
Interaction and Inhibition of a Ganoderma lucidum Proteoglycan on
PTP1B Activity for Anti-diabetes
Fanzhen Yu, Yingxin Wang, Yilong Teng, Shutong Yang, Yanming He, Zeng Zhang, Hongjie Yang,*
Chuan-Fan Ding,* and Ping Zhou*

Cite This: ACS Omega 2021, 6, 29804−29813 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Protein tyrosine phosphatase 1B (PTP1B) is a key
negative regulator of insulin and an effective target for the treatment
of type 2 diabetes (T2D). A natural hyperbranched proteoglycan
extracted from Ganoderma lucidum, namely, Fudan-Yueyang G.
Lucidum (FYGL), was demonstrated capable of inhibiting the activity
of PTP1B. Here, to identify the effective active components of FYGL,
three different components, the polysaccharide FYGL-1, proteogly-
cans FYGL-2, and FYGL-3, were isolated from FYGL, and then, the
protein moiety of FYGL-3 was further separated, namely, FYGL-3-P.
Their abilities to enhance the glucose uptake in cells and inhibit the
activity of PTP1B were compared. The inhibitory mechanisms were
systematically explored by spectroscopic methods and MD
simulations. The results showed that FYGL-3 and FYGL-3-P
significantly enhanced the insulin-provoked glucose uptake in
insulin-resistant HepG2 cells, detected by the glucose oxidase method. Also, the FYGL-3-P protein moiety in FYGL played an
essential role in inhibiting the activity of PTP1B. A strong, enthalpy-driven, and multitargeted interaction by electrostatic forces
between PTP1B and FYGL-3-P dramatically inhibited the catalytic activity of PTP1B. These results provided deep insights into the
molecular mechanisms of FYGL inhibiting the activity of PTP1B and structurally helped researchers seek natural PTP1B inhibitors.

■ INTRODUCTION

Protein tyrosine phosphatase 1B (PTP1B) is a key regulator
regulating and dephosphorylating insulin receptors.1,2 The
overexpression of PTP1B can inhibit the signaling cascades of
the insulin receptor, leading to insulin resistance and type 2
diabetes (T2D).1 Therefore, PTP1B is considered an effective
target for ameliorating insulin resistance and T2D.
Ganoderma lucidum is a basidiomycete fungus that has been

widely used for immunomodulation3 and antitumour4 in Asia
and also has been used to prevent T2D.5,6 Hassan et al.
reported that G. lucidum could ameliorate diabetic nephrop-
athy via a down-regulatory effect on TGFbeta-1 and TLR-4/
NFkappaB signaling pathways.7 In our lab, a proteoglycan was
extracted previously from the G. lucidum fruit body, namely,
Fudan-Yueyang G. Lucidum (FYGL).8 Approximately 1%
FYGL can be extracted from dried raw materials, and it has
been demonstrated that it could inhibit the catalytic activity of
PTP1B and decrease the plasma glucose value and then
prevent T2D in vivo.8 Furthermore, three main fractions were
isolated from FYGL: the heteropolysaccharide FYGL-1, the
proteoglycan FYGL-2, and the highly branched proteoglycan
FYGL-3, with molecular weights of 78, 61, and 100 kD,
respectively.9 FYGL-2 contains 85 ± 2% heteropolysaccharide

and FYGL-3 contains 82 ± 2% highly branched hetero-
polysaccharide.9−11 The dominant repeating units of the
polysaccharide moieties of FYGL-1, FYGL-2, and FYGL-3 are
shown in Figure 1A−C, respectively, characterized by chemical
analysis, mass spectroscopy, and NMR spectroscopy.9,11 The
sequences of the protein moieties of FYGL-2 and FYGL-3 are
shown in Figure 1D,E, respectively, characterized by mass
spectroscopy, and their structures are shown in Figure 1F,G,
respectively, predicted by the Iterative Threading ASSEmbly
Refinement (I-TASSER) approach12−14 (being submitted
results).
Despite the good efficacy of FYGL in treating T2D in vivo,

