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ions in the catalytic core of hSIRT2
enzyme predict therapeutic benefits of Garcinia
mangostana derivatives in Alzheimer's disease:
molecular dynamics simulation study†

Oluwole B. Akawa, ab Temitayo I. Subair,a Opeyemi S. Soremekun,a Fisayo A. Olotua

and Mahmoud E. S. Soliman *a

Recent studies have shown that inhibition of the hSIRT2 enzyme provides favorable effects in

neurodegenerative diseases such as Alzheimer's disease. Prenylated xanthone phytochemicals including

a-mangostin, b-mangostin and g-mangostin obtained from Garcinia mangostana, a well-established

tropical plant, have been shown experimentally to inhibit sirtuin enzymatic activity. However, the

molecular mechanism of this sirtuin inhibition has not been reported. Using comprehensive integrated

computational techniques, we provide molecular and timewise dynamical insights into the structural

alterations capable of facilitating therapeutically beneficial effects of these phytochemicals at the

catalytic core of the hSIRT2 enzyme. Findings revealed the enhanced conformational stability and

compactness of the hSIRT2 catalytic core upon binding of g-mangostin relative to the apoenzyme and

better than a-mangostin and b-mangostin. Although thermodynamic calculations revealed favorable

binding of all the phytochemicals to the hSIRT2 enzyme, the presence of only hydroxy functional groups

on g-mangostin facilitated the occurrence of additional hydrogen bonds involving Pro115, Phe119,

Asn168 and His187 which are absent in a-mangostin- and b-mangostin-bound systems. Per-residue

energy contributions showed that van der Waals and more importantly electrostatic interactions are

involved in catalytic core stability with Phe96, Tyr104 and Phe235 notably contributing p–p stacking, p–

p T shaped and p–sigma interactions. Cumulatively, our study revealed the structural alterations leading

to inhibition of hSIRT2 catalysis and findings from this study could be significantly important for the

future design and development of sirtuin inhibitors in the management of Alzheimer's disease.
1. Introduction

Alzheimer's disease (AD) remains one of the leading causes of
dementia (accounting for 50–70% of cases) in the aged pop-
ulation as there is currently neither cure nor treatment to
completely halt its progression.1–3 An estimated 47 million
people were affected globally in 2015 and it has been predicted
that approximately 131 million people will suffer from AD in the
next 30 years.4–7 AD is a complex neurodegenerative disease,
characterized by amyloid-b (Ab42)-plaques and
hyperphosphorylated-tau (p-tau) tangles deposition leading to
signicant modications in the cortex and hippocampus.2,3
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Despite the fact that the pathophysiology of AD remains poorly
understood, several hypotheses has nonetheless been proposed
including cholinergic hypothesis,8–11 amyloid hypothesis,12–14

tau hypothesis,15–17 neuroinammation hypothesis,17,18 bio-
metal dyshomeostasis hypothesis,19–21 oxidative stress,22–27

insulin-degrading enzyme theory,28–30 homocysteine,31,32 phos-
phodiesterase33,34 and monoamine oxidase hypothesis.35,36

However, only ve medications have so far been approved for
the management of AD by the Food and Drug Administration
(FDA) including tacrine (which has been withdrawn due to
hepatotoxicity), donepezil, galantamine, rivastigmine and
memantine.3 The rst four drugs listed are all acetylcholines-
terase inhibitors (AChEI) while memantine is an N-methyl-D-
aspartate (NMDA) receptor antagonist. These pharmacologic
interventions as well as non-pharmacologic therapies are
mainly employed to mitigate the disabling effects from cogni-
tive and functional decline.2 Due to paucity of remedial efficacy
of these medications together with AD pathophysiology
complexity, the need for new therapeutic alternatives cannot be
overemphasized. Emerging research into future AD treatments
RSC Adv., 2021, 11, 8003–8018 | 8003
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have reported disease-modifying therapies (DMTs), symptom-
atic cognitive enhancers and symptomatic agents with a myriad
of mechanisms of action.1,2 Over the past few decades, scientists
have increasingly explored the benecial effects of plant extracts
and isolated active constituents on the emergence and
progression of AD.37–39 Plant parts including roots, rhizome,
bark, leaves, fruits and seeds have been shown to possess the
ability to inhibit the formation of toxic plagues, enhance
cholinergic signaling, improve oxidative stress and inhibit
neuroinammation.40–42 Medicinal plants with associated active
compounds found to be benecial in AD treatment include but
not limited to Curcuma longa (curcumin, demethoxycurcumin
and bis-demethoxycurcumin),43–45 Bacopa monnieri (bacopa-
sides III, bacopasides IV, bacosides A, bacosides B),46,47 Centella
asiatica (asiatic acid, asiaticoside),48,49 Convolvulus pluricaulis,50

Ginkgo biloba (bilobalide),51 Zingiber officinaleis (gingerol, sha-
gols, bisabolene, zingiberene),52,53 Allium sativum (garlic
extract).54,55 Other important natural products reported to
possess neuroprotective and anti-AD effects include quer-
cetin,56–58 epigallocatechin-3-gallate,59 resveratrol,60,61

berberine,62,63 huperzine A,64,65 luteolin66 and rosmarinic acid.67

Protein post-translational modications (PTMs) have been
reported to play signicant roles in neurodegenerative diseases
including Alzheimer's and Parkinson's disease by potentiating
protein aggregation.68 Tau and alpha-synuclein (ASYN)
Fig. 1 (A) Structure of human SIRT2 (hSIRT2) enzyme (PDB ID: 3ZGV)71 i
zinc-binding domain in light blue and light brown, respectively. The flexib
(purple). (B–D) Chemical structures of Garcinia mangostana derivative
differences in attached functional groups.

