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ABSTRACT: Protein tyrosine phosphatase 1B (PTP1B) is one of | ycanpus piasricus
the target enzymes whose disruption leads to obesity and diabetes.

'39‘ PTPIB Inhibition /= Binding Affinity "'?‘ Specific Interaction

A series of PTP1B inhibitors were isolated from the leaves of 2N TR
Artocarpus elasticus, used in traditional medicines for diabetes. The = W’ﬁ} \; }i’—"?
isolated inhibitors (1—13), including two new compounds (1 and i

2), consisted of dihydroflavonols and flavones. The structural oo cifam
requirements for the PTP1B inhibitory mode and potency were R.: ;’?5‘“:33;""«"
revealed in both skeletons. The two highest PTP1B inhibitory .fﬁs ~~§)
properties were dihydroflavonol 1 and flavone 6 analogs with ICy, D™ «5%35% .

values of 0.17 and 0.79 uM, respectively. The stereochemistry also
affected inhibitory potencies: trans isomer 1 (ICgy= 0.17 uM) vs cis
isomer 2 (ICsy= 2.24 uM). Surprisingly, the dihydroflavonol and
flavone glycosides (11 and 13) displayed potent inhibition with
ICys of 2.39 and 0.22 uM, respectively. Furthermore, competitive inhibitor 1 was applied to time-dependence experiments as a
simple slow-binding inhibitor with parameters of K*? = 0.064103 uM, k; = 0.2262 uM ™" min~’, and k, = 0.014S min~". The binding
affinities by using the fluorescence quenching experiment were highly correlated with inhibitory potencies: 1 (ICs= 0.17 uM, Kgy =
0.4375 X 10° L-mol™") vs 3 (IC5o= 17.79 uM, Kgy = 0.0006 X 10° L-mol™"). The specific binding interactions were estimated at
active and allosteric sites according to the inhibitory mode by molecular docking.
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1.. INTRODUCTION study of this plant has been intensively focused on roots and
barks. The most abundant metabolites in both these parts were
found to be prenylated flavonoids and dihydrobenzoxanthones
with diverse biological activities. For example, the prenylated

Protein tyrosine phosphatase 1B (PTP1B) is a negative
regulator of insulin signaling pathways, causing insulin
resistance. Insulin signaling is initiated by the phosphorylation

of insulin receptor (IR) and insulin receptor substrate (IRS). flavonoids showed antioxidant, cytotoxic, tyrosinase, and S-a
Sequentially} these Phosphorylations activate many signaling reductase 1nh1b1t0ry activities, wh11e dihydrobenzoxanthones
cascades resulting in several biological responses like the exhibited a-glucosidase, human neutrophil elastase, and
transport of glucose into the cells and synthesis of glycogen."” bacterial neuraminidase inhibitory activities.”'* The ripened
PTP1B blocks this signaling pathway through the dephosphor- leaves of terap are dried, grounded, and used for preparing tea,
ylation of IR and IRS, making PTP1B a viable therapeutic which is effective in preventing chronic diseases such as
target in the treatment of type 2 diabetes (T2DM).’ In diabetes, hypertension, and malaria.'”~"® But there are only
addition, improved insulin signaling in PTP1B knockout mice two influential reports about their metabolites, which deal with
indicates that this enzyme is a key factor in the regulation of alkylated dihydrochalcones.”"> Those compounds were not
insulin sensitivity." PTP1B is extensively expressed in various effective for PTP1B inhibition in our preliminary work. This
organs, including the fat, muscle, and liver” Additionally, encouraged us to conduct metabolite investigation targeting

PTPI1B levels appear to be elevated in some physiological or PTPIB inhibition.

pathological contexts of leptin resistance, which is connected The aim of this study was to investigate the responsible

to food intake leading to obesity.6 Thus, PTP1B inhibitors may metabolites for PTPIB inhibition from the leaves of A.
be considered as excellent lead compounds for the treatment of

obesity and diabetes.

Artocarpus elasticus belongs to the Moraceae family and is
commonly known as terap. It is found in Malaysia, Pacific
Islands, India, North Australia, and Central America. Most
parts of terap, including fruit, leaves, and bark, have been used
in traditional medicines due to its antimicrobial, anti-
inflammatory, and hypoglycemic effects.”® The metabolic
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Figure 1. Structure of bioactive compounds (1—13) isolated from Artocarpus elasticus leaves.

elasticus. A series of isolated compounds were applied to the
PTP1B enzyme to disclose inhibitory potencies, behavior, and
activity relationship of structural features. The specific binding
interaction was predicted by molecular docking.

2.. RESULTS AND DISCUSSION

2.1.. Structural Elucidation. In the course of exploring
the PTP1B inhibitor, the methanol extract of A. elasticus leaves
displayed potent inhibition with 80% inhibition at 50 pg/mL
concentration. This encouraged us to examine PTP1B
inhibitory metabolites from the leaves of this species. The
crude methanol extract was fractionated by liquid—liquid
fractionation method with solvents having different polarities,
namely, hexane, chloroform, ethyl acetate, and water. Then,
repeated liquid chromatography separations of the chloroform
fraction using MPLC and recycled HPLC resulted in 13
phenolic compounds. Their structures (as shown in Figure 1)
were elucidated by their spectroscopic data (Figures S1—S49
and Table S1) and compared with those of previous reports.
The isolates (3—13) were identified as artoscortonol'” (3),
glepidotin B*” (4), yukovanol®' (5), dihydrokaempferol** (6),
atalantoflavone™ (7), apigenin®* (8), 2’-hydroxyatalantofla-
vone™ (9), norartocarpetin'® (10), engeletin®® (11), iso-
engeletin®® (12), and apigenin-7-O-f-D-glucopyranoside”’
(13). Compounds 1 and 2 were found to be new
dihydroflavonols.

