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Protein tyrosine phosphatase 1B (PTP1B) is an effective target for the treatment of both type 2 diabetes
and obesity; however, targeting PTP1B for drug discovery is challenging because of the highly conserved
and positively charged active-site pocket. Tremendous progress has been made in the development of
potent and selective PTP1B inhibitors that engage both the active site and no catalytic sites. Several

strategies are being pursued to improve the pharmacological properties of PTP1B inhibitors. These new
developments suggest that it is feasible to acquire PTP1B-based, small-molecule therapeutics with the
requisite potency and selectivity. Future efforts will probably transform the potent and selective PTP1B
inhibitors into orally available drugs with desirable physicochemical properties and in vivo efficacies.

Introduction

Reversible protein tyrosine phosphorylation catalyzed by the
coordinated actions of protein tyrosine kinases (PTKs) and phos-
phatases (PTPs) is of paramount importance to the regulation of
the signalling events that underlie such fundamental processes as
growth and proliferation, differentiation and survival or apoptosis,
as well as adhesion and motility [1]. Consequently, cellular path-
ways regulated by tyrosine phosphorylation offer a rich source of
drug targets for developing novel therapeutics [2-4]. The potential
of such targeted therapeutics has been well demonstrated by the
successful treatment of human chronic myelogenous leukaemia
and gastrointestinal stromal tumours with the PTK inhibitor STI-
571 (Gleevec) [5,6], which targets Bcr/Abl or c-kit, aberrantly
activated in the malignancies.

PTPs are enzymes that catalyze protein tyrosine dephosphor-
ylation. In humans, more than a hundred PTPs exist that can
function either as negative or positive modulators in various signal
transduction pathways [7]. As expected, several PTPs are found to
antagonize PTK-mediated signalling. For example, mutations in
the SH2-containing SHP1 tyrosine phosphatase lead to severe
immune dysfunction, giving rise to the moth-eaten phenotype
in mice [8]. Thus, SHP1 is an important negative regulator of
cytokine signalling and its loss results in sustained tyrosine phos-
phorylation with consequent enhanced proliferation. Loss of

Corresponding author: Zhang, Z-Y. (zyzhang@iupui.edu)

SHP1 is frequently observed in myelodysplastic syndrome [9]
and lymphomas [10]. A more recent analysis implicates several
PTPs as tumour suppressors that are frequently mutated in colon
cancer [11].

Interestingly, there is also mounting evidence that PTPs can also
potentiate, rather than antagonize, the actions of PTKs. This mode
of synergy enhances mitogenic signalling, leading to cell trans-
formation. Thus CD45, through its capacity to dephosphorylate
and activate src family PTKs, is essential for initiating downstream
signalling processes in stimulated T and B cells [12]. SHP2 and its
Drosophila homolog corkscrew are positive mediators of growth
factor signalling [13,14]. Several activating (gain of function)
mutations in human SHP2 have been identified as the cause of
the inherited disorder Noonan syndrome [15] and some forms of
leukaemia and solid tumours [16,17]. Most recently, the phospha-
tase of regenerating liver (PRL) phosphatases have been implicated
as potential oncogenes that promote cell growth and tumour
invasion [18].

As discussed above, deregulation of PTP activity contributes to
the pathogenesis of several human diseases, including cancer,
diabetes and immune disorders [19-21]. The importance of the
PTPs in diverse pathophysiology has made them the focus of
intense interest as a new class of drug targets. Thus, inhibitors
of the PTPs are also expected to have therapeutic value with novel
modes of action [22,23]. Among various members of the PTP
superfamily, PTP1B has emerged as the best-validated drug target
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FIGURE 1

The role of PTP1B in insulin and leptin signalling. In the insulin signalling pathway, PTP1B can associate with and dephosphorylate activated insulin receptor
(IR) or insulin receptor substrates (IRS) [26-30]. In the leptin pathway, PTP1B binds and dephosphorylateS JAK2, which is downstream of the leptin receptor, ObR
[40,41]. STAT3 and P110/p85 are downstream targets of JAK2 and IRS1, respectively. P110/p85 is a specific form of PI3K responsive to insulin signalling.

