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A B S T R A C T

Glycated human serum albumin (gHSA) undergoes conformational changes of proteins caused by free radicals.
The glycation process results in a reduced ability of albumin as an endogenous scavenger in diabetes mellitus type
2 (T2DM) patients. Astaxanthin (ASX) has been shown to prevent gHSA from experiencing unfolding events and
improve protein stability of gHSA and HSA through molecular dynamics. In this study, astaxanthin is complexed
with transition metal ions such as copper (Cu2þ) and zinc (Zn2þ) in two modes (M) and (2M). Complexing
astaxanthin with Cu2þ and Zn2þ is expected to increase astaxanthin's ability as an endogenous scavenger than in
native form. This research aims to characterize the antiradical property of ASX, ASX-Cu2þ and ASX-2Cu2þ, ASX-
Zn2þ, and ASX-2Zn2þ with density functional theory (DFT) and to compare the capability to prevent conforma-
tional changes on glycated albumin through molecular dynamics simulation. DFT as implemented in Gaussian
09W, was used for all calculations. Analysis of data using GaussView 6.0. LANL2D2Z basis set and B3LYP density
functional used for frequency analysis and optimization. The AutoDock Vina implemented in PyRx 0.8 is used to
and receptor-ligand interactions analysis with the DS 2016 Client. YASARA for molecular dynamic simulation
with 15,000 ps as running time. DFT analyzes such as energy gaps, HOMO, and LUMO patterns and electronic
properties have shown that ASX-metal ions complex is better than ASX in native state as antioxidants. These
results are also supported by the molecular dynamics simulation (RMSD backbone, RMSDr, RMSFr, and movie
visualization), where the addition of ASX-metal ions complex on gHSA are better than ASX as a single compound
in preventing gHSA from possible unfolding and maintaining protein molecule stability.
1. Introduction

The presence of oxidative stress in the cellular system induces
numerous human health problems [1]. Free radicals that surpass the
defensive potential of cells in the human bodywill induce oxidative stress
[2]. One of the oxidative damages caused by free radicals is a modifi-
cation in albumin protein conformation in diabetes mellitus type 2
(T2DM) patients [3]. Albumin is a protein that is directly affected by the
increase in free radicals in the blood. This condition disrupts albumin
function as both a scavenger and a transporter [4].

Albumin's ability as a scavenger is one of them is metal ions binding
were as previously known that heme has pro-oxidant properties, and
.
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albumin is an adequate protein in heme binding. When bonded with
albumin, the pro-oxidant properties of heme experience a decrease that
identifies albumin as having a function as an antioxidant [5]. Albumin is
also proven to bind various kinds of metal ions such as Cu2þ, Fe2þ, Mn2þ,
Mn3þ, and Fe3þ with active residues such as Cys34 [6]. The redox status
of the thiol group in the protein is a crucial indicator of oxidative stress so
that the measurement of Cys-34 redox in human albumin serum can
determine organ damage. From the results of ESI-TOFMS, it was found
that the highest form of oxidation is found in Cys-34. Oxidative stress
results in modifications of residues Lys195, Lys190, Arg218, Trp211, and
Arg222 that function as ligand bindings for site one and Arg410 as
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Tyr411 in site two. It was found that 80% of the –SH cluster that is a
potent ROS scavenger in albumin comes from Cys-34 [7].

The presence of cysteine and methionine residues is significant in
HSA antioxidant abilities. When mutations are carried out on Cys34,
albumin's antioxidant ability drops by 30%, and if the free cysteine res-
idue is placed in another position on the HSA, it still has antioxidant
capabilities. Site 2 of the HSA is the target of oxidative stress, but lost or
modified cysteine residues result in albumin proteins being more easily
degraded [8]. Albumin protein damage, including unfolding events, has
been reviewed in our previous studies using molecular dynamics (MD)
analysis, in which human serum albumin (HSA) and glycated human
serum albumin (gHSA) were tested for 15,000 ps and showed that the
unfolding process in gHSA caused the breakup of side chains A and B in
those proteins [9]. Antioxidants are needed by the body of T2DM suf-
ferers to overcome unfolding events andmaintain the stability of proteins
affected by free radicals [10]. Antioxidants have an essential role in
balancing electrons in oxidative stress conditions, one of which comes
from the carotene group. This is because antioxidants can act as donors as
well as electron acceptance [11]. One of the carotene group's antioxi-
dants that has a high potential as an antioxidant is astaxanthin (ASX)
[12], as one of the lipophilic compounds terpene astaxanthin has a
polyene chain that has the ability the stabilization free radicals [13]. As a
radical scavenger, astaxanthin has several action mechanisms, namely
hydrogen atom transfer, radical adduct, and single electron transfer [14].
Our previous research has shown that ASX administration in gHSA and
HSA can maintain the protein conformation until the end of the molec-
ular dynamics simulation. The conclusion is supported by backbone
RMSD, RMSF, and movie visualization data [9].