Compound 1 obtained as a yellowish solid, [a]*’p, —5.33 (c
0.1, MeOH), had a molecular formula C,,H;5O; established by
the [M + H]" ion at 339.1232 (calcd 338.1154) in the HR—

9054

ESI-MS (Figure S8). The IR spectrum of 1 exhibited
absorption at 3472, 2980, and 1628 cm™". The dihydroflavonol
motif was assumed from the presence of a pair of doublets at
5, 4.69 (1H, dd, J = 11.5 Hz, H-3) and 525 (1H, d, ] = 115
Hz, H-2), as well as a singlet of chelated —OH at &y 11.76
in'H NMR spectrum (Table 1 and Figure S1). The pyran
group fixed with an A-ring was established from AB coupling of
H-1"(8y 6.45, 1H, d, J = 10.1 Hz) and H-2" (8 5.60, 1H, d,
= 10.1 Hz) and HMBC correlation between H-4"(5y 1.42)
and oxygenated carbon C-7 (6 157.7). The position of the
pyran ring was confirmed by the HMBC correlation of H-
2"(8y 5.60) to C-8 (8¢ 102.7). The monosubstituted B-ring
was easily deduced by H-2'/6'(5y 7.62, 2H), H-3'/5' (6 7.42,
2H), and H-4'(6y 7.42, m) (Figures 2 and S7). The
stereochemistry of C-2 was confirmed as R configuration by
CD spectra with a positive Cotton effect at 326 nm and a
negative effect at 302 nm** (Figure S50). The trans
relationship between C-2 and C-3 was deduced by coupling
constant (J = 11.5 Hz) and NOESY relationship (Figures 2
and SS). Thus, compound 1 was identified as (2R,3R)-3,5-
dihydroxy-8,8-dimethyl-2-phenyl-2,3-dihydro-4H,8H-pyrano-
[2,3-f ]chromen-4-one, namely yukovanol A.

Compound 2 obtained as yellowish solid, [a]*’p, — 26.7 (c
0.1, MeOH), had a molecular formula C,,H,3O; established by
the [M + H]" ion at 339.1232 (calcd 338.1154) in the HR—
ESI-MS (Figure S16). The IR spectrum of compound 2
exhibited absorption at 3472, 2980, and 1628 cm~ L Its 'H,
BC, and 2D NMR data (Table 1 and Figures S9—S15) closely
resembled compound 1, and thus predicted as diastereomers of
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Table 1. 'H and "*C NMR Spectroscopic Data (§ in ppm, J
in Hz) of 1 and 2 (acetone-d,)

1 2
no Ou d¢c Oy d¢c
2 525 (d, J=11.1) 844 524 (d, ] = 3.6) 84.3
3 469 (d, J = 11.5) 73.1 4,67 (dd, J = 3.8, 11.6) 73.1
4 198.4 198.3
4a 102.0 101.9
S 164.3 164.2
6 5.94 (s) 98.0  5.96 (s) 98.0
7 157.7 157.6
8 102.7 102.7
8a 163.1 163.1
I 138.1 138.1
2/ 7.62 (m) 128.8  7.61 (m) 128.7
3 7.42 (m) 129.1  7.41 (m) 129.1
4/ 7.42 (m) 129.6  7.41 (m) 129.6
S/ 7.42 (m) 129.1  7.41 (m) 129.1
6 7.62 (m) 1288  7.61 (m) 128.7
1” 6.45 (d, ] = 10.1) 115.8 644 (d, ] = 10.1) 115.7
2" 560 (d, ] =10.1) 1277 5.58 (d, ] = 10.1) 127.7
3" 79.1 79.0
4" 1.42 (s) 28.6  1.41 (s) 28.6
5" 1.43 (s) 284 143 (s) 28.4

.60
oy
7"\ HMBC
» "X NOESY

Figure 2. HMBC and NOESY correlation of compounds 1 and 2.

each other. The cis configuration was confirmed by a strong
NOE between H-2 and H-3, and lower J-value (6 5.24, 1H, d,
] = 3.6 Hz and &y 4.67, 1H, dd, ] = 3.8, 11.6 Hz) dissimilarity
to compound 1 (Figures 2 and S13). The pattern of the
Cotton effect was close to compound 1. Thus, compound 2
was identified as (2R,3S5)-3,5-dihydroxy-8,8-dimethyl-2-phenyl-
2,3-dihydro-4H,8H-pyrano[2,3-f Jchromen-4-one, namely yu-
kovanol B.

2.2.. PTP1B Inhibitory Activities of Isolated Com-
pounds. More detailed PTP1B inhibitory activities of the
isolated compounds were subsequently conducted according
to the established procedures.”” As shown in Figure 3A and
Table 2, all compounds displayed PTP1B inhibition with ICs,
values ranging between 0.17 and 35.4 uM dose dependently.
The most potent inhibitor was found to be compound 1 (ICs,
= 0.17 uM), but the potency of these inhibitors was affected by
subtle changes in their structure and stereochemistry. In the
result of comparison of the inhibition activity between
diastereomers 1 and 2, trans-confirmation (1) was 13-fold
more effective than the cis one (2). Their binding interaction
with the enzyme at the active site was performed by molecular
docking experiments (Vida infra). The hydroxyl group at C-
4/(B-ring) led to a significant decrease in inhibitory potency: 1
vs § (ICsy = 3.07 uM). The pyran motif in the A-ring would be
a critical functionality to PTP1B inhibition: pyran 9 (IC, =
0.79 uM) vs 10 (ICy = 3.39 uM) and pyran 7 (IC, = 1.19
uM) vs 8 (ICyy = 5.99 uM). Also, the pyran compound 5 was
9-fold effective than its mother compound 6 (ICs, = 35.41
uM). It is a general expectation that glycoside motif functions
to lessen the inhibitory potency.”® However, glycosides of
dihydroflavonol 11 (ICs, = 2.39 uM) and flavone 13 (ICy, =
0.22 M) showed much better inhibitions than their mother
skeletons (6 and 8) with 15-fold and 27-fold, respectively.

