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Introduction

Aging is commonly associated with various neurodegenerative 
diseases, cancer, and a weakened immune system [1,2]. Different 
age-related pathways are widely studied, such as mitogen-
activated protein kinase (MAPK), AMP-activated protein kinase 
(AMPK), and insulin signaling pathways [3,4,5]. In MAPK pathway, 
mitogen-activated protein kinase-activated protein kinase 2 
(MAPKAPK2), mitogen-activated protein kinase 10 (MAPK10), and 
B-raf kinase (B-raf) play essential roles during stress response [6,7]. 
Interesting enzymes in the AMPK pathway are sirtuin-3 (sirt3), 
sirtuin-6 (sirt6), and 5'-AMP-activated protein kinase catalytic 
subunit alpha-2 (AMPK2) earn recognition because of their role to 

Many studies associate crude anthocyanin extracts with 
these pathways through various model organisms, such as 
Caenorhabditis elegans, Drosophila, and mice, among others 
[13,14,15]. However, aging studies using pure compounds 
are limited to cyanidin, delphinidin, and peonidin [16,17,18]. 

regulate oxidative stress in diet restriction [8,9]. Meanwhile, three 
recognized enzymes in the insulin signaling pathway, namely 
insulin-like growth factor 1 receptor (IGF1R), phosphoinositide-
dependent kinase-1 (PDK-1), and rac-alpha serine/threonine-
specific kinase 1 (Akt1) affect development and reproductive 
aging as observed in various organisms [10,11,12].
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ABSTRACT

Conclusion: Taken together, these results suggest that the anthocyanin compounds may have varying effects 
in aging enzymes, which may be due to the differences in their substructures. Nonetheless, further 
investigations are needed to understand these findings using cells and animal models.

Methodology: The different anthocyanin compounds such as cyanidin, delphinidin, malvidin, pelargonidin, 
peonidin, and petunidin were assessed for lead-likeness following the criteria of Lipinski's rule of five (Ro5). 
These same compounds were virtually docked to different aging-related enzymes involved in MAPK, AMPK, 
and insulin signaling pathways. The top binding anthocyanins for each enzyme were visualized and compared 
to the enzyme inhibitors.
Results: The different anthocyanin compounds abide with Ro5 denoting its potential as a lead compound. For 
each enzyme, there were different top-binding anthocyanins. The crystal structures of the docked 
anthocyanins reveal that there were different substructures involved during the non-covalent interaction. 
Some substructures, particularly the hydroxy groups, have different roles during the H-bond formation. These 
findings suggest that the various anthocyanin compounds may have a distinct mechanism of action towards a 
specific enzyme.

Keywords: anthocyanin, aging, MAPK, AMPK, insulin signaling, in silico

Background and Objective: Anthocyanins are associated with aging and longevity. However, the mechanism 
involving the pure anthocyanin compounds in aging remains elusive. To investigate the possible mechanism 
of action of the different anthocyanin compounds towards aging-associated enzymes, the lead-likeness, 
binding affinity, and binding interactions were evaluated. 



To hypothesize a possible mechanism of action of the 
pure anthocyanin compound in aging, the researcher 
screened the anthocyanin compounds for lead-likeness, 
ranked their binding affinity with different aging-related 
enzymes, and compared the crystal structures of the docked 
top binding anthocyanin to the enzyme inhibitors.

Anthocyanin has six different classes, namely cyanidin, 
delphinidin, malvidin, pelargonidin, peonidin, and 
petunidin, as shown in Figure 1. These anthocyanins share 
the same aromatic rings, but they have different side chains. 
Delphinidin has the highest number of hydroxy groups with 
six, followed by cyanidin and petunidin with five. 
Meanwhile, the other anthocyanins only have four hydroxy 
groups. Some studies claim that the difference in the 
number of hydroxy groups affects their antioxidant 
potential [19,20]. Moreover, the amount of anthocyanin 
differs in a particular plant wherein some classes are 
dominant while some are absent [21]. These instances may 
give valid evidence to explain the biological activities of 
anthocyanins. Despite these evidences, only a few studies 
are using pure anthocyanin compounds, even though the 
crude anthocyanin has already been established association 
with aging. Most of the studies on pure compounds in aging 
investigated the effects of cyanidin and delphinidin [22,23].

