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Chlorella sp. is green freshwater microalgae have drawn great attention as a promising sustainable
source of lipids and carotenoids. As neuroprotective natural products, carotenoids have shown
promising preventive activity, as well as helping in slowing down Alzheimer's disease (AD)
progression. However, the detailed information on the inhibition mechanism of amyloid beta
(AP) fibril, one of the hallmarks of AD, by carotenoid compounds is poorly discussed in both
experimental and computational studies. Thus, in this study, molecular docking simulations were
performed to investigate the binding interactions between nine carotenoid compounds derived
from Chlorella sp. against full sequence APa> fibril. The results reveal that the binding energies
ranged from -5.3 to -6.5 kcal/mol with binding interactions were dominated by hydrophobic
interactions via rt-alkyl, and only two carotenoid compounds, fucoxanthin and zeaxanthin, formed
hydrogen bonds. In comparison, donepezil showed binding energy of -6.7 kcal/mol and interacted
with APa, residues through a hydrogen bond and hydrophobic interaction that involves alkyl, n-
alkyl, n-sigma and z-rn T-shape interactions. Our result showed that donepezil, fucoxanthin and
zeaxanthin compounds disrupted the APa» fibril by disaggregation pathway, which primarily
interacted with residues within the hydrophobic (Phel9, Phe20, Val24, Ala30, and 11e32) and N-
terminal (Tyr10, Val12, His13, and His14) regions. This study provides theoretical insights into
the inhibitory mechanism of antioxidant compounds against AP fibril, which is beneficial for
AD drug design.
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Alzheimer's disease (AD) is one of the most common
neurodegenerative diseases characterized by impaired
cognitive abilities and memory loss [1], affecting more
than 34 million people worldwide [2,3]. Financially it
is very costly, posing a great burden to society. AD is
postulated to be caused by an abnormal accumulation
of amyloid beta (AB) peptides consisting of 40 and 42
amino acids, derived by B and y-secretase cleavage
from A precursor protein (APP) [4,5]. Both AB4o
and A4z are soluble helical peptides that undergo
a conformational transition from a-helix to B-sheet
structures and eventually form B-sheet-enriched fibril
structures [6]. Previous studies of Ap toxicity revealed
that fibrillar AP could directly kill neurons or initiate
a cascade of events leading to neuronal cell death [7-
9]. The lack of cures for Alzheimer’s disease poses a
major challenge because many available AD drugs
only reduce the symptoms of dementia and are not
capable of preventing the progression of the disease,
and do not halt the slow deterioration of the brain

[10,11]. Current treatments, including donepezil,
rivastigmine and galantamine, are prescribed for mild
to moderate AD to manage and control the symptoms
of the disease, but suffer some limitations such as
toxicity, cell cycle specificity, and development of drug
resistance [10]. Therefore, research on searching for a
cure for AD has been extensively performed, and one
of the prominent mechanisms proposed involving Ap
is by preventing the B-sheet-enriched fibril formation
or by inducing degradation of already formed B-sheet-
based aggregates [11].

A Chlorella sp. is a group of eukaryaotic green
microalgae found in fresh or salty water and on surfaces
of different soil types [12,13]. These microalgae can
grow with little water, a small number of nutrients,
carbon dioxide, and sunlight due to their extremely
simple structure [14,15]. Due to their richness of high-
value chemical compounds such as carotenoids
(astaxanthin, lutein, B-carotene, violaxanthin, and
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zeaxanthin), antioxidants, vitamins, polysaccharides,
proteins, peptides, fatty acids, and others [14], Chlorella
has been applied in various industries such as food,
pharmaceutical, cosmetic, and others [16]. Over the
last decade, carotenoids, a family of yellow, orange,
and red pigments have emerged as potential compounds
for AD treatment [17-19]. Carotenoids belong to a
terpenoid class with a characteristic conjugated polyene
chain composed of eight units of C5 isoprenoid. Based
on their chemical structures, carotenoids are categorized
into two main groups: carotene, which consists of only
carbon and hydrogen atoms, and xanthophyll, which
consists of carbon and hydrogen with oxygen in the
form of epoxy, carboxy, keto, hydroxy, and methoxy
positions. Most carotenoids are lipophilic and can
cross the blood-brain barrier [20].