In this study, astaxanthin will be complexed with several metal ions
and configurations, namely Cu2þ and Zn2þ. The selection of these two
transition metal ions due to the transition metal ions that are central to
the biological complex mainly has the principle of redox and Lewis acid.
Redox activities such as shuttle electron can be done by transition metal
ions that are already bonded with specific proteins [15]. Analysis using
density functional theory (DFT) and molecular dynamics for ASX in a
complex form with metal ions and interacted with gHSA has never been
done before. The purpose of this research is to understand at increased
capabilities of ASX, which has been complexed with metal ions as anti-
oxidants in the role of maintaining gHSA stability compared to the ASX in
native form.

2. Materials and methods

This research does not have any IACUC/IRB approval because there
was no human, animal, or cell involvement. This research was purely in
silico studies.

2.1. Materials

Data mining has been carried out from PubChem (http://www.pubch
em.ncbi.nlm.nih.gov) and PDB (http://www.rscb.org/pdb) databases to
obtain the required data. The compounds used are ASX (5281224),
glucose (79025), Cu2þ (27099) and Zn2þ (32051). Meanwhile, the pro-
tein used is HSA with PDB ID (4K2C).

2.2. Density functional theory (DFT)

The ASX-metal ions complex is made in Avogadro software by
inputting the SMILES isomeric from ASX. The ASX-metal ions complex is
divided into two for each type of metal ion complexed with ASX, namely
the ASX-M2þ and ASX-2M2þ configurations. Furthermore, we have
optimized the geometry with a setup force field (UFF), the number of
steps (500), and an algorithm (Steepest Descent). After the complex was
formed, the DFT [16,17,18] software Gaussian09 and GaussView 6.0
were used for all calculations [19]. The method used is Ground State with
LANL2DZ basis set [20,21,22,23] and B3LYP density functional [24,25,
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26] used for frequency analysis and optimization. The LANL2DZ basis set
was chosen because it meets DFT calculation requirements on the
interaction of metal ions such as cadmium and zinc [27,28,29,30,31,32].

2.3. Molecular docking

The preparation of ASX and ASX-metal ions compounds has been
carried out in the Open Babel program by changing the format (.sdf) to
(.pdbqt) then HSA protein is cleaned from ligand and water with Dis-
covery Studio 2016 Client and saved in (.pdb) format. The docking
process uses AutoDock Vina, which is included in the PyRx 0.8 software.
Vina search box applies to all docking processes with dimensions (Å): X
(90.1439), Y (109.1736), and Z (79.3440), while the center of box uses X
(11.5350), Y (-23.336), and Z (5.6978).

2.4. Molecular dynamics simulation

YASARA has been used to run molecular dynamics simulations [33]
for 15,000 ps with physiological pH configurations at 7.4 and 0.9% NaCl
for ion concentration as a mass fraction. The temperature used is 310K,
and water as solvent with a density of 0.997 g/l. RMSD (root mean square
deviation), RMSF (root mean square fluctuation), potential and binding
energy, also movie visualization were obtained from this MD simulation.

3. Results and discussion

3.1. DFT analysis

Astaxanthin (3,30-dihydroxy-β-β-carotene-4,40-dione) as a ketocar-
otenoid [34] has the molecular formula C40H52O4 with a molar mass of
596.84 g/mol. Two terminal rings connected by a polyene chain of either
single or double bonds are characteristic of this compound. Astaxanthin
can be found in several forms, such as the stereoisomeric form, geometric
isomer, free form, and esterified form (both hydroxyl groups react with
fatty acids). Astaxanthin has two asymmetric carbon atoms in the 3,3
0position of the β-ionone ring with a hydroxyl (-OH) functional group at
both ends of the molecule. All of these forms are found in natural sources,
with the stereoisomeric forms (3S, 30S) and (3R, 30R) being the most
common in nature [35]. Unlike other carotene compounds, the ring
structure of Astaxanthin is each oxygenated with polyene chains
double-bound as a backbone as well, thus enhancing the antioxidant
properties of Astaxanthin [14].