Besides, the biological activities of the other pure 
anthocyanin compounds are not well understood.

Data on the different classes of anthocyanins were from 
PubChem (www.pubchem.ncbi.nlm.nih.gov).  The 
anthocyanins were namely cyanidin (CID: 128861), delphinidin 
(CID: 68245), malvidin (CID: 159287), pelargonidin (CID: 
440832), peonidin (CID: 441773), and petunidin (CID: 441774). 
The aging-related enzymes MAPKAPK2 (PDB ID: 3A2C), 
MAPK10 (PDB ID: 1JNK), B-raf (PDB ID: 2FB8), SIRT3 (PDB ID: 
3GLU), SIRT6 (PDB ID: 3PKI), AMPK2 (PDB ID: 3AQV),IGF1R 
(PDB ID: 1JQH), PDK-1 (PDB ID: 1OKY), and AKT1 (PDB ID: 
3mv5)  were  downloaded from Protein  Database 
(www.pdb.org). Known inhibitory ligands of these enzymes 
were identified through PDB and their information was 
downloaded, as well, from PubChem. Ligands affecting MAPK 
pathways related enzymes such as MAPKAPK2, MAPK10, and 
B-raf were n'-(4-ethoxyphenyl)-6-methyl-n-[(3S)-piperidin-3-
yl]pyrazolo[1,5-a]pyrimidine-5,7-diamine (PDY) (CID: 
49867482), phosphoaminophosphonic acid-adenylate ester 
( A N P )  ( C I D :  3 3 1 1 3 ) ;  a n d  ( n z ) - n - [ 5 - [ 2 - [ 4 - [ 2 -
(dimethylamino)ethoxy]phenyl]-5-pyridin-4-yl-1h-imidazol-4-
yl]-2,3-dihydroinden-1-ylidene]hydroxylamine (CID: 
135398506), respectively [24,25,26]. Besides, known inhibitors 
of enzymes in AMPK pathway like SIRT3, SIRT6, and AMPK2 
were adenosine-5-diphosphoribose (AR6) (CID: 447048) and 
dorsomorphin (TAK) (CID: 11524144), respectively [27,28,29]. 
Furthermore, enzymes involved in the insulin signaling 
pathway such as IGF1R, PDK-1, and Akt have known inhibitory 

Methodology
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Figure 1. The structure of the different anthocyanin compounds. A–cyanidin, B–delphinidin, C–malvidin, D–pelargonidin, E–peonidin, 
F–petunidin.



Evaluation of the lead-likeness of the anthocyanin compounds

ligands like phosphoaminophosphonic acid-adenylate ester 
(CID: 33113), staurosporine (CID: 44259), and (3R)-1-(5-methyl-
7H-pyrrolo[2,3-d]pyrimidin-4-yl)pyrrolidin-3-amine (CID: 
45480169), respectively [30,31,32].

Data on the physicochemical properties of anthocyanin 
compounds and the known inhibitory ligands were collected 
from various databases such as PubChem, Mcule (Mcule Inc., 
USA), ChemAxon (www.chemaxon.com), and Chemmine 
Tools (www.chemminetools.ucr.edu). The different 
parameters such as mass, octanol/water partition coefficient 
(log P), H-bond acceptor, and H-bond donor were considered 
to assess the lead-like potential of the ligands following 
Lipinski's rule of five [33].