the effective active components and the mechanisms of FYGL
inhibiting PTP1B activity remained unclear. In this work, to
determine the most effective component in FYGL inhibiting
the catalytic activity of PTP1B and to understand the key
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Figure 1. Structures of polysaccharide components of (A) FYGL-1, (B) FYGL-2, and (C) FYGL-3. Sequences of the protein moieties of (D) FYGL-
2 and (E) FYGL-3. Predicted structures of the protein moieties of (F) FYGL-2 and (G) FYGL-3. p: pyranose; f: furanose; Thr: threonine; Ser:
serine. The acidic amino acids Asp and Glu are marked in green and purple, respectively.
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functional mechanisms, the insulin-provoked glucose uptake
influenced by FYGL-1, FYGL-2, FYGL-3, and FYGL-3-P, a
protein moiety separated from FYGL-3, were investigated in
insulin-resistant HepG2 cells. Moreover, the inhibitory effects
of different components of FYGL against PTP1B activity were
compared. Furthermore, interactions between PTP1B and
polysaccharide or protein moieties of FYGL were investigated
in depth to reveal the structure/efficacy relationship of FYGL
on inhibiting PTP1B activity both experimentally and
theoretically.

■ RESULTS AND DISCUSSION
Effect of Different Components of FYGL on HepG2

Cell Viability. Before comparing the effects of different
components of FYGL on ameliorating insulin resistance in
HepG2, their effects on HepG2 cell viability were tested first.
As shown in Figure 2, the cell viability of HepG2 was hardly

affected by FYGL-1 at a concentration range from 100 to 800
μg/mL. The cell viability was not significantly changed by
FYGL-2 and FYGL-3 at a concentration lower than 400 μg/mL
and by FYGL-3-P at a concentration lower than 200 μg/mL.
These results indicated that the FYGL-1 polysaccharide was
safe for HepG2 in a wide concentration range, while the
protein or the proteoglycan moieties of FYGL were safe for
HepG2 at a relatively low concentration.
The insulin-resistant state of HepG2 was built by trans-

fecting the PTP1B plasmid into the cells, where PTP1B was
over-expressed. As shown in Figure 3, the glucose intake of
HepG2 treated with insulin was dramatically decreased after
the PTP1B plasmid was transferred into the cells, indicating
that the cells were resistant to insulin.
The glucose intake of HepG2 was significantly increased

with the treatments of 100 μg/mL FYGL-2, FYGL-3, and
FYGL-3-P, where the effects of FYGL-3 and FYGL-3-P were
more significant than that of FYGL-2. However, although the
glucose intake in the FYGL-1 group was slightly higher than
that in the control group, there was no significant difference
between them. These results indicated that proteoglycan
components of FYGL were more effective in increasing insulin
sensitivity in HepG2 cells than the polysaccharide component,
suggesting that the protein moieties of FYGL played key roles
in inhibiting PTP1B and ameliorating insulin resistance. The

effects of different components of FYGL on inhibiting PTP1B
will be further explored on a molecular basis in the following.

Effects of Different Components of FYGL on
Inhibiting PTP1B Activity. Normally, the hydrolysis rate of
p-nitrophenol phosphate (pNPP) catalyzed by PTP1B depends
on the concentration of pNPP and the catalytic activity of
PTP1B. Therefore, the catalytic activity of PTP1B can be
evaluated accurately only when there is excessive pNPP. As
shown in Figure 4A, the relative hydrolysis rate of pNPP,
expressed by the slope of the curve, remained constant within
15 min only at 5.0 mM pNPP and 12.5 μg/mL PTP1B,
indicating that the substrate had been excessive at this
condition. Figure 4B shows that the hydrolysis rates of
pNPP were positively associated with the concentration of
PTP1B at 5.0 mM pNPP so that the activity of PTP1B was
evaluated at 5.0 mM pNPP.
As shown in Figure 4C and Table 1, the polysaccharide

component FYGL-1 hardly exhibited any inhibitory activity
against PTP1B, while the proteoglycans FYGL-2 and FYGL-3
inhibited the catalytic activity of PTP1B. However, the effect of
FYGL-2 inhibiting PTP1B was not as strong as that of FYGL-3.
To further investigate the effect of FYGL-3 inhibiting PTP1B,
the protein moiety of FYGL-3, that is, FYGL-3-P, was divided,
and it exhibited stronger inhibitory activity than FYGL-3.
These results indicated that protein moieties in FYGL played
more important roles in inhibiting the activity of PTP1B.
Although the quantitative influence of FYGL-2 and FYGL-3 on
inhibiting the activity of PTP1B was not linear from cellular
basis to molecular basis possibly because their uptake into cells
was different, which might be affected by some factors, such as
the molecular structures, interaction between molecules and
cell membranes, cell activity, and so on, the trend of FYGL-2
and FYGL-3 on inhibiting PTP1B activity was similar between
the HepG2 cell level and molecular level on ameliorating
insulin resistance, which would be referenceable for the efficacy
in vivo. The different sequences and structures of the protein
moieties in FYGL-2 and FYGL-3 (shown in Figure 1) could
make their properties different.

