound 1 exhibited higher geometrical
stability, with RMSD below 5 A after equilibration around 60 ns. Despite several spikes in the
trajectory in the case of compound 2, the smooth RMSD curve was obtained, and the system
remained equilibrated with RMSD ca. 6.5 A after approximately 75 ns. The smooth and steady
nature of the RMSD curves of protein backbones at approximately 2.2 A indicates the stability
of the 3D geometry of protein upon ligand binding.

In the case of a-amylase, compound 1 showed a smooth trajectory with minute peaks
with an RMSD value below 6 A. After about 25 ns, the system attained equilibrium and
remained almost the same up to 200 ns. The RMSD of the backbone remained fairly stable
below 2 A, indicating the stability of the a-amylase structure. Since compound 1 showed better
stability with both a-glucosidase and a-amylase protein, it could be inferred that the molecule
is possibly capable of disrupting both receptor molecules [57].
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Figure 5. RMSD curves of compound 1 (indigo) and 2 (maroon) with respect to protein backbone in 1-0-
glucosidase complex and 2-a-glucosidase complex, respectively. RMSD curve of protein backbone (red) with
respect to protein backbone in 1-a-glucosidase complex; RMSD curve of protein backbone (brown) with
respect to protein backbone in 2-a-glucosidase complex.
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Figure 6. RMSD curve of compound 1 (orange) with respect to protein backbone in 1-a-amylase complex;
RMSD curve of protein backbone (blue) with respect to protein backbone in 1-0-amylase complex.
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3.9.2. Root mean square fluctuation (RMSF).

The RMSF value is a quantitative measure employed to assess the fluctuation of amino
acid residues at their mean position in the protein upon ligand binding [58]. Higher RMSF
values indicate more flexible structural elements like turns and loops, whereas lower RMSF
values point to the existence of secondary structures like helices and sheets that are more stable
and resist motion [59]. The RMSF plots depict the lower fluctuations of amino acid residues at
the catalytic sites of the protein relative to other amino acid residues of the protein, which
indicates that no significant conformational changes of the receptor protein structure occurred
upon ligand binding.

In the case of the a-glucosidase complex, the highest fluctuation of amino acid residues,
i.e., ca. 4.8 A, was observed between amino acid residues 505 and 545 due to the presence of
a highly unstable loop structure at the terminus of the receptor protein (more than 30 A from
the ligand-binding site) as shown in (Figure S2). Whereas in the case of a-amylase, the highest
fluctuation of amino acid residues, i.e., ca. 3.4 A, was observed between the amino acid 240-
370 due to highly fluctuating loop structures at distances 16-29 A from the catalytic site as
depicted in (Figure S3). Thus, the fluctuation can be neglected as their motion doesn’t affect
ligand binding. Moreover, RMSF below approximately 0.5 A was observed with the catalytic
triad of a-amylase: ASP197, GLU233, and ASP300 upon ligand binding.

3.9.3. Radius of gyration (Ry).

The radius of gyration is used to assess the conformation changes of protein during MD
simulation, such as the expansion and contraction of receptor molecules upon ligand binding
[60]. It measures the degree of separation of each element from the central axis of protein.

In the case of a-glucosidase, a slight variation of about 0.4 A was observed between the
ligands 1 and 2 complexes, as displayed in (Figure S4). The Rg of ligand 1 slightly decreased
from 24.6 A to 24.2 A, inferring a negligible contraction of protein, whereas the smooth, stable
trajectory of 2 indicated no observable receptor shrinking or expansion in response to ligand
binding. Similarly, a smooth Rg trajectory with a value of 23.5 A was observed in a-amylase
protein, as shown in (Figure S5). The steady nature of the curve emphasizes the stability in
terms of the folding or unfolding of the protein geometry. Both the protein structures were
stable with no significant compression and expansion during the 200 ns production run.

3.9.4. Solvent accessible surface area (SASA).

Solvent-accessible surface area (SASA) helps to evaluate the wettable portion of the
protein molecule [61]. The SASA for ligands 1 and 2-a-glucosidase complexes were
approximately 245 nm? and 235 nm? as presented in (Figure S6). Similarly, SASA of 205 nm?
was observed with 1-amylase complex as shown in (Figure S7). These values and the smooth
nature of the curve imply that the protein's hydrophobic portion remains unexposed to the
solvent during ligand binding, maintaining its geometric integrity, as reported by Zhang and
Lazim [62]. The smooth trajectory for 200 ns for both ligands indicated no variation in protein
morphology and solvent-accessible region of the protein upon ligand binding.
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3.9.5. Hydrogen bond count.