In this research, ASX is complexed with two transition metal atoms,
namely Cu2þ and Zn2þ, in two-mode configurations, namely one metal
(M) and two metals (2M). Figure 1 shows that both Cu2þ and Zn2þ (M)
and (2M) metal ions, when complexed with astaxanthin and performed
geometry optimization, resulted in a change in the ASX structure from
trans to cis. This change from trans to cis is very reasonable because
astaxanthin is easily isomerized when exposed to heat, acid, metal ions,
or light [36]. Changes in astaxanthin's geometric structure when com-
plexed with transition metal ions to cis increase astaxanthin's ability as an
antioxidant. Cis astaxanthin such as 9-cis and 13-cis astaxanthin has been
shown to have higher antioxidants than its natural form [37]. It even has
a bioaccessibility level and is more efficiently absorbed by Caco-2 cells in
the human intestine [38].

Charge distribution was studied by using FMO (frontier molecular
orbital theory) in this experiment. HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) energies and
energy gap were calculated [39] for understanding the stability of ASX in
native and complex forms. Table 1 indicates that the ASX, which is
complexed with Zn2þ transition metal ions, has the least energy gap
compared to the ASX complex with both Cu2þ and native ASX. This en-
ergy gap means the ASX-Zn2þ and ASX-2Zn2þ complexes have higher
antioxidant activity than ASX compounds in complex form with both
Cu2þ and native. The structure with lower HOMO energy is a weak
electron donor [39], so it can be concluded that the scavenging activity
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Figure 1. Optimized structures of (A) ASX in native form (B) ASX-Cu2þ (M) (C) ASX-2Cu2þ (2M) (D) ASX-Zn2þ (M) (E) ASX-2Zn2þ (2M).

Table 1. HOMO and LUMO.

Compound HOMO (eV) LUMO (eV) Energy Gap

ASX -5.032 -2.545 2.487

ASX-Cu2þ(M) -5.257 -2.506 2.752

ASX-2Cu2þ(2M) -5.275 -2.495 2.780

ASX-Zn2þ(M) -2.863 -2.498 0.365

ASX-2Zn2þ(2M) -2.445 -2.234 0.211
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sequence from low to highest is ASX-2Cu2þ(2M)< ASX-Cu2þ(M)< ASX
< ASX-Zn2þ(M) < ASX-2Zn2þ(2M).

Figure 2 shows that there is a variation in the pattern of HOMO and
LUMO fromASX in the original and complex form. Excited-state on theASX
native from162(HOMO) to163 (LUMO), then toASX-Cu2þ(M) from171 to
172. While the ASX-2Cu2þ(2M) has an excited state from 180 to 181,
meanwhile ASX-Zn2þ(M) from168 to169andASX-2Zn2þ(2M) from173 to
174. The green color in Figure 2 indicates a positive charge when the
negative charge is red. Overlapping conditions that emerge in native ASX
(Figure 2A.) shows that electronswill excite easily but have difficulty in the
reverse process, which is less efficient as an antioxidant when expected to
have the ability to reverse quickly so that the products resulting from
scavenging activity can bemore. FromFigure 2 it can be concluded that the
addition of transition metal ions makes ASX a better antioxidant than ASX
in the native state. Similar results were also shown by Marin et al. [40],
where the formation of the ASX-metal cationic complex had slightly better
as electron donors and acceptors compared to single ASX. The consequence
of increasing the electron transfer capacity has a positive correlation with
the increase in the ability of ASX as a free radical scavenger.

The data in Figure 3 were obtained by a method using a polariz-
able continuum model, particularly IEF-PCM (integral-equation-
formalism) with ethanol as a solvent, to resolve the situation in the
laboratory. The formation of the ASX complex with transition metal
ions has a negative overall energy value, meaning that the reaction
products are more stable than the reactants (Figure 3A.) [40]. In
contrast, ASX's thermal energy in native form has higher energy than
in complex forms but has the lowest dipole moment compared to ASX
in complex forms. Thermodynamically, ASX in trans form more stable
than the cis form, but from the energy gap and the dipole moment, it
can be concluded that the ASX structure in the native state that is
Figure 2. HOMO and LUMO of (A) ASX in native form (B) ASX-Cu2þ
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stable does not have better scavenging electrons than in the complex
form with transition metal ions. Next is heat capacity (Figure 3D.),
which is the amount of heat needed to raise the temperature of one
kilogram (kg) of mass by one kelvin (K), showing that ASX-metal ions
have a higher value compared to ASX in a native state.