[24]. However, it has become apparent that the conserved struc-
tural and mechanistic features of the PTP active site present
substantial challenges to drug development. Nevertheless, great
progress has been made to address the inherent potency, selectiv-
ity and bioavailability problems associated with targeting PTPs for
therapeutic development. In the following review, we summarize
the major findings that establish PTP1B as an outstanding target
for the treatment of diabetes and obesity, and highlight recent
developments in PTP1B inhibitor discovery.

Validation of PTP1B as a drug target for diabetes and
obesity

PTP1B is localized to the cytoplasmic face of the endoplasmic
reticulum and is expressed ubiquitously, including in the classical
insulin-targeted tissues such as liver, muscle and fat [25]. Mount-
ing evidence from biochemical, genetic and pharmacological
studies support a role for PTP1B as a negative regulator in both
insulin and leptin signalling (Figure 1). PTP1B can associate with
and dephosphorylate activated insulin receptor (IR) or insulin
receptor substrates (IRS) [26-30]. Overexpression of PTP1B in cell
cultures decreases insulin-stimulated phosphorylation of IR and/
or IRS-1, whereas reduction in the level of PTP1B, by antisense
oligonucleotides or neutralizing antibodies, augments insulin-
initiated signalling [31-34]. Analyses of quantitative trait loci
and mutations in the gene encoding PTP1B in humans support
the notion that aberrant expression of PTP1B can contribute to
diabetes and obesity [35-37]. Mice that lack PTP1B display
enhanced sensitivity to insulin, with increased or prolonged tyr-
osine phosphorylation of IR in muscle and liver [38,39]. Interest-
ingly, PTPI1B~/~ mice are protected against weight gain and have
significantly lower triglyceride levels when placed on a high-fat

diet. This is unexpected because insulin is also an anabolic factor,
and increased insulin sensitivity can result in increased weight
gain. PTP1B was subsequently shown to bind and dephosphorylate
JAK2, which is downstream of leptin receptor [40,41]. Thus, the
resistance to diet-induced obesity observed in PTP1B~~ mice is
likely to be associated with increased energy expenditure owing to
enhanced leptin sensitivity. Recent tissue-specific knockout results
indicate that body weight, adiposity and leptin action can be
regulated by neuronal PTP1B [42]. Inhibiting neuronal PTP1B
would require drugs that penetrate the blood-brain barrier. Con-
sistent with the above results, antisense-based oligonucleotides
that target PTP1B have shown efficacy in type 2 diabetes and have
entered phase 2 clinical trials [32,43]. In addition, small-molecule
inhibitors of PTP1B can work synergistically with insulin to
increase insulin signalling and augment insulin-stimulated glu-
cose uptake [44]. Moreover, pretreatment of leptin-resistant rats
with a potent and selective PTP1B inhibitor results in a marked
improvement in leptin-dependent suppression of food intake [45].
Collectively, these biochemical, genetic and pharmacological stu-
dies provide strong proof-of-concept, validating the notion that
inhibition of PTP1B could address both diabetes and obesity and
making PTP1B an exciting target for drug development.

Challenges in developing PTP1B-based small-molecule
therapeutics

Selectivity is one of the major issues in the development of PTP1B
inhibitors as drugs. Because all PTPs share a high degree of struc-
tural conservation in the active site, the pTyr (phosphotyrosine)-
binding pocket, designing inhibitors with both high affinity and
selectivity for PTP1B poses a challenge. Fortunately, PTP substrate
specificity studies have shown that pTyr alone is not sufficient for
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high-affinity binding, and residues flanking the pTyr are impor-
tant for PTP substrate recognition [46]. The results indicate that
there are subpockets adjacent to the PTP active site that can also be
targeted for inhibitor development. These studies also provide a
molecular basis for addressing and manipulating PTP inhibitor
potency and specificity, and suggest a novel paradigm for the
design of potent and specific PTP inhibitors; namely bidentate
ligands that bind to both the active site and a unique adjacent
peripheral site. Consequently, unique PTP subpockets that border
the active site can be targeted to enhance inhibitor affinity and
selectivity. The rationale for the enhanced affinity of bidentate
inhibitors is based on the principle of additivity of free energy of
binding. The interaction of an inhibitor with two independent
sites (e.g. a pTyr site and a unique peripheral site) in one PTP would
confer exquisite specificity because other PTPs might not possess
an identical second-site interaction. Based on this paradigm,
several potent and selective PTP1B inhibitors have been devel-
oped; these will be discussed in the following section.