8004 | RSC Adv., 2021, 11, 8003–8018
particularly go through several PTMs (especially acetylation) to
potentiate their aggregation and neurotoxicity. Cacabelos et al.69

reported that sirtuins are components of the epigenetic
machinery that contributes to AD pathogenesis. It has also been
established that there is correlation between SIRT2-C/T geno-
type and AD susceptibility in specic human populations.69

Human sirtuin proteins (hSIRTs) are nicotinamide adenine
dinucleotide-dependent (NAD+ dependent) histone deacetylase
enzymes shown experimentally to be involved in various cell-
related processes including metabolism, DNA regulation,
stress responses and aging process.70,71

There exist seven isoforms of the human sirtuin enzyme,
SIRT1-7, all displaying different substrate specicities and
subcellular localizations.72,73 While SIRT1, 6, and 7 are nuclear
enzymes72,74, SIRT3, 4, and 5 are found in the mitochondria.75,76

SIRT2, however is mainly cytosolic and has been reported to
deacetylate tubulin and p300.77

All sirtuins possess a conserved catalytic core of approxi-
mately 275 amino acids with N- and C-terminal extensions.79,80

This catalytic core assumes an oval-shaped fold comprising of
two globular subdomains linked by four loops. There is the
large Rossman-fold domain which typically allows for NAD+

binding proteins and together with the smaller Zn2+-binding
domain form the large groove for substrate binding.70 Binding
of substrates to the active “large groove” site has been shown to
s shown as a cartoon model with the large Rossman-fold domain and
le binding loop (red) is in a closed conformation and binds to a substrate
s including a-mangostin, b-mangostin and g-mangostin78 showing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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induce a signicant reorientation of the two domains relative to
each other and also induce a closure of the cle as well as the
correct positioning of conserved residues for formation of the
binding site tunnel.81 These rearrangements depict the dynamic
structure of sirtuins. Although, a complex mechanism of phys-
iological and pharmacological regulation of sirtuins has been
reported, studies suggests that SIRT2 inhibition may have
pharmacotherapeutic benets on various age-related disorders
including Alzheimer's disease.78,82

Recently, Garcinia mangostana (G. mangostana), a tropical
plant commonly found in South East Asia with isolated active
constituents including xanthones, anthocyanins, terpenes and
tannins has been reported to possess anti-AD properties.83,84

Phytochemical analysis shows that G. mangostana contains a-
mangostin, b-mangostin, g-mangostin and 8-deoxygartanin
which have all been shown to possess varying inhibitory
capacities against hSIRT2 enzyme.78 Herein, we detailed the
possible molecular mechanisms of hSIRT2 inhibition employed
by G. mangostana derivatives for the treatment of AD. Using
computational parameters, we explore the conformational
dynamics of inhibitor binding to hSIRT2 enzyme as well
determine the enzyme-inhibitor binding affinities.
2 Computational methodology
2.1 System preparation of SIRT2 enzyme and naturally
occurring inhibitors (a-mangostin, b-mangostin and g-
mangostin)

SIRT2 protein with PDB ID: 3ZGV71 was downloaded from RSCB
Protein Data Bank.85 We decided to use only chain A for this
study since the two monomers of the hSIRT2 (PDB ID: 3ZGV)
enzyme crystal structure are associated through a non-
crystallographic symmetry depicting no signicant difference
(RMSD 0.38 Å over 293 atoms Ca atoms)71 in the twomonomers.
The 2D structures of G. mangostana derivatives (a-mangostin, b-
mangostin and g-mangostin) were prepared using Marvin
Sketch soware (http://www.chemaxon.com) and taken to 3D
Avogadro molecular editor and visualizer soware86 for auto-
optimization, detachment of steric clashes and modication
of existing interconnective bonds.

Multiple molecular docking of G. mangostana derivatives into
the active site of the hSIRT2 enzyme was carried out using UCSF
Chimera,87 followed by docking validation using Autodock Tools
by redocking the phytochemicals in the protein and selecting
docking scores and poses similar to those obtained with UCSF
Chimera. In preparation for molecular dynamics (MD) simula-
tions, enzyme-inhibitor complexes were standardized using
Molegro Molecular Viewer (MMV).88 In all, four systems were
prepared, consisting of unbound hSIRT2 (Apo), hSIRT2-a-man-
gostin, hSIRT2-b-mangostin and hSIRT2-g-mangostin complex.
These systems were then subjected to MD simulations of 330 ns
using hitherto reported in-house protocols.89–92
2.2 Molecular dynamics simulations

This was done to investigate timescale motions of the compo-
nent atoms of the enzyme-inhibitor systems against the
© 2021 The Author(s). Published by the Royal Society of Chemistry
unbound enzyme system to establish the net force and accel-
eration occurring in the different systems through the use of the
PMEMD version of the graphical processor unit in AMBER 14.93

Parameterization for all inhibitors and the enzyme was carried
out using FF14SB AMBER and GAFF force elds respectively
while generation of partial charges for the inhibitors was
carried out using Restrained Electrostatic Potential (RESP) and
General Amber Force Field (GAFF) approach present in
ANTECHAMBER.

