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Protein tyrosine phosphatase 1B (PTP1B) plays important role in diabetes, obesity and cancer. The metha-
nol extract of the gum resin of Garcinia hanburyi (G. hanburyi) showed potent PTP1B inhibition at 10 mg/
ml. The active compounds were identified as prenylated caged xanthones (1–9) which inhibited PTP1B in
dose-dependent manner. Carboxybutenyl group within caged motif (A ring) was found to play a critical
role in enzyme inhibition such as 1–6 (IC50s = 0.47–4.69 mM), whereas compounds having hydrox-
ymethylbutenyl 7 (IC50 = 70.25 mM) and methylbutenyl 8 (IC50 >200 mM) showed less activity. The most
potent inhibitor, gambogic acid 1 (IC50 = 0.47 mM) showed 30-fold more potency than ursolic acid
(IC50 = 15.5 mM), a positive control. In kinetic study, all isolated xanthones behaved as competitive inhi-
bitors which were fully demonstrated with Km, Vmax and Kik/Kiv ratio. It was also proved that inhibitor 1
operated under the enzyme isomerization model having k5 = 0.0751 mM�1 S�1, k6 = 0.0249 mM�1 S�1 and
Ki
app = 0.499 mM. To develop a pharmacophore model, we explored the binding sites of compound 1 and 7

in PTP1B. These modeling results were in agreement with our findings, which revealed that the inhibitory
activities are tightly related to caged motif and prenyl group in A ring.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The yellow gum resin popularly known ‘‘Gamboge” derived
from G. hanburyi is used as important therapeutic agent for wound
healing, pain relief, cure of malignant boils, chronic dermatitis and
treatment of edema.1 This gum resin is secreted by incision of the
stem or by breaking off the shoots of G. hanburyi, as a result of
which exudates oozes out and is collected subsequently. Preny-
lated caged xanthones are the predominant metabolites of this
resin, which are responsible for antitumor, antimicrobial, anti-
viral, analgesic and anti-inflammatory activities.2–4 These caged
xanthones also impart the yellow coloration to gamboge. Major
reports concerning to these xanthones have mainly focused on
their antitumor activities, which might have a deep correlation
with tyrosine phosphorylation level.5,6 Recent approval of various
small molecules which are kinase inhibitors for the treatment of
cancer indicates the importance of phosphorylation of specific pro-
teins.7 Thus we proceeded to examine the PTP1B inhibitory poten-
tial of these metabolites.

Protein tyrosine phosphatases (PTPs) are enzymes that speed
up the de-phosphorylation of protein tyrosine, and play important
role in cellular processes, such as cell proliferation, differentiation
and cell growth.8 Several recent studies have also revealed that
PTPs are involved in different immunological responses, metabolic
activities and cell-matrix interactions.9 PTP1B is among one of
them, which belongs to PTPs enzymes family. Multiple studies
have established its role in different types of cancer, for example
significant overexpression of PTP1B was observed in human breast
cancer.10 Whereas, Tremblay has demonstrated that increased
expression of PTP1B led to tumorigenesis in mice, providing addi-
tional evidence for the use of PTP1B inhibitors for cancer therapy.11

On the other hand this enzyme is also highly expressed in tis-
sues such as liver, fat and muscle, which are highly insulin targeted
tissues.12 PTP1B catalyzes the de-phosphorylation of activated
insulin receptor, resulting in down-regulation of insulin signal-
ing.13 It also negatively regulates leptin signaling and is a causative
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agent of obesity and metabolic disorders.14,15 Moreover, it has been
reported that PTP1B knocked-out mice have resulted in enhanced
insulin sensitivity and high resistance to obesity, which indicates
that PTP1B is the major player in modulation of insulin sensitiv-
ity.16 Thus PTP1B is considered to be a well-validated therapeutic
target for the treatment of type 2 diabetes (T2DM), prevention of
obesity and cancer therapy.17 Moreover PTP1B is a 50 kDa mono-
meric phosphatase, containing 435 amino acids. The N-terminal
domain (amino acids 1–298) includes the catalytic domain which
contains two aryl phosphate-binding sites: cysteine residue
(Cys215) and arginine residues (Arg24 and Arg254), whereas the
C-terminal domain (amino acids 299–435) is rich in proline
residues.18

The aim of current work is to investigate the PTP1B inhibitory
constituents of yellow gum resin of G. hanburyi. Subsequently inhi-
bitory mechanisms and time dependent parameters were fully
characterized by Km, Vmax, Kik/Kiv, k5, k6 and Ki

app. Then we pro-
ceeded to elucidate the critical features for PTP1B inhibition. Fur-
thermore we explored the binding mode of two representative
compounds (1 and 7) at the active sites of the enzyme.
2. Results and discussion

Since few decades it is well known that yellow gum resin of G.
hanburyi has a great potential to suppress abnormal cellular
growth, and exhibit antitumor activity.2–4 But still there is no
specific report which could highlight the effect of this extract on
PTP1B inhibition, which leads to tumor suppression. Thus we
investigated the PTP1B inhibitory effects of the extract and its cor-
responding individual compounds. In preliminary screening,
methanol extract showed 80% inhibition at 10 mg/ml. Activity-
guided fractionation of methanol extract gave nine prenylated
caged xanthones, which were purified over silica gel, octadecyl-
functionalized silica gel and Sephadex LH-20. Isolated compounds
(1–9) were identified as known species such as gambogic acid (1),
moreollic acid (2), morellic acid (3), 10-methoxygambogenic acid
(4), gambogenic acid (5), gambogoic acid (6), morellinol (7), des-
oxymorellin (8), and 10-methoxygambogin (9) through analysis
of spectroscopic data and comparison with previous reports as
shown in Fig. 1.19,20