Virtual molecular docking of anthocyanin compounds

The different downloaded enzymes were prepared by 
adding hydrogens and Gasteiger charges. Then the charges 
were merged before removing non-polar hydrogen, lone 
pairs, water molecules, and non-standard residues as 
described in Mcule (Mcule Inc., USA) and Autodock Tools 
(version 1.5.6). The compounds were docked on the binding 
center of these enzymes, as follows: MAPKAPK2 (X: 21.9057, 
Y: 83.1144, Z: 115.101), MAPK10 (X: 22.4234, Y:11.9456, Z: 
30.7271), B-raf (X: -16.755, Y: 4.9765, Z: -6.5064), sirt3 (X: 
5.882, Y: -2.847, Z: 9.886), sirt6 (X: 6.3128, Y: -9.272, Z: 
21.3634), AMPK2 (X: -7.8418, Y: 43.3926, Z: 7.0969), IGF1R 
(X: 6.5577, Y: 43.8166, Z: -7.3536), PDK-1 (X: 82.8551, Y: 
18.3683, Z: 12.1003), and AKT-1 (X: 5.4361, Y: 3.1019, Z: 
17.4783). The virtual screening predicted the binding affinity 
and orientation of the different classes of anthocyanin and 
known inhibitors with the target enzymes. Lastly, the most 
negative docking score was considered as the predicted free 
energy between the ligand and the receptor [34]. 

Visualization of the top-binding ligands and the inhibitory 
ligand of the aging-related enzymes

The interactions of the top-binding anthocyanin with the 
amino acid residues of the enzymes were visualized and 
compared with the enzyme inhibitor through PLIP (BIOTEC TU 
Dresden, Germany). The number of amino acid residue 
interacted, and the non-covalent interactions between the 
ligand and the receptors were characterized. The generated 
dock pose of the enzyme inhibitor in its respective enzyme 
was superimposed to the original structure in PDB to evaluate 
the validity of the docking experiment. The superimposition 

and the root mean square deviation of atomic position 
(RMSD) computation was done using Superpose v.1.0 
(Wishart Lab, University of Alberta, Canada).

The six different classes of anthocyanin were assessed for 
their lead-likeness, as shown in Table 1. All the anthocyanin 
compounds, except delphinidin, have no Ro5 violation. The 
only violation delphinidin has is having greater than five H 
bond donors. Besides, one violation is still within the 
acceptable value, which denotes that all the anthocyanin 
compounds were lead.  

Lead-likeness of different anthocyanin compounds and known 
inhibitory ligands

Evaluation of the binding interactions of the top-binding 
anthocyanin 

The different classes of anthocyanin underwent in silico 
docking to determine the possible aging-related enzyme it 
interacts. The binding energy (kcal/mol) measures the 
strength of the interaction between the ligand and the target 
enzyme, as shown in Table 2. Binding energies of the different 
anthocyanin compounds for enzymes related to MAPK 
pathways, such as MAPKAPK2, MAPK10, and B-raf are lower 
than the different known inhibitors PDY, ANP, and 215, 
respectively. The top-binding anthocyanin in the MAPK 
pathway differs in each enzyme, like delphinidin for 
MAPKAPK2, pelargonidin, and peonidin for MAPK10, and 
peonidin for B-raf. In the AMPK pathway, the binding energies 
of the anthocyanin compounds performed comparably well 
with AR6 and TAK, inhibitors of sirt3, and AMPK2, respectively. 
Conversely, their binding energy in MAPK10 is lower than the 
known inhibitor, AR6. The top-binding anthocyanin for sirt3, 
sirt6, and AMPK2 varies, namely delphinidin, petunidin, and 
peonidin, respectively. For the insulin signaling pathway, the 
binding energies of IGF1R and PDK-1 inhibitors, ANP and STU, 
were higher than the anthocyanin compounds. But XFE, Akt1 
inhibitor, is comparable with the anthocyanin compounds. 
The top-binding anthocyanin compounds vary in each 
enzyme, such as delphinidin in IGF1R, malvidin and petunidin 
in PDK-1, and malvidin and petunidin in Akt1.

In silico docking of different anthocyanin compounds to aging-
related proteins

Results

The non-covalent interactions and the number of the 
interacting amino acid residue of the top binding 

Binding affinity and non-covalent interactions of anthocyanins with aging-related enzymes
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In MAPKAPK2, both PDY and delphinidin interact with 
the amino acids located in chain L (Figure 2). PDY (RMSD= 0.1 
Å) has 4 hydrophobic interactions with val31, leu32, ala44, 
and leu 146. Also, PDY has H bonds in gln33 (2), leu94 (2), 
and glu98. Meanwhile, the delphinidin has 3 hydrophobic 
interactions in val31 (C2'), ala44 (C6), and leu 146 (C10). 
Besides, delphinidin forms H bonds with leu94 (R5), glu98 

anthocyanin compounds were evaluated and compared 
with the known inhibitor of the enzyme.  To validate the 
docking experiment, the inhibitory ligands for the enzyme of 
interest were re-docked and compared with the original 
structure. All of the inhibitory enzymes have an overall 
RMSD value lower than 1.2 Å, which implies that the crystal 
structures of the re-docked ligand-enzyme are similar to the 
original [35]. Hence, the binding affinities in the molecular 
docking experiment were valid.

