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Abstract

Dipeptidyl peptidase IV (DPP-4) is a serine protease that plays a crucial role in glucose metabo-
lism; hence, it is a significant target for type Il diabetes mellitus treatment. DPP-4 inhibitors decrease
glucose concentrations in such patients by preventing the rapid degradation and thereby lengthening the
physiological actions of hypoglycemic incretin hormones. In this study, a structure-based virtual screening
strategy was applied to search for novel natural DPP4 inhibitors. From the Supernatural database, 1856
natural structures were picked up and were subjected to molecular docking analysis. Thirteen of them
were identified to form more stable complexes than the co-crystallized ligand with the DPP-4 protein. The
drug-likeness and pharmacokinetic properties of the top five compounds were also predicted. It was proved
that the compounds were compliant with the drug-likeness rules and possess favorable pharmacokinetic
properties. The proposed natural compounds can be introduced as potential DPP-4 inhibitors that might be

promising leads for further drug development.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a ma-
jor metabolic disorder which considered being the
“epidemic of the 21st century”. It causes serious
vascular complications, heart disease, renal fail-
ure, blindness, significant morbidity, and mortal-
ity. It is believed that several proteins participate
in the formation and development of this chronic
disease (1, 2). Dipeptidyl peptidase IV (DPP4) is a
serine protease that plays a crucial role in glucose
metabolism. DPP4 enzyme cleaves a dipeptide
from the N-terminus of peptide substrates, such as
glucagon-like peptide-1 (GLP-1) and glucose-de-
pendent insulinotropic peptide (GIP) (3, 4). There-
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fore, DPP4 is a promising target for T2DM treat-
ment as it is key regulator of endogenous GLP-1,
and GIP (4). It has been proved that DPP4 inhibi-
tion causes circulating GLP-1 and GIP levels to be
increased, which leads to reduced levels of blood
glucose, hemoglobin Alc and glucagon (5). DPP4
inhibitors including Sitagliptin, Vildagliptin, Sax-
agliptin, Alogliptin and Linagliptin are clinically
used as antidiabetic drugs, and various candidates
are developed in clinical trials (6, 7).

Human DPP-4 is a 110 kDa transmem-
brane glycoprotein consists of a cytoplasmic
tail, a transmembrane region and an extracellular
part. The extracellular region has two domains:
one catalytic (residues 508-766) and other eight-
bladed B-propeller chain (residues 56-497) which
also contributes to the inhibitor binding site (8).
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The binding site of DPP4 consists of S1 and S2
pockets; the S1 pocket includes catalytic triad
Ser630, Asp708 and His740, and the S2 pocket in-
volves interactions with Glu205-Glu206, Argl25
and other residues. The substrate specific S1 cav-
ity is composed of hydrophobic residues including
Tyr 631, Val 656, Trp 659, Tyr 662, Tyr 666, and
Val 711 and the inhibitor specific S2 subsite is sur-
rounded by Val207, Ser209, Arg358 and Phe357
hydrophobic residues. The S2 cavity also governs
the DPP-4 inhibitor selectivity over DPP-8 and
DPP-9 (9, 10).

To date, lots of DPP4 crystal structures
in complex with various ligands have been re-
ported; therefore, the structure-based methods can
be applied to discover novel DPP-4 inhibitors.
Molecular docking is a beneficial technique to pre-
dict how small molecules interact with proteins.
Based on the docking studies, virtual screening
has become a powerful tool for the discovery of
DPP-4 inhibitors and many DPP-4 inhibitors
has been discovered via the ligand-based methods
(11-15).

Natural products (NPs) have represented a
source of diverse chemical scaffolds and bioactive
structures for the medicinal chemists (16, 17). A
number of NPs such as cyanidin, cyanidin-3-glu-
coside, malvidin, luteolin, apigenin, quercetin,
kaempferol, flavone, hesperetin, naringenin, ber-
berine, and galangin have been reported to exhibit
promising DPP-4 inhibitory activity (18-20). Con-
sidering these ideas, we decided to apply molecu-
lar docking analysis to identify DPP-4 inhibitors
from a natural product database. After docking, we
determined in silico drug-likeness and pharmaco-
kinetic properties of the proposed DPP-4 inhibi-
tors.