Among the isolated compounds, we briefly described structural
elucidation of compound 1 that is the most potent one towards
PTP1B with 0.47 mM of IC50. Compound 1 had the molecular for-
mula C38H44O8, and 17 degrees of unsaturation, as deduced from
HREIMS (m/z 628.3036). The extra 6 degrees of unsaturation after
counting C@C and C@O double bonds were ascribed to hexacyclic
skeleton, where two of the cyclic skeletons were responsible to
make the caged structure. The unique methine proton H22 (d
2.49, J = 9.15 Hz) in center of the cage was proved by its strong
COSY connectivity with H21b (d 1.33) and further successive con-
nectivities of H10, H11 and H21a/b. A strong NOESY correlation
between H27 and H29 confirmed a cis configuration of carboxy
group. The location of 1,1-dimethylallyl group on C-17 was
confirmed by HMBC correlation of H-31(d 3.30) with C-17/18
(d 107.5/161.4). The [a]D value was determined to be �606
(c = 0.1, CHCl3), which was higher value than the previous data
([a]D = �510).20 But it is still a mixture of stereoisomer with the
ratio of ca 85:15. This isomerism may be derived from the cycliza-
tion process of geranyl group to form the D ring. Because uncy-
clized compounds 4 and 5 displayed a clear 1H NMR spectra for
single stereoisomer.

The isolated compounds 1–9 were tested for their enzyme inhi-
bitory activities against PTP1B (EC 3.1.3.48). The enzyme activity
was assayed according to a standard literature procedure by
following the hydrolysis of a p-nitrophenyl phosphate (pNPP),
spectrophotometrically.21 As shown in Table 1 and Fig. 1, all preny-
lated caged xanthones displayed significant inhibition against
PTP1B with dose-dependant manner, except compound 8. The
most potent inhibitor, compound 1 (IC50 = 0.47 mM) showed 30-
fold more potency than ursolic acid (IC50 = 15.5 mM), a positive
control (Fig. 2). In fact, compound 1 has unique structural features
having carboxybutenyl group on A ring. Its derivatives (2–6) also
showed significant inhibition against PTP1B with IC50 values of
4.44, 4.69, 0.93, 3.47 and 0.74 mM, respectively. The remarkably
high potency of xanthones (1–6) relative to compounds 7
(IC50 = 70.25 mM) and 8 (IC50 >200 mM) suggested that, carboxy-
butenyl group was responsible for significant inhibitory activity.
Similarly prenyl group on D ring also played important role in
enzyme inhibition; 1 (IC50 = 0.47 mM) vs 3 (IC50 = 4.69 mM), and 6
(IC50 = 0.74 mM) vs 2 (IC50 = 4.44 mM) as shown in Table 1. To set
the importance of these inhibitors in practical context, we
performed a comparative analysis of individual PTP1B inhibitory
xanthones (1–9) within the native resin from G. hanburyi using
LC-DAD-ESI/MS (Supplementary material, S20). We determined
that the most active PTP1B inhibitors (1, 2 and 6) were present
in very high concentration in crude extract.

After that the inhibitory mechanisms displayed by the isolated
xanthones were studied subsequently. During this measurement
the initial velocity (vi) was recorded over a range of inhibitor con-
centrations and the data were analyzed using a nonlinear regres-
sion program. Kinetic behavior at different concentrations of
inhibitor was analyzed using both Lineweaver-Burk and Dixon
plots. Representative plots of the most potent compound 1 are
shown in Fig. 3. A plot was drawn having the initial velocity versus
enzyme concentration at different concentrations of compound 1
(Fig. 3A), where the slope decreased with increasing compound
concentrations, which indicated that compound 1 was reversible
inhibitor. As depicted in Fig. 3B, the inhibition kinetics analyzed
by Lineweaver-Burk plots indicated that compound 1 was compet-
itive inhibitor because increasing inhibitor concentrations resulted
in a family of lines with a common intercept on the y-axis but with
different gradient. Dixon plot allowed the Ki (0.19 mM) of the com-
pound 1 to be calculated as shown (Fig. 3C). All inhibitors mani-
fested similar inhibitory behavior like compound 1 (Table 1 and
Supplementary material, S21–23). For example, typical competi-
tive characteristics were observed for compound 7 having hydro-
xyl functionality as shown in Fig. 4(A and B). Sometimes,
Lineweaver-Burk plot may be a putative decision system to iden-
tify the inhibition type displayed by inhibitors, especially to differ-
entiate between mixed type and competitive inhibition. In this
regard to confirm the competitive behavior, the results were ana-
lyzed by Yang’s method.22 The new kinetic constant Kik and Kiv

can be fit to Eqs. (1) and (2). From the results of the fit, Kik/Kiv ratios
were in the range of 70.98–82.89 (Table 2) which were consistent
with competitive behavior.

Km ¼ Km;0 � ð1þ ½I�=K ikÞ ð1Þ

Vm ¼ Vm;0 � ð1þ ½I�=K ivÞ ð2Þ
Analysis of the time dependence of inhibition was achieved by

measuring initial velocities of the enzyme as a function of preincu-
bation time, using the most potent inhibitor gambogic acid 1. Ini-
tially the enzyme was stable during the whole incubation time in
the absence of substrate. The enzyme was preincubated with inhi-
bitor 1 for duration of 60 min, as a result of which a successive
decrease in activity was recorded as shown in Fig. 5A. This result
proves that gambogic acid 1 inhibited the enzyme in a time depen-
dent manner. Time dependence of the rate of PTP1B catalyzed
hydrolysis was measured in presence of different concentrations
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Fig. 1. Chemical structures of isolated compounds (1–9) from G. Hanburyi.

Table 1
Inhibitory effects of compounds on PTP1B activities.