Bioavailability is another important issue in the development of
PTP1B-based small-molecule therapeutics. The active sites of PTPs
have evolved to accommodate pTyr, which contains two negative
charges at physiological pH. Consequently, most active-site-direc-
ted PTP inhibitors (non-hydrolyzable pTyr mimetics) reported to
date possess a high charge density to serve as competitive inhibi-
tors. Such molecules are generally not drug-like, with limited cell
membrane permeability. Several strategies have been applied to
improve the cell permeability and/or bioavailability of PTP1B
inhibitors that will be highlighted in this review.

Development of potent and selective PTP1B inhibitors
The library approach

A focused library approach was used to identify highly potent and
selective PTP1B inhibitors that are capable of bridging and simul-
taneously associating with both the active site and an adjacent
peripheral site [47]. The library contains (i) a biasing pTyr to ensure
association with the active site and (ii) a structurally diverse set of
23 linkers that tether the pTyr moiety to (iii) a structurally diverse
set of eight aryl acids, which were designed to associate with the
peripheral subsite, positioned near the active site. Because the
library contains hydrolyzable pTyr residues, the screen used a
catalytically inactive PTP1B/C215S mutant that retains its wild-
type binding ability for pTyr-bearing library components. The
compound with the highest affinity to PTP1B/C215S was identi-
fied, and the corresponding non-hydrolyzable bisdifluoropho-
sphonate (compound 1) was subsequently synthesized
(Figure 2). Compound 1 is the most potent and selective PTP1B
inhibitor identified to date (K;=2.4 nM) - it exhibits, with one
exception, a 1000- to 10 000-fold selectivity against a panel of
other PTPs [47]. The sole exception is TC-PTP, which is 77%
identical to PTP1B. Tenfold selectivity in favour of PTP1B was
observed against TC-PTP. Mutagenesis and structural analysis of
the interactions between PTP1B and 2 (a derivative of 1) revealed
that the nonhydrolyzable pTyr surrogate phosphonodifluoro-
methyl phenylalanine (F,Pmp) occupies the active site, whereas
the distal 4-phosphonodifluoromethyl phenylacetyl group makes
both van der Waals and ionic contacts with a proximal non-
catalytic site formed by Lys41, Arg47 and Asp48 [48]. The results
show that, although many of the residues in contact with com-

pound 2 are not unique to PTP1B, the combinations of all contact
residues differ between PTPs, which suggest that the binding sur-
face defined by these residues determines inhibitor selectivity.
This, in turn, indicates that the library approach can be a general
and effective method to acquire potent and selective PTP1B inhi-
bitors.

The ‘linked-fragment’ approach

In addition to the proximal non-catalytic site defined by Lys41,
Arg47 and Asp48, a second aryl phosphate-binding site, adjacent
to the PTP1B active site, was identified from crystal structures of
the protein in complex with pTyr and a small aryl phosphate [49].
This second aryl phosphate-binding site lies within a region (Arg24
and Arg254) that is not conserved among the PTPs. A ‘linked-
fragment’ approach (also referred to as SAR by NMR) was employed
to develop potent and selective PTP1B inhibitors that can engage
both the active site and the second aryl phosphate-binding site
[50-52]. In this approach, NMR was used to identify small mole-
cules that bind to the active site. The identified hits were opti-
mized, based on crystal structures of the complexes. Using a
separate NMR screen, small molecules that occupy the second aryl
phosphate-binding site were also identified. An appropriate linker
was then installed to connect the two binding fragments. Com-
pounds 3 (K; = 22 nM; twofold selectivity compared with TC-PTP)
[50] and 4 (K; = 18 nM; fourfold selectivity compared with TC-PTP)
[51] were both obtained using this approach. Compound 4 is not
cell permeable owing to the presence of two negative charges.
Prodrug § was synthesized, and the carboxylic acids were replaced
by their esters, to demonstrate cellular activities [51]. Compound
6, with a less charged pTyr mimetic and a more rigid linker,
displayed a 30-fold selectivity compared with TC-PTP [52]. In
addition to its excellent selectivity, compound 6 also exhibited
moderate cell permeability, probably because of the decreased
charge. The fluorine at the ortho-position can also enhance cell
permeability because compound 7, with a proton at this position,
showed significantly lower cell permeability. These examples
demonstrate that the linked-fragment approach can be an effec-
tive strategy to obtain potent and selective PTP1B inhibitors.
Besides the NMR-based screening, the ‘tethering’ method [53]
and high-throughput X-ray crystallography-based screening [54]
have also been used to identify small-molecule fragments that
target the active site and adjacent peripheral sites.