A e 1
o 2
x v 3
= a4
.g m 5
B o 6
@ . 7
2 o 8
> A 9
2 v 10
w e 1
o 12
o 13
-1.0-0.5 0.0 05 1.0 1.5 2.0
log [I], M
C 30
® OuM
251 0 04uM
- v 02uM
£ 20| 2 o04um
£
o 15
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S 1.0
0.5
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-0.004 -0.002 0.000 0.002 0.004
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B 4] o
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g os8
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= 06
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_ 2%y o04amm
<
E 1.5
8
= 10
=
0.5 j/
0.0
04 -02 00 02 04

[Compound 1], (uM)

Figure 3. (A) Dose-dependent inhibition effect of compounds on PTP1B. (B) The catalytic activity of PTP1B as a function of enzyme
concentration at different concentrations of compound 1. (C) The Lineweaver—Burk and Dixon (D) plots for PTP1B inhibition of compound 1.
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Table 2. Inhibitory Effects of Compounds 1-13 on PTP1B

PTPI1B

K Ky
compounds  ICs (uM)®  kinetic mode (K, uM)”  (uM)  (uM)
1 0.17 +£ 0.3  competitive (0.07 + 0.1) NT* NT
2 224 + 0.5  competitive (1.04 + 0.2) NT NT
3 17.79 + 02 competitive (8.08 + 0.1)  NT NT
4 3.52 + 04  competitive (1.61 + 0.2) NT NT
S 3.07 £ 0.2  noncompetitive NT NT

(3.46 + 0.3)
6 3541 £ 0.7 noncompetitive NT NT
(34.66 + 0.8)
7 1.19 + 03 competitive (0.45 + 0.1) NT NT
8 599 £ 0.5  competitive (2.90 + 0.3) NT NT
9 079 + 03 mixed type I (0.58 + 0.1) 050  2.89
10 339 + 02 mixed type I (271 +02) 2.68 523
11 239 + 04 mixed type I (116 £ 02) 120 833
12 476 + 0.5 mixed type I (320 = 03) 319 955
13 022+ 03 mixed type I (0.18 £ 0.1) 018  0.80
ursolic 16.5 + 0.8 NT NT NT
acid*

“Sample concentration which led to 50% enzyme activity loss. “K; is
the inhibition constant. °NT is not tested. “Ursolic acid is used as a
positive control.

2.3.. Inhibitory Kinetics of the Compounds to PTP1B.
The reversibility of the inhibitors to the enzyme was
established by plotting the initial velocity as a function of the
concentration of a representative compound 1 in Figure 3B.
The resulting family of straight lines passing through the same
origin implies the typical reversibility of the inhibitor to the
enzyme. Moreover, the inhibitory behavior of the compounds
was analyzed using Lineweaver—Burk plots, which revealed
differences based on the compound’s skeleton. In dihydro-
flavonols (1—6), a hydroxyl group on the B-ring attributed to
the inhibitory behavior. Dihydroflavonols (1—4) in the
absence of a hydroxyl group on the B-ring showed a typical

competitive mode, in which there are no changes in V, and
the increasing inhibitor concentration (Figure 3C).

Dihydroflavonols $ and 6 with the 4-hydroxyl group on the
B-ring exhibited a noncompetitive mode with decrease in V_,,
and no change in the K, value (Figure 4A). Inhibitory modes
were also affected by the B-ring in flavones (7—10). The
flavones (7 and 8) with 4-hydroxyl on the B-ring inhibited
PTP1B with the noncompetitive mode, but the flavones (9 and
10) with resorcinol motif on the B-ring showed mixed-type
inhibitions. The three glycosides (11—13) showed a mixed-
type inhibition in which the increasing inhibitor concentration
caused the family of lines to shift to the left of the y-axis and
above the x-axis, indicating a common intercept (Figure 4B).
The parameters K; and Kjg were fitted in eqs 2—4 to
distinguish between two probable mechanisms of mixed-type
inhibition (I or II). Our analysis indicated that all compounds
had a higher K5 than K; and preferred binding with the free
enzyme rather than the enzyme—substrate complex, which
supports the mixed type I mode of inhibition against PTP1B.
Finally, the K; values presented in Table 2 were estimated
using Dixon plots, where the K; value of the most active
inhibitor (1) was determined to be 0.07 uM (Figure 3D). The
Lineweaver—Burk and Dixon plots of other compounds (2—4,
6—12) are represented in Figures SS1—S54.

Furthermore, we examined a time-dependent inhibitory
phenomenon for the most effective inhibitor 1 displaying a
competitive mode. A time-dependent analysis was achieved by
evaluating the initial velocities of phosphate group hydrolysis
with respect to the preincubation time of the enzyme with the
inhibitor. The mixture of enzyme and inhibitor 1 was
incubated in the time range of 0—75 min, where enzyme
activity was not affected (Figure SA inset). The residual
enzyme activity was lowered gradually according to a function
of preincubation time, which is a typical progress behavior of
time dependence (Figure SA).

