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Research, Shanghai Institute of Materia Medica, Shanghai Institutes for Biological Science, Chinese Academy of

Sciences, Shanghai, China

Abstract

A series of 5,7-dihydroxyflavanone derivatives were synthesized and identified as reversible and competitive protein
tyrosine phosphatase (PTP) 1B inhibitors with IC_;values in the micromolarrange. Compound 4k had the most potent
in vitro inhibition activity against PTP1B (IC,  =2.37 +0.37 uM) and the greatest selectivity (3.7-fold) for PTP1B relative
to T-cell protein tyrosine phosphatase. Cell-based studies revealed that 4k was membrane-permeable and enhanced

insulin receptor tyrosine phosphorylation in CHO/hAIR cells:

Keywords: Protein tyrosine phosphatase 1B, inhibitors, 5,7-dihydroxyflavanone, structure-activity relationship,

diabetes

Introduction

Protein tyrosine phosphatases (PTPs) -and  protein
tyrosine kinases < (PTKs) play essential roles in
intracellular signal transduction by regulating the
phosphorylation level of tyrosine residue of cellular
proteins. Cellular processes controlled by them include
growth, differentiation, metabolism, migration, gene
transcription, ion channel activity, immune responses,
apoptosis and bone development'-*. Unregulated activity
of PTPs is responsible for several human diseases,
including cancer, diabetes, obesity and dysfunction of
the immune system®’. One member of the PTP family,
PTP1B, is an intracellular PTP expressed in insulin
responsive tissues and shown to be a negative regulator in
the insulin and leptin receptor pathways®''. Compelling
evidence for this rationale came from two independent
studies on the targeted disruption of PTP1B gene in

mice. These PTP1B knock out mice exhibit phenotypes of
increased insulin sensitivity, improved glucose tolerance
and resistance to diet-induced obesity'>'". Furthermore,
treatment of diabetic mice with PTP1B antisense
oligonucleotides reduced the expression level of the
enzyme and subsequently normalized blood glucose
and improved insulin sensitivity'*"". Thus, PTP1B has
become an attractive therapeutic target for the treatment
of type 2 diabetes mellitus, obesity and cancer, and
small molecular inhibitors of PTP1B could be promising
candidate drugs for these diseases.

In recent years, following the elucidation of the pro-
tein structure of PTP1B, many synthetic PTP1B inhibi-
tors with submicromolar or nanomolar activities have
been discovered through high-throughput screening
and structure-based design'®'?. However, the low selec-
tivity and poor pharmacokinetic properties of these
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Abbreviations

CDC25B, cell division cycle 25 homolog B;

CHO/HIR, Chinese hamster ovary cells expressing human insulin
receptor;

IR, insulin receptor;

LAR, leukocyte antigen-related phosphatase;
MOPs, 3-[N-morpholino|propane-sulfonic acid;
pNPP, p-nitrophenyl phosphate;

PTP, protein tyrosine phosphatase;

SHP, Src homology phosphatase;

TCPTP, T-cell protein tyrosine phosphatase

synthetic inhibitors mean that novel PTP1B inhibitors
with improved pharmacological properties are still
sought after’. In addition, very few of the proposed
inhibitors were derived from natural products®*-*, which
represent a very diverse library of candidate drugs.

Flavanones have attracted much attention because
they are physiologically active compounds with a wide
range of biological activities, including free radical
scavenging; stimulation of apoptosis; and inhibition
of nitric oxide production, cell proliferation, aroma-
tase activity and trypsin activity**-*. Recently, Cui et al.
reported that several flavanones isolated from the stem
bark of Erythrina abyssinica (including prenylated fla-
vanones, abyssinoflavanones and flavanones bearing a
2,2-dimethylpyrano ring) exhibited moderate inhibitory
effects against PTP1B**2. Subsequently, Nguyen et al.
reported that several deoxyflavonoids isolated from the
root bark of Erythrina abyssinica also exhibited moder-
ate inhibitory effects against PTP1B*. These reports sug-
gest that hydroxyflavanones might be promising PTP1B
inhibitors.

