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■ INTRODUCTION

Protein phosphorylation represents a key post-translational
modification that is critical to the control of many cellular
functions. The reversible phosphorylation of tyrosine residues
of proteins is a significant regulatory event in eukaryotes
compared to other protein phosphorylation processes and is
crucially important for the regulation and progression of various
cellular signaling cascades, especially those induced by receptor
activation mechanisms. The appropriate functioning of these
signaling pathways is controlled by the concerted and dynamic
activities of protein tyrosine kinases (PTKs) and phosphotyr-
osine protein phosphatases (PTPs) which play vital roles in
numerous fundamental physiological cellular processes, such as
growth, differentiation, survival, migration, metabolism, cell−
cell communication and adhesion, immune response, and gene
transcription.1−6

The human genome encodes more than 100 known PTPs,
and these include both soluble cytoplasmatic enzymes and
transmembrane receptor-like proteins.3,6 All known PTPs share
common structural features in the phosphate-binding active site
and act through a similar catalytic mechanism. Their substrate
specificity and binding to distinct ligands are mainly deter-
mined by the presence of regulatory domains or noncatalytic
subpockets in the regions surrounding the conserved catalytic
domains.2,3,6−10

In recent years, rapid progress in understanding the
biological functions of PTPs has uncovered evidence of the
importance of the complex roles played by these enzymes as
positive or negative modulators of specific cellular signaling
pathways. Moreover, it has been ascertained that alterations in
the activity or expression of several PTPs are implicated in the
pathogenesis of human diseases, including diabetes, obesity,
cancer, inflammation, autoimmune, and cardiovascular diseases.
As a consequence, like their more extensively explored PTK
counterparts, PTPs have aroused interest as strategic targets for
the design of novel therapeutic agents to fight several human
pathologies by counteracting specific signal transduction
aberrations that underlie pathogenetic processes.1,6,11−19

However, difficulties were encountered to identify selective
and bioavailable PTP inhibitors, mainly due to the polar nature
and high degree of homology of PTP catalytic sites, so much so
that there was initially some uncertainty about the druggability
of these proteins.20−22 Nevertheless, the successful design of
druglike molecules that are active as selective PTP inhibitors is
feasible by exploiting specific structural characteristics of the
regions surrounding the active sites of different PTPs that
represent important areas for the efficient binding of specific
ligands. Therefore, the identification of several PTPs as possible
drug targets encouraged the search for new PTP inhibitors and

further efforts were made to optimize them, which provided
interesting results particularly in relation to certain more widely
explored PTPs, such as the prototypical PTP1B.22−32 Indeed,
the characterization of PTP1B and its biological validation as a
target in the search for novel antidiabetic, antiobesity, and anti-
cancer pharmaceutical agents represented the starting point
and the main thrust for the extensive investigation of PTPs, and
undoubtedly, this PTP is the most widely studied member of
the family, as attested by the wealth of PTP1B inhibitors
reported in the past 2 decades by both academic and industrial
research groups.16,26,28−30,33−36

Besides PTP1B, more recently other PTPs have aroused
interest as novel drug targets, stimulating the design of inhib-
itors as potential therapeutics. Out of these phosphatases, low
molecular weight PTPs (LMW-PTPs) have emerged as attrac-
tive targets for the pharmacological control of postreceptor
events involved in the development of metabolic and neoplastic
pathologies as well as for therapeutic intervention in infectious
diseases.37−40

LMW-PTPs are 18 kDa soluble enzymes, which have been
identified and isolated from a wide variety of prokaryotic and
eukaryotic organisms, such as bacteria, yeasts, and mamma-
lians.41−54 LMW-PTPs from different organisms generally
display a high degree of homology, especially in their tertiary
structure. However, their sequences and three-dimensional
folding are rather different from those of higher molecular
weight PTPs except for the phosphate-binding loop (P-loop)
which contains the typical PTP signature motif CX5R(S/T)
that is conserved in all members of the PTP family. The
cysteine and arginine residues that are included in the signature
sequence are, in fact, fundamental for the dephosphorylation
common to all PTPs.55,56

Distinct isoenzymes of the human LMW-PTP are known,
i.e., the two active isoforms IF1 and IF2 (named also HCPTPA
and HCPTPB, respectively), which have been found to be the
most abundant LMW-PTP isoenzymes in many tissues, and
two catalytically inactive variants named SV3 and LMPTP-C
(or SV4).38,44,57−62 The active isoforms IF1 and IF2 differ only
by a loop that flanks the catalytic site and can determine iso-
form specificity in the binding to substrates and modulating
ligands, thus suggesting distinct cellular roles for the two
isoenzymes.57,59,62,63

Human LMW-PTPs exert sophisticated control over cell
growth and differentiation through the modulation of signaling
pathways induced by several growth factors and kinases.64−68

The enzyme also negatively regulates the metabolic responses
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to insulin,69 and the sensitivity of specific tissues to the
hormone is consequently enhanced as a result of the LMW-
PTP suppression.39 Moreover, the overexpression of LMW-
PTP is implicated in tumor onset and progression.37,38,70

Although the pathophysiological roles of the human LMW-PTP
isoenzymes still need to be elucidated in greater detail, current
understanding identifies drug design aimed at developing
LMW-PTP inhibitors as a useful strategy for developing novel
antitumor and antidiabetic agents.
In the past few years, there has been increasing evidence that

protein tyrosine phosphorylation can also regulate fundamental
functions in prokaryotic organisms. LMW-PTPs have been
identified in several pathogenic bacteria, and some of these
enzymes have been found to play crucial roles in virulence and
bacterial survival in infected hosts and thus represent potential
targets for therapeutic intervention.40,54

This Perspective focuses on recent research efforts to identify
and optimize inhibitors of human LMW-PTP as potential drug
candidates. In addition, we discuss inhibitors of MPtpA, a
mycobacterial LMW-PTP that has been proposed as a novel
antitubercular target. An outline of the current understanding
of the pathophysiological roles of human LMW-PTP has also
been included in order to give an account of the current state of
knowledge about the biological functions of this phosphatase
and its involvement in the etiology of human diseases.