The conformation-assisted approach

Structure-based modelling has been used to target unique PTP1B
conformations for inhibitor development with both high affinity
and selectivity [55]. A series of benzotriazole phenyldifluoro-
methylphosphonic acids were synthesized as non-peptidic PTP1B
inhibitors. Many of these compounds showed good inhibitory
activity, at the sub-pM level, for PTP1B but none of them had
selectivity compared with TC-PTP. One of these inhibitors, com-
pound 8, was co-crystallized with PTP1B. The central carbon of 8
has four functional substituents. In the crystal structure, one of the
phenyldifluoromethylphosphonic acids binds the PTP1B active
site; the benzotriazole group interacts with the Arg47 and adjacent
residues; the benzene ring is important for the overall rigidity of
whole molecule, which was found to be crucial for the inhibitory
activity; and the other phenyldifluoromethylphosphonic acid
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Potent and selective PTP1B inhibitors. Compounds 1 and 2 are from [47] and [48], respectively. Compound 3 is from [50]. Compounds 4 and 5 are from [51].
Compounds 6 and 7 are from [52]. Compounds 8 and 9 are from [55], and compound 10 from [57]. Compounds 11, 12 and 13 are from [59].
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points to the second aryl phosphate site. Based on this structural
information, the second phenyldifluoromethylphosphonic acid
group was modified. A longer and more rigid bi-phenyl linker was
chosen, so that the phophonic acid could reach the second aryl
phosphate-binding site to increase binding affinity. To gain selec-
tivity, the crystal structures of PTP1B and TC-PTP were compared,
to identify residues that are unique to PTP1B. One of the residues is
PheS52 in PTP1B, whereas the corresponding position in TC-PTP is
Tyr54. Methoxylisobutylmethylquinoline was then appended to
the bi-phenyl linker (Figure 2; compound 9) to interact with
Phe52. Interestingly, compound 9 has a sevenfold selectivity
compared with TC-PTP. The X-ray crystal structure of 9 with
PTP1B confirmed the interactions between the methoxylisobutyl-
methyl group and Phe52. In addition, a PTP1B F52Y mutant
displayed similar affinity to compound 9 as TC-PTP did [56]. A
similar approach was used to target Leul19 in PTP1B (Vall121 in
TC-PTP) to generate compound 10 [57]. The oxadiazole group in
10 was responsible for a tenfold selectivity compared with TC-PTP.
An analogous structure-based approach was used to transform 2-
(oxalyamino)-benzoic acid, a broad-specificity low-affinity inhi-
bitor, into PTP1B inhibitors with greater potency and specificity
[58].

Targeting allosteric sites for improved selectivity and
bioavailability

A secondary allosteric site has recently been described for PTP1B,
and several small-molecule inhibitors that occupy this site stabi-
lize an inactive conformation of PTP1B [59]. Unlike the pTyr-
binding active site, the allosteric site is not well conserved and
possesses is substantially less polar. Thus, targeting the allosteric
site might present an alternative strategy for developing selective
inhibitors with acceptable pharmacological properties. Com-
pounds 11, 12 and 13 (Figure 2) are examples of allosteric inhi-
bitors reported for PTP1B [59]. Compound 11 (ICso = 350 pM) was
identified through a screen of a non-pTyr-like compound library.
Elaboration at the sulfonyl end of 11, with additional aromatic
rings, afforded compounds 12 (IC50=22pM) and 13
(ICs0 = 8 pM) with improved potency and selectivity. As revealed
by the co-crystal structures, the aromatic rings of compound 13
form a pocket around Phe280, whereas compound 12 only par-
tially wraps around Phe280. The interactions between Phe280 and
the aromatic rings in these inhibitors are correlated with their
binding affinity. Interestingly, compound 12 showed a sixfold
selectivity compared with TC-PTP, and compound 13 exhibited
cellular activities (increasing the phosphorylation level of IR and
IRS-1) at 250 pM.