Although flavanones, which widely exist in plants,
exert various biological activities, including PTP1B inhi-
bition, the structure-activity relationships and action
mechanism of flavanones against PTP1B inhibition have
not fully examined due to insufficient compounds to be
synthesized and tested. Therefore, in the present study, we
designed and synthesized a series of 5,7-dihydroxyflava-
none derivatives in which the hydroxyl molecule was sub-
stituted with halogens (F, Cl and Br) or alkoxyl. We then
evaluated their inhibitory effects on PTP1B and elucidated
the structure-activity relationship. Selected compound
were also subjected to kinetics study, selectivity and
cell-based studies to determine whether their biological
properties made them suitable for further development.
Docking simulations of the compounds into the active site
of PTP1B were also done to rationalize the results.

Materials and methods

The major chemicals were purchased from Sigma-
Aldrich and Fluka. All other chemicals were of the ana-
lytical grade. Melting points were determined in open
capillary tubes and are uncorrected. Reaction courses
were monitored by TLC on silica gel-precoated F254
Merck plates. Developed plates were examined with UV
lamps (254 nm). IR spectra were recorded (in KBr) on a
FTIR 1730. 'H-NMR spectra were measured on a Bruker
AV-300 spectrometer using TMS as the internal standard.

Mass spectra were measured on an HP 1100LC (Agilent
Technologies, USA). Biological activity was studied at
National Center for Drug Screening, Shanghai, China.

Synthesis
We have already reported the synthesis and spectral data
of compounds 4a-n*.

Biological activity

Biological assays for PTP1B and related PTPs

The enzymatic assays for PTP1B and related PTPs were
performed as described elsewhere®. Briefly, the enzy-
matic activity of the PTP1B catalytic domain was deter-
mined at 30°C by monitoring the hydrolysis of pNPP.
Dephosphorylation of pNPP generates the product pNP,
which was monitored at an absorbance of 405nm using
an EnVision multilabel plate reader (PerkinElmer Life
Sciences, Boston, MA, USA). Assays were performed
in a total volume of 100 pL containing 50 mmol/L
3-[N-morpholino]propane-sulfonic acid (MOPs), pH =
6.5, 2 mmol/L pNPP, and 30 nmol/L recombinant PTP1B,
as well as the indicated concentrations of the inhibitor.
The production of pNP was continuously monitored
and the initial rate of the hydrolysis was determined
from the early linear region of the enzymatic reaction
kinetic curve.

Enzyme kinetic analysis

The enzyme kinetic assays of compound 4k were per-
formed as previously*~°. Assays were performed in a total
volume of 100 pL containing 50 mmol/L MOPS, pH = 6.5,
30 nmol/L PTP1B, pNPP in two-fold dilutions from 80
mmol/L, and different concentrations of the inhibitor. In
the presence of the competitive inhibitor, the Michaelis-
Menten equation is described as 1/v = (K_/(V__[S]))(1 +
[1l/K)+1/V__,wherev=initial rate, V__=maximum rate
and [S] = substrate concentration. The K value was deter-
mined using a linear replot of the apparent K_/V__ slope
from the primary reciprocal plot versus inhibitor concen-
tration [I] according to the equation K_/V__ =1+ [I]/K.

Insulin receptor phosphorylation cellular assay

The insulin receptor phosphorylation cellular assay of
compound 4k were performed as previously***’. CHO
cells were transfected with an expression plasmid encod-
ing human IR (CHO/RIR) and were cultured in twelve-
well plates. Nearly confluent CHO/RIR cells were starved
for 2h with Ham’s serum-free F-12 medium. Cells were
incubated with the indicated compound for 3h, and
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then stimulated with 10 nM insulin for 10 min. Cells were
scraped and lysed with loading buffer. The samples were
resolved by 8% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, eletrotransferred to nitrocellulose
membranes, and probed with anti-pIR (PY20; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-IR (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and anti-f3-
actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
antibodies. The blots were developed using Odyssey
Infared Image System (LI-COR Biosciences, GmbH,
Germany).