3.2. Molecular docking analysis

To understand the ability of ASX-metal ions complex compared to
ASX in the native state towards gHSA, the first thing to do is molecular
docking. To get GHSA, HSA is complexed with glucose first (Figure 4A),
where the binding affinity is -5.8 kcal/mol. As the ASX, which is paired
with gHSA, has a binding affinity of -8.9 kcal/mol, the binding affinity
value is the energy required of a compound to interact with the target
protein. The lower the energy needed, the stronger andmore manageable
the bond between ligands and proteins is. In our previous study [9], ASX
complexed with normal HSA has a bond at site A, and in this study, it was
found that ASX is a smart ligand since the binding position is at site B, the
site where glycation in gHSA occurs. Likewise with ASX, which is com-
plexed with both Cu2þ and Zn2þ metal ions in (M) and (2M) modes.
ASX-metal ion complexes bind more easily to the target protein because
they have a lower binding affinity than ASX in native form.

The binding site analysis (Figure 5) showed that unfavorable donors
occurred in the interaction between glucose and human serum albumin.
Meanwhile, the protein residues in the docking results of ASX and gHSA
have pi-alkyl, alkyl, and hydrogen bond types. The same type of bonding
pattern is also seen in the ASX-metal ions, which bind to gHSA. The
difference occurs in the number of types of pi-alkyl bonds that have
increased in (gHSA-(ASX-2Cu2þ)) (gHSA- (ASX-Zn2þ)) and (gHSA-(ASX-
2Zn2þ)) complex.
(M) (C) ASX-2Cu2þ (2M) (D) ASX-Zn2þ (M) (E) ASX-2Zn2þ (2M).



Figure 3. Data compilation of (A) Total Energy (Hartree) (B) Thermal Energy (kcal/mol) (C) Heat Capacity (cal/mol K) (D) Dipole Moment (Debye).
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3.3. Molecular dynamics analysis

The potential and binding energy (Figure 6) have shown that both
ligand and protein complexes have been reached an equilibrium state so
that the data obtained are reliable. In the case of potential energy, the
initial state value is obtained from HSA, gHSA, gHSA-ASX, gHSA-(ASX-
Cu2þ), gHSA-(ASX-2Cu2þ), gHSA-(ASX-Zn2þ), gHSA-(ASX-2Zn2þ) are
-2276091.99 kJ/mol, -2273555.43 kJ/mol, -2262791.79 kJ/mol,
-2258417.372 kJ/mol, -2278815.281 kJ/mol, -2275741.254 kJ/mol,
and -2277063.146 kJ/mol, respectively. In the meantime, binding en-
ergy has an initial state value of HSA, gHSA, gHSA-ASX, gHSA-(ASX-
Cu2þ), gHSA-(ASX-2Cu2þ), gHSA-(ASX-Zn2þ), gHSA-(ASX-2Zn2þ) are
97982.87 kJ/mol, 98017.75 kJ/mol, 97102.55 kJ/mol, 130080.48 kJ/
mol, 98016.05 kJ/mol, 98026.296 kJ/mol and 97925.865 kJ/mol,
respectively. The equilibrium state starts at 300 ps for both potential
energy and binding energy. In (Figure 7) it can be shown that the addi-
tion of ASX to gHSA (black color) can consistently reduce the RMSD
backbone of gHSA until the end of the simulation. In the meantime, gHSA
encountered an unfolding event because the RMSD value was more than
4 nm at 2300 ps, to be precise 4.343 nm, while the standard HSA at the
same time had an RMSD value of 2.834 nm, and the addition of ASX to
the gHSA protein lowered the RMSD backbone to 4.176 nm. The addition
of transition metal ions such as Cu2þ and Zn2þ in both (M) and (2M) ASX
modes was able to reduce the RMSD backbone of gHSA to close to normal
HSA values, with gHSA-(ASX-Cu2þ), gHSA-(ASX-2Cu2þ), gHSA-(ASX-
Zn2þ), gHSA-(ASX-2Zn2þ) having values of 2.827 nm, 2.946 nm, 2.794
nm and 3.263 nm respectively. The RMSD backbone value at the end of
the molecular dynamics simulation at 15,000 ps shows that gHSA is
9.052 nm compared to HSA of 7.561 nm.