■ STRUCTURE OF THE HUMAN LMW-PTP
ISOENZYMES

In humans, LMW-PTP is almost ubiquitous and has been
identified in most tissues and organs, such as erythrocytes,
endothelial and muscle cells, epithelial, connective and nervous
tissues, liver, placenta, and lens.44,47,48,57,71 In 1998, the crystal
structure of the human LMW-PTP isoenzyme IF1 (also known
as the electrophoretically fast isoform) was described,
whereas the crystal structure of IF2 (the electrophoretically
slow isoform) was not reported until 2006.58,59,62 Both human
isoforms IF1 and IF2 consist of a single peptide chain of 157
amino acid residues (Figure 1). The amino acid sequence is
identical in the two isoenzymes except for the segment
comprising amino acid residues 40−73, called the variable
loop, which presents considerable differences and only 41%
homology.44,57 The existence of isoforms IF1 and IF2 is the
result of an alternative splicing mechanism in which the
mutually exclusive transcription of either exon 3 or exon 4
produces two different mRNA sequences corresponding to the
two isoenzymes.72 Other splicing variants give rise to differently
folding proteins, i.e., isoforms SV3 and SV4, which do not
appear to possess a functional catalytic site. It has been
suggested that eventual shifts toward the transcription of SV3
or SV4 mRNAs, at the expense of IF1 and IF2 variants, might
contribute to the regulation of the LMW-PTP activity, resulting
in reduced cellular responses to the active isoforms.60,61

The three-dimensional structure of the isoenzymes IF1 and
IF2 consists of a four-stranded parallel β sheet core surrounded
on both sides by α helices.59,62 The active site P-loop, com-
prising residues 12−19 that form the sequence CLGNICRS
conserved in all mammalian LMW-PTPs, connects the β1
strand to the α1 helix and is situated at the bottom of a central
crevice, near the N-terminus of the protein (Figure 1). Like
other phosphotyrosine-specific protein phosphatases, this cavity
is deep enough to specifically catalyze the dephosphorylation
of phosphotyrosine (pTyr) residues, preventing action on
phosphoserine or phosphothreonine substrates. The backbone

of the P-loop adopts a rigid conformation, which is stabilized by
the formation of multiple hydrogen bonds between the active
site Asn15 and the conserved residues Ser19, Ser43, His72
and is optimal for binding the substrate phosphate.59,73 In this
arrangement, a network of hydrogen bonds between several
nitrogen atoms of the P-loop backbone and the oxygen atoms
of the substrate phosphate group is established during the
formation of the enzyme/substrate complex. In addition, an
interaction between the negatively charged phosphate group
and the positively charged guanidium group of Arg18 is critical
for the recognition and binding of the phosphorylated
substrates. The ionized residue Cys12 of the P-loop functions
as the catalytic nucleophile that attacks the phosphorus atom of
the substrate to form a phosphoenzyme intermediate (Figure 2).
A proximal residue, Ser19, appears to play a key role in this step
because it can form a hydrogen bond with the thiolate anion
of Cys12 which allows it to adopt an efficient orientation for
the nucleophilic attack.73−75 Release of the dephosphorylated
substrate occurs following the transfer of a proton from an
adjacent residue, Asp129. In the final and rate-limiting step, this
aspartate anion acts as a base that activates a water molecule
responsible for the hydrolysis of the cysteinylphosphate
thioester bond leading to the release of inorganic phosphate

Figure 1. Structures of human LMW-PTP isoforms: (a) IF1, PDB
entry 5PNT;59 (b) IF2, PDB entry 1XWW.62
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and restoring the enzyme (Figure 2).55,56,73,76−78 The active
site residue Cys17 contributes to the hydrolysis mechanism by
coordinating the water molecule in an appropriate orientation
for hydrolysis, which is analogous to the role played by a
glutamine residue in high molecular weight PTPs (e.g., Gln262
in PTP1B).56

In PTPs, the aspartate residue serving as proton donor/
acceptor is generally included in a flexible loop that folds over
the active site upon substrate binding. In the human LMW-
PTP, the catalytic Asp129 is contained in a mobile loop that
extends between the β4 strand and the α5 helix (D-loop,
residues 116−134) and flanks the active site, thereby forming
one wall of the catalytic crevice (Figure 1). This loop also
contains residues Tyr131 and Tyr132, which are important for
the substrate recognition because they establish π-stacking
interactions with the aromatic pTyr residue ring.59,62

The opposite wall of the LMW-PTP active site cavity is lined
with the amino acid residues belonging to the variable loop
(residues 40−73). This comprises the amino acid sequence
from the β2 strand to part of the loop following the α2 helix
forming a furrow on the enzyme surface that embraces the
active site (Figure 1). This variable region includes the
sequence 46−56, which forms a short loop between the β2
strand to the α2 helix and contains amino acid residues that are
the main structural determinants for the specific binding of IF1
and IF2 to substrates or small-molecule modulators.9,62,79 In
particular, the residues Tyr49, Glu50, and Asn53 in isoform IF1
and Trp49, Asn50, and Arg53 in isoform IF2 are oriented in
strategic poses that are critical for isoenzyme binding to specific
ligands.59,62,63 The residue in position 49 can assume different
orientations in the two isoenzymes. In IF1, the side chain of
Tyr49 is positioned above the active site cleft, and in the
cocrystallized complex with the buffer 2-(N-morpholino)-
ethanesulfonic acid (MES), the morpholino ring of the ligand
is sandwiched between Tyr49 and the tyrosine residues in
positions 131 and 132. In the cocrystallized complex of the
bovine LMW-PTP (an enzyme that shares a high degree of
homology with human IF2)80 with the N-(2-hydroxyethyl)-
piperazine-N′-2-ethanesulfonic acid (HEPES), the side chain of
the corresponding residue Trp49 was directed toward the outer
side of the active site without interacting with the ligand.59 The
side chain of Trp49 displays conformational variability, and it is
likely that it can adopt different selected conformations
depending on ligands.79 The residue Arg53 of IF2 also presents
high flexibility, which may be important for interaction with
IF2 selective ligands.62 In addition, the amino acid residues in
positions 49, 50, and 53 determine significant differences in
the surface charges near the entrance of the active site crevice of
the two isoenzymes. In fact, in isoform IF1, the acidic Glu50
and the neutral Asn53 residues give a predominantly negative

surface charge, whereas the neutral Asn50 and the basic Arg53
of IF2 form a positively charged surface on one wall of the
active site crevice.59,62 Therefore, the few residues of the
variable loop located near the entrance of the active site crevice
are sufficient to determine the specificity of isoenzymes IF1 and
IF2 toward different ligands, as also demonstrated for other
mammalian LMW-PTP isoforms.43,59,62,63,81,82 This is of
particular interest from a medicinal chemistry perspective, as
the differences in the amino acid residues and in the surface
charge distribution for this region can be exploited in the
structure-based design of molecules that are specifically
targeted to modulate the activity of human LMW-PTP. This
should achieve selective effects on the two active isoforms.
The aromatic residues Tyr131, Tyr132, and Tyr49 or Trp49

form a hydrophobic edge around the catalytic pocket, which in
turn contains other hydrophobic residues, such as Leu13 and
Ile16. This may explain the generally higher affinity and
catalytic efficiency of IF1 and IF2 toward substrates containing
hydrophobic residues adjacent to pTyr as well as the greater
effectiveness of inhibitors containing hydrophobic moi-
eties.58,62,81

■ MODULATION OF LMW-PTP ACTIVITY

The activity of LMW-PTP isoenzymes can be modulated by
several molecules, such as purine derivatives (Figure 3). In

particular, isoform IF1 is inhibited by adenine and activated by
hypoxanthine. In contrast, adenine activates IF2, whereas
hypoxanthine does not affect this isoform.83 Adenine produces
an even more powerful activation of LMW-PTP from
Saccharomyces cerevisiae (Ltp1), which was subsequently used
as a simple model to rationalize this effect.83 The cocrystallized
complex of Ltp1 with adenine showed that the ligand is located
near the top of the catalytic pocket, with the aromatic system
stacked between the residues Trp134 and Tyr51 and with N1
and N9 atoms respectively bound to His52 and Asp132 by

Figure 2. Mechanism of the dephosphorylation reaction catalyzed by LMW-PTP.