2.0 7
A * OuM -
1610 16uM g 4
< v 32uM =3
E 1212 6.25uM 1
5
= 0.8
E A1500
= = 1000
0.4 £
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Nd
0.0 0
-0.004 -0.002 0.000 0.002 0.004
18], uM’!
B 3o 900
¢ 0uM 600
2510 o2uM 8
T Lol 04uM @ 300
= 2.
£ A 0.8uM 0
a 15
9, 0.40
> 10 5 032
2 024
05 % 0.16
0.0 . . 0.08
-0.004 -0.002 0.000 0.002 0.004
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2.0
181 ¢ 16mM
B 161 0 08mM
¢ o T 14 v 04mM
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01234567 <
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Figure 4. Lineweaver—Burk and Dixon plots for PTP1B inhibition of (A) compound S and (B) compound 13.
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A 0030 determine v, v, and kg, Figure SC shows the relationship
0.025 between k., and inhibitor concentration. This linear plot
indicated that inhibitor 1 has the characteristic of a slow
. 0.020 binding mode. The resulting kinetic parameters were K;** =
g 0.015 0.064103 uM, k; = 0.2262 uM ™ min™", and k, = 0.0145 min™"!,
< 0.010 ©° as determined through mathematical eqs 5—8.
' s 2.4.. Binding Affinities of Compounds to PTP1B. The
0.005 binding affinities of the selected inhibitors to the PTP1B
0.000 enzyme were measured to explain the relationship between
0 5 10 15 20 25 30 0 20 40 60 80 inhibitory potencies and binding affinities. The binding affinity
Screening time, min Preincubation time, min was screened by a fluorescence quenching method. An
10 interaction of enzymes with inhibitors leads to the intrinsic
B ’ —C 020 fluorescence (FS) of enzyme quench as a function of inhibitor
0.8 concentrations. The PTP1B enzyme comprises a substantial
0.15 number of intrinsic fluorescence residues consisting of 19
§° 0.6 J oo y phenylalanines, 13 tyrosines, and 18 tryptophans.’’ Under our
04| ® 0mm o measurement settings, there was no discernible emission from
410 005uM . . . A . .
v 3.‘1’5“;; 0.05 any assay mixture (including the inhibitor). Figure 6 displayed
0274 02uM o 0.00 B the fluorescence emission spectra of the PTP1B enzyme from
. .
00 LD g:g ﬁm 00 02 04 06 08 inhibitors (1—3) at different concentrations ranging from 0 to
"0 2 4 6 8 10 25 uM. The FS reduction tendencies had a considerable

[1], tM
Preincubation time, min

Figure S. (A) Slow-binding inhibition at different preincubation times
(<: 0; @: 5; O: 10; W: 15; A: 30; ¥: 45; O: 60; @: 75 min) for
compound 1 at 0.2 pM. Inset: inhibition as a function of
preincubation time for compound 1. (B) Time course of the
inactivation of PTPIB compound 1. (C) plot of kg, on the
dependence on different concentrations of compound 1.

To obtain the concrete parameters for time dependence, the
residual enzyme activities were measured at various inhibitor
concentrations and incubation times (Figure SB). The progress

relation with inhibitory potencies. As shown in Figure 6A,
inhibitor 1 (ICg, = 0.17 uM) showed a distinctive FS reduction
pattern in comparison with that of inhibitor 3 (ICs, = 17.79
uM). A similar FS reduction pattern was observed between
inhibitors 2 and 3 (Figure 6B,C). The binding affinity constant
(Kgy) was calculated by using the Stern—Volmer equation
(Table 3). The Kgy values were ranked in the order of
inhibitory potencies (Figure 6D) as follows: compound 1
(ICsy = 0.17 uM, Kgy = 0.4375 X 10° L-mol™) > 2 (IC,, =
2.24 uM, K¢y = 0.0304 X 10° L-mol™") > 3 (IC,, = 17.79 uM,
Ksy = 0.0006 X 10° L-mol™. The fluorescence emission

curves were fit to mathematical equations eqs 5—8 to spectra of PTP1B at different concentrations (0, 1.6, 3.2, 6.2,
A 800 5 800 B 800 8 80
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Figure 6. Fluorescence emission spectra of PTP1B at different concentrations (0, 1.6, 3.2, 6.2, 12.5, and 25 uM) of compounds (A) 1, (B) 2, (C) 3
(inset). Normalized intensities of fluorescence for PTP1B are shown. (D) The correlation between half-maximal PTP1B inhibitory concentration

(ICsps) values and Stern—Volmer constants (Kj,) of compounds 1—13
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Table 3. Fluorescence Quenching Effect of Compounds 1—
13 on PTP1B

Ksy Ky
compounds (X 10° L-mol™") (X 10° L-mol™") n

R® RY
1 0.4375 0.99 0.360 1.09 0.98
2 0.0304 0.98 0.027 1.16 0.97
3 0.0006 0.96 0.001 0.95 0.96
4 0.0135 0.97 0.016 0.99 0.96
S 0.0132 0.97 0.009 1.20 0.93
6 0.0002 0.84 0.001 0.79 0.98
7 0.0569 0.92 0.138 0.93 0.98
8 0.0056 0.87 0.013 1.02 0.97
9 0.1151 0.99 0.071 1.17 0.98
10 0.0124 0.98 0.012 1.06 0.96
11 0.0131 0.97 0.015 1.02 0.96
12 0.0098 0.97 0.007 1.18 0.93
13 0.3803 0.99 0.453 0.97 0.98

“R is the correlation coefficient for the Kgy values. YR is the
correlation coefficient for the K, values.

12.5, and 25 uM) of compounds 4—13 are shown in Figures
§55-S56.