While the gHSA-ASX complex reached 5,028 nm and the ASX-metal
ion complex included gHSA-(ASX-Cu2þ), gHSA-(ASX-2Cu2þ), gHSA-
(ASX-Zn2þ), gHSA-(ASX-2Zn2þ) had a lower value than ASX in the native
state to gHSA of 4.874 nm, 3.895 nm, 4.346 nm and 4.929 nm respec-
tively. This suggests an improvement in ASX's potential as a scavenger in
a complex form with transition metal ions compared to ASX in the native
state. It can also be concluded that the DFT results are in line with the
results of molecular dynamics simulation.
5

More complex analyzes were also carried out, including RMSDr
(Figure 8) and RMSFr (Figure 9). The residues selected in (Figure 8) and
(Figure 9) are binding sites of ligands to gHSA and compared RMSDr and
RMSFr of each active residue both before and after administration ASX
and ASX-metal ions. Figure 8A reaffirming the previous RMSD backbone
data that at the end of the simulation at 15,000 ps, the residue where the
glycation occurs has an increase in RMSD, which causes unfolding and
destabilization of protein events. The residue SER193 (B), GLN459 (B),
ARG145 (B), and ASP108 (B) are the sites of the glycation process in
HSA. When compared, the data show that at gHSA, the residual RMSD
values of SER193 (B), GLN459 (B), ARG145 (B), and ASP108 (B) were
4.316 nm, 4.747 nm, 2.829 nm, and 3.635 nm, respectively. Whereas for
HSA, the residual RMSD values for SER193 (B), GLN459 (B), ARG145
(B), and ASP108 (B) were 1.872 nm, 3.25 nm, 2.618 nm, and 2.845 nm,
respectively. There was also an RMSDr comparison of gHSA and ASX-
gHSA complexes (Figure 8B) where the RMSD value of each gHSA pro-
tein amino acid residue given by ASX decreased when compared to those
without ASX. These data confirm the RMSD backbone findings as a whole
to make the gHSA protein more stable when administered by ASX. Ex-
amples are the residual PHE228 (B) in gHSA has an RMSDr of 8.446 nm,
which decreases to 4.445 nmwhen complexed with ASX and the VAL216
(B) residue from 6.847 nm to 3.981 nm. Meanwhile, compared to the
ASX complexed with Cu2þ ion in (M) mode, the residual PHE228 (B) has
a value of 3.089 nm and an RMSDr of 2.201 nm in mode (2M). The
VAL216 (B) residue in the gHSA-(ASX-Cu2þ) complex was 2.818 nm and
the gHSA-(ASX-2Cu2þ) was 1.982 nm. The same thing also happened
with gHSA-(ASX-Zn2þ) and gHSA-(ASX-2Zn2þ) complexes with the same
residues, which have lower RMSDr than gHSA without ASX or when
complexed with ASX in the native state. This decrease in the value of
RMSDr induced the gHSA protein that had previously undergone
unfolding and binding sites release of side chains A and B became very
stable until the end of the molecular dynamics simulation.

The RMSFr data (Figure 9) show the same pattern as the RMSDr.
Residues such as VAL325(B) in gHSA have a value of 4.192 nm and when
given ASX it becomes 2.576 nm, whereas in the gHSA-(ASX-Cu2þ), gHSA-
(ASX-2Cu2þ), gHSA-(ASX-Zn2þ) and gHSA-(ASX-2Zn2þ) complexes are
3.19 nm, 2.349 nm, 2.835 nm, 2.297 nm respectively. Meanwhile, the