Compound IC50 value (mM)a Inhibition type (Ki, lM) b

1 0.47 Competitive (0.19)
2 4.44 Competitive (1.75)
3 4.69 Competitive (1.49)
4 0.93 Competitive (0.39)
5 3.47 Competitive (1.21)
6 0.74 Competitive (0.30)
7 70.25 Competitive (29.26)
8 >200 –
9 12.79 Competitive (4.38)
Ursolic acidc 15.5 Not tested

a All compounds were examined in a set of experiments repeated three times;
IC50 values of compounds represent the concentration that caused 50% enzyme
activity loss.

b Values of inhibition constant.
c Ursolic acid is positive control.
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of compound 1 (0, 0.24, 0.47, 0.96 and 1.92 mM). During this mea-
surement both the initial velocity (vi) and the steady-state rate (vs)
in the progress curve were gradually decreased by increasing com-
pound 1 concentrations as shown in Fig. 5B. Simultaneously the
key kinetic parameters such as vi, vs and Kobs were determined
by fitting the progress curves of inhibitor to Eq. (4). This plot pre-
sented the relationship between Kobs and [I], which showed a
hyperbolic pattern. After that the kinetic parameters k5, k6 and Ki-
app, were derived from the plots by fitting the results to Eq. (5),
which displayed the following values: k5 = 0.0751 mM�1 S�1,
k6 = 0.0249 mM�1 S�1, and Ki

app = 0.499 mM. These results indicates
that gambogic acid 1 inhibited PTP1B by rapid formation of an
enzyme substrate complex (E�I) which slowly isomerizes to form
a modified enzyme complex (E⁄�I).
Enzþ I ¢
k3

k4
Enz� I ¢

k5

k6
Enz� þ I

In order to determine the preferred binding sites of compound 1
and compound 7 (Fig. 6A), molecular docking simulation were car-
ried out to human PTP1B. We analyzed docking poses of these inhi-
bitors based on a criterion that their scaffolds show similar binding
mode. In case of compound 1 (IC50 = 0.47 mM), 100 docking poses
were divided into 4 clusters except for 30 poses. A pose with the
highest GOLD fitness score of 62.05 was selected as the best dock-
ing pose from the top cluster including 33 poses. In the case of
compound 7 (IC50 = 70.25 mM), there were 7 clusters excluding
21 poses. The third cluster consisting of 11 poses represented sim-
ilar binding pattern to that of compound 1. A pose with the best
GOLD fitness score of 53.80 was chosen as a representative binding
conformation of compound 7. The docking scores of the inhibitors
are in agreement with the experimental IC50 data.

Structural analysis have revealed that the main scaffold of two
inhibitors (1 and 7) have almost identical binding conformation.
Both ligands were effectively buried within the active site cavity
of PTP1B (Fig. 6B). Similarly in both cases, D ring of the inhibitors
formed van der Waals interactions with D48, V49, A217, I219,
and Q262, and especially contacted with Y46 by means of p-p T-
shaped interaction, where the edge of D ring is positioned perpen-
dicular to the face of the tyrosine ring (Fig. 6C–F). The hydroxyl
group of Y46 was also hydrogen bonded with the hydroxyl group
of C ring. The methylbutenyl group of C ring interacted with
Q262 and T263. Single hydrogen bond was observed between the
carbonyl group of B ring and the ammonium group of K120. A ring
formed hydrogen bonds with the side chains of W179 and R221
through its carbonyl group, and additionally also participated in
Van der Waals contacts with D181 and G183 in the catalytic
WPD-loop. This indicates that the position of A ring would
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preclude closure of the WPD-loop by causing steric clashes
between them. Its closure is crucial for the catalytic reaction of
PTP1B, but the binding of the inhibitors seems to effectively inhibit
the enzymatic activity by maintaining the WPD-loop in the open
conformation. Furthermore, the interaction energies of compound
1 (IC50 = 0.47 mM) and compound 7 (IC50 = 70.25 mM) with PTP1B
were �108.32 kcal/mol and �52.69 kcal/mol, respectively, which
were also consistent with the experimental IC50 data.

The key difference between two inhibitors (1 and 7) in the bind-
ing conformation was the derivativeness of prenyl group in A ring;
Carboxybutenyl group (for 1) and hydroxymethylbutenyl (for 7).
Both groups (Carboxybutenyl and hydroxymethylbutenyl) occu-
pied the phosphate binding pocket, which is the core catalytic site
of the protein (Fig. 7). The Carboxybutenyl group of compound 1
showed three hydrogen bond interactions with the backbone NH
groups of S216, A217, and G218, as well as a salt-bridge interaction
with the guanidinium group of R221 (Fig. 7C). Furthermore, the
Carboxybutenyl group was more stabilized by additional electro-
static attractions with the backbone NH groups of I219, G220,
and R221. On the other hand, the hydroxymethylbutenyl group
of compound 7 formed only two hydrogen bonds with the catalytic
thiol group of C215 and the backbone NH group of S216 (Fig. 7D).
Apart from the weaker electrostatic interactions of compound 7
with the backbone NH groups of A217, G218, I219, and G220 it also
showed lack of the salt-bridge interaction with R221. These differ-
ences significantly weakened the binding of compound 7 com-
pared to compound 1 with the protein. The interaction energies
also clearly showed the compatible results. The Carboxybutenyl
group of compound 1 has much lower value (�55.83 kcal/mol)
than the hydroxymethylbutenyl group of compound 7
(�6.79 kcal/mol). In conclusion, our molecular docking study pro-
vides a successful explanation for the inhibitory activities differ-
ence between compound 1 and compound 7 against PTP1B at
atomic level.