Figure 3. Purine modulators of LMW-PTP activity and schematic
representation of the interactions between adenine and the LMW-PTP
from Saccharomyces cerevisiae (Ltp1).
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hydrogen bonds. In this position, the adenine N3 atom can
bind a nucleophilic water molecule, which thus can assume a
suitable orientation to hydrolyze the phosphoenzyme thioester
bond in the rate-limiting step of the enzymatic catalysis, thereby
promoting Ltp1 activity (Figure 3). The Ltp1 residues Tyr51
and His52 belong to the variable loop and correspond to Tyr49
and Glu50 in IF1 and Trp49 and Asn50 in IF2. This may
determine distinct binding modes of the purine ligand to the two
human isoenzymes, resulting in differential effects.83 Docking
simulations to human LMW-PTP indicated that, in addition to
the active site, the adenine could also initially bind to a nearby
shallow cavity situated in front of Tyr131 and Tyr132, named
the Y131 dish.84 The explanation for the effect of hypoxanthine
activating exclusively the IF1 isoenzyme was that the only
difference between the structures of these purines is the pre-
sence of an amine group at the C6 position of adenine which is
replaced by a carbonyl group in hypoxanthine. This may
significantly influence the interactions of the protonated N1
atom of hypoxanthine with the amino acid residues present in
the various LMW-PTPs (Glu50 in IF1, Asn50 in IF2, His52 in
Ltp1).83 The findings relating to the modulation of LMW-PTP
activity by adenine were exploited as a starting point to develop
small molecule inhibitors of the enzyme (see below).84

Modulating effects are also exerted by purine derivatives
toward electrophoretically fast and slow isoenzymes of different
origins. cGMP induced a strong increase in the activity of the
slow isoform AcP2 from rat liver, whereas the fast isoenzyme
AcP1 was only moderately activated, suggesting that variations
in the cellular cGMP concentration could result in the modula-
tion of the LMW-PTP activity in vivo.85 In addition, uric acid
was shown to inhibit bovine LMW-PTP at concentrations in
the low millimolar range.86

Investigating the regulatory mechanisms of LMW-PTP
activity can provide useful further knowledge for our under-
standing of LMW-PTP functions as well as for the rational
design of active compounds directed to modulate the activity of
the enzyme.
Specific amino acid residues are critically involved in the

regulation of LMW-PTP activity. The thiol groups of the
neighboring Cys12 and Cys17 are oxidized by both H2O2 and
NO to form a disulfide bond. The consequent enzyme inactiva-
tion is reversible, and the recovery of the LMW-PTP func-
tionality was observed in the presence of reducing agents,
such as dithiothreitol or reduced glutathione, or after removal
of oxidative conditions.49,87−90 In vivo, endogenous H2O2 is
generated in numerous conditions of oxidative stress, such
as during growth factor signal transduction, and can lead to
transient LMW-PTP inactivation which is reversed by
glutathione-dependent systems. A similar control over the
activity of several other PTPs in oxidative conditions is well-
known. Therefore, the cellular redox balance can strongly
influence PTP activity. This is considered to be a significant
factor in the regulation of protein tyrosine phosphoryla-
tion.91−93 In LMW-PTP and a few other PTPs, such as
PTEN and Cdc25, the formation of the disulfide bridge is a
peculiar event that protects the initially formed cysteine sulfenic
acid (Cys-SOH) from further irreversible oxidation to sulfinic
and sulfonic acids. However, in other PTPs, such as PTP1B, the
irreversible oxidation of Cys-SOH is prevented by the
formation of a five-membered sulfenamide ring derived from
the reaction of the sulfenic group with an adjacent backbone
NH group.92,93

Two other crucial amino acid residues involved in key
regulatory mechanisms are Tyr131 and Tyr132.94−96 In vivo,
the independent phosphorylation of these tyrosine residues can
elicit different effects on the enzyme activity. The phosphor-
ylation of Tyr131, the main phosphorylation site, is essential for
several functions of LMW-PTP particularly to control cell
growth and adhesion, whereas intriguingly, the phosphoryla-
tion in position 132 could result in negative regulation of
the enzyme. Consequently, the alternative phosphorylation of
Tyr131 and Tyr132 can provide a fine-tuned regulation of
LMW-PTP activity in different physiological conditions.95 This
tyrosine residue pair also contributes to the self-association of
LMW-PTP molecules to form inactive oligomers that are in
equilibrium with the active monomers.79,97,98 This enzyme
oligomerization is an alternative and independent event with
respect to tyrosine phosphorylation, and it has been suggested
that it represents a self-regulatory way to control the phos-
phorylation at positions 131 and 132.97,98 In fact, crystallo-
graphic and NMR studies have demonstrated that in the
dimeric structure the unphosphorylated residues Tyr131 and
Tyr132 of one enzyme molecule occupy the catalytic pocket of
the other molecule, forming hydrogen bonds with residues
flanking the active site in front of them.79,97,98 Substrate binding
can compete with the enzyme dimerization restoring the
functional enzyme, leading LMW-PTP oligomers to be defined
as a reserve of the enzyme or a proenzyme form.98

Further control of LMW-PTP activity is derived from the
cellular localization of the enzyme. Similar to other PTPs,
LMW-PTP can interact with caveolin-1, a structural protein of
the plasma membrane invaginations called caveolae which is
involved in the regulation of many signaling molecules, such as
G-proteins, kinases, and growth factors. Interestingly, this
binding leads to a differential modulation of isoenzymes IF1
and IF2 because it produces a marked inhibition of IF1 while it
hardly affects the IF2 activity.99,100 It has been suggested that
this different behavior could be derived from the interaction of
caveolin-1 with distinct amino acid residues of the variable loop
of each isoform.100