Neutralization of the unbound and bound enzyme systems
were done using sodium (Na+) and chloride (Cl�) counter ions,
followed by the incorporation of hydrogen atoms in the AMBER
14 Leap module leading to generation of topology les. An
orthorhombic box of TIP3P water molecules at a relative
distance of 8 Å from all protein atoms was used to solvate all the
systems.94 Energy minimization was carried out in two phases;
partial minimization using 2500 steps with restraint potential
of 500 kcal mol�1 Å�2 was done rst followed by full minimi-
zation using 10 000 steps without conjugate restraints.

All systems were gradually heated from 0 to 300 K for 50 ps in
a canonical ensemble (NVT) using a Langevin thermostat fol-
lowed by equilibration for 5000 ps at a temperature of 300 K and
a pressure of 1 bar maintained by a Berendsen barostat with
a time-step of 2 fs in an NPT ensemble. Finally, MD simulations
was conducted on all the systems and the corresponding trajec-
tories were saved for every 1 ps run. Post-analysis follows MD
simulations whereby, trajectories generated were used in AMBER
PTRAJ module93,95 and CPPTRAJ module93,95 to analyze for root
mean square deviations (RMSD), root mean square uctuations
(RMSF), radius of gyration (RoG), principal component analysis
(PCA) and solvent accessible surface area (SASA).
2.3 Thermodynamic calculation

In a bid to establish the binding energies of the G. mangostana
derivatives when bound to hSIRT2 enzyme, we employed the
Molecular Mechanics Poisson-Boltzmann Surface Area (MM/
PBSA) method,96,97 computationally designed for binding
energy calculations. This method helps to predict interaction
types present as well as the proportion of differential energy
contributed by each amino acid residue towards inhibitor
binding. 1000 complex frames extracted from the last 30 ns
trajectories (which represents region of minimum deviations of
less than 1.8 Å to reduce interference with ligand–protein
activities due to entropy effects and taken as convergence) were
used to perform calculations for the binding free energy and
per-energy decomposition of the simulated systems. Total
binding energy (DGbind) was then calculated from each snap-
shot using the equation below:

DGbind ¼ Gcomplex � (Genzyme � Ginhibitor) (1)

DGbind ¼ DGgas + Gsol � TDS (2)

DGbind is the summation of the gas phase energy and
solvation energy minus entropy (TDS) term.

DEgas ¼ DEint + DEvdW + DEele (3)
RSC Adv., 2021, 11, 8003–8018 | 8005
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where DEgas is regarded as the summation of AMBER force eld
internal energy, DEint (angle, bond and torsion), the van der
Waals energy (DEvdW) and the non-bonded electrostatic energy
component (DEele). The solvation energy is calculated as
follows:

Gsol ¼ GPB + GSA (4)

GSA ¼ gSASA + b (5)

Free energy of solvation and polar solvation contributions
are denoted as Gsol and GPB respectively. GSA represents non-
polar contributions calculated for solvent accessible surface
Fig. 2 Structural analysis of the catalytic core of unbound (black), a-m
gostin-bound hSIRT2 enzyme (strawberry). (A) Comparative active site C
three holo systems. (B) Comparative active site RoG plots among the
showing the extent of atomistic fluctuations at the catalytic core from
ensemble. (C1) Comparative visualization of the catalytic core showing
various motions of important catalytic core residues including F96, Y114

8006 | RSC Adv., 2021, 11, 8003–8018
area (SASA) where SASA is derived by employing 1.4 Å radius
water probe, a surface tension constant, g of 0.0072 kcal (mol
Å2)�1 and constant b to 0 kcal mol�1. To estimate individual
amino acid residue binding energy contributed towards enzyme
structural stability and inhibitor affinity, we carried out analysis
of per residue energy decomposition.
3 Results
3.1 Structural characterization of human SIRT2 (hSIRT2)
apoenzyme upon the binding of G. mangostana derivatives

The catalytic core of hSIRT2 enzyme consisting primarily of the
large Rossman-fold domain and small Zn2+-binding domain,
angostin-bound (light green), b-mangostin-bound (blue) and g-man-
a RMSD plots showing stability and atomistic deviations in the apo and
apo and three holo systems. (C) hSIRT2 per-residue fluctuation plots

K109 to H349 with peak fluctuations at D310 in the b-mangostin
super-imposed form of the apo and the three holo structures. Inset:
, G167 and V266 during simulation (200 ns).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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exhibit complex structural perturbations depending on the
bound ligand.98 In a bid to determine the changes in structural
stability and compactness of the catalytic core of hSIRT2 when
bound by the phytochemicals, we employed Ca Root Mean
Square Deviations (RMSD) and Radius of Gyration (RoG) as
investigational in silico parameters. Estimation of the Ca RMSD
was also carried out to access the convergence of all the systems
and convergence was generally observed aer 300 ns of the
simulation run whereby average RMSD of the bound systems
Fig. 3 (A–C) Comparative visualization of solvent accessible surface ar
mangostin (A), b-mangostin (B) and g-mangostin (C). The figure legend sh
(light green) to region of high solvent accessible surface area (deep blue)
and the three holo structures (a-mangostin (light green), b-mangostin
analyses of the unbound hSIRT2 enzyme in comparison with the three i

© 2021 The Author(s). Published by the Royal Society of Chemistry
relative to apo were lower than lower than 1.8 Å as illustrated in
ESI Fig. 1.†

Previous studies89,92,99 showed that the structural stability of
a protein or enzyme is inversely proportional to the observed
RMSD value, that is, relatively higher RMSD value equates
structural instability while lower RMSD value correlates to
structural stability. As shown in Fig. 2A and ESI Table 1,† the Ca
RMSD value (3.93 Å) was slightly higher in the apoenzyme as
compared to the lowered RMSD values in the three mangostin-
bound systems (RMSD values of 3.84 Å, 3.66 Å, and 3.34 Å for a-,
ea (SASA) of the catalytic core of hSIRT2 enzyme when bound to a-
ows the progression from region of low solvent accessible surface area
. (D) Comparative catalytic core SASA plots for the apo structure (black)
(deep blue) and g-mangostin (strawberry)). (E) Principal component
nhibitor-bound forms.