2.5.. Predicting the Binding Modes between the New
Compounds and the PTP1B by Molecular Docking
Study. To investigate the proper binding modes of
compounds 1, 2, and § with PTP1B, the molecular docking
(MD) method was employed. MD is one of the superior
methods that predicts the binding modes of a given small
molecule at the protein active site.”” Prior toMD calculations,
we collected 3D protein structure information and performed
structural preparation for use in the study. Interestingly, it has
been known that PTP1B has two binding sites, the catalytic
site and the allosteric site. In this study, based on the
experimental observations, compounds 1 and 2 were docked
into the catalytic pocket only since both compounds were
classified as competitive inhibitors. However, compound §,
known as noncompetitive inhibitor was docked into both
catalytic and allosteric sites for comparison purposes. The MD
results at the catalytic site showed that the GOLD docking
scores of compounds 1, 2, and § were 44.98, 44.93, and 44.3
respectively, and the docking score of compound § at the
allosteric site was 54.6S. In the final step, in order to obtain
more refined binding modes from the docking results, the
docked complexes between the compounds and proteins were
energy-minimized using DS.

2.6.. Comparison of the Binding Modes of Com-
pounds 1 and 2 at the Catalytic Binding Sites. The
binding modes and molecular interactions of compounds 1 and
2, known as competitive inhibitors, at the catalytic site were
investigated using the molecular modeling study (Figure 7).
The docking results showed that compound 1 had one
conventional hydrogen bond with Asp48 and one carbon
hydrogen bond with GIn262, including one #-cation
interactions with Lys120, one n—x stacked interaction with
Tyr46, and two m-alkyl interaction with Tyr46 and Ala217.
Several other residues also interacted with compound 1 by van
der Waals interactions anchoring the compound to the binding
pocket (Figure 7C). Compound 2 formed had two conven-
tional hydrogen bonds with Asp48 and GIn262 and one 7—x
stacked interaction with Tyr46 and two m-alkyl interactions
with Tyr46, Lys120, and Ala217. Several other residues also
interacted with compound 2 by van der Waals interactions
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Figure 7. Comparison of the predicted binding modes of compounds
1 and 2 at the catalytic binding sites. (A) The homology model
structure and (B) electrostatic surface model of PTP1B and
compound 1 at the catalytic site. Compounds (C) 1 and (D) 2
ball-and-stick model to show clear intermolecular interact. Conven-
tional hydrogen bonds, carbon—hydrogen bonds, #-cation inter-
actions, 7—7 stacked interactions, and 7-alkyl interactions are colored
green, bright green, orange, magenta, and pink, respectively.

anchoring the compound to the binding pocket (Figure 7D).
The main difference between compound 1 and 2 is the stereo
isomer relationship for the —OH group in the main skeleton.
The overall binding patterns of both compounds are very
similar (Figure 7C,D). The only difference is the terminal atom
or group that interacts with GIn262 of PTP1B. In compound
1, the hydrogen atom (H-3) in the main skeleton ring forms a
carbon hydrogen bond with GIn262. However, in compound
2, the hydrogen atom in the —OH group forms a conventional
hydrogen bond with GIn262.

Overall protein—ligand binding morphology of the docking
structures of compounds 1 and 2 with PTP1B was shown in a
ball-and-stick model (A) and an electrostatic surface model to
show the binding pocket geometry of the protein (B). And the
detailed interaction networks for the bonding modes were
visualized in panels C and D. All interactions are shown as
dashed lines. Conventional hydrogen bonds, carbon—hydrogen
bonds, 7-cation interactions, 7—7z stacked interaction, and z-
alkyl interactions are shown in green, bright green, orange,
magenta, and pink, respectively.

2.7.. Binding Mode Analysis of the Compound 5 in
the Active and Allosteric Sites. In order to find out the
reason why compound § is classified as a noncompetitive, the
binding mode and molecular interaction of compound § were
investigated and compared at the catalytic and allosteric sites
(Figure 8). The results showed that compound $ at the
catalytic site had three alkyl interactions with Arg45, Tyr46,
and Lys120, two z-alkyl interactions with Cys215 and Ala217,
and one n—7x T-shaped interaction with Tyr46. Several other
residues also interacted with compound 5 by van der Waals
interactions anchoring the compound to the binding pocket
(Figure 8C). On the other hand, compound $ in the allosteric
site had one conventional hydrogen bond with Asn193,
including two m—m stacked interactions with Phel96 and
Phe280 and three alkyl interactions with Ala189, Leul92, and
Pro188. Several other residues also interacted with compound
S by van der Waals interactions anchoring the compound to
the binding pocket (Figure 8D).

Docking scores of compound $ at the catalytic and allosteric
sites were 44.3 and 54.65, respectively. Interestingly, our
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& b7 Cys215
Figure 8. Comparison of the predicted binding modes of compound
S at the catalytic and allosteric binding sites. (A) The homology
model structure and (B) electrostatic surface model of the PTP1B and
compound $ at catalytic and allosteric sites. The ball-and-stick model

of compound 5 shows clear intermolecular interaction at the (C)
catalytic and (D) allosteric sites.

docking result suggests that compound $ is more stable at the
allosteric pocket. This result is very compatible with our
experimental findings.

Overall, protein—ligand binding morphology of the docking
structures of compound $ in the catalytic and allosteric sites of
PTPI1B is shown in a ball-and-stick model (Figure 8A) and
electrostatic surface model to show the binding pocket
geometry of the protein (Figure 8B). And the detailed
interaction networks for the bonding modes are visualized in
panels C and D. All interactions are shown as dashed lines.
Conventional hydrogen bonds, carbon—hydrogen bonds, #-
cation interactions, 7—x stacked interaction, and z-alkyl
interactions are shown in green, bright green, orange, magenta,
and pink, respectively.