The number of hydrogen bonds governs the geometrical stability of the system since it
is the strongest type of non-covalent interaction [63]. The larger the number of hydrogen bonds
and the shorter the distance formed between the ligand and protein, the greater the stability of
the complex, as reflected in the RMSD profile of ligands as illustrated in (Figure 5 and Figure
6). In both the adducts, the ligand formed a higher number of hydrogen bonds, reaching up to
7. In the case of a-glucosidase, both the ligands 1 and 2 formed multiple hydrogen bonds with
the receptor during 200 ns, supporting the localization of the ligand at the active site. Complex
1 exhibited more hydrogen bonds, reaching up to 7 at certain instances and consistently
maintaining up to 4 after approximately 70 ns, as shown in (Figure S8). In contrast, complex 2
showed a maximum of 5 and constantly 3 hydrogen bonds after 80 ns between the ligand and
the receptor, as displayed in (Figure S9). The presence of a higher number of hydrogen bonds
in complex 1 contributed to the formation of a more stable complex, as reflected in
comparatively lower RMSD values of 5 A, as shown in (Figure 5). In the 1-a-amylase complex,
up to 7 hydrogen bonds were observed at the beginning up to around 15 ns, as shown in (Figure
S10). The decrease in the number of hydrogen bonds thereafter could have resulted in a rise in
RMSD, as shown in (Figure 6). Later, after the equilibration, with consistent 4 or 5 hydrogen
bonds, the RMSD curve remained smooth and stationary up to 200 ns. In this way, the number
of hydrogen bonds could be correlated to the RMSD profile of ligands [64].

The stability of the system in terms of the RMSD of the ligand could be correlated with
the number of hydrogen bonds formed between the ligand and the receptor molecule. An
inversely proportional relationship could be observed between the number of hydrogen bonds
and the RMSD of ligands. The consistency of a larger number of hydrogen bonds formed
between the ligand and the protein suggested stronger binding at the orthosteric site, which is
capable of inhibiting the normal functioning of the protein.

3.9.6. Spontaneity of complex formation reaction.

Binding free energy change (AGgre) helps to evaluate the spontaneity and feasibility of
the complex formation [65,66] and is presented in (Table 3). Binding free energy plots of 20
ns or 200 frames were retrieved from the equilibrated portion of the MDS trajectory from the
MMPBSA method for all the complexes, as shown in (Figures S11, S12, and S13). Higher
negative values of AGgrg for both complexes indicated the feasibility of complex formation.
The average binding free energy changes of -24.70+7.94 and -34.56+6.11 kcal/mol for the
ligands 1 and 2-a-glucosidase complexes, respectively, suggest the spontaneous nature of the
reaction and the thermodynamic stability of the system. In the case of the 1-a-amylase complex,
a binding free energy change of -14.47+6.19 kcal/mol also indicated the spontaneous nature of
the adduct formation reaction. Thermodynamic spontaneity was maintained until the end of the
production run.
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Table 3. Change in binding free energy (kcal/mol) of complexes with different components for 20 ns from the

MMPBSA method.
Complex AEvpw AEgL AEpp AENPOLAR AGgas AGsoLy AGgrE
v | S | 08 [ | B | |
rramenane | S| BB | | S|4
m—— e I G e e I i

The spontaneity of the forward reaction was indicated by the consistent negative values
across frames, suggesting that it constantly remained at negative levels. The largest change in
binding free energy of -48 kcal/mol at 195 ns was observed in the 2-a-glucosidase complex,
indicating the most stable point thermodynamically achieved by any ligand. Average negative
AGgre (red curve) indicated that the overall reaction was spontaneous in nature, whereas frame-
by-frame evaluation of AGgre implied the sustained spontaneity and feasibility even for the
last 20 ns of the MDS trajectory as depicted in (Figure 5 and Figure 6).

The stable trajectories (RMSD, RMSF, SASA, and Rg) and negative binding free
energies indicated geometrical and thermodynamic stability of the protein-ligand systems,
respectively. The binding affinity, MDS trajectory, and binding free energy collectively
support the notion that compound 1 can inhibit both receptor proteins (a-glucosidase and a-
amylase) by spontaneously binding at the catalytic site with greater stability. On the other hand,
the results suggest that compound 2 could also perform as a potential inhibitor of a-glucosidase.