3. Conclusion

In conclusion, we have undertaken a through investigation into
PTP1B inhibition of the important natural source, Gamboge. The
principal components were identified as prenylated caged xan-
thones that showed competitive behavior that was fully character-
ized with kinetic parameters Km, Vmax, Kik and Kiv. Especially
compound 1 operated under the enzyme isomerization model
having k5 = 0.0751 mM�1 S�1, k6 = 0.0249 mM�1 S�1 and Ki

app =
0.499 mM. Furthermore modeling results were also consistent with
our findings, which revealed that the inhibitory activities are
tightly related to caged motif and prenyl group in A ring.

4. Materials and methods

4.1. Chemical and instruments

1D and 2D NMR spectra (1H, 13C, HMBC, COSY and NOESY) were
recorded on a Bruker (AM 500 MHz) spectrometer (Billerica, MA),
using CDCl3, as solvent and tetramethylsilane (TMS) as an internal
standard. Electron ionization (EI) and EI high resolution (HR) mass
spectra were obtained on a JEOL JMS-700 instrument (JEOL, Tokyo,
Japan). Optical rotations were measured on a Perkin-Elmer 343
polarimeter (Perkin-Elmer, Bridgeport, USA). Column chromatog-
raphy was performed using silica gel (230–400 mesh; Merck Co.,
Darmstadt, Germany), YMC-gel ODS-A (S-75 mm; YMC), and Sepha-
dex LH-20 (GE healthcare Bio-Science AB, Uppsala, Sweden). Enzy-
matic assays were carried out on a SpectraMaxM3 Multi-Mode
Microplate Reader (Molecular Devise, USA). All other chemicals
were of analytical grade. G. hanburyi (approximately 250 g) was
purchased from Haozhou Hongda Herbal Medicine Technology
Ltd Company, China.

4.2. Extraction and isolation

The powder resin (50 g) of G. hanburyl was extracted using
methanol (3 � 3L) at room temperature to give crude extract
(36.5 g). The MeOH extract (15 g) was subjected to column
chromatography (CC) on silica gel (10 � 50 cm, 230–400 mesh,
850 g) using a hexane to ethylacetate gradient (20:1–1:2) to give
9 fractions (A–I). Fraction C (2.3 g) was fractionated via Medium
Pressure Liquid Chromatography (MPLC) using a C18 column
(20–40 mm, 250 g) with elution using a gradient of increasing
MeOH (0–100%) in H2O and 20 mL/min flow rate to afford 80
subfractions (B1–B80). Subfractions B 20–32 (450 mg) enriched
compounds (1, 8 and 9) were further repeated chromatographed
over a Sephadex LH-20 column using MeOH-H2O (90:10) to afford
compound 1 (48 mg), 8 (12 mg) and 9 (15 mg). Subfractions B
33–40 (390 mg) were further purified over C18 column (50 g) with
elution using MeOH-H2O (80:20) to afford compound 6 (120 mg).
Fraction E (1.7 g) was fractionated via MPLC using a C18 column
(120 g) with elution using a gradient of increasing MeOH
(0–100%) in H2O and 20 mL/min flow rate to afford 50 subfractions
(C1–C50). Subfraction C15–25 (410 mg) enriched compounds 4
and 5 were further chromatographed over a Sephadex LH-20
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Table 2
Effect of different concentrations of compound 1 on Vmax, Km, and the Kik to Kiv ratio
using pNPP as a substrate. Vmax and Km values were calculated according to
Lineweaver-Burk from the data shown in Fig. 3. Kik/Kiv ratio was calculated according
to Yang et al.

Inhibitor (1) Substrate (pNPP)

[I] mM Vmax Km Kik/Kiv

0 11.95 0.95 //
12.4 12.57 4.46 70.98
24.8 12.95 6.84 74.24
49.6 13.73 12.65 82.89
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column using MeOH-H2O (90:10) to afford compound 4 (9 mg) and
5 (11 mg). Fraction F (2.6 g) was fractionated via MPLC using a C18
column (120 g) with elution using a gradient of increasing MeOH
(0–100%) in H2O and 20 mL/min flow rate to afford 50 subfractions
(D1–D50). Subfraction D9–18 (640 mg) enriched compounds (2, 3
and 7) were further purified by a C18 column and Sephadex LH-
20 column subsequently to give compound 2 (23 mg), 3 (8 mg)
and 7 (9 mg). All isolated compounds were identified by compar-
ison to previously reported spectroscopic data (Supplementary
material, S1–19).
Compound 1: yellow gum; HREIMS[M]+ 628.3036 (calcd for
C38H44O8 628.3036), [a]D = �606.3 (c = 0.1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 1.28 (3H, s, H-24), 1.33 (1H, m, H-21b), 1.35
(3H, s, H-19), 1.54 (3H, s, H-40), 1.56 (3H, s, H-35), 1.58 (3H, s,
H-39), 1.62 (3H, s, H-25), 1.64 (3H, s, H-34), 1.69 (1H, m, H-20),
1.70 (3H, s, H-29), 1.72 (1H, m, H-36), 1.73 (1H, m, H-20), 1.99
(1H, m, H-36), 2.31 (1H, m, H-21a), 2.49 (1H, d, J = 9.15 Hz,
H-22), 2.97 (2H, d, J = 7.30 Hz, H-26), 3.12 (1H, m, H-31), 3.30
(1H, m, H-31), 3.48 (1H, m, H-11), 5.02 (1H, m, H-32), 5.09 (1H,
t, J = 14.05, 7.00 Hz, H-37), 5.34 (1H, d, J = 10.15 Hz, H-3), 6.10
(1H, t, J = 13.85, 7.45 Hz, H-27), 6.56 (1H, d, J = 10.10 Hz, H-4),
7.53 (1H, d, J = 6.75 Hz, H-10). 13C NMR (125 MHz, CDCl3) d
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inactivation of PTP1B by compound 1 (d: 0, s: 0.24, .0.47, 4: 0.96, j: 1.92 mM). Inset: Plot of Kobs as a function of inhibitor 1 concentration.
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203.36 (C-12), 178.86 (C-8), 171.25 (C-30), 161.46 (C-18), 157.54
(C-6), 157.35 (C-16), 138.32 (C-27), 135.30 (C-10), 133.35 (C-9),
131.76 (C-38), 131.48 (C-33), 127.62 (C-28), 124.44 (C-3), 123.86
(C-37), 122.27 (C-32), 115.88 (C-4), 107.57 (C-17), 102.71 (C-5),
100.43 (C-7), 90.93 (C-14), 83.85 (C-13), 83.82 (C-23), 81.26 (C-
2), 49.01 (C-22), 46.80 (C-11), 41.97 (C-20), 29.87 (C-25), 29.27
(C-24), 28.86 (C-26), 27.67 (C-19), 25.66 (C-39), 25.64 (C-35),
25.18 (C-21), 22.73 (C-36), 21.61 (C-31), 20.72 (C-29), 18.07 (C-
34), 17.62 (C-40).