■ BIOLOGICAL FUNCTIONS OF LMW-PTP AND
IMPLICATIONS IN HUMAN PATHOLOGIES

The understanding of the biological functions of human LMW-
PTP has been significantly extended in the past 2 decades.
In the past few years, the results of these biological and bio-
chemical studies have contributed greatly to stimulating the
search for active compounds able to modulate LMW-PTP
activity, by highlighting not only the main physiological roles of
the enzyme but also how its malfunctioning is involved in the
development of pathogenetic processes.
LMW-PTP is critically involved in cell growth, differ-

entiation, adhesion, and metabolism by regulating specific
signaling pathways induced by several growth factors and
receptor tyrosine kinases. A major event resulting from the
binding of growth factors to their transmembrane receptors is
receptor autophosphorylation on specific tyrosine residues,
which in turn determines the recruitment and phosphorylation
of proteins responsible for downstream signal transduction.
These protein tyrosine phosphorylation reactions are reversed
by the regulatory intervention of PTPs. In particular, LMW-
PTP plays complex crucial roles by negatively regulating the
cellular responses elicited by platelet-derived growth factor
(PDGF), fibroblast growth factor (FGF), epidermal growth
factor (EGF), focal adhesion kinase (FAK), and insulin,
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whereas in other cases it acts as a positive modulator, such as in
the ephrin A2 (EphA2) and ephrin B1 (EphB1) signaling
pathways.47,49,66,67,69,101−106

The role of LMW-PTP in the regulation of PDGF signaling
has been widely investigated. Initial studies revealed that
LMW-PTP overexpression can inhibit the growth of both
normal and oncogene-transformed fibroblasts, this effect being
more marked in normal cells than in trasformants.107,108 The
increased LMW-PTP levels were found to be linked to
conditions of cell growth arrest, such as cell confluence and
differentiation, like other enzymes that play a role in the control
of mitogenic signals.66 In particular, the growth inhibition
mediated by LMW-PTP was shown to be correlated to a
reduced cellular response to PDGF.102 The activated PDGF
receptor (PDGF-R) is a specific substrate of LMW-PTP, and
the enzyme causes the receptor inactivation by dephosphorylat-
ing PDGF-R pTyr residues, such as the essential
pTyr857.64,109,110 However, the role of LMW-PTP in the
transduction of PDGF mitogenic signaling does not consist
only of the regulation of PDGF-R phosphorylation, but the
enzyme also plays multiple roles in downstream events
subsequent to PDGF-R activation (Figure 4).
LMW-PTP specifically influences the Src kinase and some

signal transducers and activators of transcription (STATs)
pathways that are activated by phosphorylated PDGF-R. The
negative regulation of the Src pathway results in decreased
mitogenic response and increased cell motility and chemotaxis
and, in turn, could affect STAT signaling by causing a down-

regulation of STAT1 and STAT3 pathways.65,111 Recently,
LMW-PTP has also been shown to dephosphorylate STAT5,
which is involved in cell differentiation during hematopoietic
development (Figure 4).112 In addition, in vascular smooth
muscle cells, LMW-PTP negatively controls PDGF signaling by
acting on different substrates but not by dephosphorylating
PDGF-R as occurs in fibroblasts, suggesting that LMW-PTP
could play different roles depending on cell types.113

In normal cells, LMW-PTP exists constitutively in both
cytosolic and cytoskeleton-associated forms. Only the cytoplas-
mic LMW-PTP, in its unphosphorylated form, acts on the
activated PDGF-R, whereas the cytoskeleton-associated enzyme
is phosphorylated by Src kinase upon PDGF stimulation,
resulting in a significant increase in LMW-PTP activity and in
the consequent dephosphorylation of cytoskeleton-associated
proteins.114

The cytoskeleton-associated LMW-PTP fraction is critically
involved in the integrin-mediated cell adhesion to the
underlying extracellular matrix (ECM), mainly through the
dephosphorylation of two distinct proteins, p190Rho-GAP and
FAK (Figure 4). Through the inactivation of the GTPase-
activating protein p190Rho-GAP, LMW-PTP potentiates the
action of the GTP-coupled protein Rho, thus increasing cell
adhesion and migration. The protein Rho induces integrin
clustering, which is essential for the formation of focal
adhesions during the process of cell adhesion to ECM, and
also controls actin assembly and cell motility.104,115 However,
LMW-PTP can increase cell motility and lead to a reduction in

Figure 4. Roles of LMW-PTP in the regulation of cell growth and adhesion in normal cells. LMW-PTP functions as a negative regulator of cell
growth and increases integrin-mediated and cadherin-mediated cell adhesion by acting on distinct substrates involved in different cellular signaling
pathways. In transformed cells, LMW-PTP overexpression induces overexpression of EphA2 kinase, which is the predominant substrate of this
phosphatase in neoplastic cells (for details, see text).
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the number of focal adhesions by inactivating FAK, a key
component of the integrin-mediated signaling which modulates
the turnover of focal adhesions.90,105

The key regulatory role played by LMW-PTP in controlling
cell-matrix adhesion and migration can critically influence the
modulation of T lymphocyte functions. The FAK dephosphor-
ylation catalyzed by LMW-PTP exerts a negative control over T
cell activation and adhesion.116 On this basis, it has been
suggested that LMW-PTP may contribute to the pharmaco-
logical effect of teriflunomide, the active metabolite of the
immunosuppressant drug leflunomide.116 On the other hand,
LMW-PTP can improve T cell functioning through the
dephosphorylation of a regulatory site of the tyrosine kinase
ZAP-70. This suggests that LMW-PTP can modulate T
lymphocyte functions through distinct mechanisms in different
conditions.116,117

LMW-PTP controls not only cell-ECM contacts but also
cell−cell adhesion, another dynamic crucial event that
influences the course of several processes, including embryonic
development and tumor invasion. Catenins are a group of
proteins that contribute to the formation of adhesion junctions
between cells by functioning as linkers between the
cytoplasmatic domains of the transmembrane protein cadherins
and the actin cytoskeleton.118 LMW-PTP can enhance the
stability of cell−cell contacts through the dephosphorylation of
β-catenin complexes (Figure 4), and it has been suggested that
this action might fight tumor progression and invasiveness.119

On the basis of these findings overall, up until a few years
ago, LMW-PTP was thought to function mainly as a negative
regulator of cell proliferation that might potentially counteract
tumor growth. However, this PTP can also function as a
positive growth modulator, as observed in v-Ha-Ras-trans-
formed cells, and can also act as a positive regulator of specific
PTK signals.47,48,103,106 Indeed, the idea initially accepted,
according to which PTPs generally function as tumor
suppressors by opposing the oncogenic potential of PTKs,
proved to be partial, since in the past decade it has been
discovered that PTPs play more complex roles as either tumor-
suppressors or oncogenic enzymes. In fact, it was ascertained
that several PTPs, including LMW-PTP, can act as oncogenic
proteins, even by potentiating the transforming effects of some
PTKs.15,19,37,38,70