RSC Adv., 2021, 11, 8003–8018 | 8007
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b- and g-mangostin respectively) suggesting that binding of a-,
b- and g-mangostin confers comparable atomistic stability at
the catalytic core of hSIRT2 enzyme. This nding corroborates
fewer atomistic deviations estimated for residues in the
Rossman-fold domain and Zn2+-binding domain in the bound
hSIRT2 systems especially in the g-mangostin-bound system, an
indication of conformational rigidity resulting from lowered
atomistic motions (ESI Fig. 1†).

The average RMSDs estimated for all systems (both bound
and unbound) as well as for the Rossman-fold domain and Zn2+-
binding domain are given in ESI Table 2.† Further analysis of
the compactness and atomistic mobility at the catalytic core was
done by estimating the RoG of the systems. The correlation
between RoG and structural compactness has also been previ-
ously reported97,99,100 and while a relatively high RoG could
depict a structurally mobile enzyme, a low RoG would predict
a structurally compact enzyme. As shown in Fig. 2B and ESI
Table 1,† binding of G. mangostana derivatives increased the
structural compactness of the catalytic core of hSIRT2 apoen-
zyme. The average RoG value of the unbound hSIRT2 catalytic
core was 21.59 Å while for a-, b- and g-mangostin-bound
systems, it was estimated to be 21.02 Å, 20.49 Å and 21.08 Å
respectively.
Fig. 4 (A–C) Open and closed conformation comparison of the catalyt
(magenta) and in complex with (A) a-mangostin (light green), (B) b-mango
halo structures are super-imposed while the inhibitors are shown in stick
transition. Here, the loop of hSIRT2 (Leu107 to Leu110, colored in red) is
a helical conformation upon binding to (D) a-mangostin (light purple), (E

8008 | RSC Adv., 2021, 11, 8003–8018
3.2 G. mangostana derivatives (only b and g) lowers
conformational exibility in hSIRT2

We proceeded to further analyze possible perturbations at the
hSIRT2 catalytic core using comparative conformational exi-
bility of the enzyme, reinforced by analysis plot of the catalytic
core residues motions sustained across two principal compo-
nents: PC1 and PC2. Using RMSF estimations to predict
conformational exibility of the enzyme, ndings showed that
residues in the unbound system maintained high uctuations,
while residues in the bound system exhibited slightly lower
atomistic uctuations at the enzyme catalytic core except for the
a-mangostin-bound system which displayed a higher uctua-
tion that even exceeds that of the unbound system. This could
be as a result of the binding orientation of the a-mangostin
compound and the resultant interactions of the phytochemical
with various hSIRT2 catalytic core residues. Although, an
increase in conformational exibility has historically been
associated with enhanced enzyme activity particularly in mes-
ophilic and psychrophilic enzymes, Kamal et al.101 argued that
this is not usually the case. To this end, we believe that an
aggregation of conformational behaviors by hSIRT2 enzyme will
be more reliable in the prediction of possible hSIRT2 enzyme
activity when bound to these phytochemicals. The estimated
ic site between hSIRT2 structure (PDB ID: 3ZGV) in the unbound form
stin (dark grey) and (C) g-mangostin (cyan); liquorice view. The apo and
model. The Zn2+ ions are represented in spheres. (D–F) A loop-to-helix
unstructured in the unbound state (PDB ID: 3ZGV; light brown), adopts
) b-mangostin (cyan) and (F) g-mangostin (light blue).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mean RMSF value of the hSIRT2 catalytic core for the unbound,
a-mangostin-, b-mangostin- and g-mangostin-bound systems
were 1.97 Å, 2.11 Å, 1.93 Å and 1.66 Å respectively (ESI Table 1†).
This could indicate that b-mangostin and g-mangostin had
superior activities to a-mangostin. Additionally, RMSF
Fig. 5 2D schematic representation of intermolecular hydrogen bond
mangostin (A), b-mangostin (B) and g-mangostin (C)) at the catalytic
(including Ala85, Gln167 and Ser263 for a-mangostin-bound; Glu116, Ser
g-mangostin-bound systems) between 0 – 330 ns simulation run (catego
330 ns) simulation timeframes) in the different enzyme-inhibitor comple

© 2021 The Author(s). Published by the Royal Society of Chemistry
estimates for both the Rossman-fold binding domain and Zn2+-
binding domain, constituting the catalytic core corroborate
reduced atomistic motion of constituent amino acid residues
when bound to G. mangostana derivatives as shown in ESI Table
2.† Furthermore, observation from PCA analysis of the catalytic
interactions contributing to stability of G. mangostana derivatives (a-
core of hSIRT2 enzyme. Important participatory active site residues
263 and Asn286 for b-mangostin-bound; Ala85, Val233 and Ser263 for
rized into initial (0–100 ns), intermediate (100–200 ns) and final (200–
x ensembles are also shown.
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core shows that relative atomistic motion in the unbound
system is higher when compared to inhibitor-bound systems as
depicted in Fig. 3E.