Molecular docking

Molecular docking was done using Discovery Studio soft-
ware (Accelrys, San Diego, CA, USA). The crystal struc-
ture of PTP1B (Protein Data Bank, INL9) was defined as
the receptor, and the active site of PTP1B was regarded
as the binding site. Compound 4k was docked in a flex-
ible manner, and conformations are determined by the
stochastic Monte Carlo conformation search method
(maximum, 50,000 trials).

Results and discussion

Chemistry

The synthetic pathways are illustrated in Scheme 1.
1-(2,4,6-Trihydroxy-phenyl)-ethanone was treated with
chloromethyl methyl ether and potassium carbonate in
acetone at room temperature to produce 1-(2-hydroxy-
4,6-bis-methoxymeth-oxy-phenyl)-ethanone 1.
Intermediates 2a-n were prepared by Claisen-Schmidt
condensation of 1 with appropriate aromatic alde-
hydes, followed by cyclization in refluxing ethanol in
the presence of NaOAc, which yielded flavanones 3a-n.
Demethoxymethylation of 3a-n was carried out in 5M
HCl in refluxing methanol to yield 4a-n**%*. The spectral
data obtained from infrared spectroscopy, 'H-NMR and
mass spectrometry were consistent with the structures
proposed.

Biological evaluation

The inhibitory activities of the synthesized compounds
against PTP1B were measured using p-nitrophenyl phos-
phate (pNPP) as a substrate. The results are summarized

1201

in Table 1. Ursolic acid, a known PTP1B inhibitor
(IC,,=3.20+0.31 uM), was used as a positive control*.

We first examined the inhibitory effects of the synthe-
sized compounds on PTP1B. All of the tested compounds
showed potent PTP1B inhibitory activity (73.66-99.13%)
at a concentration of 20 pg/mL. Furthermore, the com-
pounds dose-dependently inhibited PTP1B with IC
values ranging from 2.37 to 36.73 uM. The IC_, values of
compounds 4c, 4f, 4g, 4j and 4k (2.66+0.23, 3.60+0.41,
2.40+0.22, 3.48+0.19, 2.37+0.37 uM, respectively) were
more potent or similar to that of ursolic acid. Of these, 4k
showed excellent inhibition (99.13%) at 20 pg/mL and a
reasonable IC_ value (2.37+0.37 uM).

We next analyzed the structure-activity relationships of
compounds 4a-n. The substituted compounds 4a-k and
4m, n (IC, = 2.37-14.09 uM), which contained electron-
donating or electron-withdrawing groups, showed more
potent PTP1B inhibitory activity than compound 41 (IC,,
=36.73+7.16 uM). These results suggest that the B ring of
flavanones might be important in the inhibition of PTP1B.
Compounds with electron-withdrawing groups on the
B ring (i.e, 4a-k, IC, = 2.37-10.23 uM) showed more
potent activity than the compounds containing electron-
donating groups (i.e., 4m, n, IC_ =13.12-14.09 uM). These
results indicated that electron-withdrawing groups facili-
tated PTP1B inhibition. We also found that the position
of the substituent on the B ring significantly influenced
PTP1B inhibition, with an activity order of p-F > m-F > o-F
for fluorinated compounds, p-Br > 0-Br > m-Br for bromi-
nated compounds, and 2,4-(Cl), > p-Cl > m-Cl > 0-Cl for
chlorinated compounds. The 2,4-dichlorated derivative
4g (IC,,=2.40+0.22 uM) was approximately two-four-fold
more potent than the 2-chlorinated compound 4d (IC_, =
10.23+2.45 uM) and the 3-chlorinated compound 4e (IC_,
=4.18+0.94 uM). Similarly, the 3-trifluorinated derivative
4k (IC,, = 2.37+0.37 uM) was six-fold more potent than
the 4-methylated compound 4m (IC,, = 14.09+1.38 uM).
These results suggest thatincreasing the lipophilicity of the
B ring improved inhibitory potency against PTP1B. This is
consistent with earlier studies in which lipophilic moieties
stabilized the enzyme-compound complex via hydro-
phobic interactions with the active site and surround-
ing subpockets, a common feature of PTP1B-inhibitor
complexes**. This concept is also supported by our