Several studies have demonstrated that
carotenoids can potentially reduce the risk of AD by
inhibiting aggregation and destabilizing AP fibrils
[20-24, 44]. Katayama and coworkers demonstrated
that lutein had the strongest inhibitory effect on
AP fibril formation compared to zeaxanthin, -
cryptoxanthin, B-carotene, and a-carotene through an
in-vitro study [20]. Lakey-Beitia and coworkers reported
a similar result through an in-silico molecular docking
study highlighting that lutein had the highest binding
affinity compared to astaxanthin, bixin, cryptocapsin,
and fucoxanthin when in complex with different types
of AP fibril polymorphs obtained from RCSB Protein
Data Bank (PDB code: 2BEG, 2MXU, 2NAO, 2M4J)
[21]. The number and position of hydroxyl groups,
together with the hydrophobic chain of polyene units,
play an important role in inhibiting AP aggregation
through forming hydrogen bonds and hydrophobic
interactions with A fibril residues [22].

Carotenoids are potent natural antioxidants,
and most of the studies demonstrated that carotenoids
reduced AD through the neuroinflammation pathways
[25] by suppressing the interleukin-1B (IL-1B) and
tumour necrosis factor-alpha (TNF- o) action [26] as
well as inhibiting the nuclear translocation of kappaB
(NfkB) and reactive oxygen species (ROS) production
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[27]. The investigations of the effects of carotenoids
directly on A plaques formation or disruption are
very limited in both experimental and computational
studies. Furthermore, AP fibrils are well known to
have a variety of polymorphisms [28], and different
polymorph structures will have different inhibition
mechanisms. However, most published literature
only focused on inhibiting U-shaped Ap fibril [29-
31, 47-48].

Recent studies have reported that the aggregation
and fibrillation of ABa4, peptide also result in the
formation of S-shaped A4, fibril, which is more
stable and toxic as compared to U-shaped AP fibril
[32]. Since the S-shaped AP fibril imposes more
toxicity to the human brain and the inhibition study of
carotenoids on this S-shaped Apa. fibril conformation
is very limited. Thus, molecular docking simulations
were utilized in the present study to investigate the
inhibition mechanism of nine carotenoid compounds
derived from Chlorella sp. against a complete sequence
of S-shaped Aa> fibril.

METHODOLOGY
Preparation of Initial Structures

The three-dimensional (3D) NMR structure of APz
fibril, which consists of ten conformations, was
obtained from RCSB Protein Data Bank (PDB) with
a corresponding PDB code of 2NAO [33]. The first
conformation was chosen, and the other nine
conformations were removed using AutoDockTools
(ADT) 1.5.6 [34]. Only chains A, B, and C were chosen
(Figure 1) to be docked with nine carotenoid compounds
(Figure 2) and donepezil (PubChem CID: 3152) as a
positive control. The remaining chains (D, E, and F)
were removed using Discovery Studio Visualizer
(DSV) 19.1 [35]. Meanwhile, the 3D structures of nine
carotenoid and donepezil conformers were downloaded
from the NCBI PubChem database [36] in SDF format.
These structures were then optimized using a Dreiding-
like force field [37] and converted into PDB format
using DSV 19.1.

Figure 1. 3D cartoon representations of APs fibril (PDB code: 2NAO) are shown in (a) the top and (b) the front
view. The N-terminal: D1-K16 and turn: E22-G29 are shown in slate blue and hot pink, respectively. The
hydrophobic regions, central hydrophobic core (CHC): L17-A21, second hydrophobic core (SHC):
A30-M35, and C-terminal: VV36-A42, are shown in yellow, orange, and green, respectively.



3 Norzalina Zakaria, Nur Juliyana Bella Hanifah,
Siti Nor Ani Azaman and Nur Hana Faujan

Lutein
PubChem CID: 5281243
CioHs602, 568.9 g/mol

In Silico Studies of Carotenoids from Chlorella sp.
Microalgae against S-Shaped Amyloid Beta Fibril

Beta-Carotene
PubChem CID: 5280489
CioHse, 536.9 g/mol

Violaxanthin
PubChem CID: 448438
CaoHs604, 600.9 g/mol

Beta-Cryptoxanthin
PubChem CID: 5281235
CaoHs60, 552.9 g/mol

Zcaxanthin
PubChem CID: 5280899
CaoHs602, 568.9 g/mol

Alpha-Carotene
PubChem CID: 6419725
CaoHse, 536.9 g/mol

Canthaxanthin
PubChem CID: 5281227
CaoH5202, 564.8 g/mol

Asthaxanthin
PubChem CID: 5281224
CaoHs204, 596.8 g/mol

A

Fucoxanthin
PubChem CID: 5281239
Ca2Hss06, 658.9 g/mol

Figure 2. Chemical structures of carotenoid compounds with their respective PubChem CID, molecular formula,
and molecular weight. These structures were sketched and generated using the SwissADME server [38].