In MAPK10, ANP, pelargonidin, and peonidin show 
interaction with the amino acid in chain A (Figure 3). ANP 
(RMSD=0.1 Å) forms hydrogen bonds with ser28 (2), gln31, 
gly32, arg63, glu67, lys147, asn150, and asp 163, and a salt 
bridge with lys49. On the other hand, pelargonidin forms 

(R3'), and asp160 (R3). Both R5 and R3' were H bond 
acceptors, while R3 is the H bond donor. For their 
hydrophobic interactions in ala44, leu146, and val31, both of 
them bind to the same carbon atoms of ala44 and leu146 but 
in the different carbon atoms of val31. For their H bonding, 
both of them bonds with leu94 and glu98. However, PDY has 
2 H bonds with leu94 and one of them has a similar donor 
atom with the H bond of delphinidin with leu94. Conversely, 
even though PDY and delphinidin have H bond with glu98, 
their donor atom from the MAPKAPK2 protein is different, N 
and O, respectively. 
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Table 1. Lead-likeness of anthocyanin and various known ligands using Lipinski's Rule of Five

Compounds Mass Log P H bond acceptor H bond donor Ro5 violation

reference ≤500 g/mol ≤5 ≤10 ≤5 ≤1

Cyanidin 287.24 2.9089 6 5 0

Delphinidin 338.69 -0.3815 7 6* 1

Malvidin 331.29 3.2205 7 4 0

Pelargonidin 271.24 3.2033 5 4 0

Peonidin 301.27 3.2119 6 4 0

Petunidin 317.26 2.9175 7 5 0

*Lipinski's rule of five violation, the number of H bond donor should be ≤5.

Table 2. Ranking of the binding energies of the ligands in various aging-related enzymes

MAPK Pathway AMPK-related Pathway Insulin Signaling Pathway

MAPKAP2 MAPK10 BRAF SIRT3 SIRT6 AMPK2 IGF1R PDK-1 Akt1

PDY
-7.3

ANP
-9.0 -10.5

215 Delphinidin
-9.3

AR6
-11.3

Peonidin
-9.3

ANP
-7.3

STU
-8.8 -8.3

Malvidin

-7.1
Delphinidin

-8.3
Pelargonidin Peonidin

-9.4 -8.9
Pelargonidin Petunidin

-9.6
Cyanidin

-9.2
Delphinidin

-7.2
Cyanidin

-8.7
Petunidin

-8.3

-6.9
Cyanidin

-8.3
Peonidin

-9.3
Cyanidin Peonidin

-8.8 -9.5
Delphinidin TAK

-9.2
Petunidin

-7.0
Pelargonidin

-8.7
Delphinidin

-8.0

Malvidin
-6.9

Delphinidin
-8.2 -9.3

Malvidin Petunidin
-8.8 -9.3

Cyanidin Pelargonidin
-9.2

Malvidin
-6.9

Petunidin
-8.6

Cyanidin
-7.9

-6.8
Petunidin

-8.2
Malvidin Pelargonidin

-9.3
AR6
-8.6 -9.3

Pelargonidin
-9.0

Petunidin
-6.9

Cyanidin
-8.5

Delphinidin Peonidin
-7.9

Pelargonidin
-6.8

Petunidin
-8.2

Petunidin
-9.3

Cyanidin
-7.3

Peonidin
-9.3

Delphinidin
-8.8

Pelargonidin
-6.8 -8.4

Peonidin Pelargonidin
-7.6

Peonidin
-6.8

Cyanidin
-8.0

Delphinidin
-9.2 -5.5

Malvidin Malvidin
-9.2

Malvidin
-8.8

Peonidin
-6.8 -8.2

Malvidin
-7.1
XFE



13Phil J Health Res Dev July-September 2020 Vol.24 No.3, 9-19

Binding affinity and non-covalent interactions of anthocyanins with aging-related enzymes