Improving bioavailability of PTP1B Inhibitors

As mentioned earlier, bioavailability represents another major
challenge in transforming PTP1B inhibitors into therapeutics
because most of the current active site-directed inhibitors contain
substantial negative charges. Various approaches have been used
to improve cell permeability of PTP1B inhibitors, and some of the
commonly used strategies will now be discussed.

Charge reduction
The most straightforward approach is to reduce the number of
negative charges, so that a less-charged derivative might be able to

penetrate the cell membrane. One example is compound 14
(Figure 3) [60]. Its analogue, 15, was first identified as an effective
inhibitor of PTP1B, but the two negative charges limit its cell
permeability [61]. Interestingly, when one of the carboxylic acids
was replaced by a tetrazole group, the resulting compound, 14,
gained cellular activity without loss in inhibitory activity. Another
example is compound 16a (K; = 9.0 uM), which forms an equili-
brium with the lactone form 16b [62]. The lactone form is non-
charged and thus endows the inhibitor with high cell permeabil-

ity.

Increasing hydrophobicity

Another approach to increase cell permeability is to enhance the
hydrophobic character of the compounds. Because most pTyr
mimetics have negative charge(s), they usually are hydrophilic.
As more hydrophobic components are introduced, the com-
pounds become more lipophilic, with favourable membrane parti-
tion coefficients. For example, although compound 9 (Figure 2)
contains four negative charges, it is active in a cell-based assay,
possibly owing to the presence of multiple aromatic rings [55].
Similarly, compounds 17 and 18 (Figure 3) are orally bioavailable
and active in animal models of type 2 diabetes, even although they
are highly charged [63]. Thus, increasing hydrophobicity can be an
effective strategy to improve PTP1B inhibitor bioavailability.

Prodrug delivery

The prodrug approach has been widely used to deliver compounds
containing one or more carboxylic acid group(s). The correspond-
ing methyl or ethyl esters are called prodrugs, and they are much
easier to pass through the cell membrane. Once inside the cell, the
prodrugs are hydrolyzed to regenerate the original inhibitors.
Compound § (Figure 2) is an example of a prodrug for a carboxylic
acid-based PTP1B inhibitor [51], and so are compounds 19 [64] and
20 [65] (Figure 3). Because several organophosphonate-based pro-
drugs have advanced to the clinic and beyond [66], a prodrug
strategy can also be employed to improve the cellular delivery of
difluorophosphonate-based PTP1B inhibitors. A novel prodrug
approach that has been developed for intracellular delivery of
nucleotides and aryl phosphates [67] has been extended to inves-
tigate the synthesis and activation of difluoromethyl phosphonate
prodrugs. Studies with the prodrug of compound 1 (compound 21
in Figure 3) in a cell-based system indicate that this prodrug
strategy provides an excellent solution to the drug delivery pro-
blem associated with organophosphonate-based PTP1B inhibitors
[68].

Targeting the allosteric site

Allosteric modulation of PTP1B activity with small molecules
might provide a promising approach to overcome the potential
challenges of targeting the active site. Allosteric inhibitors, men-
tioned previously, are more likely to be cell permeable because
they normally do not have negative charges. In addition to com-
pounds 11-13, compound 22 might serve as another example of
an allosteric inhibitor (Figure 3). Compound 22, with an ICs, of
1.6 uM, is a reversible non-competitive inhibitor of PTP1B, sug-
gesting that it can bind to a pocket other than the active site. As a
non-charged inhibitor, compound 22 shows good cellular activity
[69].
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FIGURE 3

PTP1B inhibitors with improved bioavailability. Compound 14 is from [60], 15 from [61], and 16 from [62]. Compounds 17 and 18 are from [63]. Compound

19 is from [64], 20 from [65], 21 from [68], and 22 from [69].