Figure 2. Effects of different components of FYGL on the cell viability
of HepG2. Data are the mean ± S.E. (n = 4). #p < 0.05; *p < 0.05 and
Δp < 0.05 vs the given group.

Figure 3. Glucose uptake of HepG2 stimulated by 10 U/mL insulin
before and after the PTP1B plasmid transfected into the cells and that
affected by 100 μg/mL different components of FYGL. The group
transferred with the PTP1B plasmid without FYGL was the control
group. Data are the mean ± S.E. (n = 4). #p < 0.05; *p < 0.05 and
**p < 0.01 vs the given group.
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To further elucidate the inhibition mode of FYGL-3-P
against PTP1B, kinetic analyses were performed. As shown in
Figure 4D, reciprocal curves of FYGL-3-P at different
concentrations inhibiting PTP1B-catalyzed hydrolysis of
pNPP were nearly intersected to the 1/ν axis, which suggested
that the inhibition mode of FYGL-3-P against PTP1B was
competitive. The result of competitive inhibition indicated that
FYGL-3-P could bind at the main catalytic active site of
PTP1B.

Physicochemical Mechanisms of PTP1B Interacting
with the Protein or the Polysaccharide Moieties of
FYGL. To investigate the physicochemical mechanisms of the
interaction between FYGL and PTP1B, FYGL-3-P and FYGL-1
were selected as examples of the protein and the poly-
saccharide moieties of FYGL, respectively. Binding affinity and
thermodynamic parameters were determined by isothermal
titration calorimetry (ITC) thermogram curves. Generally
speaking, the standard Gibbs energy of binding (ΔGΘ) is
derived from 115,16

Δ = Δ − ΔΘ Θ ΘG H T S (1)

where ΔHΘ is the standard enthalpy, ΔSΘ is the entropy, and T
is the temperature.
As shown in Figure 5, ΔHΘ was the difference between

initial enthalpy Hi and final enthalpy Hf. The interaction
between PTP1B and FYGL-3-P was driven by favorable
negative enthalpy (ΔHΘ = Hi − Hf < 0), indicating that this
interaction was mainly from some intermolecular forces such
as van der Waals forces, electrostatic forces, and so on.17,18

This enthalpically driven interaction, which is between FYGL-
3-P and PTP1B in our system, usually is strong and specific.17

However, for the interaction between PTP1B and FYGL-1,

Figure 4. (A) Hydrolysis rate of pNPP at different concentrations catalyzed by 12.5 μg/mL PTP1B. (B) Hydrolysis rate of 5.0 mM pNPP catalyzed
by PTP1B at different concentrations. The inset illustrated the hydrolysis rate of pNPP positively relating to the concentration of PTP1B. (C)
Effects of different components of FYGL on the hydrolysis rates of 5.0 mM pNPP catalyzed by 12.5 μg/mL PTP1B, where Na3VO4 was used as the
positive control shown in the inset. (D) Lineweaver−Burk plot of the inhibitory effect of FYGL-3-P on PTP1B-catalyzed hydrolysis of pNPP. Data
are the mean ± S.E. (n = 3).

Table 1. Inhibitory Activity of Different Components of
FYGL against PTP1B

components IC50 (μg/mL)a

FYGL-1
FYGL-2 439 ± 105
FYGL-3 35.5 ± 6.5
FYGL-3-P 15.4 ± 3.3
Na3VO4 1.61 ± 0.31

aNa3VO4 was used as the positive control. IC50 values were
determined by the same conditions, as shown in Figure 4C. Data
are the mean ± S.E. (n = 3). The IC50 value of FYGL-1 was not
detectable.
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ΔHΘ > 0 and ΔHΘ was unfavorable. In general, ΔGΘ is always
negative for a spontaneous process; therefore, according to eq
1, ΔSΘ for the process of PTP1B interacting with FYGL-1
should be positive (ΔSΘ > 0 and favorable). This indicated that
the interaction between PTP1B and FYGL-1 was entropically
driven, according to the research by Freire et al.,17 and this
entropically driven interaction came from the increase of
entropy when water molecules transferred from a protein to
bulk solvent (Figure 5C). This entropically driven binding,
sometimes called hydrophobic interaction,17 is usually weak
and nonspecific. To summarize, the interaction between
PTP1B and the FYGL-3-P protein moiety was enthalpically
driven and strong, while the interaction between PTP1B and
the FYGL-1 polysaccharide moiety was entropically driven and
weak, which was a reasonable explanation for the better
inhibitory activity of FYGL-3-P against PTP1B than FYGL-1.
MD Simulation of the Interaction between PTP1B