3.3 Relative hydrophobicity of hSIRT2 catalytic core when
substrate-bound predicts enhanced neuromodulatory action

We evaluated the effect of substrate binding on the change in
solvent accessibility of amino acid residues constituting the
catalytic core of the enzyme. This was achieved by estimating
the surface area solvent accessibility (SASA) of the catalytic core
of the apoenzyme (Fig. 3D), followed by SASA estimation of the
Rossman-fold domain and Zn2+-binding domain that forms the
active “large groove” site (ESI Fig. 2 and ESI Table 2†). As re-
ported in previous studies, increased comparative SASA esti-
mate predicts higher hydrophobicity of the catalytic core
residues while reduced comparative SASA estimate correlates
with higher hydrophilicity of the catalytic core residues.102 We
discovered that change in accessibility (from unbound to
bound) is signicant for the residues that are involved in
hSIRT2 catalytic core binding to G. mangostana derivatives.

The average catalytic core SASA estimate for the unbound
system is 1454.30 Å while for a-, b- and g-mangostin-bound
systems, it is 646.09 Å, 830.13 Å and 603.11 Å respectively.
This shows that the catalytic core residues of hSIRT2 enzyme
when bound to G. mangostana derivatives possibly becomes
buried in the large groove to mediate their neuromodulatory
activities. The degree of change in SASA estimated for unbound
system compared to the bound systems show the signicant
hydrophobic tendency of the residues as depicted in Fig. 3D and
supported by independent SASA estimates for the Rossman-fold
domain and Zn2+-binding domain of the bound systems, ESI
Table 2.† In a bid to predict the inhibitor with the most
tendency to bury catalytic core residues when bound, we esti-
mated “ligand SASA” for the bound inhibitors with g-mangostin
showing the highest propensity to bury catalytic core residues
(ESI Table 1†).

Comparative sequential visualization of the unbound and
bound systems during timewise simulations show some
changes in secondary structures of the hSIRT2 enzyme as
a result of G. mangostana derivatives binding. We observed loop
to a-helix transition for example at amino acid residues 107–110
(depicted in Fig. 4D–F), 115–116, 119, 125–126 and 136–137.
Other transitions include loop to sheet and a-helix to loop
transitions.

3.4 a, b, and g-mangostins demonstrated systemic
variations in their interaction mechanisms at the hSIRT2
catalytic core

Final decomposition energies contributed by each residue of
the hSIRT2 catalytic core towards binding of a-mangostin, b-
mangostin and g-mangostin were calculated using the MM/
PBSA method.103 This approach is essential since the stability
and binding affinity of a substrate (therapeutic compound) to
its target is primarily determined by the types of interaction and
energy contributions of key binding site residues. Therefore, the
energy contributions of individual catalytic core residues
8010 | RSC Adv., 2021, 11, 8003–8018
towards the binding affinity of Garcinia mangostana derivatives
included electrostatic and van der Waals forces. Typically,
residues with energies below �0.8 kcal mol�1 are considered
important for enzyme-inhibitor molecular recognition, high
affinity binding and relative stability of small molecular
compounds.104

All investigated G. mangostana derivatives displayed consid-
erable network of intermolecular interactions with binding site
residues which could presume favorable binding affinities of all
derivatives to hSIRT2 enzyme. a-Mangostin, b-mangostin and g-
mangostin were discovered to interact with hSIRT2 amino acid
residues at the interface of the two globular domains through
hydrogen bonding and hydrophobic interactions. All the three
holo systems show peculiar intermolecular interactions but
similar catalytic core residues (including both Rossman-fold
and Zn2+-binding domain residues) were found to participate
in intermolecular interactions across the three substrate–
enzyme systems which include Ala85, Phe96, Arg97, Leu103,
Tyr104, Pro115, Phe119, Leu134, Ile169, His187, Phe235 and
Val266. We believe these are the major hSIRT2 catalytic core
residues through which common G. mangostana-mediated
inhibitory activities are propagated, although other important
residues may contribute to selectivity of action of the G. man-
gostana derivatives when bound to hSIRT2 enzyme.

3.4.1 Enzyme-inhibitors hydrogen bond interaction
network. Intermolecular hydrogen bond interactions between
G. mangostana derivatives and various hSIRT2 enzyme catalytic
core residues have been found to participate in stabilizing the
isolates at the active site as depicted in Fig. 5A–C and ESI
Fig. 4.†Hydrogen bond interactions in the a-mangostin-hSIRT2
system was mediated mainly by Ala85 (Ala85:H – a-man-
gostin:O4), Gln167 (a-mangostin:HO – Gln167:O), Ser263
(Ser263:H – a-mangostin:O5), Gln265 (a-mangostin:HO1 –

Gln265:OE1) which were observed between 1 ns and 270 ns of
the dynamic simulation run. The frequency of these hydrogen
bond interactions was more (occurring in two's and three's) at
the early stages of molecular dynamics simulations and
appearing to reduce as the simulation progresses. Occurrence
of hydrogen bond interactions in the b-mangostin-hSIRT2
system, on the other hand, occurred throughout the simula-
tion process with this interaction type mediatedmainly by Ala85
(Ala85:H – b-mangostin:O4), Glu116 (b-mangostin –