HO OH MOMO oMOM | MOMO OMOM .
- — | ——
~ “‘“\R
OH © OH ©
1

OH O
2a-n
A Q
R- 4a 2-F 4h: 2-Br
MOMO O X d HO NS N 4b: 3-F 4i: 3-Br
R — R 4c: 4-F 4j: 4-Br
4d: 2-Cl 4k: 3-CF5
4e: 3-Cl 41: H
MOMO O OH © 4f: 4-Cl 4m: 4-CH
_ dan 4g: 2,4-(Cl); 4n: 4-OCHj

Scheme 1. Synthesis of compounds 4a-n. Reagents and conditions: (a) MOMCI, K2CO3, acetone 0°C, rt; (b) corresponding benzaldehyde,
10% KOH, ethanol/H20, rt; (c) 3 M HCl, MeOH/THE, reflux; (d) NaOAc, EtOH, reflux.

© 2013 Informa UK, Ltd.
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docking simulations described below. From these results,
we focused on compound 4k in subsequent studies.

We next investigated the selectivity of compound 4k
for other PTPs. As shown in Table 2, the inhibitory activi-
ties of 4k against T-cell protein tyrosine phosphatase

Table 1. Inhibitory activity of compounds 4a-n against PTP1B.

PTP1B
Compounds Inhibition rate® (%) ICSO" (uM)
4a 94.23 9.06+2.12
4b 95.65 7.98+0.91
4c 98.43 2.66+0.23
4d 78.24 10.23+2.45
4e 98.02 4.18+0.94
4f 97.04 3.60+0.41
4g 96.34 2.40+0.22
4h 95.80 4.90+0.98
4i 97.19 7.33+£1.25
4j 95.45 3.48+0.19
4k 99.13 2.37+0.37
41 73.66 36.73+7.16
4m 98.78 14.09+1.38
4n 94.26 13.12+1.25
UA°© 98.45 3.20+0.31

aValues tested at 20 pg/mL concentration.

"The pNPP assay. IC_ values were determined by regression
analyses and expressed as means + SD of three replications.

“Positive control.

Table 2. Inhibitory activity of compounds 4k against related PTPs.

IC,, (uM)?
Cpds TCPTP CDC25B LAR SHP-1 SHP-2
4k 8.82+1.29 8.54+1.51 NAP NA NA

*The pNPP assay. IC, values were determined by regression
analyses and expressed as means + SD of three replications.
"Not active at 20 ug/mL concentration.

A 8
T° ’
: . /
E
£ 2
0
0 3 6 9 12
(1] (um)
B 014

1U[V]

-1.00 -,300.i0 050 1.00 150 200

18]

(TCPTP) were simultaneously investigated using the
same method*. Compound 4k showed a 3.7-fold greater
selectivity for PTP1B than for TCPTP. Besides TCPTP,
several critical PTPs were reported to regulate insulin
dephosphorylation negatively, including leukocyte
antigen-related phosphatase (LAR), Src homology phos-
phatase (SHP)-1 and SHP-2. CDC25B, a dual-specific
phosphatase, is an attractive antitumor target for small
molecule intervention because of its central role in con-
trolling malignant cell proliferation by regulating cyclin
dependent kinases, and because it is highly expressed
in many human tumors*. Therefore, we also tested the
inhibitory activities of 4k against the purified recombi-
nant human enzymes LAR, SHP-1, SHP-2 and CDC25B,
as previously described'®®. As shown in Table 2, 4k did
not show any inhibitory activity against LAR, SHP-1 or
SHP-2, but 3.6-fold more selective for PTP1B than for
CDC25B.

A kinetic study was performed to shed light on the
inhibitory mechanism of compound 4k*. As shown in
Figure 1A, we determined the inhibition modality of
4k on PTPI1B that exhibited characteristics typical of a

Ak({pM) W
0 323 10 (D.5mhf

R-pPv-20) [
re .