and FYGL-3-P. MD simulation was further used to investigate
the influence of FYGL-3-P on PTP1B in aqueous solution. The
root mean square deviation (RMSD) was used to measure the
spatial variations of PTP1B molecules over the MD simulation
period and to understand the stability of PTP1B.19 As shown
in Figure 6A, the RMSD of PTP1B fluctuated sharply over the
MD simulation period, which suggested that the structure of
PTP1B changed violently in aqueous solution. However, for
the PTP1B bound by FYGL-3-P, the RMSD quickly reached
the energy convergence and equilibrium state within 5 ns and
maintained a relatively constant value over the simulation

period. This phenomenon indicated that the structure of
PTP1B was stabilized by FYGL-3-P, and in other words,
PTP1B in this state was not as active as that in its natural state.
This result was consistent with the conclusions of ITC tests.
The root mean square fluctuation (RMSF) usually reflects

the deviation in fluctuations around the averaged position of
each residue or atom during the MD simulation; therefore, it
was used to investigate the influences of FYGL-3-P on each
residue of PTP1B.20 Higher RMSF indicated a more flexible
residue. Figure 6B shows the RMSF of PTP1B at the active site
(main catalytic site) of PTP1B and the influences of FYGL-3-P.
The base of the active site is a loop of 8 residues from 214 to
221 that forms a cradle-like structure to coordinate to the
substrate.21 Among these residues of the active site, Cys215
and Arg221 played the most important roles during the
hydrolysis of a substrate because they combined with the aryl-
phosphate moiety of the substrate to catalyze its hydrolysis.21

With the influences of FYGL-3-P, the RMSF of Cys215 and
Arg221 dropped significantly, suggesting that the motions of
these residues were strongly restricted by FYGL-3-P. The
restriction of Cys215 and Arg221 decreased the catalytic
activity of PTP1B.
Besides the active site, there are also some inactive sites

around the active site in PTP1B that also play important roles
in the hydrolysis of substrates. For example, in natural
conditions, when the active site was combined with a substrate,
the active site would be closed by the WPD (W-P-D; Trp-Pro-
Asp; tryptophan, proline, and aspartic acid) loop to form a

Figure 5. ITC thermogram curves when 4 × 10−7 mol/L PTP1B was dropped into 2 × 10−5 mol/L (A) FYGL-1 or (B) FYGL-3-P at 25 °C. (C)
Schematic of enthalpically driven or entropically driven interactions between PTP1B and FYGL-3-P or FYGL-1.
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tight binding pocket for the substrate, and this process was
essential for the hydrolysis of the substrate catalyzed by
PTP1B.21 As shown in Figure 6C, the RMSF of Phe182 in the
WPD loop was much larger than that of other residues,
resulting from the frequent change of the WPD loop between
“open” and “close” conformations. However, with the influence
of FYGL-3-P, the RMSF of Phe182 declined sharply, indicating
that the motion of Phe182 was dramatically restricted. In this
case, the substrate was not easy to be close after binding with
the active site of PTP1B, resulting in the decrease of the
catalytic efficiency of PTP1B. Similarly, Asp181 in the WPD
loop, which acted as an acid to protonate the tyrosyl leaving
group,21 was also restricted in the same way. In addition,
during the hydrolysis of a cysteinyl-phosphate intermediate,
Gln262 in PTP1B swung into the catalytic site to activate a
nucleophilic water molecule and then to improve the
hydrolysis efficiency, as shown in Figure 6D.22 The RMSF
showed that the motion of Gln262 was also restricted by
FYGL-3-P, indicating that Gln262 moved less freely with the
influences of FYGL-3-P. Besides the active site, many inactive
sites in PTP1B were also restricted by the influences of FYGL-
3-P, which contributed to the effective inhibition of PTP1B by
FYGL-3-P.
According to the results of ITC, the restriction of the