4. Conclusions

The possibility of diabetes management by the plant Rubia manjith Roxb. was
investigated by experimental methods, and the chemical compounds present in it were tested
by computational tools. The in vitro results showed the inhibition of a-amylase and o-
glucosidase enzymes. The molecular docking calculations for the molecular-level
understanding of the ligand binding with the receptor protein, followed by molecular dynamics
simulations of the adduct for stability assessment, were carried out. The binding affinities of
15 phytochemicals against both enzymes revealed that the two compounds (1 and 2) were better
than the native ligand. Compound 1 formed a geometrically and thermodynamically stable
adduct due to the presence of strong interactions with the active site amino acid residues in
both enzymes. Compound 2 exhibited strong binding with the latter enzyme and acceptable
stability of its adduct. Validation of the preliminary findings, along with the drug-likeness and
safety assessments, could be carried out further by additional in silico, in vitro, and in vivo
trials in order to develop effective drugs from plant-based resources.
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Figure S2. Root mean square fluctuation of a-carbon atoms of a-glucosidase in complex with
compound 1 (red) and 2 (brown) calculated from MDS
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Figure S4. Radius of gyration (Ry) of a-glucosidase structure in complex with compound 1 (red) and
2 (brown)
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Figure S5. Radius of gyration (R,) of a-amylase structure in complex with 1 obtained from MDS
trajectory
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Figure S6. SASA of a-glucosidase in complex with 1 (red) and 2 (brown) calculated from MDS
trajectory
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Figure S7. SASA of a-amylase in complex with 1 (blue) extracted from MDS trajectory
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Figure S9. Number of hydrogen bonds between compound 2 and a-glucosidase (maroon) during
MDS
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Figure S11. Binding free energy change with time of 1-glucosidase complex
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Figure S12. Binding free energy change with time of 1-glucosidase complex
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Table S1. Percentage yield of R. manjith extract in different solvent

Solvent name Yield (%)
Hexane 0.93
Chloroform 1.25
Ethanol 13.08

Table S2. Phytochemical screening of different extracts of R. manjith

Plant ex- Flavo- Alka- Tan- Terpe- Sapo- Phe- Glyco- Ster-
tracts noid loids nin noids nin nol side oids
Chloroform  + + + + + + + +
Ethanol + + + + + + + +

Note: (+) sign indicate the presence and (-) sign indicate absence of phytochemical.

Table S3. Antioxidant activity of plant extracts

Plant extracts Inhibition (%)at ICso0SEM (ng/mL)
500pg/mL

Hexane 43.81 -

Chloroform 87.38 53.07+0.51

Ethanol 52.01 -

Quercetin (standard) 87.01 2.3+0.01

Table S4. Total phenolic content of various extracts of R. manyjith

TPC= SEM (mg GAE/gm)
Hexane Chloroform Ethanol Aqueous
2.65+0.01 0.25+0.01 0.10+0.01 -

Table S5. Total flavonoid content of various extracts of R. manyjith

TFC= SEM (mg QE/gm)
Hexane Chloroform Ethanol Aqueous
0.03+0.01 0.04+0.01 0.34+0.01 -

TFC values were expressed in mg quercetin equivalent per gram of sample.
Table S6. Alpha-amylase inhibitory activity of various extracts of R. manjith
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Plant extracts Enzyme inhibition ICso0SEM(ng/mL)
(%)at 500pg/mL

Hexane 6.96 -

Chloroform 75.85 113.91+3.62

Ethanol 17 -

Acarbose (standard) 80 6.1+0.04

Table S7. Alpha-glucosidase inhibitory activity of various extracts of R. manjith

Plant extracts Enzyme inhibition ICsoSEM(ng/mL)
(%) at 500png/mL

Hexane 41.46 -

Chloroform 72.98 32.89+0.45

Ethanol 25.02 -

Acarbose (standard) 83 387.36+0.05

Table S8. Binding affinities of different ligands with a-glucosidase (PDBID: 5ZCC) and
a-amylase (PDBID: 4GQR) protein receptors

Binding affinity (kcal/mol)

Code Ligands -
a-glucosidase a-amylase

1,3,6-trihydroxy-2-methylanthraquinone-3-O-a-

1 L-rhamnosyl-(1—2)-B-D-glucoside -10.0 9.1
2 Deoxybouvardin RA-XXIII 97 7.9
3 Deoxybouvardin RA-V 95 9.7

1,3,6-trihydroxy-2-methylanthraquinone-3-O-a-
L-rhamnosyl(1—2)-p-D-(3'-O-acetyl)-
4 glucoside 9.4 -7.2

1,3,6-trihydroxy-2-methylanthraquinone-3-O-f3-

5 D-glucoside -89 -8.6
6 1-hydroxy-2-methylanthraquinone -8.6 7.9
7 Rubioncolin C -8.5 -8.2
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8 Alizarin 82 7.7
Purpuroxanthin

9 P -8.1 -7.6
Purpurin

10 P -8.1 -7.8
Rubiadin

11 -8.0 -8.0
Mollugin

12 -8.0 7.0

13 Eudesmin 7.9 7.0

14 Dehydro-a-lapachone 7.9 7.0

2-[2-hydroxy-5-(3-hydroxypropyl)-3-
methoxyphenyl]-1-(4-hydroxy-3-
15 methoxyphenyl)propane- -7.2 -6.5
1,3-diol
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