hydrophobic interactions in gln31 (C4), val34 (C6'), lys49 
(C6'), and leu162 (C5'). Pelargonidin has 6 hydrogen bonds 
with ala30 (R5), gln31 (R5), gly32 (R3), lys49 (O1), asn150 
(R7), and asp163 (R7). Also, it forms a pi-cation interaction 
with lys49 (ring C). Similarly, peonidin and pelargonidin 
share the same hydrophobic interaction, H bond acceptors 
and pi-cation interactions, except that peonidin does not 
form H bond with gly32, which is an H bond donor. The 
hydrophobic interactions of pelargonidin and peonidin 
were on the same carbon atoms in the protein and their 
substructures, gln31, val34, lys49, and leu162. Meanwhile, 
the H bonds of pelargonidin and peonidin were on the same 
atoms in their substructures and the amino acids. ANP, 
pelargonidin, and peonidin form H bond with the same 
atoms in gln31, asn150, asp163.

In B-raf, 215 and peonidin interacts with the amino acids 
in chain B (Figure 4). The inhibitor 215 (RMSD=0.09 Å) has 
hydrophobic interactions in val23, lys35, thr81, and phe135 
(2). Also, it forms H bonds with glu53, cys84, asp 146 (3), and 

phe147. Conversely, peonidin has hydrophobic interactions 
with val23 (2: C1', C2'), ile79 (C6), thr81 (C6), phe135 (C1'), 
and asp146 (C4). Besides, it forms H bonds with ala33 (R7), 
lys35 (R7), glu53 (R5), thr81 (2: R7), and asp146 (R3). 
Remarkably, R7 has two roles, which are a donor in ala33 and 
acceptor in lys35 and thr81. The inhibitor, 215, and the 
anthocyanin, peonidin, has the same hydrophobic 
interactions with val23, thr81, and phe135 on the same 
atoms of the amino acids. Meanwhile, they share H bonds 
with glu53 and asp146. Interestingly, in glu53, R5 atom in 
peonidin is the donor, while the O atom in 215 is the 
acceptor. This shows that the R5 atom in glu53 has a 
different role in these two ligands. In aspr146, the H bonds of 
peonidin and 215 involve different atoms of the amino acid.

In sirt6, the docking of AR6 and petunidin on the amino 
acids found in chain A are shown in Figure 6. AR6 
(RMSD=0.21 Å) forms H bond with 13 different amino acids, 
namely ala41, gly42, thr45 (2), phe52, arg53 (2), trp59, 
thr203, ser204 (3), asn228, leu229, gln230 (3), and val246. 
Also, it forms a salt bridge with arg53 (2). Conversely, 

In sirt3, the interactions of AR6 and delphinidin with the 
amino acids were visualized, as shown in Figure 5. AR6 
(RMSD=0.79 Å) forms hydrogen bonds with 6 different 
amino acids, namely thr150, asp156, ser159, ser162(2), 
asn344, arg345, asp365, and val366. It also forms salt 
bridges with arg345. Contrastingly, delphinidin has 
hydrophobic interactions with asp156 (C8) and arg345 (C6'). 
Also, delphinidin forms H bond with 5 amino acids, such as 
ala146 (R7), thr150 (R3'), ser321 (R5), arg345 (5: R3x2, 
R3'x3), and val366 (R4'). Additionally, delphinidin has a pi-
cation interaction with arg345 (ring B). AR6 and delphinidin 
have the same H bond formations with thr150, arg345, and 
val366 on the same atoms of the amino acids.

Figure 3. Crystal structures of the ligands with MAPK10. A–ANP, B–pelargonidin, and C–peonidin.