Glu116:OE2), Gln167 (b-mangostin:H1 – Gln167:O and
Gln167:HE22 – b-mangostin:O1), Ser263 (Ser263:HN – b-man-
gostin:O5) and Asn286 (Asn286:HD21 – b-mangostin:O5) as
shown in ESI Table 3.† The presence of more hydroxy groups (4
–OH groups) on g-mangostin and perhaps, better shape com-
plimentarity at the catalytic core ensures that there are more
participatory catalytic residues in the formation of hydrogen
bond throughout the 330 ns simulation run than observed in
the a-mangostin- and b-mangostin-bound systems. Hydrogen
bond interactions in the g-mangostin-hSIRT2 system was hence
mediated by Ala85 (Ala85:H – g-mangostin:O4), Pro115 (g-
mangostin:C21 – Pro115:H), Glu116 (g-mangostin:H3 –

Glu116:OE1), Phe119 (g-mangostin:H – Phe119), Asn168 (g-
mangostin:H2 – Asn168:OD1), His187 (His187:HE2 – g-man-
gostin:O3), Val233 (g-mangostin:H1 – Val233:O) and Ser263
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Ser263:HG – g-mangostin:O5). Percentage occupancy of these
hydrogen bond interactions are cumulatively highest in the g-
mangostin-bound system than observed in the a-mangostin-
and b-mangostin-bound systems as shown in ESI Table 3.†

3.4.2 Hydrophobic interaction contributions at the active
site. Evidently, presence of two methoxy groups in b-mangostin
increases the reactivity of the ligand and allows more hydro-
phobic interactions with catalytic core residues than seen in
other phytochemicals. The dynamic interaction tendencies of
the phytochemical (b-mangostin) ensure that there are more
alkyl interactions with hSIRT2 catalytic core residue side chains
like Phe96, Arg97, Leu107, Pro115, Leu118, Leu138, Ile169,
Ile232 and Val266. Another important observation is the
formation of p–alkyl, p–p stacked and p–p T shaped interac-
tions with aromatic/hydrophobic residues (such as Phe96,
Tyr104, Phe119 and His187) as well as p–sulfur interaction with
Met301 of the hSIRT2 enzyme. While most of these hydro-
phobic interactions occur in the a-mangostin- and g-
mangostin-bound systems, none of them showed the p–

sulphur interaction seen in the b-mangostin-bound system
which may add to the reasons behind the anti-AD effect seen in
these two phytochemicals. Also, all the three aromatic rings in
b-mangostin were involved in hydrophobic interactions with
the catalytic site residues which wasn't the case for both a-
mangostin- and g-mangostin-bound systems.

It was observed that towards a-mangostin and b-mangostin
binding, Leu103 contributed the highest total binding energy of
�2.37 kcal mol�1 and �3.33 kcal mol�1 respectively while
Fig. 6 (A to C) Per-residue decomposition plots showing energy contr
mangostin (A), b-mangostin (B), and g-mangostin (C). (A1 to C1) Shows
enzyme during the simulation period for a-mangostin (A1), b-mangostin

© 2021 The Author(s). Published by the Royal Society of Chemistry
Phe119 with a total binding energy of �2.88 kcal mol�1

contributed most to g-mangostin binding. This Phe119 inter-
action was achieved mainly through p–lone pair, p–p stacked
and p-donor hydrogen bond interactions involving aromatic
rings B and C of the g-mangostin. Furthermore, we compared
the contributions of the Rossman-fold domain residues and
Zn2+-binding domain residues that constitute the large groove
in the catalytic core in all simulated models since they are
involved in catalysis.105

As shown in Fig. 6A–C, energy dynamics of all simulated
models suggest all phytochemicals effectively modulate the
hSIRT2 catalytic core though relatively higher favorable inter-
actions (e.g. p–alkyl, p–p T shaped and p–p stacked) were
found at the Zn2+-binding domain (such as Phe96 that showed
total energy of �2.29 kcal mol�1, �3.33 kcal mol�1 and
�1.25 kcal mol�1 in a, b, and g-mangostin-bound systems
respectively) than at the Rossman-fold domain such as Ile169
that showed total energy �1.03 kcal mol�1, �0.03 kcal mol�1

and �0.99 kcal mol�1 in a, b, and g-mangostins respectively.
Also, we unraveled through molecular visualization that
binding of G. mangostana derivatives to the catalytic core of the
hSIRT2 enzyme was characterized mainly by van der Waals
interactions as depicted in Fig. 6A–C, though substantial elec-
trostatic interactions were observed especially in the a-man-
gostin- and g-mangostin-bound systems which could be
responsible for the molecular recognition attributed to these
two phytochemicals important for their benecial neuro-
modulatory activity.
ibutions among the hSIRT2 catalytic core residues when bound to a-
the various important intermolecular interactions formed with hSIRT2
(B1) and g-mangostin (C1).
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Table 1 Binding energy contributions of a-mangostin, b-mangostin and g-mangostina

System

Energy contributions (kcal mol�1)