Compound 2: yellow gum; HREIMS[M]+ 592.2672 (calcd for
C34H40O9 592.2672), [a]D = �98.8 (c = 0.1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 1.14 (3H, s, H-24), 1.35 (3H, s, H-25), 1.38
(1H, m, H-21b), 1.39 (3H, s, H-19), 1.45 (3H, s, H-20), 1.62 (3H, s,
H-35), 1.73 (3H, s, H-34), 1.93 (3H, s, H-29), 1.94 (1H, m, H-21a),
2.48 (1H, d, J = 8.40 Hz, H-22), 2.82 (1H, t, J = 10.20, 5.20 Hz, H-
11), 3.15 (2H, m, H-26), 3.19 (1H, br s, H-9), 3.26 (2H, m, H-31),
3.30 (3H, s, -OCH3), 4.33 (1H, d, J = 4.35 Hz, H-10), 5.01 (1H, t,
J = 12.85, 6.35 Hz, H-32), 5.49 (1H, d, J = 10.00 Hz, H-3), 6.60 (1H,
d, J = 10.00 Hz, H-4), 6.65 (1H, t, J = 12.55, 6.25 Hz, H-27). 13C
NMR (125 MHz, CDCl3) d 208.64 (C-12), 193.80 (C-8), 171.54 (C-
30), 160.91 (C-18), 156.36 (C-16), 155.65 (C-6), 138.32 (C-27),
131.19 (C-33), 127.25 (C-28), 126.33 (C-3), 122.54 (C-32), 115.28
(C-4), 109.11 (C-17), 103.03 (C-5), 101.88 (C-7), 88.42 (C-14),
86.34 (C-13), 82.23 (C-23), 78.43 (C-2), 73.96 (C-10), 55.82
(OCH3), 47.90 (C-9), 43.88 (C-22), 43.48 (C-11), 29.72 (C-25),
28.56 (C-24), 28.20 (C-26), 27.96 (C-19), 27.21 (C-21), 25.64 (C-
35), 21.51 (C-30), 20.59 (C-31), 19.95 (C-29), 18.06 (C-34).

Compound 3: yellow gum; HREIMS[M]+ 560.2410 (calcd for
C33H36O8 560.2410), [a]D = �186.4 (c = 0.1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 1.28 (3H, s, H-24), 1.37 (3H, s, H-25), 1.39
(1H, br s, H-21b), 1.63 (3H, s, H-19), 1.70 (3H, s, H-20), 1.72 (3H,
s, H-35), 1.73 (3H, s, H-34), 2.32 (1H, m, H-21a), 2.51 (1H, d,
J = 9.30 Hz, H-22), 2.98 (2H, m, H-26), 3.10 (1H, m, H-31), 3.30
(1H, m, H-31), 3.47 (1H, t, J = 11.25, 6.30 Hz, H-11), 5.02 (1H, t,
J = 12.60, 6.05 Hz, H-32), 5.42 (1H, d, J = 9.95 Hz, H-3), 6.07 (1H, t,
J = 14.30, 7.25 Hz, H-27), 6.52 (1H, d, J = 9.95 Hz, H-4), 7.53 (1H,
d, J = 6.90 Hz, H-10). 13C NMR (125 MHz, CDCl3) d 203.43 (C-12),
178.96 (C-8), 171.45 (C-30), 161.12 (C-18), 157.63 (C-6), 157.22
(C-16), 138.04 (C-27), 135.36 (C-10), 133.32 (C-9), 131.48 (C-33),
127.79 (C-28), 125.99 (C-3), 122.12 (C-32), 115.39 (C-4), 108.01
(C-17), 103.14 (C-5), 100.52 (C-7), 90.89 (C-14), 83.85 (C-13),
83.81 (C-23), 78.57 (C-2), 48.99 (C-22), 46.80 (C-11), 29.90 (C-
25), 29.26 (C-24), 28.87 (C-26), 28.46 (C-19), 28.23 (C-20), 25.77
(C-35), 25.16 (C-21), 21.61 (C-31), 20.74 (C-29), 18.13 (C-34).