3.. CONCLUSION

This study explored PTP1B inhibitory metabolites from the
leaves of Artocarpus elasticus. The responsible metabolites for
PTP1B (IC;, = 0.17—35.41 uM) were identified as eight
dihydroflavonols (1—6, 11, 12) and five flavones (7—10, 13).
Inhibitory potency and behavior were significantly affected by
chemical skeleton and functionality. For example, all
dihydroflavonols (1—4) with a simple phenyl group at the B-
ring showed competitive inhibition. The new compounds were
diastereomers of each other, which were confirmed by NOESY
experiments. The slow binding characteristics were observed
on the most active inhibitor, 1 (IC5, = 0.17 uM). Defying
general expectations, flavonol glycosides (11 and 13) showed
significant inhibition with ICss of 2.39 and 022 uM,
respectively. The binding affinities to enzymes had a high
correlation with inhibitory potencies. The specific interaction
between inhibitors and enzyme was proposed by molecular
docking experiments. Overall, this work represents the most
intensive metabolite and biological study, which could
contribute to nutraceutical applications of A. elasticus leaves.
It also provides a lead structure for PTP1B inhibition with a
very reasonable scientific story.

4.. MATERIALS AND METHODS

4.1.. Chemicals and Materials. Used chemicals were of
analytical grade and were bought from Thermo Fisher
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Scientific (Waltham, Massachusetts, USA). Octadecylsilanized
(ODS) silica gel (YMC Ltd.,, Japan), Sephadex LH-20
(Amersham Pharmacia Biotech, Sweden), and MCI GEL
CHP20P (Sigma-Aldrich Korea, Seoul, South Korea) were
used as packing materials for column chromatography.
Recycling HPLC (LC-Forte/R100, YMC Co., LTD, Kyoto,
Japan) system arranged with a UV detector was used for the
isolation and purification of compounds. NMR spectra of the
purified compounds were conducted on a Bruker (AM 300,
500 MHz) and JEOL JMS-700 (JEOL Ltd., Akishima, Japan)
was used for the MS. The CD spectra were recorded on a Jasco
J-81S5 (Japan) CD spectrophotometer. The enzyme inhibition
assays were evaluated on a SpectraMaxM3Multi-Mode Micro-
plate Reader (Molecular device, USA).

4.2.. Plant Material. Artocarpus elasticus leaves were
collected in December 2013 in Malaysia by Associate Professor
Dr Mohd Azlan Nafiah. The voucher for the specimen
(TM1016) was provided by Universiti Pendidikan Sultan Idris,
Malaysia.

4.3.. Extraction and Isolation. The air-dried leaves (0.8
kg) of A. elasticus were extracted in methanol (10 L) three
times at 20—23 °C with yielding extract of 53 g Then
methanol extract was first suspended in water and fractionated
into 28 g of the chloroform extract. The obtained chloroform
fraction was then passed from column chromatography on
MCI GEL CHP20P (30.0 X 5.0 cm, 75—150 um, 0.5 kg) and
with a gradient flow of water/methanol (9:1 to 0:1, v/v)
resulted in 17 subfractions (AC1—17). ODS (25.0 X 3.0 cm, S-
10 ym, 12 nm) was then used for fractions AC2-5 (S g) with
solvent using MeOH from 0 to 100% in water that give 70
subfractions (ACX1-70). Recycled HPLC (25.0 X 1.5 cm, S-S
um, 12 nm) was used for ACX20-40 yielding compounds 6
(16 mg), 7 (11 mg), 8 (10 mg), and 9 (10.5 mg), and the
fractions ACX50-70 were also passed through similar way,
which resulted in compounds 3 (102 mg), 4 (11 mg), S (17
mg), 10 (7 mg), and 11 (15 mg). Further, AC6-8 (4.8 g) were
passed through MPLC (250 X 30.0 mm, S-10 ym, 12 nm,
YMC) eluting with a gradual increase of MeOH from 0 to
100% in water resulting in ACY1-50 subfractions, which when
eluted with 100% methanol in Sephadex LH-20 and recycled
HPLC (25.0 X 1.5 cm, S-S um, 12 nm) yielded compounds 1
(15 mg) and 2 (13 mg). AC10-15 resulted in compounds 12
(25 mg) and 13 (20 mg), by subjecting to repeated recycled
HPLC (25.0 X 3.0 mm, S-S ym, 12 nm).

4.3.1.. Compound 3. (Artoscortonol B): Yellowish crystals;
ESIMS m/z 355 [M + H]*; HRESIMS m/z 355.1545 [M +
H]* (caled for C,H,,O5 354.1467). 'H NMR (500 MHz,
methanol—d,) & 1.48 (3H, s, H-4"), 1.60 (3H, s, H-5"), 3.16
(2H, m, H-1"), 3.82 (3H, s, OMe), 4.36 (1H, d, ] = 11.7 Hz,
H-3), 498 (1H, d, ] = 11.75 Hz, H-2), 5.11 (1H, t, ] = 14.45
Hz, H-2"), 6.15 (1H, s, H-6), 7.39 (3H, m, H-3', 4/, §'), 7.53
(2H, m, H-2', 6').

4.3.2.. Compound 4. (Glepidotin B): Yellow powder;
ESIMS m/z 341 [M + H]*; HRESIMS m/z 341.1389 [M +
H]* (caled for CpoH,0s 340.1311). 'H NMR (500 MHz,
acetone—d,) 6 1.54 (3H, s, H-5”), 1.60 (3H, s, H-4"), 3.18
(2H, m, H-1"), 4.61 (1H, dd, J = 11.47, H-3), 5.15 (1H, brs,
Hz, H-2"), 5.17 (1H, brs, H-2), 6.09 (1H, s, H-6), 7.41 (3H,
m, H-3', 4/, 5'), 7.61 (2H, m, H-2/, ¢).

4.3.3.. Compound 5. (Yukovanol): White powder; ESIMS
m/z 355 [M + H]*; HRESIMS m/z 355.1182 [M + H]* (caled
for C,0H 304 354.1103). "H NMR (500 MHz, acetone—d,) &
1.41 (3H, s, H-5"), 1.43 (3H, s, H-4"), 4.67 (1H, d, ] = 11.5
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Hz, H-3), 5.14 (1H, ] = 11.6, H-2), 5.58 (1H, d, J = 10.1 Hz,
H-2"),5.92 (1H, s, H-6), 6.42 (1H, d, J = 10.1 Hz, H-1"), 6.89
(1H, d, ] = 8.5 Hz, H-3', 5'), 7.4 (2H, d, ] = 8.5 Hz, H-2/, 6).