Figure 2. Crystal structures of the ligands with MAPK2. A–PDY 
and B–delphinidin.
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petunidin has hydrophobic interactions with phe52 (2: C8 
and C6'), trp59 (C6'), his121 (C2'), and ile207 (C4). It also has 
hydrogen bonds H bonds with only 5 different amino acids, 
such as ala41 (R7), arg53 (R5), asn102 (R7), his121 (O1), and 
leu174 (2: R3'x2). Additionally, petunidin has a pi-stacking 
with his121 (ring C). AR6 and petunidin formed H bonds on 
the same atoms of the amino acids ala41 and arg53.

In AMPK2, the dock posed of TAK and peonidin in the 
amino acids located in chain A is shown in Figure 7. TAK 
(RMSD=0.23 Å) has 9 hydrophobic interactions with 
different amino acids, particularly leu16, val24, ala37, ile71, 
asp97, tyr98, lys101, leu140, and ala150. Aside, it forms an H 
bond with val90. Meanwhile, the hydrophobic interactions 
of peonidin are in ile71 (2: C5' and C6'), tyr89 (C4), leu140 
(C1'), and ala150 (C5'). Also, peonidin forms an H bond with 
lys39 (R3'), tyr89 (R5), val90 (R3), and gly93 (R5). All of these 
R groups are H bond acceptors, except for R5 with tyr89. 

Both TAK and peonidin have hydrophobic interactions with 
similar atoms in ile71, leu140, and ala150. Likewise, they 
formed an H bond in the same atom with val90.

In PDK-1, STU, cyanidin, and pelargonidin were 
visualized docked on the amino acids of chain A, as shown in 
Figure 9. STU (RMSD=0.11 Å) has hydrophobic interaction in 

In IGF1R, ANP and delphinidin are docked with amino 
acids of chain C, as shown in Figure 8. ANP (RMSD=0.31 Å) 
has H bonds with 4 amino acids, suchlike lys50, arg151, 
asp165 (3), and lys176. It also forms a salt bridge with lys50. 
On the contrary, delphinidin has hydrophobic interactions 
with leu22 (C6), ala48 (C6), and val80 (C4). It also forms H 
bonds with met99 (R5), asn152 (R5'), and asp165 (R3). R5 
and R3 were H bond acceptors while R5' is an H bond donor. 
The H bond of delphinidin with asp165 shares similar atom 
with one of the H bonds of ANP in asp165.

Figure 4. Crystal structures of the ligands with B-raf. A–215 and  
B–peonidin.

Figure 5. Crystal structures of the ligands with sirt3. A–AR6 and  
B–pelargonidin.

Figure 6. Crystal structures of the ligands with sirt6. A–AR6 and  
B–petunidin.

Figure 7. Crystal structures of the ligands with AMPK2. A–TAK 
and  B–cyanidin.



15Phil J Health Res Dev July-September 2020 Vol.24 No.3, 9-19

Binding affinity and non-covalent interactions of anthocyanins with aging-related enzymes

five amino acids, specifically val25 (2), ala38, leu88, glu95, 
and leu141. It also forms hydrogen bonds with six amino 
acids, namely, glu19, ala91 (2), gly94, glu95, asn139, and 
asp152 (2). Cyanidin has hydrophobic interactions in leu17 
(C3'), val25 (C10), leu88 (C4), phe22 (C6), ala38 (C6'), leu141 
(C6'), and asp152 (C6). Meanwhile, the hydrophobic 
interactions of pelargonidin with leu 17 (2: C4 and C8), val25 
(2: C2' and C3'), leu88 (C5'), tyr90 (C4), leu141 (C1'), and 
thr151 (C5'). The hydrophobic interactions of cyanidin and 
pelargonidin with leu17, val25, leu88, and leu49 all involve 
different atoms in their substructure. Meanwhile, cyanidin 
forms H bonds with lys40 (R5), ser89 (R5'), ala91 (2: R4' and 
R5'), asp152 (R5). R5' in ser89 and R4' in ala91 were H bond 
donors, while the rest were H bond acceptors. In 
pelargonidin, the H bond was formed with tyr90 (R5), ala91 
(R3), lys92 (R5), gly94 (R5), thr151 (R4'). All of the amino 
acids were H bond donors, except for lys92. Both cyanidin 
and pelargonidin form H bond with ala91 in a different 