Identification of novel pTyr mimetics

Breakaway tethering

There is continued interest in developing novel pTyr mimetics
with more acceptable pharmacological properties. A ‘breakaway-
tethering’ method was applied to search for novel pTyr mimetics
[53]. In this approach, a library of small molecules containing a
disulfide-bond tail was screened against PTP1B with a free thiol
group engineered at position 47, near the active site. Under
partially reducing conditions, if a compound in the library has
an affinity for a site near the free thiol group, a disulfide bond will
be formed between the small molecule and the engineered thiol
group, enabling the mass spectrometric identification of the
bound ligand. A novel pTyr mimetic (compound 23; Figure 4)

was identified by the breakaway-tethering-based screening. In
addition, to identify active-site-binding fragments, the tethering
method can also be used to discover fragments that bind to
peripheral sites near the pTyr binding pocket.

Structure-based search

An X-ray crystallography-based screening was recently used to
search for new pTyr mimetics [54]. Briefly, PTP1B crystals were
soaked in a solution of two to eight possible active-site-binding
fragments. After soaking, X-ray diffraction data were collected and
processed in an automated manner, so that the fragments that
bind to the active site can be quickly identified. Out of 264
compounds, compound 24 (K; =86 uM) was reported as a novel
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FIGURE 4

Novel pTyr mimetics. Compounds 23 and 24 are from [53] and [54], respectively. Compound 25 is from [58] and 26 from [70]. Compounds 27 and 28 are from
[71]. Compounds 29, 30 and 31 are from [72]. Compound 32 is from [73], 33 from [74], 34 from [75], and 35 from [76].

pTyr mimetic using this approach. Compound 24 is similar to
compound 25, which was developed from a high-throughput
screen [58], highlighting the utility of the structure-based screen
for the discovery of novel pTyr mimetics.

High-throughput screening

High-throughput screening is also commonly used to identify
novel pTyr mimetics. Compound 26 (Figure 4) was developed
based on hits identified from a compound collection [70]. With an
ICs0 of 42.5 pM and fourfold selectivity compared with TC-PTP,
the single negatively charged compound 26 is a promising pTyr
mimetic that is worth further optimization, as is compound 27
[71]. Compound 28 (K; =230 pM) was obtained from an initial
screen as an active site binding motif. Optimization efforts guided

by crystal structures resulted in compound 27, with a K; of 9.2 uM.
A series of monocylic thiophenes were then synthesized and tested
as PTP1B inhibitors [72]. Among them, compound 30
(K;=0.3 pM) showed tenfold increase in potency compared with
the parental compound, 29 (K;=3.2 uM). As shown in the co-
crystal structure, the OH group of compound 30 makes contacts
with residue Asp48, which explains its higher inhibition activity.
Compound 31 was designed to have additional electrostatic inter-
actions with Arg47 and, as a result, it has an even lower K;
(0.14 pM).

Rational design
In addition to various screening methods, rational design con-
tinuously serves as an efficient way to develop novel active-site-
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binding motifs. For example, a 1,2,5-thiadiazolidin-3-one-1,1-
dioxide group was recently reported to mimic the phosphoryl
moiety of pTyr, and the corresponding 1,2,5-thiadiazolidin-3-
one-1,1-dioxide-containing compound, 32, (Figure 4) has an
ICs0 of 2.47 pM for PTP1B, indicating that compound 32 is an
effective pTyr mimetic [73]. Compound 33, which contains a
similar isothiazolidinone group, is also an excellent pTyr mimetic
[74]. When incorporated into a di-peptide structure, the isothia-
zolidinone-containing inhibitor 33 has a K; of 0.19 pM. Using the
isothiazolidinone group as the pTyr mimetic, a peptide-based
inhibitor, 34, was synthesized that has an ICsy of 40 nM. This
demonstrates the utility of the isothiazolidinone to serve as a
highly efficacious pTyr mimetic [75]. To improve cell permeability
and oral bioavailability, a series of non-peptide-based inhibitors
using the same isothiazolidinone group as the pTyr mimetic were
synthesized. Among them, compound 35 displayed high inhibi-
tion potency, with an ICsg of 35 nM. It also exhibited considerable
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