Figure 4. Docking result (A) gHSA (B) gHSA-ASX (C) gHSA-(ASX-Cu2þ) (D) gHSA-(ASX-2Cu2þ) (E) gHSA-(ASX-Zn2þ) (F) gHSA-(ASX-2Zn2þ).
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LEU 327 (B) residue in gHSA was 4.104 nm, while gHSA-ASX became
2.545 nm. When ASX is complex with metal ions such as gHSA-(ASX-
Cu2þ), gHSA-(ASX-2Cu2þ), gHSA-(ASX-Zn2þ) and gHSA-(ASX-2Zn2þ),
the RMSFr value of residual LEU327 (B) becomes 3.157 nm, 2.171 nm,
2.684 nm and 1.921 nm respectively. Other residues such as ALA350 (B)
Figure 5. Interaction re
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in ghSA have an RMSFr value of 3.703 nm, while the addition of ASX
reduces the value to 2.087 nm. The addition of ASX-metal ions ((gHSA-
(ASX-Cu2þ), gHSA-(ASX-2Cu2þ), gHSA-(ASX-Zn2þ) and gHSA-(ASX-
2Zn2þ)) to gHSA system makes RMSFr from residual ALA350 (B) to 2.58
nm, 1.95 nm, 2.35 nm and 1,725 nm, respectively.
sidues of docking.



Figure 6. Molecular dynamics data (A) potential energy (B) binding energy.
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Movie visualization data (Figure 10) has been obtained from
macro analysis (md_play) in the YASARA app. Movie visualization
data is visual data from RMSD, RMSDr, and RMSFr. Figure 9 is a
visualization of HSA, gHSA, gHSA-ASX, gHSA-(ASX-Cu2þ), gHSA-
(ASX-2Cu2þ), gHSA-(ASX-Zn2þ) and gHSA-(ASX-2Zn2þ) in the final
state of molecular dynamics simulation at 15,000 ps. Side chain A of
HSA or gHSA was colored in blue and green for side chain B. As
shown in Figure 9B gHSA undergoes an unfolding process and re-
leases the bonds between its amino acid residues, especially in the
Figure 7. RMSD
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protein linker area between side A and B. While giving ASX makes
gHSA, which was previously unstable and unfolding back to stability
and approaching the conditions before the glycation process occurred.
The ASX complex with metal ions proved to be better than the ASX as
a single compound in preventing the unfolding process on the gHSA
protein. For Cu2þ transition metal ions with gHSA-(ASX-2Cu2þ) (2M)
configuration slightly better than gHSA-(ASX-Cu2þ) (M). As for the
ASX complex with Zn2þ ions, the gHSA-(ASX-2Zn2þ) (2M) configu-
ration is better than gHSA-(ASX-Zn2þ) (M). It is based on RMSD
backbone.



Figure 8. RMSDr of (A) HSA and gHSA (B) gHSA and gHSA-ASX (C) gHSA, gHSA-ASX, gHSA-(ASX-Cu2þ) and gHSA-(ASX-2Cu2þ) (D) gHSA, gHSA-ASX, gHSA-(ASX-
Zn2þ) and gHSA-(ASX-2Zn2þ).
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backbone data, RMSDr, RMSFr, and movie visualization. Research
conducted by Marin et al. [40] supports the results of data from this
study that ASX-metal cationic system has better electron donators
compared to ASX because there was a decrease of vertical ionization
energy and increment of vertical electron affinity that implies
metallic complexes are better electron acceptor than ASX in the native
state.
Figure 9. RMSFr of (A) HSA and gHSA (B) gHSA and gHSA-ASX (C) gHSA, gHSA-AS
Zn2þ) and gHSA-(ASX-2Zn2þ).
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4. Conclusion

Astaxanthin as an antioxidant has been shown to prevent damage to
albumin glycated human serum proteins such as unfolding and modifi-
cation of active sites that cause the release of binding sites on side chains
A and B. DFT analyses such as energy gaps, HOMO, and LUMOpatterns as
well as electronic properties have shown that ASX-metal ions complex is
X, gHSA-(ASX-Cu2þ) and gHSA-(ASX-2Cu2þ) (D) gHSA, gHSA-ASX, gHSA-(ASX-



Figure 10. Movie visualization of (A) HSA (B) gHSA (C) gHSA-ASX (D) gHSA-(ASX-Cu2þ) (E) gHSA-(ASX-2Cu2þ) (F) gHSA-(ASX-Zn2þ) (G) gHSA-(ASX-2Zn2þ). Side
chain A (blue) and side chain B (green) identified by YASARA.
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better than ASX in native state as antioxidants. This is supported by data
from molecular dynamics simulation consisting of RMSD backbone,
RMSDr, and RMSFr data as well as movie visualization that provides
information that ASX-metal ions complex, especially ASX-2Cu2þ and
ASX-2Zn2þ, are better than ASX as a single compound in preventing
gHSA damage and maintaining protein molecule stability until the end of
molecular dynamics simulation at 15,000 ps.
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