Compound 4: yellow gum; HREIMS[M]+ 662.3449 (calcd for
C39H50O9 662.3455), [a]D = �181.2 (c = 0.1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 1.14 (3H, s, H-24), 1.34 (3H, s, H-25), 1.39
(1H, m, H-21b), 1.40 (3H, s, H-19), 1.58 (3H, s, H-39), 1.65 (3H, s,
H-40), 1.72 (3H, s, H-34), 1.79 (3H, s, H-35), 1.93 (3H, s, H-29),
2.00 (1H, m, H-21a), 2.03 (2H, m, H-20), 2.08 (2H, m, H-36), 2.47



Fig. 6. Molecular docking of compound 1 and compound 7 to PTP1B. (A) 3D structure and (B) Aligned binding conformations of two inhibitors. Binding conformations of (C)
compound 1 and (D) compound 7 in the active site. Key residues interacting with the inhibitor are displayed as thin stick models in gray. Hydrogen bond and salt-bridge
interactions are denoted by green and orange dashed lines. 2D diagrams of molecular interactions for (E) compound 1 and (F) compound 7. Green, orange, violet, and gray
colors represent hydrogen bond, salt-bridge, p-p T-shaped, and van der Waals interactions, respectively.
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(1H, d, J = 8.55 Hz, H-22), 2.83 (1H, t, J = 10.35, 5.40 Hz, H-11), 3.18
(2H, m, H-26), 3.22 (1H, m, H-9), 3.30 (3H, s, OCH3), 3.31 (2H, br s,
H-31), 3.32 (2H, m, H-4), 4.34 (1H, d, J = 4.55 Hz, H-10), 5.06 (1H, t,
J = 13.70, 6.80 Hz, H-32), 5.10 (H, t, J = 13.70, 6.60 Hz, H-37), 5.22
(1H, t, J = 13.50, 7.25 Hz, H-3), 6.62 (H, t, J = 13.95, 7.50 Hz, H-27).
13C NMR (125 MHz, CDCl3) d 208.55 (C-12), 193.83 (C-8), 172.39
(C-30), 163.31 (C-18), 159.33 (C-6), 153.94 (C-16), 139.81 (C-27),
137.63 (C-19), 135.61 (C-33), 131.63 (C-38), 126.93 (C-28),
124.03 (C-37), 121.56 (C-3), 121.50 (C-32), 108.29 (C-5), 106.40
(C-17), 102.00 (C-7), 88.32 (C-14), 86.38 (C-13), 82.23 (C-23),
74.03 (C-10), 55.78 (OCH3), 47.84 (C-9), 43.83 (C-11), 43.31 (C-
22), 39.75 (C-20), 29.65 (C-25), 27.86 (C-24), 27.20 (C-26), 26.50
(C-36), 25.76 (C-39), 25.68 (C-35), 21.94 (C-21), 21.18 (C-31),
20.59 (C-4), 19.93 (C-29), 18.01 (C-34), 17.68 (C-40), 16.20 (C-19).

Compound 5: yellow gum; HREIMS[M]+ 630.3193 (calcd for
C38H46O8 630.3193), [a]D = �120.1 (c = 0.1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 1.28 (3H, s, H-24), 1.35 (1H, m, H-21b), 1.58
(3H, s, H-39), 1.66 (3H, s, H-29), 1.67 (3H, s, H-35), 1.68 (3H, s,
H-34), 1.71 (3H, s, H-40), 1.73 (3H, s, H-25), 1.76 (3H, s, H-19),
2.04 (2H, m, H-20), 2.07 (2H, m, H-36), 2.33 (1H, m, H-21a), 2.49
(1H, m, H-22), 2.90 (1H, br s, H-26), 3.09 (1H, br s, H-26), 3.31
(2H, m, H-4), 3.32 (2H, m, H-31), 3.48 (1H, m, H-11), 5.05 (1H, br
s, H-32), 5.09 (1H, br s, H-37), 5.20 (1H, br s, H-3), 5.85 (1H, s,
J = 13.00, 6.00 Hz, H-27), 7.53 (1H, d, J = 6.90 Hz, H-10). 13C NMR
(125 MHz, CDCl3) d 203.34 (C-12), 180.28 (C-8), 170.84 (C-30),
163.63 (C-18), 160.38 (C-6), 155.92 (C-16), 141.26 (C-27), 139.05
(C-2), 135.14 (C-10), 133.84 (C-33), 133.59 (C-9), 131.88 (C-38),
128.50 (C-28), 123.88 (C-37), 121.99 (C-32), 121.39 (C-3), 107.54
(C-17), 106.50 (C-5), 100.72 (C-7), 90.49 (C-14), 83.91 (C-23),
82.46 (C-13), 48.97 (C-22), 46.92 (C-11), 39.71 (C-20), 29.84 (C-
25), 29.51 (C-24), 28.92 (C-26), 26.42 (C-36), 25.71 (C-39), 25.68
(C-35), 25.24 (C-21), 22.08 (C-31), 21.14 (C-4), 20.73 (C-29),
18.00 (C-34), 17.69 (C-40), 16.19 (C-19).

Compound 6: yellow gum; HREIMS[M]+ 660.3295 (calcd for
C39H48O9 630.3298), [a]D = �108.0 (c = 0.1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 1.14 (3H, s, H-24), 1.35 (1H, m, H-21b), 1.36
(3H, s, H-25), 1.39 (3H, s, H-19), 1.56 (3H, s, H-39), 1.61 (3H, s,
H-35), 1.65 (3H, s, H-40), 1.72 (3H, s, H-34), 1.94 (3H, s, H-29),
1.95 (1H, m, H-21a), 2.02 (2H, m, H-20), 2.08 (2H, m, H-36), 2.49
(1H, m, H-22), 2.82 (1H, m, H-11), 3.17 (1H, br s, H-26), 3.18 (1H,
br s, H-9), 3.25 (1H, m, H-31), 3.30 (3H, s, OCH3), 4.33 (1H, d,
J = 3.90 Hz, H-10), 5.02 (1H, t, J = 13.75, 7.10 Hz, H-32), 5.09