Bractin —— —
Figure 2. Effect of compound 4k on tyrosine phosphorylation of
IRB in CHO/AIR cells. Sodium vanadate (V = 0.5 mM) and DMSO

were used as postitive and negative controls. The levels of IR} and
B-actin were used to normalization.

80

£ w P
g o i
= 20
£
E o
0 3 & 9 12
11 (um)
6.00 y=0.3507x +1.204
5.00 R =0.9818
4,00
3.00 .

2,00
4
1
00
-10 & A0 § 5 10 15

-2.00

Km(mM)

[ (um)

Figure 1. Characterization of 4k to PTP1B. (A) At various fixed concentrations of 4k the initial velocity was determined with various
concentrations of pNPP. (B) Typical competitive inhibition of 4k shown by Lineweaver-Burk plot. (C) K, determination.
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N

Figure 3. Docking result of compound 4k in the PTP1B catalytic pocket. (A) Binding pose of 4k in PTP1B active site; (B) Key residues in

binding site surrounding 4k.

competitive inhibitor, including increased K_ values
and unchanged V__ values following increased inhibitor
concentration. The Lineweaver-Burk plot also indicated
that 4k is a competitive inhibitor of PTP1B because a nest
of lines for increasing inhibitor concentrations intersect
on the y-axis (Figure 1B). The results indicate that 4k
binds to the catalytic pocket of PTP1B and behaves as a
competitor to the physiological substrate. The K, value
calculated from Figure 1C was 3.4 pM.

To further examine the cellular effects of compound
4k, we tested its effects on the phosphorylation level of
IR in Chinese hamster ovary cells transfected with an
expression plasmid encoding human IR (CHO/AIR).
Cells were treated with the indicated compound and
sodium vanadate (0.5mM) as a positive control, and
then stimulated with 10nM insulin. As shown in Figure 2,
compound 4k significantly increased the IR phosphory-
lation in a dose-dependent manner, indicating the com-
pound is cell-permeable and inhibiting PTP1B in cells.

In order to understand the inhibitory activity of 4k
against PTP1B, we performed molecular docking analy-
sis of 4k using CDOCKER in concert with Discovery
Studio 2.1 (http://www.accelrys.com). The X-ray crystal
structure of PTP1B with a resolution of 2.40 A (Protein
Data Bank, 1NL9) was used for the docking studies.
The preferred coordination modes of 4k are shown in
Figure 3. Fragment A of 4k binds to the active site via
H-bond interactions involving 7-OH and 3-carbonyl.
The 7-OH of the A ring forms an H-bond with Glull5,
while the carbonyl of the C ring forms an H-bond with
Gly200. The analysis also identified hydrophobic interac-
tions between the B ring of the ligands (e.g. the lipophilic
3-(trifluoromethyl)phenyl group) and surrounding lipo-
philic amino acid residues (e.g. Tyr46).

© 2013 Informa UK, Ltd.

Conclusion

In conclusion, a series of 5,7-dihydroxyflavanone deriv-
atives were synthesized and identified as reversible and
competitive PTP1B inhibitors with IC, values in the
micromolar range. Systemic structure-activity relation-
ship studies of R substituents of the B ring showed that
five compounds inhibited PTP1B with stronger or simi-
lar activities to that of ursolic acid. We also predicted
the mechanisms involved in the interaction between
the inhibitors and PTP1B using docking analysis. Of the
compound tested, 4k demonstrated excellent selectivity
for PTP1B relative to LAR, SHP-1 and SHP-2, and moder-
ate selectivity relative to CDC25B. More importantly, 4k
exhibited 3.7-fold greater selectivity for PTP1B than for
TCPTP. Cell-based studies revealed that 4k could cross
the membrane and enhanced tyrosine phosphorylation
of IR in CHO/HKIR cells. The cellular results provided
evidence that this group of inhibitors is potent and cell-
permeable. The results also indicate that the compounds
tested here represent a foundation for developing novel
PTP1B inhibitors that show good cell permeability, bio-
availability and improved pharmacological properties.
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