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Abstract

The inhibition of soluble epoxide hydrolase (SEH) is a promising therapeutic approach to treat
inflammation and other disorders. In our present investigation on searching for sEH inhibitors
from traditional Chinese medicines, we found that A/isma orientale displayed inhibition of SEH.
We constructed a small library of protostane-type triterpenoids (1-25) isolated from A. orientale,
and screened their inhibitory activities. Alismanin B (1), 11-deoxy-25-anhydro alisol E (4), 11-
deoxy alisol B (5), and 25-O-ethyl alisol A (15) displayed concentration-dependently inhibitory
activities against SEH with ICsq values from 3.40 + 0.57 uM to 9.57 £+ 0.88 uM. 11-Deoxy-25-
anhydro alisol E (4) and 11-deoxy alisol B (5) were defined as mixed-type competitive inhibitors
with Ki values of 12.6 and 3.48 uM, respectively, based on the result of inhibition kinetics. The
potential interaction mechanism of 11-deoxy alisol B (5) with SEH was analyzed by molecular
docking and molecular dynamics, revealing that amino acid residues Trp336 and Tyr466 were vital
for its inhibitory activity.
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1. Introduction

Soluble epoxide hydrolase (SEH, E.C. 3.3.2.10) is a bifunctional enzyme of the a/
hydrolase family. It possesses a C-terminal hydrolase activity and an A-terminal phosphatase
activity [1,2]. The C-terminal epoxide hydrolase can hydrolyze a variety of epoxides [3-5],
whereas the A~terminal lipid phosphatase acts on 12-phosphonooxy-octadec-9.Z-enoic acid,
erythro-9,10-phosphonooxy-hydroxy-octadecanoic acid, #reo-9,10-phosphonooxy-hydroxy-
octadecanoic acid, and 12-phosphonooxy-octadec-9 £-enoic acid [3-5]. The C-terminal
function of sEH has received the most attention since it can hydrolyze epoxides of
arachidonic acid (AA) epoxy eicosatrienoic acids (EETSs) via opening of the epoxide into a
vicinal diol termed dihydroxy eicosatrienoic acids (DHETS) [6,7]. The inhibition of SEH is a
method of elevating the concentration of EETs, EETs and other epoxy fatty acids (EpFA)
have many effects including glycogen synthase kinase-3 beta (GSK3) and nuclear factor
kappa B (NF-xB) inhibition. Inhibition of sEH exerts anti-inflammatory effects in
Parkinson’s disease and cardiovascular diseases [6,8—14]. Therefore, SEH is considered as a
promising therapeutic approach for resolution of inflammation [15-17].

Recently, a collection of SEH inhibitors with varied skeleton, including ureas, amides,
triterpenoids, and flavones, have come to light [18-23], which stimulated medicinal and
natural product chemists to develop and discover more efficacious SEH inhibitors with
excellent specificity and high safety profile [24—-26]. To date, the most powerful of SEH
inhibitors are ureas, such as N-[1-(1-oxopropyl)-4-piperidinyl]-A/-[4-
(trifluoromethoxy)phenyl]urea (TPPU) and 12-[[(tricyclo [3.3.1.13,7]dec-1-
ylamino)carbonyl]amino]-dodecanoic acid (AUDA), that can competitively bind to the
epoxide binding in the catalytic site — Asp335, Tyr466, and Tyr383 [27-31]. Traditional
Chinese medicines are the important natural resources for medicine [32-35], which provides
possibility of searching for the new generation of SEH inhibitors. This also raises the
possibility of finding valuable natural supplements, meanwhile, Alisma orientale displayed
the potential of inhibition on sEH, therefore, we collected twenty-five protostane-type
triterpenoids (1-25, Fig. 1) from A. orientale and screened their inhibitory activities. 11-
Deoxy alisol B (5) showed potent inhibitory activity against SEH, which stimulated us to
further investigate its inhibition behavior and mechanism of action by molecular docking
and molecular dynamics.