4.3.4.. Compound 6. (Dihydrokaempferol): yellow needles;
EIMS, m/z 288 [M]*; HREIMS, m/z 288.0632 [M + H]*
(caled for C;sH,,O¢ 288.0634); 'H NMR (500 MHz,
methanol—d,) & 4.53 (1H, d, ] = 11.6 Hz, H-3), 496 (1H,
d, J = 11.6 Hz, H-2), 5.88 (1H, s, H-6), 5.92 (1H, s, H-8), 6.83
(2H, d, J = 8.6 Hz, H-3', H-5'), 7.34 (2H, d, ] = 8.55 Hz, H-2/,
H-6").

4.3.5.. Compound 7. (Atalantoflavone): Yellow Powder;
ESIMS m/z 337 [M + H]*; HRESIMS m/z 337.1079 [M +
H]* (caled for C,H ;405 336.0998). 'H NMR (500 MHz,
methanol—d,) § 1.47 (6H, s, H-4", 5"), 5.70 (1H, d, J = 10.0§
Hz, H-2"), 6.47 (1H, s, H-6), 6.61 (1H, s, H-3), 6.66 (1H, d, |
=10.1 Hz, H-1"), 691 (2H, d, ] = 8.8 Hz, H-3/, §’), 7.84 (2H,
d, ] = 8.85 Hz, H-2/, ¢').

4.3.6.. Compound 8. (Apigenin): Yellow needles; EIMS, m/
z 271 [M + H]*; HRESIMS, m/z 271.0606 [M + H]" (calcd
for C,;H,,04 270.0528); '"H NMR (500 MHz, DMSO—d,) &
6.18 (1H, d, J = 2.0 Hz, H-6), 6.47 (1H, d, ] = 2.0 Hz, H-8),
6.53 (1H, s, H-3), 6.90 (2H, d, ] = 8.8 Hz, H-3/, 5’), 7.91 (2H,
d, ] = 8.8 Hz, H-2, 6'), 12.95 (1H, s, 5-OH).

4.3.7.. Compound 9. (2'-Hydroxyatalantoflavone): Reddish
gummy solid; FABMS m/z 353 [M + H]*; HRFABMS m/z
353.1006 [M + H]* (caled for C,0H,,04 352.0947). '"H NMR
(500 MHz, acetone—d,) 6 1.40 (3H, s, H-5"), 1.42 (3H, s, H-
4"),5.69 (1H, d, ] = 8 Hz, H-2"), 6.40 (1H, s, H-6), 6.51 (1H,
s, H-5'), 6.56 (1H, s, H-3'), 6.63 (1H, d, ] = 8 Hz, H-1"), 7.05
(1H, s, H-3), 7.8 (1H, s, H-6").

4.3.8.. Compound 10. (Norartocarpetin): Yellowish white
amorphous powder; EIMS, m/z 286 [M]*; HREIMS, m/z
286.0472 [M + H]* (caled for C;sH,,O4 286.0477); "H NMR
(500 MHz, acetone-dg) 6 6.23 (1H, d, ] = 2.1 Hz, H-6), 6.49
(1H, d, J = 2.1 Hz, H-5'), 6.55 (1H, dd, ] = 8.75 Hz, H-3'),
6.61 (1H, d, J = 2.3 Hz, H-8), 7.07 (1H, s, H-3), 7.83 (1H, d, ]
= 8.75 Hz, H-6').

4.3.9.. Compound 11. (Engeletin): White needles; FABMS
m/z 435 [M + H]*; HREABMS m/z 435.1300 [M]* (calcd for
C, H,30,0 434.1213). 'H NMR (500 MHz, acetone—dy) &
1.15 (3H, s, H-6"), 3.37 (1H, s, H-5"), 3.59 (1H, s, H-4"),
3.71 (1H, s, H-3"), 4.01 (1H, s, H-1"), 425 (1H, s, H-2"),
4.67 (1H, d, J = 10.8 Hz, H-3), 5.19 (1H, d, ] = 10.8 Hz, H-2),
5.94 (1H, d, J = 2.05 Hz, H-8), 5.98 (1H, d, ] = 1.5 Hz, H-6),
6.89 (1H, d, ] = 8.5 Hz, H-5'), 6.91 (1H, d, ] = 8.5 Hz, H-3'),
7.40 (1H, d, ] = 8.5 Hz, H-6'), 7.41 (1H, d, ] = 8.5 Hz, H-2').

4.3.10.. Compound 12. (Isoengeletin): White powder;
FABMS m/z 435 [M + H]*; HREABMS m/z 435.1300 [M]*
(caled for C,H,30,, 434.1213). 'H NMR (500 MHz,
acetone—dy) § 0.78 (3H, d, ] = 6.15 Hz, H-6"), 3.02 (1H, s,
H-5"), 3.15 (1H, s, H-4"), 3.44 (1H, s, H-3"), 4.16 (1H,d, ] =
2.46 Hz, H-2"), 449 (1H, dd, ] = 4.49, 14.6 Hz, H-3), 4.74
(1H,s,H-1"),4.79 (1H, dd, ] = 4.29, 14.6 Hz, H-2), 5.92 (1H,
d, J=2.1 Hz, H-8), 5.95 (1H, d, ] = Hz, H-6), 6.74 (1H,d, ] =
2.1 Hz, H-5'), 6.77 (1H, d, ] = 8.61 Hz, H-3'), 7.24 (1H,d, ] =
8.61 Hz, H-6"), 7.27 (1H, d, ] = Hz, H-2').