The role of LMW-PTP as a positive regulator of tumor onset
and progression has been demonstrated in both animal models
and in different types of human cancer.37,38,70 The LMW-PTP
overexpression found in oncogene-transformed or tumor-derived
cells is a sufficient condition to induce neoplastic transformation
in nontransformed cells.70 Cultured LMW-PTP overexpressing
epithelial cells displayed the ability to colonize soft agar and
acquire a transformed phenotype.70 The overexpression of the
enzyme was found to positively influence cell motility and
invasiveness, thus favoring the tumor colonization of connective
tissues and accelerating tumor onset and progression.37,120

The oncogenic activity of LMW-PTP is closely related to
changes in the expression and function of its substrate EphA2
observed in tumor cells both in vitro and in vivo.37,70 The
EphA2 receptor tyrosine kinase is overexpressed and functionally
altered in many human carcinomas and melanomas, especially in
aggressive and metastatic types of cancers.70 EphA2 tyrosine
phosphorylation is a crucial feature that strongly influences the
oncogenic potential of this kinase. The tyrosine phosphorylated
EphA2 receptor, found mainly in normal cells, activates
downstream events that lead to inhibition of cell growth and

migration.70,121 In contrast, unphosphorylated EphA2 exerts
strong oncogenic actions. In tumor cells, the overexpressed
LMW-PTP, which acts as a critical regulator of EphA2 tyrosine
phosphorylation, induces EphA2 overexpression and, in addition,
determines functional alterations of the kinase by dephosphor-
ylating it.70 Therefore, LMW-PTP triggers cellular neoplastic
transformation and promotes cancer progression through high
levels of the unphosphorylated EphA2 tyrosine kinase, which
functions as an essential downstream component of this
oncogenic signaling pathway.
It was suggested that the recruitment of LMW-PTP by

EphA2 could reduce the action of the phosphatase on
p190Rho-GAP, thus leading to weaker cell-matrix adhesion
and to more invasive malignant cells.116 Moreover, neither the
PDGF-R nor β-catenin were found to be preferential LMW-
PTP substrates in developing sarcomas. In fact, EphA2 is the
main LMW-PTP substrate in tumors, confirming that the
oncogenic potential of this phosphatase is linked to EphA2
dephosphorylation.37

LMW-PTP expression levels were found to be significantly
increased not only in cell cultures and animal models but also
in several human tumor tissues, particularly in breast and colon
cancers as well as in neuroblastoma, whereas the enzyme is not
overexpressed in lung cancer.38 Moreover, a close link was
observed between high LMW-PTP expression and unfavorable
outcome, in terms of a markedly reduced probability of survival,
confirming that LMW-PTP overexpression is generally typical
of aggressive cancers.38

In view of possible therapeutic intervention targeted at
LMW-PTP, it is also particularly interesting to consider the
expression of the different LMW-PTP isoforms in tumor
tissues. The most abundant isoform found is IF1, followed by
IF2 and SV3, in both normal and tumor cells.38 Evaluation of
the correlation between the genetic polymorphism of the
human LMW-PTP encoding gene ACP1 and susceptibility to
cancer development highlighted that patients affected by
various types of cancer presented genotypes characterized by
higher IF1 levels compared with healthy subjects, strongly
suggesting that this isoform could be associated with increased
cancer invasiveness and metastasis development.122

All this evidence supports the validity of LMW-PTP as a
target for novel anticancer agents. Although the search for
drugs targeted at LMW-PTP has only recently begun, efforts
have been made to target the enzyme in the search for new
methods of treatment of hyperproliferative cell disorders.123 In
addition, the potent antineoplastic effect of aplidin (dehy-
drodidemnin B, Figure 5), a depsipeptide isolated from the

Mediterranean tunicate Alidium albicans, has been recognized
to be mediated, at least in part, by LMW-PTP inactivation.
Aplidin does not exert a direct inhibitory effect on the enzyme;

Figure 5. Structure of aplidin.
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rather, LMW-PTP inactivation appears to be caused by the
cellular oxidative stress induced following aplidin treatment.124

A different LMW-PTP substrate of therapeutic interest is the
insulin receptor (IR), a tyrosine kinase that is formed by two
extracellular α subunits and two transmembrane β subunits.
Insulin binding to the α subunit activates the receptor by
inducing β subunit autophosphorylation on several tyrosine
residues in the cytoplasmic domain. Subsequently, the
phosphorylation of specific IR substrate (IRS) 1−4 proteins
occurs. Tyrosine phosphorylated IRS activate other down-
stream molecules, such as the phosphatidylinositol 3-kinase
(PI3K), which in turn promotes the phosphorylation of further
signaling components. In particular, the PI3K-dependent
activation of downstream proteins, such as Akt (protein kinase
B), causes the translocation of glucose transporter 4 (GLUT4)
to the plasma membrane, thus enhancing glucose uptake in
tissues with insulin-dependent glucose transport, such as
skeletal muscle, liver, and fat tissue. This signaling cascade
also mediates other insulin actions, such as the increased
synthesis of glycogen, fatty acids, and proteins as well as
mitogenesis, the latter induced through the activation of the
mitogen-activated protein kinase (MAPK) pathway.125

Several PTPs (PTP1B, LMW-PTP, PTEN, SHP2, PTPα,
LAR-PTP) control insulin signal transduction through the
dephosphorylation of pTyr residues on IR or other
components of the insulin signaling cascade.11,12,27,126 In
particular, LMW-PTP acts as a key negative regulator of both
insulin-mediated mitotic and metabolic signaling pathways by
dephosphorylating specific pTyr residues on the IR β
subunits.69 Although the mitogenic responses mediated by
insulin and PDGF are similar in part, LMW-PTP affects them
differently, exerting a stronger control on the PDGF-induced
mitogenesis. This is probably due to the fact that during insulin
signaling, LMW-PTP is not able to control cytoskeleton-
associated proteins and is therefore not involved in the insulin-
mediated cell adhesion and chemotaxis.127