Preparation of Input (PDBQT) Files and Grid Box
Parameter

Before performing molecular docking, both protein
and ligand structures in PDB format must be converted
into PDBQT format using ADT 1.5.6. In this step,
missing hydrogen atoms were added, and non-polar
hydrogen atoms were merged, followed by the addition
of Kollman and Gasteiger charge to protein and ligands,
respectively. Next, because the binding site of ABa2
fibril was not a priori known, thus a large grid box
with a dimension of 126x114x124 was created and
enclosed the fibril with default spacing. This grid
box was large enough to allow the carotenoid and
donepezil ligands to translate and rotate around the
fibril surface.

Molecular Docking Simulations

AutoDock Vina 1.1.2 [39] was employed in the
molecular docking process to determine the binding
energy and interactions between carotenoid ligands
and AP fibril. The Iterated Local Search global
optimizer algorithm [40] was used for each ligand to
perform default docking runs. The protein was set as
rigid, and the ligand was set as flexible. The binding
energy for the interaction between each carotenoid and

AP fibril was eventually calculated, and the best
conformation was selected based on its lowest free
binding energy. For analysis, PyMOL 2.3.0 [41] and
DSV 19.1 were used to visualize the 3D structure of
complexes and to generate two-dimensional (2D)
representations of the protein-ligand interactions.

RESULTS AND DISCUSSIONS

In this study, molecular docking simulations were
performed using AutoDock Vina 1.1.2 to predict the
binding affinity and interactions between AP fibril
and nine carotenoid compounds, compared with the
positive control, donepezil. Table 1 shows that the
binding energies of donepezil and nine carotenoids
derived from Chlorella sp. ranged from -5.3 to -6.7
kcal/mol.

As shown in Figure 3a, we identified four
binding sites, A, B, C, and D. Site A was the most
plausible binding site on A4z fibril since it
accommodated the largest docked carotenoid
compounds (lutein, violaxanthin, zeaxanthin, beta-
carotene, and fucoxanthin) with the top-ranking
binding energies between -5.8 and -6.5 kcal/mol.
Interestingly, lutein, violaxanthin, zeaxanthin, beta-
carotene, and fucoxanthin exhibited a similar binding
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site on A4z fibril with donepezil. Donepezil had
been found on APa; fibril at site A with the lowest
binding energy of -6.7 kcal/mol. This site comprised
the last part the N-terminal (H13-K16), CHC (L17-
F20), turn (V24, S26, N27), and SHC (A30, 132, L34)
regions of chain A. The second site, B, accommodated
a beta-cryptoxanthin with a binding energy of -6.2
kcal/mol. Residues in this site involved the last part
of the N-terminal (V12-H14), CHC (L17-A21), and
the early part of turn (E22-G25) regions of chain C.
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Next, the third site, C, was located vertically in the
first interior of AP fibril. This site comprised the
N-terminal residues (H6-Y10) of chains A, B, and
C. It accommodated alpha-carotene and astaxanthin,
with both having a similar binding energy of -5.8
kcal/mol. The fourth site, D, comprised the N-terminal
residues (D1-F5) of chain C, accommodated half of
the canthaxanthin, and the other half was located on-
and overlapped with the bottom part of site C, with the
total highest binding energy of -5.3 kcal/mol.

Table 1. Docking results of donepezil and nine carotenoid compounds with Apa, fibril.