2. Materials and methods
2.1. Ligand Selection and Preparation

A dataset containing 1856 NP structures
were obtained from Supernatural database. NPs
containing amine and amide groups were chosen
as the reported DPP4 inhibitors mostly possess
these moieties in their structures. All the ligands
were exported in a single file format for the dock-
ing analysis.
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2.2. Protein Structure for Docking

Protein target selection was done from the
Protein Data bank (http://www.rcsb.org/pdb). The
X-ray crystal structure of human DPP4 (PDB ID:
3HAC) was selected. After removing the co-crys-
tallized ligand and water molecules from 3HAC,
the crystal structure was then prepared for docking
analysis using AutoDock Tools 1.5.4. For this pur-
pose, hydrogens were added, nonpolar hydrogens
were merged and Gasteiger charges were calcu-
lated for protein 3HAC.

2.3. Docking procedure

Docking was performed by AutoDock 4.2
and AutoDock Tools 1.5.4. The grid maps were
constructed by AutoGrid and grid box dimensions
were set to 60x60x60 with 0.375 A grid spacing.
The grids’ center were placed on the binding site
of the co-crystallized ligand (x=41.37, y=51.18,
z=35.61). In order to determine the docking pa-
rameter file, rigid macromolecule and Lamarck-
ian genetic search algorithm were chosen and the
number of GA runs was set at 100. Default values
were retained for the rest of the parameters. Dock-
ing validity was tested using co-crystallized inhib-
itor as ligand and the above-mentioned procedure.

2.4. In silico drug likeness and pharmacokinetics
calculations

The drug likeness and pharmacokinetics
properties of the NPs were determined using the
preADMET online server (http://preadmet.bmdrc.

org/).

3. Results and discussion
3.1. Virtual Screening of DPP4 Inhibitors

Virtual screening of NP libraries may fa-
cilitate the search for novel lead compounds that
are suitable for further drug discovery study. The
3D structure of PDB ID 3HAC was retrieved from
the Protein Data Bank and AutoDock 4.2 software
was applied to screen the 1856 NPs for prediction
of highly binding compounds. Docking results
are listed in Table 1. Top compounds were intro-
duced as the potential DPP4 inhibitors. Docking
validation was done by removing the structure of
the innate ligand and re-docking it into the recep-
tor (self-docking). The root mean square deviation
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Figure 1. The interaction of co-crystallized

ligand, (7R,8R)-8-(2,4,5-trifluorophenyl)-6,7,8,9-

tetrahydroimidazo[ 1,2-a:4,5-c']dipyridin-7-amine, with the catalytic site of DPP4 (PDB code: 3HAC,

resolution 2.0).

(RMSD) between the best pose of co-crystallized
ligand docked into the binding site of tyrosinase
and the one in the crystal structure was 1.51 A
(Figure 1). According to the docking results (Table
1), thirteen compounds showed more favorable es-

timated free energies of binding than the co-crys-
tallized ligand did. Representations of the dock-
ing results for the five compounds with the most
negative estimated free energies of binding includ-
ing SN00027017, SN00010049, SN00016481,

Table 1. Docking results of the co-crystallized ligand and top thirteen NP compounds into the DPP4

binding site (PDB code: 3HAC).

__________________________ Code  AG(almol) |
Co-crystallized Ligand -9.2
SN00027017 -11.10
SN00010049 -11.03
SN00016481 -11.00
SN00027018 -10.86
SN00015223 -10.58
SN00091823 -10.52
SN00036033 -10.35
SN00032074 -10.28
SN00100126 -10.21
SN00027106 -10.13
SN00009997 -10.09
SN00025160 -10.08
SN00073066 -10.07
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Ived Amino acids in H-bonding