The crucial role played by LMW-PTP in insulin signal
transduction has been established in both diet-induced obese
mice and genetically obese ob/ob mice, in which the condition
of insulin resistance typical of type 2 diabetes mellitus (DM2) is
reproduced.39 In this animal model, LMW-PTP gene silencing
by means of specific antisense oligonucleotides promoted
insulin signaling and improved the cellular response to the
hormone, resulting in reduced plasma insulin and glucose
levels.39 In agreement with the previous in vitro investigations
by Chiarugi et al.,69 the in vivo study by Pandey and co-workers
confirmed that LMW-PTP negatively regulates insulin signaling
mainly through pTyr dephosphorylation on IR, thus reducing
the activity of key downstream components of the insulin
cascade, such as PI3K and Akt.39 A possible role of LMW-PTP
in the regulation of lipid metabolism has also been suggested
but needs to be clarified further. However, in contrast with that
of PTP1B, suppression of LMW-PTP was not seen to influence
animal body weight. In this pivotal study, the improvement in
insulin sensitivity consequent to LMW-PTP silencing was
observed mainly in liver and adipose tissue, thus indicating that
this phosphatase possesses distinct tissue specificity compared
to PTP1B, which in turn controls insulin signaling in liver and
skeletal muscle but it does not appear to be appreciably
involved in fat tissue.35,36,128 Moreover, LMW-PTP knock-
down did not induce any compensatory increase in the other
PTPs involved in the control of insulin response (e.g., PTP1B,
SHP2, PTEN), thus indicating that these enzymes exert

independent functions in controlling the action of the
hormone.39

Epidemiological studies provided further evidence that
LMW-PTP activity may function as a determining factor in
the development of diabetes, contributing to validation of this
phosphatase as a potential drug target for the therapeutic
treatment of this pathology. Higher glycemic levels were
observed in males with high-activity LMW-PTP genotype than
in subjects with low-activity genotype, this difference being
more marked in diabetic and aged patients than in healthy
subjects. However, statistically significant differences were not
observed in females. Moreover, in DM2, the isoenzyme IF1
appeared to be the main isoform responsible for the increase in
glucose levels, whereas no positive correlation with IF2 was
found.129 In females with type 1 diabetes, high LMW-PTP
activity can induce earlier onset of the disease.130 In diabetic
pregnant women glycemic levels also appear to be positively
correlated with LMW-PTP activity.131 In addition, in obese
diabetic patients, the enzyme was found to be associated with
high levels of plasma triglycerides, suggesting that increased
LMW-PTP activity might be a predisposition to metabolic
syndrome.132 In clinical studies, LMW-PTP was also found to
be related to the development of diabetic retinopathy and, once
again, genotypes with higher concentrations of IF1 isoform
showed the highest incidence of this common and severe
chronic complication of diabetes.13

Relationships have been discovered between the genetic
polymorphism of LMW-PTP and several other human
pathologies. A positive correlation between myocardial wall
thickness and LMW-PTP activity has been established in
hypertrophic cardiomyopathy.13 Genotypes with low activity of
this phosphatase exhibited protective effects against some
serious cardiovascular risk factors induced by oxidative stress,
hypertension, and dyslipidemia.133 High levels of isoform IF1
also appeared to be a predisposition to inflammatory bowel
diseases, whereas high levels of isoform IF2 were correlated to
the onset of rheumatoid arthritis and reduced resistance to
malaria plasmodium infection. On the other hand, low total
LMW-PTP activity appeared to be a predisposing condition for
allergies, asthma, Alzheimer’s disease, nondiabetic obesity, and
repeated spontaneous abortion.13,116,134,135

In addition, other biological functions of LMW-PTP have
been under study. It was suggested that LMW-PTP may
function as a negative regulator of platelet activation through
immunoreceptors,136 and it may be an important signaling
molecule in membrane skeleton remodeling137 and in
osteoblast differentiation.138 The presence of LMW-PTP in
nerve endings suggests that the enzyme may also play a role in
synaptic functions.139 These findings stimulate further inves-
tigation.

■ IN SEARCH OF HUMAN LMW-PTP INHIBITORS AS
NOVEL DRUG CANDIDATES

Although a wide variety of natural and synthetic compounds are
known to be PTP inhibitors, a relatively limited number of
human LMW-PTP inhibitors have been identified to date, as
the recognition of LMW-PTP as a possible drug target is
recent.
Until a few years ago, the only known LMW-PTP inhibitors

were the early transition metal oxoanions, including vanadate,
molybdate, and tungstate.140 The vanadate ion acts as a trigonal
bipyramidal transition state analogue and inhibits the enzyme
by covalently binding the nucleophile Cys12. In contrast,
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molybdate does not form covalent bonds with the enzyme but
acts as a weaker inhibitor by mimicking the tetrahedral
phosphate geometry.141 In spite of their appreciable inhibitory
effects at micromolar concentrations and their ability to
function as insulin-mimetic and antitumor agents, vanadate-
containing compounds are only used as reference inhibitors in
studies relating to PTP functions because their nonselective
inhibitory effect toward all the members of the PTP family, as
well as toward other phosphomonoesterases and phosphodies-
terases, noticeably limits their usefulness for therapeutic
purposes.24,62,141 Ionic surfactants can also inactivate LMW-
PTP, probably by establishing electrostatic and hydrophobic
interactions with the active site or neighboring regions. Anionic
surfactants, such as n-alkyl sulfates, produce a more marked
inhibitory effect than n-alkyl trimethylammonium salts,
independently of pH values.142

An initial study for the structure-based design of LMW-PTP
inhibitors was based on the above-described crystal structure of
the yeast enzyme Ltp1 cocrystallized with adenine.83 This led
to the identification of the first rationally designed inhibitors of
human LMW-PTP, even though they were endowed with weak
millimolar affinity for the enzyme.84 A phosphonated
5-azaindole (compound 1, Figure 6) was designed to mimic

the interactions of adenine with LMW-PTP. The two
heterocyclic nitrogen atoms of 1 correspond to the adenine
N1 and N9 that are directly involved in hydrogen bonding to
the residues His52 and Asp132 of the yeast enzyme,
respectively (Figure 3), whereas the phosphonate group was
used as a nonhydrolizable phosphate mimic. Molecular
dynamics indicated that the molecule could interact with the
target enzyme effectively. The phosphonate group can bind
residues of the P-loop at the bottom of the catalytic pocket,
whereas the azaindole moiety may assume different orienta-
tions, thus interacting either with aromatic residues situated at
the entrance of the active site or with the catalytic Asp129.84