Interactions

Binding
Ligand Energy Hydrogen Hydrophobic
(keal/mol) - Bond alkyl nalkyl  m-sigma
Leul7A,
Donepezil -6.7 Gly33A 1le32A, Val24A Pﬁ:;;’:
Leu34A
LT s
Lutein -6.5 3 Phel9A,
AlaSOA, 3 phe20A
lle32A
3 Val24A, 2 His13A,
Violaxanthin -6.4 Ala30A, 5 Phel9A,
lle32A 3 Phe20A
2 Leul7A,
Val24A, 2 Hisl4A,
Fucoxanthin -6.3 GIn15A 3 1le32A, 3 Phel9A,
Leu34A, Phe20A
Leu34B
2Vall2C, 5 2Hisl3C,
Beta-Cryptoxanthin -6.2 Val18C, His14C,
Val24C 2 Phe20C
Leul7A,
Beta-Carotene -6.2 2 lle32A, 4 Phel9A
2 Leu34A
His13A,
Zeaxanthin -5.8 Ser26A 2V zllig'&“ 3 Phel9A,
2 Phe20A
Phe4A,
His6A,
Tyr10A, .
Alpha-Carotene -5.8 2 Vall2A 3 His6B, ZHTSIigé
2 His13B,
2 Tyrl10C,
2 His13C
PhedA,
. His13B, His6A,
Astaxanthin -5.8 2 Tyr10C, His6B
2 His13C
His14B,
. Phe4C,
Canthaxanthin -5.3 3 Tyr10C,

2 His13C
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violaxanthin
zeaxanthin
lutein

fucoxanthin
astaxanthin
alpha-carotene
beta-cryptoxanthin
canthaxanthin

Figure 3. (a) 3D representations of the binding sites, A, B, C, and D, and (b) the best poses of nine carotenoids
and donepezil at different binding sites of A4 fibril.
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Figure 4. 2D interaction maps between A4, against (a) lutein, (b) violaxanthin, (c) fucoxanthin, (d) beta-
cryptoxanthin, (e) beta-carotene, (f) zeaxanthin, (g) alpha-carotene, (h) astaxanthin, (i) canthaxanthin,
and (j) donepezil.

Figure 4 shows that the interactions between
A4z fibril with nine carotenoid compounds were
dominated by hydrophobic interactions, which consist
of three types: 1) alkyl interactions that involved
residues with hydrocarbon alkyl groups side chain,
alanine (Ala30), valine (Val12, Val18, Val24), leucine

(Leul7, Leu34), and isoleucine (Ile32); 2) n-alkyl
interactions that involved residues with aromatic
groups side chain, tyrosine (Tyr10), histidine (His6,
His13, His14), and phenylalanine (Phe4, Phel9,
Phe20) and 3) n-sigma interactions that involved only
histidine (His6, His13) residues. Furthermore, only
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two carotenoids, fucoxanthin and zeaxanthin, were
observed to form hydrogen bonds with GIn15A (2.22
A) and Ser26A (2.83 A) of AP fibril, respectively.
We compared the binding modes of donepezil and
carotenoids within the active site of A4 fibril. The
donepezil also displayed hydrophobic contacts with
APaz fibril by forming the: 1) alkyl interaction with
Leul7A, Leu34A, 11e32; 2) n-alkyl interaction with
Val24; and 3) n-sigma interaction with Phel19A, lle32.
Similar to fucoxanthin and zeaxanthin, donepezil also
formed the hydrogen bond, however, with a different
residue of AP fibril, Gly33A (2.86 A).

The domination of hydrophobic interaction is
due to carotenoids' chemical structure and position on
APa fibril. Carotenoids are hydrophobic antioxidants
[42] which comprise a long-straight-hydrophobic
polyene main chain with terminal ionone rings. In this
study, most carotenoids deposited on CHC and SHC
regions, and the methyl groups attached to the main
chain and terminal rings of carotenoids interacted with
hydrophobic residues of APa fibril, forming alkyl and
n-alkyl interactions.