Fig. 7. Key differences in molecular interactions of compound 1 and compound 7 with PTP1B. Comparative interactions between (A) the methylpentenyl group of compound
1 and (B) the methyl group of compound 7, as well as (C) the carboxybutenyl group of compound 1 and (D) the hydroxymethylbutenyl group of compound 7 with the active
site. Residues interacting with a part of the inhibitor are drawn as thin stick models, the inhibitors are represented by thick stick models. Hydrogen bond and salt-bridge
interactions are denoted by green and orange dashed lines.
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(1H, t, J = 12.20, 5.90 Hz, H-37), 5.44 (1H, m, H-3), 6.64 (1H, d,
J = 10.10 Hz, H-4), 6.69 (1H, t, J = 12.25, 6.05 Hz, H-27). 13C NMR
(125 MHz, CDCl3) d 208.67 (C-12), 193.74 (C-8), 172.96 (C-30),
161.15 (C-18), 156.34 (C-16), 155.73 (C-6), 140.37 (C-27), 131.87
(C-38), 131.18 (C-33), 126.74 (C-3), 124.99 (C-37), 123.87 (C-28),
122.56 (C-32), 115.92 (C-4), 108.77 (C-17), 102.76 (C-5), 101.76
(C-7), 88.40 (C-14), 86.24 (C-13), 82.13 (C-23), 80.94 (C-2), 73.96
(C-10), 55.79 (OCH3), 47.85 (C-9), 43.90 (C-22), 43.50 (C-11),
41.83 (C-20), 29.73 (C-25), 28.03 (C-19), 27.72 (C-26), 27.17 (C-
24), 25.67 (C-39), 25.60 (C-35), 22.88 (C-36), 21.52 (C-31), 20.51
(C-29), 19.96 (C-21), 18.06 (C-34), 17.60 (C-40).

Compound 7: yellow gum; HREIMS[M]+ 546.2618 (calcd for
C33H38O7 546.2618), [a]D = �174.1 (c = 0.1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 1.05 (3H, s, H-29), 1.25 (3H, s, H-25), 1.29
(3H, s, H-19), 1.33 (1H, m, H-21b), 1.44 (3H, s, H-20), 1.67 (3H, s,
H-35), 1.71 (3H, s, H-24), 1.77 (3H, s, H-34), 2.33 (1H, m, H-21a),
2.49 (1H, d, J = 9.35 Hz, H-22), 2.63 (2H, d, J = 7.75 Hz, H-26), 3.33
(2H, m, H-31), 3.52 (2H, m, H-30), 3.64 (1H, m, H-11), 4.77 (1H,
t, J = 15.10, 8.25 Hz, H-32), 5.22 (1H, t, J = 12.85, 7.5 Hz, H-27),
5.52 (1H, d, J = 9.95 Hz, H-3), 6.62 (1H, d, J = 9.95 Hz, H-4), 7.45
(1H, d, J = 6.95 Hz, H-10). 13C NMR (125 MHz, CDCl3) d 203.24 (C-
12), 180.30 (C-8), 161.04 (C-18), 157.74 (C-16), 157.37 (C-6),
137.99 (C-27), 134.36 (C-10), 133.84 (C-9), 131.85 (C-33), 126.30
(C-3), 121.95 (C-28), 118.19 (C-32), 115.49 (C-4), 108.44 (C-17),
103.09 (C-5), 100.70 (C-7), 90.50 (C-14), 84.56 (C-13), 83.43 (C-
23), 78.65 (C-2), 67.83 (C-29), 49.10 (C-22), 47.18 (C-11), 30.15
(C-25), 29.70 (C-26), 29.02 (C-24), 28.36 (C-20), 25.78 (C-35),
25.33 (C-21), 21.63 (C-29), 18.18 (C-31), 12.57 (C-34).

Compound 8: yellow gum; HREIMS[M]+ 530.2665 (calcd for
C33H38O6 530.2668), [a]D = �326.0 (c = 0.1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 1.03 (3H, s, H-30), 1.25 (3H, s, H-19), 1.28
(3H, s, H-25), 1.37 (1H, m, H-21b), 1.44 (3H, s, H-29), 1.67 (3H, s,
H-35), 1.71 (3H, s, H-24), 1.77 (3H, s, H-34), 2.33 (1H, m, H-21a),
2.47 (1H, d, J = 9.30 Hz, H-22), 2.57 (2H, m, H-26), 3.30 (2H, m,
H-31), 3.48 (1H, t, J = 10.10, 6.00 Hz, H-11), 4.43 (1H, br s, H-32),
5.22 (1H, br s, H-27), 5.51 (1H, d, J = 9.95 Hz, H-3), 6.65 (1H, d,
J = 9.90 Hz, H-4), 7.43 (1H, d, J = 6.75 Hz, H-10). 13C NMR
(125 MHz, CDCl3) d 203.53 (C-12), 179.60 (C-8), 160.59 (C-18),
157.81 (C-16), 157.50 (C-6), 134.97 (C-10), 133.77 (C-9), 131.66
(C-33), 126.17 (C-3), 122.14 (C-28), 117.90 (C-32), 115.61 (C-4),
108.28 (C-17), 102.98 (C-5), 100.62 (C-7), 90.51 (C-14), 84.65 (C-
13), 83.21 (C-23), 78.43 (C-2), 49.18 (C-22), 46.96 (C-11), 30.14
(C-25), 29.71 (C-24), 29.09 (C-26), 28.81 (C-19), 28.30 (C-20),
25.78 (C-35), 25.59 (C-30), 25.47 (C-21), 21.66 (C-31), 18.20 (C-
29), 16.71 (C-34).