DEvdw DEele DEPB DEsurf DEgas DEsol DEbind

a-Mangostin �44.52 � 0.12 �7.36 � 0.24 23.36 � 0.17 �6.03 � 0.01 �51.88 � 0.25 17.31 � 0.17 �34.56 � 0.15
b-Mangostin �55.15 � 0.15 �15.87 � 0.30 29.99 � 0.18 �6.84 � 0.01 �71.01 � 0.31 23.15 � 0.18 �47.87 � 0.17
g-Mangostin �46.74 � 0.12 �9.91 � 0.22 26.60 � 0.16 �5.68 � 0.01 �56.65 � 0.21 20.92 � 0.16 �35.73 � 0.12

a DEele¼ electrostatic energy;DEvdw¼ van der Waals energy; DEgas¼ gas phase free energy; DEsol¼ solvation free energy; DEbind¼ total binding free
energy.
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3.5 Differential binding energy proles of a, b, and g-
mangostins

Estimations of energy contributions of the individual binding
site residues and systemic binding modes/orientations of the
compounds were further complemented with binding energy
(DG) calculations for all inhibitor-enzyme systems. This
approach was essential to determine the respective binding
affinities of the compounds relative to their inhibitory potencies
and mechanistic impacts when bound to the hSIRT2 catalytic
core. As presented in Table 1, a-mangostin, b-mangostin and g-
mangostin were bound favorably to hSIRT2 with respective DG
values of �34.56 kcal mol�1 and �47.87 kcal mol�1 and
�35.73 kcal mol�1. Comparatively, b-mangostin recorded the
highest van der Waals interaction (�55.15 kcal mol�1) followed
by g-mangostin with �46.74 kcal mol�1. Total electrostatic
interactions in g-mangostin-bound system of �9.91 kcal mol�1

shows that the g-mangostin favors more electrostatic interac-
tions relative to a-mangostin-bound system.

Also, a relatively high unfavorable polar solvation energies,
DEgas and DEsol value in the b-mangostin- and g-mangostin-
bound systems shows that binding of these phytochemicals is
more favorable at the hydrophobic hSIRT2 binding pocket
compared to a-mangostin. These ndings amplify experimental
reports supporting the fact that a-mangostin, b-mangostin and
g-mangostin are phytochemical derivatives of G. mangostana
with benecial effects on many age-related diseases including
Alzheimer's disease through their inhibitory actions on sirtuin
enzymes.78
4 Discussion

We report here that the structural alterations characteristic of
binding of G. mangostana prenylated xanthone isolates
including a-mangostin, b-mangostin and g-mangostin to
hSIRT2 enzyme (Fig. 1–3) predicts their neuroprotective bene-
ts in AD. Importantly, we show that these isolates favorably
bind to hSIRT2 enzyme (an histone deacetylase enzyme with
pathological roles in neurodegenerative diseases and cancer) as
depicted in Table 1, leading to pharmacological inhibition of
the enzyme. Furthermore, we identify the various hSIRT2 cata-
lytic core residues involved in inhibitors binding (Fig. 5 and 6),
contributing to stability of the enzyme active site and perpetu-
ating the enzyme inhibition.

Scientists have over the years debated the link between
protein dynamics and function using arguments related to the
8012 | RSC Adv., 2021, 11, 8003–8018
fact that enzyme structural exibility affects its catalytic reac-
tivity106,107 while some argued that catalysis is independent of
collective dynamics.108,109 Newer studies however emphasized
that the rate-limiting factor in catalysis is the preorganization of
the active site and structural dynamics aid reorganization of
conformational elements near the catalytic site.110 The hSIRT2
catalytic functional core stabilizes bound substrates and
inhibitors using four associated loop regions, three of which are
in the Rossman-fold domain while the fourth exible loop is in
the small Zn2+-binding domain.

A comparison between the hSIRT2 holo forms (inhibitor
bound) and apo form (unbound) showed that the small Zn2+-
binding domain moves closer to the large Rossman-fold
domain upon G. mangostana derivatives binding as observed
in other SIRTs71,81 (Fig. 4A–C). In their work on how catalytic
loop motions expedite ligand recognition and binding in
enzymes, Kurkcuoglu et al.111 posited that RMSD between the
open and closed forms of the enzyme functional parts varies in
the range of 0.9–3.9 Å aer super-imposition of the open and
closed structures. Comparison of average RMSD with respect to
the g-mangostin-bound system showed deviation in motion
between the open and closed conformations to be 0.8 Å.
Though, this is higher than deviations observed for the a-
mangostin- and b-mangostin-bound systems, it sets a tone for
other parameters used to investigate comparative conforma-
tional motions between the bound state (holo) and unbound
state (apo).

It is therefore apparent that G. mangostana derivatives
induce local structural changes, including rotation of the side
chains of L107 and L110 to allow interactions with inhibitors.
Also, conformational stability of the hSIRT2 enzyme is relatively
higher in the Rossman-fold domain than in the Zn2+-binding
domain which underlies the importance of Rossman-fold
domain to inhibition of catalysis in the enzyme. Furthermore,
reduced conformational exibility of hSIRT2 catalytic loop in
the three enzyme holo states relative to the apo state predicates
the inhibition of enzyme catalysis of hSIRT2 when bound to G.
mangostana derivatives. This observation agrees with experi-
mental evidence which proposes that the loss of conformational
motion affects enzymatic mechanism even if structure and
electrostatics are preserved.107 B factor, which is also a measure
of atomistic uctuations is lowest in g-mangostin-bound
system when compared with other holo systems and the apo
system (ESI Table 1†). hSIRT2 non-polar (hydrophobic) pocket
is typically lined with solvent exposed residues in the apo
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 2D schematic diagram of G. mangostana derivatives (a-mangostin (A), b-mangostin (B) and g-mangostin (C)) with important hSIRT2
enzyme participatory hydrophobic interactions. Chemical structure of phytochemicals are represented using ball and stick model.
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state112 but binding of G. mangostana derivatives buries these
functional residues deep in the catalytic core of the enzyme.
This structural alteration is more pronounced in the g-
mangostin-bound system and it correlates with aforementioned
structural dynamics lending credence to the potent hSIRT2
inhibitory capability of G. mangostana derivatives.