In Silico Studies of Carotenoids from Chlorella sp.
Microalgae against S-Shaped Amyloid Beta Fibril

In the protein-ligand study, the intermolecular
hydrogen bond is formed by the participation of
nitrogen (N) and oxygen (O) atoms of the backbone
and polar side chain (Arg, Asn, Asp, Gin, Glu, His,
Lys, Ser, Thr, Trp, Tyr) of protein with N, O, sulphur
(S), and halogen atoms from the ligand [43]. Thus,
a- and f-carotene consisting of only carbon and
hydrogen atoms, are incapable of forming hydrogen
bonds. Figure 5 shows the polar residues (pink-
coloured carbon atoms) of chain A, which may
interact with donepezil, lutein, and zeaxanthin via
hydrogen bonds due to the positions of these three
ligands were near polar residues, and they possess
the O atoms in their structure. However, based on
Figure 5, it can be seen that only donepezil and
zeaxanthin formed the hydrogen bonds with Gly33A
(2.86 A) and Ser26A (2.83 A), respectively, due to
their hydrogen bond distances which are in the range
of typical hydrogen bond distance, 2.5 to 3.4 A [43].
These results indicate that the chemical structure,
position, and orientation of a ligand on the receptor
play an important role in the formation of the
hydrogen bond.

Figure 5. (a) The 3D poses of donepezil (slate blue), lutein (orange), and zeaxanthin (mauve) on chain A of AP,
fibril, (b) the distance between hydrogen acceptor of donepezil and hydrogen donor of Gly33A, and (c) the
distance between hydrogen donor of lutein and zeaxanthin with hydrogen acceptor of Ser26A. The polar
side chain residues are shown in pink-coloured carbon atoms.
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Table 2. Binding interactions of carotenoid compounds with AB4, residues classified by regions.

Carotenoids

Apaz regions

N-terminal CHC Turn SHR
(D1-K16) (L17-A21) (E22-G29) (A30-M35)
Donepezil Leul7A, Val24A 2 le32A,
2 Phel9A Gly33A,
Leu34A
Lutein His13A Leul7A, 3 Val24A Ala30A, Ile32A
3 Phel9A,
3 Phe20A
Violaxanthin 2 His13A 5 Phel9A, 3 Val24A Ala30A, Ile32A
3 Phe20A
Fucoxanthin 2 His14A, GIn15A 2 Leul7A, Val24A 3 1le32A,
3 Phel9A, Leu34A,
Phe20A Leu34B
Beta- 2 Vall2C, 5 Val18C, Val24C
Cryptoxanthin 2 His13C, His14C 2 Phe20C
Beta-Carotene Leul7A, 2 1le32A,
4 Phel9A 2 Leu34A
Zeaxanthin His13A 3 Phel9A, Val24A, 2 Ala30A
2 Phe20A Ser26A

Alpha-Carotene PhedA, 3 His6A,
Tyrl0A, 2 Val12A,
3 His6B, 2 His13B,

2 Tyrl10C, 3 His13C

Astaxanthin PhedA, His6A,
His6B, His13B,

2 Tyrl0C, 2 His13C

Canthaxanthin His14B, Phe4C,

3 Tyrl0C, 2 His13C

Previous computational studies focused on the
U-shaped Api7.4; fibril (PDB code: 2BEG) reported
that small molecules [29-31] as well as carotenoid
compounds [21] primarily interacted with salt-bridge
(A21-K28) and secondarily interacted with SHC
(A30-M35), and C-terminal (V36-A42) residues. In
this study, donepezil, lutein, violaxanthin, fucoxanthin
and zeaxanthin have been shown to interact with S-
shaped AP, fibril at CHC (L17-A21), turn (E22-G29)
and SHR (A30-M35) regions. However, alpha-carotene,
astaxanthin, and canthaxanthin interacted primarily
with N-terminal (D1-K16) residues (Table 2), which
is crucial for aggregation through the interactions with
metals. The preferential binding of these three carotenoid
compounds to the N-terminal region was likely due to
the presence of aromatic residues (Phe4, His6, Tyr10,
His13) and the ability of the compounds to fill the
space in the pocket [46].

Disagreement in the observed primary binding
site of these three carotenoids compared to the previous
study are most likely due to differences in the AP
polymorph used in each study. The U-shaped ABi7.42
fibril 2BEG does not consist of the N-terminal pocket

that is present in the S-shaped A fibril 2NAO used
in the current study. The 2BEG structure consists of
the first (L17—-S26) and second (I31—A42) B-strand
connected by a turn region (N27-A30). A small
molecule such as morin has been reported, penetrating
the interior of the hydrophobic core and disrupting the
D23-A28 salt bridges by interfering with native back-
bone hydrogen bonds and eventually leading to the
destabilization of APi7.42 fibril [47]. Fan and coworkers
also reported that this interior hydrophobic groove was
the most plausible site with the lowest binding energy
when forming a complex with wgx-50 ligand, a
compound extracted from Sichuan pepper (Zanthoxylum
bungeanum) [48].