4.3.11.. Compound 13. (Apigenin-7-O-f-p-glucopyrano-
side): Pale yellow amorphous powder, HRESIMS: m/z
433.1160 [M + H]* (caled. for C,H,,0,, 432.1056). 'H
NMR (500 MHz, DMSO-d) 6 3.26—3.36 (4H, m, H-2" to H-
5"), 3.45 (1H, m, H-6b"), 3.73 (1H, d, J = 10.5 Hz, H-62")
5.06 (1H, d, ] = 7.4 Hz, H-1"), 6.44 (1H, d, ] = 2.0 Hz, H-6),
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6.83 (1H, br s, H-8), 6.85 (1H, s, H-3), 6.93 (2H, d, ] = 8.7
Hz, H-3/,5'), 7.95 (2H, d, ] = 8.6 Hz, H-2/, 6').

4.4.. PTP1B Inhibitory Assay. The inhibitory potential of
compounds (1—13) was evaluated a§ainst PTP1B according to
the previously published literature.”” The human recombinant
PTP1B enzyme (EC 3.1.3.48) was purchased from Enzo Life
Sciences Inc. (Farmingdale, NY, USA). Compounds, including
positive controls, were solubilized in DMSO before being
diluted to the needed concentration. The required buffer was
Tris-HCI (pH 7.5), which was prepared by taking 25 mM Tris,
1 mM EDTA, 2 mM 2-mercaptoethanol, and 1 mM
dithiothreitol. The pH was attained by using HCI. Further,
130 uL buffer, 10 uL of the sample, 40 uL of p-nitrophenyl
phosphate (pNPP, 0.8 mM treated concentration) as a
substrate, and 20 uL of the enzyme (1 pg/mL treated
concentration) were taken in 96-well plate, and the reaction of
succeeding hydrolysis of pNPP was observed for 30 min at 405
nm and 37 °C. After 10 min of incubation, the values were
noted. Half maximal inhibitory concentration (ICs,) was
calculated from the conversion of eq 1.

Activity(%) = 100[1/(1 + ([I]/1C4p))] (1)

4.5.. Enzyme Kinetic Assay. The detailed kinetic study of
PTP1B was evaluated using Lineweaver—Burk and Dixon
plots. The kinetic parameters related to the inhibition
mechanism were derived from various inhibitor and substrate
concentrations by applying steady-state rates. These two
inhibition constants—K; for free enzyme and Kjg for the
enzyme—substrate complex—were derived from secondary
plots of the slopes of the straight lines or vertical intercept (1/
V) Vs inhibitor concentration, respectively. K; and Kig were
derived by applying eqs 2—4.”%

1 K, ) 1 1
— =21+ ==+ —
14 max I<I [S] Vmax (2)
K

Slope = =[] + —

KIVmax Vmax (3)

n 1
Intercept = [+ —
KISVmax Vmax (4)

4.6.. Time-Dependent Assays and Progress Curves.
To learn more about PTP1B’s kinetic and time-dependent
inhibitory parameters, using actual substrate concentration, the
progress curves were obtained at different concentrations of
inhibitors. Any lag (around 10 min) period was excluded while
determining progress curves. The data that give the specific
parameters for each curve; v, (initial velocity), v, (steady-state
velocity), ks, (apparent first-order rate constant for the
transition from v; to v,), A (absorbance at 405 nm), and K; %P
(apparent K;) were calculated by using Sigma plot (SPCC Inc.,
Chicago, IL) conforming to the following eqs 5)—8.2%3%

Pf_ L ity

w4 UEB) ke
[E] kobs (5)
Vo
Y (6)
k, + [I]
kobs = k4 kiappt (7)
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4.7.. Fluorescence Spectra Measurement for Binding
Affinity to PTP1B. The binding affinity of PTP1B was
measured by taking 180 uL of buffer with 10 yL of the enzyme
(concentration was similar to the previous assays) in 96-well
black immuno plates and then 10 uL of different
concentrations of the inhibitor was added. The fluorescence
emission spectra were recorded in a spectrometer with 300—
400 nm, and emission and excitation were 250 nm with slits of
2 nm. The Stern—Volmer constant (Kgy), binding constant
(K,), and number of binding sites (1), which are all quenching
parameters, were calculated using eqs 9 and 10:”

K —F=1+ Kg[Ql; (9)

E - F

log = log K, + nlog [Q];

(10)

where F, and F are the fluorescence intensities in the
absence and presence of a quencher. [Q]; is the concentration
of compounds.

4.8.. Molecular Docking Study. The crystal structure of
PTPIB (PDB ID: 1T49) with a resolution of 1.9 A was
obtained from RCSB Protein Data Bank (www.rcsb.org).*®
Subsequently, the protein was prepared by enabling the Clean
Protein tool accessible in Discovery Studio (DS) v2019. The
water molecules and heteroatoms were removed, and the
protein was minimized employing Minimize and Refine Protein
module available in the DS. For the molecular docking (MD)
study, the three-dimensional (3D) structures of three
inhibitors, compounds 1, 2, and 5 were prepared using
sketching tool (Marvin sketch JS) and the structures were
optimized employing the Avogadro program. For exploring the
binding modes of the three inhibitors withPTP1B, GOLD
Version 5.2.2 (Cambridge Crystallo-graphic Data Center, UK)
that used genetic algorithms was employed.”” Correspond-
ingly, the docking site was defined within 10 A around the
catalytic and allosteric sites with references to the docking
studies as reported previously.”**” During the docking
computations, each ligand was allowed to generate 10
conformations, while retaining the other parameters as default.
The best binding modes of compounds were selected based on
the highest GOLD fitness score.
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