2. Results and discussion

2.1. sEH inhibitory effects

The mammalian microsomal has been well studied in xenobiotic metabolism. The SEH can
degrade some xenobiotics or foreign compounds but it is best known for degrading
biologically active, 1,2-disubstituted epoxides of fatty acids [19,23,28]. Some of potential
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sEH inhibitors have been isolated from traditional Chinese medicines or synthesized by
chemists [15,19-23], including capsaicin, dihydrocapsaicin, piperlonguminine,
dihydropiperlonguminine, futoamide, and urea analogues, stimulating us to screen the sEH
inhibitors from natural products. We screened the inhibitory activities of twenty-five
protostane-type triterpenoids (1-25) against SEH based on the method of SEH-mediated
fluorogenic substrate PHOME hydrolysis [16,23]. As shown in the heatmap Fig. 2A and
Table 1, compounds 1, 3-6, and 15 possessed potential inhibition on sEH activity (> 70%) at
50 pM, especially compound 5 (> 95%). Compounds 11, 13, 16, 18, 19, 24, and 25 could
inhibit more than 50% sEH activity at the final concentration of 50 pM. In order to quantify
the inhibitory potentials of triterpenoids on sEH, the relationship between inhibitor
concentrations and inhibitory potential were plotted. Compounds 1, 4, 5, and 15 could dose-
dependently inhibit SEH activity, and their 1C5q values were 7.15 + 0.59, 5.94 + 0.54, 3.40 =
0.57, and 9.57 + 0.88 uM, respectively (Fig. 2), whereas compounds 3, 6, 11, 13, 16, 18, 19,
24, and 25 displayed moderate inhibitory effects with ICgq values ranging from 14.3 + 1.1
UM t0 36.3 £ 4.0 uM.

The structures of triterpenoids 1-25 and 1Csq values were used to analyze their structure-
activity relationships. Comparison of I1Csq values of compounds 2 with 15 and 12 with 18
revealed that the alkylation of C-25 hydroxy group was in favor of inhibitory activity. The
ICsq value of compound 14 was more than 50 pM, whereas compound 13 displayed
significant inhibitory activity with an 1Csq value of 22.1 uM, which indicated that the C-11
hydroxy substitution negatively affected its inhibitory activity. An analogous case was also
observed for compounds 5, 9, and 19, compound 5 showed significant inhibitory activity
(ICs50 = 3.40 uM), whereas compounds 9 and 19 did not displayed significantly inhibitory
activities. The dehydration of OH-25 in compound 14 led to the produce of compound 16,
and the latter displayed more inhibitory activity than the former, revealing that the A25(26)
olefinic bond was essential to inhibitory activity. The similar result was also observed for
compounds 2 (ICsg > 50 uM) and 4 (ICsp = 5.94 uM). Compared with inhibitory efficiency
of compounds 2 with 8 and compounds 13 with 22 suggested that the hydrolyzation of C-7
and C-12 went against inhibitory activity. Additionally, the A25(26) olefinic bond and 16-0x0
group operated to the disadvantage of inhibitory activity via an analysis of inhibitory
activities of compounds 4 and 12.

Inhibition mechanism of compounds 4 and 5

The potent inhibitory activity of compounds 4 and 5 stimulated us to study their inhibition
behaviors. Inhibition kinetics on compounds 4 and 5 were performed to assign the inhibition
type which was competitive, mixed competitive, noncompetitive, or uncompetitive type on
the basis of Michealis-Menten and Lineweaver-Burk plots (Fig. 3). Lineweaver-Burk plots
clearly demonstrated that compounds 4 and 5 functioned as mixed-type competitive
inhibitors against SEH in Fig. 3C and D showing that a series of lines were intersected at the
second quadrant, and the inhibition constants (Ki) were defined as 12.6 and 3.48 uM (Fig.
3E and F and Table 2), respectively.
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2.3. Interaction analysis