Compound 9: yellow gum; HREIMS[M]+ 628.3400 (calcd for
C39H48O7 628.3400), [a]D = �155.6 (c = 0.1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 1.14 (3H, s, H-24), 1.35 (3H, s, H-25), 1.36
(3H, s, H-19), 1.39 (1H, m, H-21b), 1.56 (3H, s, H-40), 1.61 (3H,
s, H-35), 1.65 (3H, s, H-39), 1.72 (3H, s, H-34), 1.94 (3H, s,
H-29), 1.95 (1H, m, H-21a), 2.02 (2H, m, H-20), 2.08 (2H, m,
H-36), 2.49 (1H, m, H-22), 2.82 (1H, t, J = 9.85, 4.95 Hz, H-11),
3.17 (1H, m, H-26), 3.18 (1H, br s, H-9), 3.25 (1H, m, H-31),
3.30 (3H, s, OCH3), 4.33 (1H, d, J = 3.90 Hz, H-10), 5.02 (1H, t,
J = 13.75, 7.10 Hz, H-37), 5.09 (1H, t, J = 12.20, 5.90 Hz, H-32),
5.44 (1H, m, H-3), 6.64 (1H, t, J = 12.25, 6.05 Hz, H-27), 6.69(1H,
d, J = 10.10 Hz, H-4). 13C NMR (125 MHz, CDCl3) d 208.67 (C-12),
193.74 (C-8), 161.15 (C-18), 156.34 (C-16), 155.73 (C-6), 140.37
(C-27), 131.87 (C-38), 131.18 (C-33), 126.74 (C-3), 124.99 (C-
37), 123.87 (C-28), 122.56 (C-32), 115.92 (C-4), 108.77 (C-17),
102.76 (C-5), 101.76 (C-7), 88.40 (C-14), 86.24 (C-13), 82.13 (C-
23), 80.94 (C-2), 73.96 (C-10), 55.79 (OCH3), 47.85 (C-9), 43.90
(C-22), 43.50 (C-11), 41.83 (C-20), 29.73 (C-25), 28.03 (C-26),
27.72 (C-24), 27.17 (C-19), 25.67 (C-39), 25.60 (C-35), 22.88 (C-
21), 21.52 (C-36), 20.51 (C-31), 19.96 (C-29), 18.06 (C-34), 17.60
(C-40).
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4.3. PTP1B assays

PTP1B (human, recombinant) was purchased from Enzo Life
Sciences. Enzyme activity was measured using p-nitrophenyl
phosphate (pNPP) as substrate at 405 nm. Buffer solution was
composed of 25 mM Tris-HCl (pH 7.5), 1 mM EDTA, 2 mM
b-mercaptoethanol and 1 mM dithiothreitol. The assay was carried
out as follows:21 20 mL of enzyme (1 mg/mL) was added to 10 mL of
sample solution (DMSO) and 40 mL of 4 mM pNPP in 130 mL of buf-
fer in 96 well plate. The reaction mixture was incubated for 10 min
at 37 �C. The reaction was quantified spectrometrically on a Spec-
tra Max M3 multi-mode microplate reader for 30 min at 37 �C. The
inhibitory effects of the tested compounds were expressed as the
concentration that inhibited 50% of the enzyme activity (IC50).
The percent inhibition ratio (percent) was calculated according to
the following Eq. (3):23

Activityð%Þ ¼ 100½1=ð1þ ð½I�=IC50ÞÞ� ð3Þ
4.4. Time-dependent assays and progress curves

All reactions were carried out using p-nitrophenyl phosphate as
a substrate in 25 mM Tris-HCl (pH 7.5) at 37 �C. Enzyme activities
were measured continuously for 10 min using a UV spectropho-
tometer. To determine the kinetic parameters associated with time
dependent inhibition of PTP1B, progress curves with 20 data
points, recorded typically at 30 s intervals, were obtained at sev-
eral inhibitor concentrations, using fixed substrate concentration.
Any lag period was excluded for the determination of progress
curves. The data were analyzed using the nonlinear regression pro-
gram [Sigma Plot (SPCC Inc., Chicago, IL)] to give the individual
parameters for each curve; vi (initial velocity), vs (steady-state
velocity), kobs (apparent first-order rate constant for the transition
from vi to vs), A (absorbance at 405 nm), and Ki

app (apparent Ki)
according to Eqs. (4) and (5):24–26

A ¼ vstþ ðv i � vsÞ½1� expð�kobstÞ�=kobs� ð4Þ

Kobs ¼ k6 þ ½ðk5 � ½I�Þ=ðKapp
i þ ½I�Þ� ð5Þ
4.5. Molecular docking calculation

Molecular docking simulation of two repetitive inhibitors, com-
pound 1 and compound 7, to human PTP1B were performed by
GOLD Suite 5.2.2 (the Cambridge Crystallographic Data Center,
UK). PTP1B X-ray crystal structure at 1.5 Å resolution (PDB ID:
2CM2) was taken from RCSB Protein Data Bank (www.rcsb.org).27

The structure was protonated at pH 7 using Clean Protein tool in
Discovery Studio (DS) 2017 (BIOVIA, San Diego, CA). The 3D struc-
tures of the inhibitors were prepared through Sketching tool, and
then energy minimization with CHARMm force field was carried
out using smart minimizer algorithm with RMS gradient of
0.01 kcal/(mol�Å) in Minimization protocol. The Generalized Born
with Molecular Volume (GBMV) method was used for implicit sol-
vent model. All residues within 20 Å from the sulfur atom of the
catalytic cysteine residue (C215) were defined as a docking site.
The number of docking runs was set to 100 for each inhibitor. All
other parameters were set as default. Energy minimization for
the protein in complex with the inhibitor was then conducted to
remove energetically unfavorable contacts with the same parame-
ters as mentioned above. The interaction energies between the
enzyme and two inhibitors were calculated with implicit dis-
tance-dependent dielectrics using Calculate Interaction Energy
protocol.
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