catalytic sites of PTP1B resulted from the favorable binding
between FYGL-3-P and PTP1B. The simulated average binding
free energy and the energetic contribution for the interaction

between PTP1B and FYGL-3-P were calculated according to
the MD results, as shown in Table 2. It was found that the

favorable electrostatic free energy played the most important
role in the total binding free energy, indicating that the strong
electrostatic force greatly contributed to the binding of PTP1B
with FYGL-3-P. According to the structure of FYGL-3-P, as
shown in Figure 1G, there were large amounts of acidic amino
acids on FYGL-3-P; therefore, the net charges of FYGL-3-P in
solution were calculated as −12e. The negatively charged
FYGL-3-P could naturally attract some positively charged
groups on PTP1B, resulting in the strong electrostatic
interaction between PTP1B and FYGL-3-P.
Visual inspection of the MD results showed the interaction

between FYGL-3-P and PTP1B. As shown in Figure 7A, the

Figure 6. (A) RMSD of PTP1B and the influences of FYGL-3-P. RMSF of PTP1B and the influences of FYGL-3-P at (B) active site, (C) WPD
loop, and (D) Gln262 in PTP1B.

Table 2. Binding Free Energy and the Energetic
Contribution for the Interaction between PTP1B and
FYGL-3-P

system PTP1B + FYGL-3-Pa

van der Waals free energy (×102 kJ/mol) −1.2 ± 0.5
electrostatic free energy (×102 kJ/mol) −6.1 ± 2.0
SASA free energy (×102 kJ/mol) −0.18 ± 0.07
polar solvation free energy (×102 kJ/mol) 6.2 ± 2.2
total binding free energy (×102 kJ/mol) −1.2 ± 1.6

aData are the mean ± S.E.
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active site of PTP1B hardly interacted with FYGL-3-P directly,
but some groups around the active site easily bonded to FYGL-
3-P directly. Figure 7A shows that the active site of PTP1B was
buried when PTP1B was bound with FYGL-3-P, which greatly
increased the steric hindrance when a substrate came close to
the active site and ultimately decreased the catalytic activity of
PTP1B. As a direct binding group in PTP1B with FYGL-3-P,
for example, Asp181 in the WPD loop of PTP1B was easy to
be directly attracted by Thr in FYGL-3-P, as shown in Figure
7B. Generally, the cutoff donor-to-acceptor distance for an
energetically significant hydrogen bond in proteins is 3.5 Å.23

Figure 7B shows that the distance between the carbonyl group
of Asp181 in PTP1B and the hydroxyl group of Thr in FYGL-
3-P was 3.46 Å, which was less than the cutoff distance for an
energetically significant hydrogen bond. Similarly, Gln262 in
PTP1B was also easily bonded to Ser in FYGL-3-P by a
hydrogen bond between the amide group and the hydroxyl
group, according to a short donor-to-acceptor distance of 3.38
Å. These direct and indirect interactions between FYGL-3-P
and those key catalytic sites in PTP1B resulted in the
restriction of the motion of PTP1B, which ultimately resulted
in the inhibition of the catalytic activity of PTP1B.

1H NMR of PTP1B Influenced by FYGL-1 or FYGL-3-P.
1H NMR spectra were used to further investigate the
interactions between the different components of FYGL and
PTP1B. Generally speaking, T2, the transverse relaxation time
of spin nuclei, is responsible for the linewidth of the resonance
peak and is inversely proportional to the linewidth.24,25

Interactions between peptides and ligands can shorten T2
due to restricting the motion of residues, which leads to the
broadening of resonance peaks and the decrease of the peak
height.26−28

As shown in Figure 8, 1H NMR peaks in the range of 3.2−
5.2 ppm were assigned to 1H in PTP1B, and the solvent peak
DMSO was located at approximately 2.5 ppm. The peaks of
PTP1B without FYGL-3-P present in the range of 3.2−4.4 and

4.5−4.6 ppm were relatively sharp. However, with the
influence of FYGL-3-P, peaks in these regions were significantly
broadened and the peak heights were also suppressed,
suggesting that the interaction between PTP1B and FYGL-3-
P was strong. However, with the influence of FYGL-1, the
change of the PTP1B NMR signal was hardly observed,
indicating that the interaction between PTP1B and FYGL-1
was much weaker than that between PTP1B and FYGL-3-P.
These results firmly supported the conclusions from ITC
analysis and MD simulations, suggesting that the inhibition
effects of FYGL against PTP1B mainly resulted from the strong
interaction between PTP1B and FYGL-3-P.