The binding sites of compounds 4 and 5 with sEH were predicted by molecular docking on
the basis of their inhibition Kinetic results. Compounds 4 and 5 could bond to the catalytic
cavity of sEH, and their lowest binding energies were —36.45 and —40.52 kcal/mol (Fig. 4
and Table 3), respectively. Compound 4 interacted with amino acid residues Asp335,
Tyr383, and Tyr466 with the distances of 2.80, 2.59, and 2.68 A through three hydrogen
bonds, respectively. Compound 5 possessed two hydrogen bonds between the hydroxy group
at C-23 and amino acid residues Trp336 and Tyr466 at the distances of 3.01 and 2.95 A,
respectively. Furthermore, compounds 4 and 5 also had hydrophaobic interactions with other
surrounding amino acid residues (Asp335, Met339, Thr343, Thr360, 11e363, Ala365,
Pro371, 11e375, Phe381, Thr383, GIn384, Met469, Trp473, Val498, Leu499, and His524) of
the catalytic pocket [21,23,26,27]. According to the above-mentioned results, the hydroxy
group of C-23 and amino acid residue Tyr466 were critical for inhibitory activities of
protostane-type triterpenoids against sSEH.

2.4. Molecular dynamics

Because compound 5 showed potent inhibitory activity against SEH with Ki value of 3.48
UM and interacted with key amino acid residue Trp366 and Tyr466, therefore, we used
Gromacs to investigate the molecular dynamics (MD) of compound 5 with SEH. The
potential energy of the complex of SEH with compound 5 was held at about —2.16 x 106
kJ/mol during the simulation (Fig. 5). RMSD, a parameter to access the stability of the
protein-ligand system [19,20,22], was also calculated, and the backbone RMSD of
compound 5 was represented at a distance of about 3.5 A during 10 ns of MD simulation
(Fig. 5). RMSF of residues was acquired to figure out regions exhibiting higher flexibility
with a distance of approximately 2.0 A in MD simulation of compound 5 (Fig. 5). The
number of hydrogen bonds and their distances throughout the MD simulation trajectory
were determined using the gmx hbond and gmx distance tools in Gromacs. As shown in Fig.
5, compound 5 interacted with sEH via 1-3 hydrogen bonds during 10 ns of MD
stimulation. The docking result indicated that amino acid residues Trp336 and Tyr466 could
form hydrogen bonds with compound 5, therefore, we analyzed the level of the interactions
of compound 5 with the above-mentioned residues. In MD simulation of compound 5,
amino acid residue Trp336 was held at a distance of about 3.0 A with the C-23 hydroxy
group, amino acid residue Tyr466 was held at a distance of about 3.25 A with the C-23
hydroxy group, which suggested that amino acid residues Trp336 and Tyr466 were vital for
the inhibition of compound 5 against SEH. The above-mentioned result further supported the
molecular docking result of compound 5. This finding revealed that compound 5 could be
regarded as a potential SEH inhibitor.

3. Conclusions

In summary, we screened the inhibitory potentials of twenty-five protostane-type
triterpenoids against SEH, and compounds 1, 4, 5, and 15 showed inhibition on sEH activity
with ICgq values from 3.40 £ 0.57 uM to 9.57 + 0.88 uM. Compounds 4 and 5 were assigned
as mixed-type competitive inhibitors with Ki values of 12.6 and 3.48 uM, respectively.
Molecular docking and molecular dynamics were used to analyze the potential interaction
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mechanism of compound 5 with sEH, suggesting that amino acid residues Trp336 and
Tyr466 were vital for the inhibitory activity of compound 5.