Glu206,G1u205,Tyr662

. Glu205,G1u205,Arg669
11.31 Tyr666,Glu205,G1u206, Tyr585,GIn553
8.63 Tyr547,Glu205,Arg669
11.00 Glu205,G1u205,Arg669
17.71 Arg358,Ser630,Tyr63 1, Tyr547,G1u206
19.40 Tyr547,Arg127
26.04 Glu206,Ser630, Try547, Tyr666
29.03 Phe357,Arg358,Glu206
33.03 Glu206,G1u206,Tyr547, Tyr662, Tyr662
37.30 Tyr666,Cys551,Glu205,Arg358
40.30 Tyr666
40.67 Glu205
41.23 Glu205,Glu206
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Figure 2. The interaction of compound SN00027017 with the catalytic site of DPP4 (PDB code: 3HAC,

resolution 2.0).
SN00027018 and SN00015223 (AG=-11.10-10.07

kcal/mol) are depicted in Figures 2-6.

The binding pose of SN00027017 pos-
sessed the most negative estimated free energy
of binding (AG=-11.10 kcal/mol) with DDD-4
enzyme is illustrated in Figure 2. Its phenyl moi-
ety occupies the hydrophobic S1 pocket and sur-
rounded by Tyr547, Tyr631, Tyr662 and Tyr666.
The pyrrolidinamine moiety involved in three hy-
drogen bindings; two with GIlu205 and one with
Arg669. The other parte nf the malecnle acennied

the S2 pocket including His129 and Phe357 resi-
dues. Docking results revealed that all top ten com-
pounds listed in Table 1 (except SN00091823) es-
tablished the key interaction with residues Glu205
and/or Glu206; however, due to the diverse skel-
eton of these compounds, the binding modes were
different. The compounds well accommodated
within DPP-4 active site, and different parts of
the molecules oriented favorably in the S1 and
S2 hydrophobic pockets. Other residues including

O polar  ~*sidechain acceptor O solvent residue ©Qarene-arene
O acidic ~ + sidechain donor O metal complex ©+arene-cation

basic ~ * * backbone acceptor - solvent contact
O greasy = backbone donor = metal contact
~, proximity ligand O receptor
"~ contour exposure exposure

Figure 3. The interaction of compound SN00015223 with the catalytic site of DPP4 (PDB code: 3HAC,

resolution 2.0).
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Figure 4. The interaction of compound SN00016481 with the catalytic site of DPP4 (PDB code: 3HAC,

resolution 2.0).
Tyr666, Tyr585, GIn553, Tyr547, Arg358, Ser630,

Tyr631, Argl27, Cys551 and Phe357 also played
a significant role in the formation of stable ligand-
target complexes.

3.2. Drug-likeness and ADME properties

The drug-likeness properties (including;
CMC like rule, Lipinski rule of five, MDDR like
rule, and WDI like rule) and pharmacokinetics
scores (including; human intestinal absorption. in

vitro Caco-2 (Caucasian colon adenocarcinoma)
cell permeability, in vitro MDCK (Maden Darby
Canine Kidney) cell permeability, in vivo BBB
penetration and in vitro plasma protein binding)
were predicted for the top five potential DPP4
inhibitors possessed the most negative estimated
free energies of binding in the active site of DPP4.
The results are summarized in Table 2 and Table 3.
Tthe proposed NP compounds fulfill the drug-like-
ness rules: however. NP SN00016481 is an excep-

O polar ~-» sidechain acceptor O solvent residue ©@@arene-arene
O acidic ~ + sidechain donor O metal complex ©@++arene-cation
O basic = backbone acceptor = solvent contact
O greasy *+- backbone donor === metal contact
., proximity ligand O receptor
contour exposure exposure

Figure 5. The interaction of compound SN00010049 with the catalytic site of DPP4 (PDB code: 3HAC,

resolution 2.0).
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Figure 6. The interaction of compound SN00027018 with the catalytic site of DPP4 (PDB code: 3HAC,
resolution 2.0).

tion as it is not compliance with the CMC like rule
criteria (Table 2). The data in Table 3 reveals that
the compounds exhibit favorable ADME proper-
ties. It is predicted that the compounds showed

well intestinal absorption and bind weakly to plas-
ma proteins demonstrating that they may be devel-
oped in oral dosage forms. Moreover, the proposed
NPs are predicted to have low blood—brain barrier

Table 2. In silico Lipinski rule of five, CMC like rule, MDDR like rule, and WDI like rule prediction

for the top five potential DPP4 inhibitors.