■ CONCLUSIONS
PTP1B is a key negative regulator of insulin and an effective
target for the treatment of T2D. A natural hyperbranched

Figure 7. Visual MD results for the interaction between PTP1B and FYGL-3-P at (A) Cys215 in the active site, (B) Asp181 in the WPD loop, and
(C) Gln262 in PTP1B, where the unit of the bond length was “Å”.

Figure 8. 1H NMR spectra of 1.0 mg/mL PTP1B in DMSO-d6
influenced by 0.1 mg/mL FYGL-1 or FYGL-3-P.
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proteoglycan FYGL, extracted from G. lucidum, has been
demonstrated capable of inhibiting the activity of PTP1B and
decreasing blood glucose in vivo. In this work, the effects and
inhibition mechanism of FYGL on PTP1B activity were
systematically investigated. On a cellular basis, it was
demonstrated that the proteoglycan or the protein components
isolated from FYGL (i.e., FYGL-2, FYGL-3, and FYGL-3-P)
significantly ameliorated PTP1B-induced insulin resistance in
HepG2 cells, while the FYGL-1 polysaccharide failed to work.
Furthermore, it was found that FYGL-3 was more effective in
inhibiting the catalytic activity of PTP1B than others, and the
FYGL-3-P protein moiety played a key role in inhibiting
PTP1B. The inhibition mode of FYGL-3-P against PTP1B was
competitive inhibition, indicating that FYGL-3-P could bind
with the catalytic sites of PTP1B. However, the FYGL-1
polysaccharide has no effects on inhibiting PTP1B activity.
The FYGL-3-P protein moiety could bind strongly with PTP1B
driven by favorable enthalpy, which mainly came from strong
electrostatic interactions and hydrogen bonds between FYGL-
3-P and PTP1B. The WPD loop and Gln262 in PTP1B were
restricted by FYGL-3-P, resulting from the strong and
multitargeted interactions between FYGL-3-P and PTP1B.
Oppositely, the interaction between FYGL-1 and PTP1B was
entropy driven and relatively weak. This work provided deep
insights into the molecular mechanisms of FYGL inhibiting the
activity of PTP1B and ameliorating insulin resistance and
would be of great structural help in the discovery of natural
PTP1B inhibitors.

■ MATERIALS AND METHODS
Materials. PTP1B was purchased from Viva Biotech

(Shanghai, China) Ltd. Diethylaminoethyl-cellulose DEAE-52
was purchased from Nanjing Dulai Biotechnology Co., Ltd.
HepG2 cell lines were provided by Fuxiang Co. Ltd. (China).
DMEM was purchased from Gibco Co. Ltd. (USA). Cell
counting kit-8 (CCK-8) was purchased from Dojindo Co. Ltd.
(China). The PTP1B plasmid was from Sino Biological Inc
(China). The glucose kit (glucose oxidase method) was from
Nanjing Jiancheng Bioengineering Institute (China). The
Lipo8000 transfection reagent was purchased from Beyotime
Biotechnology (Chain). Other reagents were all purchased
from Aladdin Industrial Corporation. FYGL was prepared as
described in our previous work.8

Isolation of FYGL-1, FYGL-2, FYGL-3, and FYGL-3-P.
FYGL-1, FYGL-2, and FYGL-3 were separated by a DEAE-52
cellulose column in a gradient manner with 0, 0.1, and 0.3 M
NaCl eluent, respectively, and the elution volume was 2, 4 ,and
6 L for 2 g of feedstock, respectively.9 The eluted fractions
were dialyzed to remove NaCl and lyophilized.
The linkage between the saccharide and the protein in

FYGL-3 was broken by 1 M NaBH4 and 0.1 M NaOH mixture
solution at 37 °C for 48 h. The protein moiety of FYGL-3 was
precipitated with saturated (NH4)2SO4 solution and then
dialyzed and lyophilized in turn to obtain FYGL-3-P.
Cell Culture and Cell Viability Assay. The HepG2 cells

were cultured in a DMEM supplement with 10% FBS and 1%
penicillin−streptomycin at 37 °C in an atmosphere with 5%
CO2.
Cell viability was assessed using the CCK-8 assay.29 The

HepG2 cells were seeded with different components of FYGL
in 96-well plates at 1 × 105 cells/well and incubated at 37 °C
for 4.5 h. The treatment time of 4.5 h was on the experience
during which the cell viability of HepG2 has hardly changed

with the concentration change of FYGL. Then, the cells were
incubated in DMEM with 10% CCK-8 solution for another 1
h. Each sample was replicated in four wells. Ultimately, the
absorbance values were measured at 450 nm by a microplate
reader (Bio-Tek, USA).