carbon atom. In cyanidin R4' is an H bond donor while R3 in 
pelargonidin is an H bond acceptor. Besides, STU, cyanidin, 
and pelargonidin also form H bond with ala91 in the same 
atom in the amino acid. Both pelargonidin and STU forms 
two hydrophobic interactions in the same atom of val25, 
while cyanidin has only one hydrophobic interaction but in a 
similar atom of val125. They also have similar hydrophobic 
interactions with the same atom of leu88 and leu141. STU 
and cyanidin have H bond but in different atoms in asp152. 
Meanwhile, STU and pelargonidin have an H bond with the 
same atom in gly94.

In Akt-1, XFE, petunidin, and malvidin interact with the 
amino acids in the A chain, as shown in Figure 10. 
Additionally, both malvidin and petunidin interact with the C 
chain of the enzyme. XFE (RMSD=1.18 Å) develops a 
hydrophobic interaction with thr148 and H bond with glu85 
and ala87. Both malvidin and petunidin form a hydrophobic 
interaction with val21 (C6'), ala34 (C6), thr148 (C8), and 
phe295 (C4). Besides, malvidin forms H bond with arg4 (R4') 
in chain C and gly16 (R3'), glu85 (R7), ala87 (R5), and glu91 
(R3) in chain A, where R7 and R3 were H bond donors. 
Petunidin develops an H bond with arg4 (R4') in chain C and 
leu13 (R3), gly16 (R5'), ala87 (R5), and asp149 (R3') in chain 
A, where R3 and R3' were H bond donors. Both petunidin and 
malvidin form H bonds in the same atoms with ala87 in A 
chain and arg4 in C chain, but different atoms with gly16. XFE, 
petunidin, and malvidin interact with the same atom in 
thr148, to develop the hydrophobic interactions. Similarly, 
they formed an H bond with ala87 in the same atom. 
However, only malvidin and XFE have the same atom 
acceptor in glu85. Moreover, petunidin and malvidin have 
the same atom acceptors in their H bond with arg4 and ala87.

Figure 9. Crystal structures of the ligands with PDK-1. A–STU, B–cyanidin, and C–pelargonidin.

Figure 8. Crystal structures of the ligands with IGF1R. 
A–ANP and  B–delphinidin.



It is essential to consider the Absorption, Distribution, 
Metabolism, Elimination, and Transportation (ADMET) 
properties of a molecule to maintain its lead-likeness. The 
ADMET properties are affected by different factors such as 
molecular size, octanol/water partition coefficient 
(calculated log P), number of H bond acceptor, and number 
of H bond donors [36]. During the screening, delphinidin 
violated one of the rules in Lipinski's rule of five, which 
corresponds to greater than five H bond donors. More than 
five H bond donors may affect the permeation of the 
molecule through passive transport [37]. Some studies 
suggest the importance of the H bond donor-acceptor 
pairing mechanism in protein folding, which affects the 
receptor-ligand configuration [38]. Another study further 
explained that this instance happens because the 
interference of water molecules influences the binding 
affinity of a ligand with its receptor [39]. 

Discussion

The physicochemical property of a compound may 
suggest its ADMET properties but not its affinity with an 
enzyme [40]. The docking score depicts the binding affinity 
of the ligand to the receptor [41]. The more negative the 
docking score is, the higher the binding affinity. The binding 
affinity of each anthocyanin to each target enzyme varies. 
To better explain the differences in their binding affinity, 
their binding interactions with the different enzymes were 
visualized.

In the MAPK pathway, delphinidin, pelargonidin, and 
peonidin were the top binding anthocyanin but failed to 
outrank the inhibitory ligands. After visualizing their 
interaction, the result shows that the inhibitors of MAPKAPK2, 

MAPK10, and B-raf relatively have high H bonding and roughly 
the same number of hydrophobic interactions compared with 
the anthocyanins. The greater the ability to form non-covalent 
interactions leads to the higher binding affinity of the known 
inhibitors with the proteins [42]. 