The intramolecular network interactions in U-
shaped Apai7.42 fibril 2BEG involving the interior hydro-
phobic groove are shown in Figure 6a. In contrast,
two hydrophobic pockets formed from the intra-
molecular interactions between Leul7-11e32, Phel9-
Phe20, Phe19-Ala30, Phel9-11e32, Phe20-Val24, Phe20-
Ala30, and 1le31-Val39 in S-shaped A1 fibril 2NAO
(Figure 6b). Instead of having a traditional D23-K28
salt bridge, it has been reported that A, fibril formed
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Figure 6. 3D representations of intramolecular network interactions in chain A of (a) U-shaped Apai7.s fibril
2BEG and (b) S-shaped Apa. fibril 2NAO. The residues that formed hydrogen bonds, hydrophobic contacts,
and the combination of both interactions, are shown in pink, blue and purple, respectively.

Table 3. Intramolecular interaction networks in chain A of AB,, fibril.

Hydrophobic Interactions

Residue Hydrogen Bond -
alkyl n-alkyl n-sigma n-1 T-shaped
His6-Ser8,
Gly9-Glull, Ala2-Phe4,
D1-L17 Glul1-His13, His13-Lys16
GIn15-Leul?
Asp23-Val24,
Ser26-Lys28, Phe19-11e32,
Leul7-11e32,
L17-A42 Gly29-1le31, lle31-Val39 Phe20-Val24, Phe19-Ala30 Phe19-Phe20
Met35-Gly37, Phe20-Ala30
Val36-Gly38

the salt-bridge interactions between Lys28 and Ala42
[49-50]. The formation of two hydrophobic pockets
and the salt bridge plays an important role in maintaining
the S-shaped conformational structure of A fibril.

In this study, S-shaped Aa, fibril 2NAO was
used as a receptor, and the mechanisms involved in the
aggregation and disaggregation pathway of AP fibril
are quite different compared to the previous studies,
which mostly used U-shaped Apar.s2 fibril 2BEG. S-
shaped A4, fibril 2NAO displays triple parallel-p-
sheet segments with D1-H14 residues that are partially
ordered and not entirely rigid, whereas Q15-A42
residues form a double-horseshoe—cross— a -sheet
entity with maximally buried hydrophobic side chains
in the two distinct hydrophobic cores, one containing
residues Leul?, Phel9, Phe20, Val24, Ala30, and
11e32, and the other containing 1le31, Val36, Val39, and
lle41 [49-50]. The intramolecular interaction networks
in chain A of APy, fibril are shown in Table 3.

Our docking results highlight that donepezil
and five carotenoid compounds (lutein, violaxanthin,

fucoxanthin, beta-carotene, and zeaxanthin) interacted
with K16-F20 residues of the binding sites A, which
are responsible for the initiation of aggregation [21].
U-shaped AP fibril (PDB ID: 2BEG) bears two
amyloidic regions, the first sequence at K16—-A21
and the second sequence at 132-V36 [51]. These
carotenoids showed a similar binding pattern with the
first sequence of the amyloidic region of 2BEG.
Besides the hydrophobic interaction, fucoxanthin and
zeaxanthin are among the xanthophylls which bind
differently by forming hydrogen bonds at GIn15A and
Ser26A residues, respectively. Moreover, zeaxanthin,
a B-ring carotenoid, has one hydroxyl group at each B-
ionone ring. One of these hydroxyl groups interacted
with the Ser26A amino acid of ABa. fibril.

The formation of hydrogen bonds between
donepezil, fucoxanthin, and zeaxanthin with non-
amyloidic sites of AP has been associated with
disruption and disaggregation of the beta-sheet fibril
structure [52]. Not to mention, the interaction between
fucoxanthin and the APa4> peptide (PDB ID: 1Z0Q)
prevented the conformational transition and self-
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assembly of the APs, peptide [22]. The structure and
conformation of carotenoids poses within different
binding sites, are crucial mode by which they inhibit the
formation of amyloid fibrils. The polyene backbone
in carotenoids inhibits the formation of A fibrils
through hydrophobic interactions.