4. Material and methods

4.1. General experimental procedures

SEH protein was provided by the laboratory of Bruce D. Hammock in Department of
Entomology and Nematology, UC Davis Comprehensive Cancer Center, University of
California. Alismanin B (1), alisol A (2), alismanin D (3), 11-deoxy-25-anhydro alisol E (4),
11-deoxy alisol B (5), alismanin F (6), alismanol O (7), 7a,12a-dihydroxyalisol A (8), alisol
B 23-acetate (9), 7a-hydroxy-24-oxo alisol A (10), 16-oxo-11-anhydro alisol A 23,24-
acetonide (11), alismanol B (12), 11-deoxy alisol F (13), alisol F (14), 25-O-ethyl alisol A
(15), 25-anhydro alisol F (16), alismanin E (17), 25-ethoxy-16-0x0-11-anhydro alisol A
(18), 20-hydroxy alisol C (19), 25-methoxy alisol F 23-acetate (20), 11-deoxy-128-hydroxy
alisol F 24-acetate (21), 11-deoxy-128-hydroxy alisol F (22), 1-deoxy-128-hydroxy-164-
methoxy alisol A 24-acetate (23), alisol G (23, 24)-diol acetonide (24), and alisol A 24-
acetate (25) were isolated from A. orientale by the authors [35], their structures were
identified by NMR and MS spectra, and their purities were more than 98% analyzed by
HPLC.

4.2. sEH inhibitory activity

The inhibitory activities of compounds 1-25 against SEH were screened according to sEH-
meditated probe substrate PHOME (Cayman Chemical, Ann Arbor, MI) hydrolysis [16,18].
Compounds 1-25 were added into the standard incubation system (200 pL), including sEH
(0.1 ng/mL), BisTris-HCI buffer (pH 7.4, 25 mM), and probe PHOME (10 uM). The
reaction was performed for 20 min at 37 °C, then the fluorescence signal at 465 nm was
recorded. TPPU (Cayman Chemical, Ann Arbor, MI) was used as a positive control [23].

4.3. Inhibitory kinetic analysis

The inhibition kinetics of compounds 4 and 5 were performed by using Michealis-Menten
analyses [23]. Their inhibition types (competitive inhibition, noncompetitive inhibition,
uncompetitive inhibition, or mixed-type inhibition) were identified according to Lineweaver-
Burk plots, and their inhibition constants (Ki) were calculated by slope plots and four
inhibition kinetics models [Eq. (1): Competitive inhibition; Eq. (2): Noncompetitive
inhibition; Eq. (3): Uncompetitive inhibition; Eq. (4): Mixed-type inhibition].

b= Vmax

() @
b= Vmax

1+ 3571+ ) ?
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b= Vmax
4 Km [ ©
1+ 5+ 1)
b= Vmax
- Km0 [} “
[s](1+Ki)+1+Ki

V, reaction rate; Vmax, maximum rate; Km, Michaelis constant, Ki, inhibition constant; S,
the concentrations of substrate; I, the concentrations of inhibitor.

4.4, Molecular docking

The interactions of compounds 4 and 5 with sEH (PDB ID: 40CZ) were analyzed by
molecular docking according to the previous method [23]. The 3D structure of compounds 4
and 5 were optimized at CHARMM force field by Discovery Studio software (BIOVIA Inc.,
San Diego, USA). The interactions of compounds 4 and 5 with SEH were analyzed at
CHARMmM force field using the CDOCKER protocol of Discovery Studio [35,36].