In the AMPK pathway, delphinidin and peonidin outranked 
the ligand inhibitors in sirt3 and AMPK2, but not in sirt6. The 
crystal structures of AR6 and delphinidin in sirt3 reveal that 
despite having about the same number of H bonds, 
delphinidin has a higher number of hydrophobic interactions. 
Also, the pi-cation interaction in delphinidin is stronger than 
the salt-bridge in AR6 [43]. Both salt-bridge and pi-cation 
interactions are associated with stabilizing the protein 
molecule [44,45]. There are reports that the stabilizing effect 
of salt-bridge in proteins varies [46,47,48]. These interactions 
may explain the stronger binding affinity of delphinidin 
compared to AR6. On the contrary, AR6 has a higher binding 
affinity compared to petunidin. Despite petunidin having 
hydrophobic interactions, the total number of non-covalent 
interactions in AR6 is greater. The high number of non-
covalent interactions cover a large area of the protein. The 
force of interaction may have caused the surface area of the 
protein to minimize, which diminishes the movements inside 
the enzyme [49]. Conversely, TAK in AMPK2 has a lower 
binding affinity than peonidin, despite having a high number 
of hydrophobic interactions. Hydrophobic interactions are 
relatively stronger than the H bond [50]. In this finding, the 
hydrophobic interactions in peonidin may have been 
enhanced at the expense of the H-bonds [51].  

In the insulin signaling pathway, the binding affinities of 
ANP and delphinidin with IGF1R, and the binding affinity of 
STU, cyanidin, and pelargonidin with PDK-1 were at par with 
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Figure 10. Crystal structures of the ligands with Akt1. A–XFE, B–malvidin, and C–petunidin.



each other. This instance may be attributed to their similar 
numbers of non-covalent interactions. However, in Akt1, 
malvidin and petunidin have higher binding affinity than 
XFE, which may be due to the higher number of hydrophobic 
interactions and H bonds [42].

Overall, the anthocyanin compounds have a high binding 
affinity towards AMPK-associated enzymes, which may be 
due to the high number of hydrophobic interactions and H 
bonds formed with sirt3, sirt6, and AMPK2. Particularly, the 
anthocyanin compounds have a high binding affinity with 
sirt6. Remarkably, peonidin, which has a lower number of 
hydroxy groups compared with the other anthocyanins, also 
ranks the highest in the MAPK pathway but not in the insulin 
signaling pathway. In the insulin pathway, the top-binding 
anthocyanins vary in each enzyme. Malvidin, in particular, 
ranks the highest in Akt-1 but ranks the lowest in the other 
enzymes. One underlying explanation for these instances is 
the substructures of the anthocyanins involved during the 
non-covalent interactions, which vary in each enzyme. The 
common substructure of anthocyanins, which develops an 
hydrophobic interaction with the MAPK enzymes is C6, C6' 
for the AMPK enzymes, and C4 for insulin signaling enzymes. 
The high number of carbon atoms may favor hydrophobic 
interactions with the enzymes, which may result in a 
thermodynamic effect [52]. Meanwhile, the common 
substructure involved during H bond formations was R5 and 
R3 for MAPK, R3' and R5 for AMPK, and R3, R5, and R5' for 
the insulin signaling enzymes. Substructures R5, R3, R5', and 
R3' may have different roles, such as H bond donors, 
acceptors, or both at the same time. The hydroxy groups of 
the anthocyanin may have an impact on the H-bond 
formation with the enzyme [53]. These findings only suggest 
that the anthocyanin compounds may have different binding 
affinities with various aging-associated enzymes due to 
varying substructures that possibly affect their non-covalent 
binding interactions and binding affinities.

Conclusion

Anthocyanins are potential lead compounds for aging-
associated enzymes. They have high affinity with enzymes in 
the AMPK pathway, but they exhibit diverse affinities in 
various enzymes. These variations may be associated with 
the varying identities and numbers of substructures involved 
in their non-covalent interactions, such as hydrophobic 
interaction, H bond formation, pi-cation interaction, and pi-
stacking. It is of great interest to examine whether the effects 
of these variations are observable in vitro and in vivo. 
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