Insulin-Resistance Model and Glucose Uptake in
HepG2 Cells. The HepG2 cells were transferred into 6-well
plates at 5 × 105 cells/well for 24 h. Then, the cells were
transfected with 2.5 μg of the PTP1B plasmid by using the
Lipo8000 transfection reagent to establish an insulin-resistant
model and incubated in serum-free DMEM with or without
100 μg/mL different components of FYGL.30 Ultimately, the
cells were stimulated with 10 U/mL insulin for 25 min and
incubated in serum-free DMEM media for 24 h to test glucose
uptake by the glucose oxidase method as described
previously.31

PTP1B Inhibition Assay. PTP1B activity was monitored
according to a method previously reported using pNPP as a
substrate by a microplate reader (Bio-Tek, USA).8 The pNPP
substrate was dephosphorylated by PTP1B, and the concen-
tration of the product is proportional to the optical density
(OD) of absorbance at 405 nm. pNPP was treated with PTP1B
in buffer solution (pH 8.0) containing 50 mM Tris and 150
mM NaCl at 37 °C with or without different components of
FYGL. The activity of PTP1B was evaluated by the rate of
increased OD, namely, ν. The IC50 value is a concentration of
the inhibitor required to decrease the initial PTP1B activity by
50%, which was used to evaluate the inhibitory potency of the
inhibitors. The inhibiting kinetic analysis was performed
according to eq 2

ν ν= [ ]
+ [ ]
S

K Smax
m (2)

where νmax is the maximum velocity, [S] is the concentration of
the substrate, and Km is the corresponding constant for the
substrate derived from the slope of the Lineweaver−Burk
plots.32

Isothermal Titration Calorimetry. ITC is a versatile
method to characterize biological binding interactions by
directly detecting the heat effect upon binding. The thermo-
gram was obtained by precision calorimetry, and the
thermogram curve was fitted with a nonlinear regression
fit.15 For precisely measuring the binding constant Kb, standard
enthalpy ΔHΘ, and binding stoichiometry n, the initial molar
ratio of protein to ligand is usually set in the range from 10 to
1000.15 In this work, PTP1B at 4 × 10−7 mol/L was dropped
into 2 × 10−5 mol/L FYGL-1 or FYGL-3-P at 25 °C on PEAQ-
ITC (Malvern Panalytical, England).

MD Simulation. The 3D structure of PTP1B was obtained
from the RCSB PDB database and that of FYGL-3-P was
predicted by I-TASSER.12−14,33 ZDOCK was used to
determine the initial binding poses.34,35 The predocked
PTP1B with FYGL-3-P was taken as the initial structure of
the complex for the MD simulations. The MD simulations of
the complexes were run within 50 ns at 310 K by using
GROMACS-5.1.2,36 and CHARMM36 force field and TIP3P
water configuration were used to get reliable results as much as
possible.37,38 NaCl was added to neutralize the system.36 The
total charges were estimated by the Amber99SB-ILDN force
field and given by GROMACS.37,39 The binding free energy
Gbinding was obtained from the MD results by the molecular
mechanics Poisson−Boltzmann surface (MM-PBSA) ap-
proach.40
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1H NMR of PTP1B with FYGL-1 or FYGL-3-P. PTP1B was
dissolved in deuterated DMSO-d6 at 1.0 mg/mL in the absence
or presence of 0.1 mg/mL FYGL-1 or FYGL-3-P. 1H NMR
spectra were acquired with 16 scans on an AVANCE III HD
400 MHz spectrometer (Bruker BioSpin International,
Switzerland).
Statistical Analysis. Data are presented as means ±

standard error (S.E.). The one-way ANOVA test was
performed to analyze the statistical significance between the
two groups. A p-value less than 0.05 (p < 0.05) is considered
statistically significant.
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