SN00010049
SN00015223
SN00016481
SN00027017
SN00027018

Qualified
Qualified
Not qualified
Qualified
Qualified

Drug-like
Mid-structure
Drug-like
Drug-like
Drug-like

Lipinski’s rule of five WDI like rule
Suitable In 90% cutoff
Suitable In 90% cutoff
Suitable In 90% cutoff
Suitable In 90% cutoff
Suitable In 90% cutoff

permeation; therefore, they may not cause neuro-
toxicity.

4. Conclusion

The molecular docking analysis of 1856

structure from Supernatural database identified
thirteen natural compounds as potential DPP-4
inhibitors. The in silico drug-likeness and ADME
Table 3. In silico ADME profiling of the top five potential DPP4 inhibitors.

Human intestinal
absorption HIA
(percentage)

In vitro caco-2 cell
permeability
(nm s-1)

In vitro MDCK

cell permeability

In vitro plasma In vivo blood-brain

SN00010049
SN00015223
SN00016481
SN00027017

SN00027018

protein binding barrier penetration

(percentage) (C.brain/C.blood)
67.27 0.08
36.56 0.11
11.01 0.09
10.54 0.02
10.76 0.03
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calculations revealed that the compounds show
compliance with the drug-likeness rules and have
desired pharmacokinetic properties. Therefore, it
could be suggested that the proposed NPs intro-
duced as potential DPP-4 inhibitors; however,
complementary biological evaluations will be the
subject of future studies.

Discovery of Potential Natural Dipeptidyl Peptidase-4 Inhibitors

Acknowledgements

Authors would like to thank Shiraz Uni-
versity of Medical Sciences for the grant number:
94-01-12-9870.

Conflict of Interest
None declared.

5. References

1. Zheng Y, Ley SH, Hu FB. Global aeti-
ology and epidemiology of type 2 diabetes mel-
litus and its complications. Nat Rev Endocrinol.
2018;14(2):88. doi: 10.1038/nrendo.2017.151.

2. Ginter E, Simko V. Type 2 diabetes melli-
tus, pandemic in 21st century. Diabetes: Springer;
2013. p. 42-50.

3. Nadkarni P, Chepurny OG, Holz GG.
Regulation of glucose homeostasis by GLP-1.
Progress in molecular biology and translational
science. 121: Elsevier; 2014. p. 23-65.

4, Juillerat-Jeanneret L. Dipeptidyl peptidase
IV and its inhibitors: therapeutics for type 2 diabe-
tes and what else? J Med Chem. 2013;57(6):2197-
212. doi: 10.1021/jm400658e.

5. Mentlein R. Dipeptidyl-peptidase 1V
(CD26)-role in the inactivation of regulatory pep-
tides. Regul Pept. 1999;85(1):9-24. doi: 10.1016/
s0167-0115(99)00089-0.

6. Deacon CF. Dipeptidyl peptidase-4 inhibi-
tors in the treatment of type 2 diabetes: a compara-
tive review. Diabetes Obes Metab. 2011;13(1):7-
18. doi: 10.1111/.1463-1326.2010.01306.x.

7. Deacon CF. A review of dipeptidyl pepti-
dase-4 inhibitors. Hot topics from randomized con-
trolled trials. Diabetes Obes Metab. 2018;20:34-
46. doi: 10.1111/dom.13135.

8. Rasmussen HB, Branner S, Wiberg FC,
Wagtmann N. Crystal structure of human dipep-
tidyl peptidase IV/CD26 in complex with a sub-
strate analog. Nat Struct Mol Biol. 2003;10(1):19.
doi: 10.1038/nsb882.