Phosphonic acids 2−5 were then synthesized as analogues of
the lead compound 1 by retaining the phosphonate group as
well as the ethyl or ethylene linker and simplifying the aromatic
moiety, which varied from a naphthyl system to an amino-
pyridyl or phenyl ring (Figure 6). The affinity of compounds
1−5 for the two human isoforms IF1 and IF2 were generally in
the millimolar range, reaching Ki values of 300 and 250 μM for

compounds 3 and 4, respectively. The latter compounds were
the most active LMW-PTP inhibitors of these phosphonic
acids, with moderate selectivity toward IF1 over IF2.84,143 The
results of this study highlighted simple structural elements that
could be important for the interaction with the enzyme and,
therefore, for the subsequent design of more effective LMW-
PTP inhibitors. In fact, two molecular portions of inhibitors
appeared to be required to effectively bind the enzyme: the first
an ionized group that was able to anchor the molecule to the
positively charged catalytic pocket and the other a planar and
preferably aromatic moiety bearing suitable functional groups
that are able to form hydrogen bonds with the enzyme.
In pursuing the search for human LMW-PTP inhibitors, the

same research group recently reported a virtual-screening-based
study that led to the identification of structurally diverse
inhibitors.144 Among the molecules that were initially selected
to be submitted to an in vitro enzyme inhibition assay,
compounds 6−9 (Figure 7) were found to have IC50 values

lower than or around 100 μM, at pH 5, against both isoforms
IF1 and IF2. A further six compounds (11−16, Figure 8),
although weak inhibitors at pH 5, produced at least 50%
inhibition of isoform IF1 at 100 μM when tested at pH 7.144 All
assayed compounds (Figures 7 and 8) contain structural
portions that can be likened to those previously suggested to be
critical for LMW-PTP inhibition. In fact, they possess an acidic
functionality, mostly a sulfonic or a carboxylic group that can
form multiple interactions with amino acid residues of the P-
loop, and one or more cyclic systems containing heteroatoms
or groups able to establish hydrogen bonds with the target
enzyme. Extended cyclic systems, especially aromatic ones,
generally appeared to enhance the affinity for the enzyme,
probably through further hydrophobic interactions, in agree-
ment with the predominantly hydrophobic nature of the amino
acid residues that surround the LMW-PTP active site.
Unfortunately, of these compounds only the sulfonic acid
derivative 6 did not prove to cause the formation of protein
aggregates and, therefore, was selected as a new lead candidate
for the design of human LMW-PTP inhibitors.144 In contrast
with the numerous phosphonic acid derivatives that have been

Figure 6. Phosphonic acid containing inhibitors of human LMW-PTP.

Figure 7. Some inhibitors of human LMW-PTP isoforms IF1 and IF2.
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reported so far as potent in vitro inhibitors of other PTPs,
especially PTP1B,24−26 the only phosphonic acid present in the
set of selected molecules was compound 10, which, moreover,
was the weakest LMW-PTP inhibitor out of this molecule
series, with IC50 values of 223 and 139 μM against IF1 and IF2,
respectively, at pH 5.144

In fact, in the context of the design of PTP inhibitors, the
insertion of the double-negatively charged phosphonate group
as a phosphate mimic onto various structural frameworks has
frequently been exploited. However, this strategy has often
produced molecules endowed with high in vitro inhibitory
potency but low bioavailability because of their highly ionized

nature and consequently poor ability to cross biomembranes,
although some phosphonate derivatives endowed with cellular
or in vivo activity have been reported.24,145,146 Therefore, the
current search for PTP inhibitors is mainly aimed at identifying
nonphosphorous small-molecule inhibitors designed by insert-
ing less charged pTyr-mimetic groups onto different optimal
templates in order to obtain inhibitors with better druglike
properties than phosphonate-containing molecules.24,26,30,147 In
view of this, the bioisosteric replacement of the pTyr phosphate
group with appropriate monoanionic groups, such as the
carboxylic one or the isothiazolidinone system, is considered an
effective design approach and has already led to PTP inhibitors
with appreciable cellular or in vivo activity.24,26,147−149 It is
plausible that this strategy can also be adopted for the rational
design of LMW-PTP inhibitors.
Besides acids 9 and 11−16 (Figures 7 and 8), other

carboxylic acid containing inhibitors of LMW-PTP were
selected by means of a subsequent virtual screening of available
libraries.150 In this case, the selected compounds were assayed
against the bovine LMW-PTP, which shares a 94% sequence
identity and a high degree of structural similarity with the
isoform IF2 of the human LMW-PTP, thus adequately
predicting the inhibition of this human isoform.80 The
screening of a first subset of compounds led to the selection
of four different carboxylic acid derivatives (17−20, Figure 9)
with Ki ranging between 50 and 900 μM, and afterward,
additional structurally similar molecules were assayed. This
second step resulted in the identification of compounds 21 and
22 (Figure 9) with Ki values of 9 and 11 μM, respectively, and
two weaker inhibitors 23 and 24 (Figure 9) with Ki values of 60
and 170 μM, respectively. All these different carboxylic acid
derivatives act as competitive LMW-PTP inhibitors.150 The

Figure 8. Inhibitors of human LMW-PTP isoform IF1.

Figure 9. LMW-PTP inhibitors assayed against the bovine enzyme.
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replacement of the 2-trifluoromethylphenyl moiety of analogue
20 with the 3-bromophenyl one (compound 21) on the same
cyclopenta[c]quinoline-8-carboxylic acid template yielded a 5-
fold gain in inhibitory potency. A different tricyclic scaffold is
present in the structures of compounds 18, 19, 23, and 24. The
carbazole system with different substituents appeared to be
associated with moderate inhibition levels (compounds 23 and
24), whereas compounds 18 and 19, in which a fused benzene
ring was replaced by different ring systems, exhibited even
weaker activity. Molecular docking simulations indicated, once
again, that the inhibitors can bind the LMW-PTP active site by
means of the ionized carboxylic phosphate mimic, whereas
additional interactions with peripheral regions near the catalytic
pocket may be responsible for even considerable differences in
inhibitory effectiveness.150

Recently, in the search for new LMW-PTP and PTP1B
inhibitors, novel carboxylic acid containing inhibitors of both
these human enzymes have been discovered.151−153 As
mentioned above, PTP1B exerts a crucial negative control of
insulin signaling shown to be distinct from that of LMW-
PTP.35,36,39 Furthermore, it acts as a negative regulator of leptin
signaling, an antiobesity hormone that reduces appetite and
increases the body’s energy expenditure by dephosphorylating
the Janus 2 kinase (JAK2) that is associated with the leptin
receptor and thus preventing the activation of downstream
molecules such as STAT3.154 PTP1B deficiency or silencing
enhances insulin sensitivity and resistance to diet-induced
obesity without causing abnormalities in growth or other vital
functions.14,35,36 Hence, the inhibition of both PTP1B and
LMW-PTP, which have partially concurring biological
functions, may represent an attractive approach for the
development of novel agents directed toward counteracting
insulin resistance. The latter is a condition underlying common
metabolic diseases, such as DM2 and metabolic syndrome, and
further new therapeutic treatments are desirable to adequately
control it. In addition, like LMW-PTP, PTP1B is considered to
be a novel therapeutic target in cancer. Its implication in the
development of specific tumor types is well documented, such
as in the onset of Erb2-induced breast cancers and subsequent
metastasis formation that are promoted by PTP1B.15,16,155