4.5. Molecular dynamics

Molecular dynamics (MD) simulation of compound 5 with sEH was calculated by
GROMACS using the AMBER99SB force field [19,20,22]. The restrained electrostatic
potential charges of ligand were calculated at B3LYP/6-31+G (d, p) level by the Gaussian
09 program. Then, the starting topology of the ligand was generated by antechamber and
ACPYPE programs. The complex of compound 5 with SEH was placed centrally in a
rectangular box with a size of 1.2 nm. After the assembly, the steepest descent energy
minimization was applied to relax the system. Then, NVT and NPT were used to equilibrate
the system at the constant temperature of 300 K and the constant pressure of 1 bar,
respectively. MD interaction of compound 5 and sEH was calculated at 300 K and 1 bar
pressure for 10 ns after equilibration. The trajectory file was analyzed by GROMACS to
obtain the root mean square deviation (RMSD), root mean square fluctuations (RMSF). The
total number of intermolecular hydrogen bonds (HB) formed between compound 5 and sEH
and HB distribution for the system.
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The structures of twenty-five protostane-type triterpenoids.
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(A) Compounds 1-25 (A1-A5, 1-5; B1-B5, 6-10; C1-C5, 11-15; D1-D5, 16-20; E1-E5,
21-25) displayed inhibitory activities against sEH at 50 uM; (B-E) Compounds 1, 4, 5, and
15 dose-dependently inhibited SEH activities in vitro.
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(A-B) Michealis-Menten plots of compounds 4 and 5 against SEH. (C-D) Lineweaver-Burk
plots of compounds 4 and 5 against sEH. (E-F) Slope plots of compounds 4 and 5 against
SEH.
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(A-B) Compounds 4 (A) and 5 (B) could be bonded into the catalytic cavity of SEH. (C-D)
2D interactions of compounds 4 (C) and 5 (D) with sEH. The green dotted lines expressed

hydrogen bonds.

Bioorg Chem. Author manuscript; available in PMC 2021 March 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sunetal.

Page 14

A RMSD B RMS fluctuation
Backbone after Isq fit to Backbone
06, v T T T v T T 05 T —r—T T
05| e
04 E
04t .
2 03} e
g =
203 1 |&
Z g
z
C 0.2 7
02 e
o1t . 0L 7
0 L L L L L 1 1 " 1 N 1 " |
0 2000 4000 6000 8000 0| % 100 200 300 200 500 00
Time (ps) Residuc
GROMACS Energies D Hydrogen Bonds
2.15¢406 - T . T - 1 - T 4 T T . - - -
2.155¢406 - J
2.16¢406, [
2
2.165¢406 £
z
27406 4
2175406~ - 1
2 I . | L 1 1 N 1
%1y 2000 4000 6000 8000 10000 3000 10000
Time (ps) Time (ps)
E 336TRP-Distance F 466TYR-Distance
T . r 06 - : - : - -
055 _
oSt - 05 i
_ 045 J 1
£ £
8 -
g 04 e 04
3 ]
035
|
03 03
0251 E
02 1 1 " 1 02 1 1 1 1
0 2000 6000 8000 10000| 0 2000 6000 8000 10000
Time (ps) Time (ps)
Fig. 5.

The RMSD (A), RMSF (B), potential energy (C), and hydrogen bond number (D) of

compound 5 with sEH. The distance of compound 5 with amino acid residues Trp336 (E)

and Tyr466 (F).
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Table 1

Inhibitory activities of compounds 1-25 against SEH.

Compounds  Inhibition of compounds against sSEH
50 UM (%) 1Cso (LM)

1 75.31+£2.42 7.15+1.09

2 27.33+2.81 >50

3 78.54 £ 1.86 148+1.1

4 71.21 +1.56 5.94 +0.54

5 95.23+1.24 3.40 £ 0.57

6 71.6+2.12 146+1.1

7 24.45+1.03 >50

8 4442 +1.43 >50

9 37.63+£0.86 >50

10 18.64 + 0.45 >50

11 65.62 + 1.65 36.3+4.0

12 4497 £0.95 >50

13 66.84 + 2.09 221+14

14 18.30 £ 0.35 >50

15 78.66 £2.19 9.57+0.88

16 58.56 + 1.31 21.2+05

17 49.44 +1.15 >50

18 56.93 + 1.26 315+14

19 58.34 +1.31 222+1.0

20 17.63 £ 0.56 >50

21 39.33+£0.92 >50

22 17.96 + 0.69 >50

23 16.27 £0.72 >50

24 59.45 + 1.53 146+16

25 56.98 + 1.86 21417

TPPU? b 53nM

a ..
Positive control.

bNo tested.
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Table 2

Kinetic parameters of compounds 4 and 5 against SEH.

Compounds  Inhibition type  Ki (uM)  Goodness of fit (r)

4 mixed-type 12.6 0.9988
5 mixed-type 3.48 0.9974
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