Lutein, violaxanthin, and zeaxanthin interacted
with His13, while fucoxanthin interacted with His14-
GIn15 residues. Meanwhile, canthaxanthin, alpha-
carotene, and beta-cryptoxanthin interacted with His13-
His14, Val12-His13, and Val12-His14 residues of ABs.
fibril, respectively. We also noticed possible interactions
of alpha-carotene, astaxanthin, and canthaxanthin
with Phe4 and Tyr10. Alpha-carotene and astaxanthin
also interacted with His6. These carotenoids formed
interactions with the APa fibril at the S8-H14 region
of amino acid, which are crucial for aggregation
through interactions with metal-binding [52]. This
region is also located at the N-terminus of Af (DI1-
K16), which is known to coordinate with several metal
ions, including copper, zinc, and iron [53, 54].

Furthermore, lutein, violaxanthin, fucoxanthin,
beta-cryptoxanthin, zeaxanthin, alpha-carotene,
astaxanthin, and canthaxanthin can interact with polar
residues such as His6, Tyrl0, His13, Hisl4, GInl5,
and Ser26, which indicate that they have a potential
for disrupting hydrogen bond formation within the A3
peptide [55]. Apart from that, lutein and fucoxanthin
also interacted with Leul7, whereas beta-cryptoxanthin
interacted with amino acids Val18, Phe20, and Val24.
Moreover, beta-carotene interacted with both Leul?
and Phel9 residues. These results show that lutein,
violaxanthin, fucoxanthin, and zeaxanthin have the
potential to inhibit the formation of A, fibril through
their interactions with F19-F20 and V24 residues. The
amino acids F20-K28 of the AP peptide are also
essential for oligomerization. These compounds inhibit
AP aggregation by interacting with residues in the
regions of S8—H14 [52-54] and K16—F20 [21]. In
particular, the two aggregation-prone regions (V18-
V24 and A30-V36) are also critical for the aggregation
of AP fibrils [55]. Lutein, violaxanthin, and zeaxanthin
interacted with Ala30 via hydrophobic interactions.
On the other hand, lutein and violaxanthin interacted
with I1e32, while fucoxanthin and beta-carotene
interacted with both 11e32 and Leu34. These carotenoids
can also disaggregate AP fibrils by interacting with the
G33-G37 regions that are required for the fibrillation
process [56].

Lakey-Beitia and coworkers reported that
carotenoids (lutein, cryptocapsin, astaxanthin, and
fucoxanthin) and apocarotenoids (bixin) could disrupt
AB fibril by inhibiting aggregation and disaggregation
pathways. Moreover, they also formed n-alkyl
interactions with the S8-H14 region, which is crucial
for aggregation through the interactions with metals
by interacting with either both or one of these two
residues, His13 and His14. The intermolecular
interactions between these carotenoids with Phel9,
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Phe20, Val24, Ala30, and Ala32 can inhibit the
aggregation and distort the S-shaped conformation of
AP, fibril. However, the mechanisms for both pathways
are quite different [44]. In the case of stable fibrils, the
aggregation can be prevented by capping the S8-H14,
K16-F20, and A21-K28 regions, which are responsible
for the initiation of aggregation [21]. At the same time,
the disaggregation and destabilization of AP fibrils can
be done by interacting with residues within non-
amyloidic regions [44], fibrillar axis, glycine grooves,
and breaking the salt-bridges in between chains [45].

CONCLUSION

In this study, molecular docking simulations were
utilized to investigate carotenoids' binding affinity and
interactions derived from Chlorella sp. with S-shaped
APa fibril 2NAO at atomic details. The results reveal
that the binding interactions were dominated by
hydrophobic interaction due to the carotenoids’
hydrophobicity structure, where their positions were
majorly on hydrophobic residues of AP, fibril. The
results also reveal that all carotenoids could potentially
disrupt APa fibril by inhibiting the aggregation pathway
by interacting and capping the K16-F20 and S8-H14
regions. Their position on these two regions and their
long polyene structure can prevent the new fibril from
stacking to the already-formed fibril. Furthermore,
five carotenoids bound to site A also can disrupt the
intramolecular network of AP, fibril by interacting
with Phel9, Phe20, Val24, Ala30, and Ala32 which
are important residues in maintaining S-shaped AP
fibril.
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