9. Patel BD, Ghate MD. Recent approaches
to medicinal chemistry and therapeutic potential
of dipeptidyl peptidase-4 (DPP-4) inhibitors. Eur
J Med Chem. 2014;74:574-605. doi: 10.1016/].¢j-
mech.2013.12.038.

10. Kang NS, Ahn JH, Kim SS, Chae CH,
Yoo S-E. Docking-based 3D-QSAR study for
selectivity of DPP4, DPPS, and DPP9 inhibitors.

Trends in Pharmaceutical Sciences 2019: 5(3): 137-144.

Bioorg Med Chem Lett. 2007;17(13):3716-21. doi:
10.1016/j.bmcl.2007.04.031.

11. Meduru H, Wang Y-T, Tsai J, Chen Y-C.
Finding a potential dipeptidyl peptidase-4 (DPP-
4) inhibitor for type-2 diabetes treatment based on
molecular docking, pharmacophore generation,
and molecular dynamics simulation. /nt J Mol Sci.
2016;17(6):920. doi: 10.3390/ijms17060920.

12. LiC, LuW, LuC, Xiao W, Shen X, Huang
J, et al. Identification of diverse dipeptidyl pep-
tidase IV inhibitors via structure-based virtual
screening. J Mol Model. 2012;18(9):4033-42. doi:
10.1007/s00894-012-1394-3.

13. Almasri IM, Taha MO, Mohammad MK.
New leads for DPP IV inhibition: structure-based
pharmacophore mapping and virtual screening
study. Arch Pharm Res. 2013;36(11):1326-37. doi:
10.1007/s12272-013-0224-1

14. Feng J, Zhang Z, Wallace MB, Stafford
JA, Kaldor SW, Kassel DB, et al. Discovery of
alogliptin: a potent, selective, bioavailable, and
efficacious inhibitor of dipeptidyl peptidase IV. J
Med Chem. 2007;50(10):2297-300. doi: 10.1021/
jm0701041.

15. Kim D, Wang L, Beconi M, Eiermann
GlJ, Fisher MH, He H, et al. (2 R)-4-Oxo0-4-[3-
(trifluoromethyl)-5, 6-dihydro [1, 2, 4] triazolo [4,
3-a] pyrazin-7 (8 H)-yl]-1-(2, 4, 5-trifluorophenyl)
butan-2-amine: a potent, orally active dipeptidyl
peptidase IV inhibitor for the treatment of type 2
diabetes. J Med Chem. 2005;48(1):141-51. doi:
10.1021/jm0493156.

16. Davison EK, Brimble MA. Natural prod-
uct derived privileged scaffolds in drug discovery.
Curr Opin Chem Biol. 2019;52:1-8. doi: 10.1016/].
cbpa.2018.12.007.

17. Barnes EC, Kumar R, Davis RA. The use
of isolated natural products as scaffolds for the gen-
eration of chemically diverse screening libraries
for drug discovery. Nat Prod Rep. 2016;33(3):372-
81. doi: 10.1039/¢5np00121h.

143




Sara Ranjbar et al.

18. Fan J, Johnson MH, Lila MA, Yousef
G, de Mejia EG. Berry and citrus phenolic com-
pounds inhibit dipeptidyl peptidase IV: Implica-
tions in diabetes management. Evid-Based Compl
Alt. 2013;2013. doi: 10.1155/2013/479505.

19. Al-masri IM, Mohammad MK, Tahaa
MO. Inhibition of dipeptidyl peptidase IV
(DPP 1V) is one of the mechanisms explain-
ing the hypoglycemic effect of berberine. J En-

144

zyme Inhib Med Chem. 2009;24(5):1061-6. doi:
10.1080/14756360802610761.

20. Kalhotra P, Chittepu VC, Osorio-Revilla
G, Gallardo-Velazquez T. Discovery of Galangin
as a Potential DPP-4 Inhibitor That Improves In-
sulin-Stimulated Skeletal Muscle Glucose Uptake:
A Combinational Therapy for Diabetes. Int J Mol
Sci. 2019;20(5):1228. doi: 10.3390/ijms20051228.

Jrends in Pharmaceutical Sciences 2019: 5(3): 137-144.