The calculated binding energy of the three mangostin-bound
systems suggest comparatively favorable binding affinity of
these prenylated xanthone isolates for hSIRT2 enzyme. Specic
intermolecular interactions of hSIRT2 catalytic core residues
and g-mangostin involving hydrogen bond formation between
Pro115, Phe119 and His187 of the Zn2+-binding domain and
Asn 168 of the Rossman-fold domain with g-mangostin are
presumably very important to experimentally proven and
superior neuromodulatory activity of g-mangostin. These
specic interactions are relatively non-existent in the a-man-
gostin- and b-mangostin-bound systems. Also, multiple hydro-
phobic interactions were formed across the three holo systems
as illustrated in Fig. 6A1–C1 and 7A–C.

The carbonyl-attached benzene ring of the derivatives was
found to be very active allowing for varied types of interaction.
The various favorable ligand orientations at the large groove of
hSIRT2 allowed for stability of the catalytic core through
hydrogen bond interactions of the two hydroxyl groups on C1
and C3 of the aromatic ring A in the a-mangostin. b-mangostin
possess only two hydroxyl groups on C1 and C6 of the aromatic
rings A and C respectively which evidently reduced the number
of hydrogen bond interactions with the enzyme. The oxygen
group that forms part of the –OCH3 functional group on C3,
however engaged in hydrogen bond interactions with Ser263 at
times during the course of simulations while the occurrence of
bulky alkyl chains close to the hydroxy groups reduced
hydrogen bond formation observed in other phytochemicals. In
the g-mangostin-bound system, –OH groups on C1 (interacting
mainly with Ala85 and Asn168), C3 (interacting mainly with
© 2021 The Author(s). Published by the Royal Society of Chemistry
Pro115 and Glu116) and C6 (interacting mainly with His187)
belonging to the aromatic rings A and C of the g-mangostin
allowed for more hydrogen bond interactions with catalytic
residues of hSIRT2 enzyme.

Although, b-mangostin and a-mangostin systems show
higher total binding energy than g-mangostin which was
presumably due to the presence of more reactive functional
groups (three hydroxy and one methoxy group in a-mangostin
and two hydroxy and two methoxy groups in b-mangostin)
thereby elongating the side chains for interactions with catalytic
core residues than in the g-mangostin which possess 4 hydroxy
groups, we believe that these hydroxyl groups allow for forma-
tion of more conventional and p-donor hydrogen bonds which
are presumably important for neuroprotective activity and
reduced toxicity. The favorable total binding energy of g-
mangostin-bound system as well as important hydrogen bond
interactions with more participatory binding cavity residues
together with the consistency of the structural alterations
observed in the g-mangostin-bound system, informed our
hypothesis that g-mangostin may be the most ideal of the three
G. mangostana derivatives investigated as hSIRT2 inhibitory
candidate for future drug development purposes. Although, this
assertion, is supported by Yeong et al.78 in their recent experi-
mental work on discovery of g-mangostin and b-mangostin as
potent and selective inhibitor of hSIRT2 enzyme for possible
neuromodulatory and chemotherapeutic activities, we believe
further investigations may be necessary to ascertain the most
potent G. mangostana derivative.
5 Conclusion

G. mangostana-derived prenylated xanthone phytochemicals
were docked to catalytic “large groove’ core of hSIRT2 enzyme
and subjected to 330 ns molecular dynamics simulations with
the resultant trajectories subsequently analyzed. Findings
RSC Adv., 2021, 11, 8003–8018 | 8013
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showed that g-mangostin induced the most stable and compact
structural conformation for hSIRT2 enzyme compared to b-
mangostin and a-mangostin. These effects were particularly
observed at the hydrophobic active site pocket of the enzyme
and reinforced by similar ndings when the zinc-binding and
Rossman-fold domains were investigated. Relatively, presence
of –OCH3 functional groups in a-mangostin and b-mangostin
allows for more interactions with the hSIRT2 active site residues
while the presence of only –OH groups in g-mangostin ensures
that favorable hydrogen bond interactions presumably impor-
tant for neuroprotective activity are established with hSIRT2
active site non-polar residues.

Also, g-mangostin was more deeply bound in the catalytic
core of the enzyme allowing for favorable orientations and
preventing possible unfavorable interactions that can cause
toxicity. Moreover per-residue energy decomposition analysis
showed favorable van der Waals forces, electrostatic and total
energies were contributed towards binding of the phytochemi-
cals. Although the relative binding free energies associated with
ligand binding is highest in b-mangostin, all the phytochemi-
cals including a-mangostin and g-mangostin demonstrated
favorable binding to the enzyme. When all investigations are
put together, we discovered that the phytochemical derivatives
of G. mangostana (a-mangostin, b-mangostin and g-mangostin)
examined are potent hSIRT2 inhibitors capable of exhibiting
pharmacological activities (neuromodulatory activities) against
Alzheimer's diseases. Further investigations may be necessary
to prove which of the phytochemicals is the most potent hSIRT2
inhibitor.
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