Although there is low sequence homology between the two
enzymes, certain structural similarities constitute a basis for the
design of possible dual inhibitors. In PTP1B, the catalytic
domain is surrounded by the flexible WPD loop, containing the
catalytic residue Asp181, and the YRD loop, containing Tyr46
which is critical for pTyr recognition, and this assumes a
position similar to position 49 of the aromatic residue in the
LMW-PTP isoforms with respect to the catalytic site.34 A
secondary noncatalytic aryl phosphate binding site adjacent to
the PTP1B active site is also present, which is lined by poorly
conserved residues, such as Arg24, Ala27, Phe52, Arg254,
Met258, Gly259, while it is lacking in several other PTPs
including LMW-PTP. This secondary pocket represents an
important structural part of PTP1B, since it allows the rational
design of potent selective bidentate inhibitors that can
simultaneously fit both the active site and the nearby
noncatalytic site pocket.7 The smaller molecule of human
LMW-PTP is essentially formed by the PTP catalytic domain,
and its active site can be structurally superimposed onto that of
PTP1B. Suitably functionalized compounds may be able to
interact with both the active site and the adjacent loops of both
PTPs and be able to function as effective dual inhibitors.

On this basis, a series of 4-[(5-arylidene-2,4-dioxothiazolidin-
3-yl)methyl]benzoic acids 25 and their 2-phenylimino ana-
logues 26 (Figure 10) were designed and in vitro tested against
human LMW-PTP and PTP1B.151−153 Compounds 25 and 26
act as reversible competitive inhibitors of both enzymes. Most
of them displayed IC50 values in the low micromolar or
submicromolar range and a generally appreciable selectivity
toward PTP1B and the isoform IF1 of LMW-PTP, being up to
62-fold more efficacious against isoenzyme IF1 than IF2.151−153

The preferential inhibition of IF1 over IF2 represents a
promising feature from a pharmaceutical point of view because
IF1 appears to be the human LMW-PTP isoform that is more
implicated both in cancer development and in diabetes, as
reported above.
Out of the initially tested members of both series 25 and 26,

the derivatives 4-phenoxy- and 4-benzyloxybenzylidene sub-
stituted at position 5 of the thiazolidinone scaffold (25a,b and
26a,b, Figure 10) were the most active compounds.151,152 The
2-phenylimino derivative 26a was about 3-fold less effective
against IF1 than its 2,4-thiazolidinedione counterpart 25a,
whereas 25b and 26b were equipotent against this isoform.
However, compounds 26c−e, which are 3-benzyloxybenzyli-
dene, 3-phenoxybenzylidene, and naphthalen-2-ylmethylene
substituted, respectively, were from twice to about 7-fold
more effective IF1 inhibitors than their 2,4-thiazolidinedione
counterparts (Figure 10).152

In the structures of benzoic acid derivatives 25 and 26, the
molecular portions that appeared to be essential to inhibit both
LMW-PTP and PTP1B are the following: (i) the p-
methylbenzoic acid residue in position 3 of the pentatomic
ring, which functions as an efficient nonphosphorus mono-
anionic pTyr-mimic targeting the catalytic site and (ii) the 5-
arylidene moiety, which can enhance inhibitor affinity by
establishing favorable interactions with amino acid residues of
the regions adjacent to the active site. In fact, the latter moiety
proved to markedly influence both inhibitor potency and
selectivity.151−153

Molecular docking simulations into the LMW-PTP active
site indicated that the most active phenoxy- and benzylox-
ybenzylidene substituted derivatives can act as bidentate
inhibitors.151−153 The p-methylbenzoic acid residue attached
to N-3 is embedded within the positively charged active site
and can establish a strong electrostatic interaction and a
network of hydrogen bonds between its ionized carboxylic
group and amino acid residues of the P-loop, including the
catalytically critical cysteine and arginine residues (Figure 11).
Hydrophobic interactions between the phenyl ring of the pTyr-
mimic and surrounding lipophilic amino acid residues, such as
Ile16 and Tyr131 of LMW-PTP or Phe182 and Tyr46 of
PTP1B, were also predicted. The 5-arylidene moiety can
favorably interact with Tyr49 or Trp49 of the variable loop of
the LMW-PTP isoforms and, on the other hand, can
efficaciously fit the noncatalytic aryl phosphate binding site of
PTP1B.151−153 In addition, in the case of 26, in both
isoenzymes IF1 and IF2 the amino acid residue in position
49 is surrounded by the thiazolidinone ring, the 5-arylidene
moiety, and the phenylimino moiety, which enclose it almost
like a claw (Figure 11). The benzene ring of the phenylimino
moiety of 26 can contribute to the affinity toward the target
PTPs by means of additional hydrophobic interactions with
amino acid residues adjacent to the catalytic sites, such as Tyr/
Trp49 of LMW-PTP or Phe182 of PTP1B. In agreement with
these computational data, several 2-phenylimino-4-thiazolidinone
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derivatives 26 were shown to be more potent inhibitors than
their 2,4-thiazolidinedione counterparts 25.152,153

The structure-based optimization of benzoic acids 25 and 26
led to the identification of more potent benzyloxybenzylidene
derivatives, in which groups able to establish further hydrogen
bonds were inserted in the 5-arylidene moiety.153 Out of these,
the 2-phenylimino-4-thiazolidinone derivative 26f proved to
be an excellent IF1 inhibitor, with an IC50 of 0.5 μM and a
significant 55-fold selectivity over IF2. It is also a potent PTP1B
inhibitor, with IC50 = 0.22 μM. Its 4-benzyloxy isomer 26g was
shown to be less effective against both IF1 and PTP1B (IC50 of
5.8 and 0.55 μM, respectively).153 Recently, further optimiza-
tion efforts have led to new 2-arylimino-4-thiazolidinone deri-
vatives active as inhibitors of human LMW-PTP isoform IF1
and PTP1B with appreciable cellular effectiveness.156

Structurally different LMW-PTP modulators have been
discovered among flavonoids and their analogues. When tested
against LMW-PTP from bovine kidney, a series of natural
flavonoids proved to modulate enzyme activity differently. In
particular, quercetin and morin (Figure 12) displayed opposite
effects. In the presence of p-nitrophenyl phosphate (p-NPP) as
substrate, quercetin was able to activate LMW-PTP (about 2.6-
fold at 400 μM), whereas in contrast, morin inhibited the
enzyme (35% enzyme inhibition at 400 μM). Morin reached an

IC50 of 10 μM in the presence of phosphotyrosine as substrate.
Other tested molecules (catechin, myricetin, phloretin, and
rutin) produced lower inhibition levels (from 14% to 25%
inhibition at 400 μM with p-NPP as substrate), whereas narigin,
kaempferol, and taxifolin did not exert any significant effect.157

It is still unclear whether the activation mechanism of quer-
cetin is similar to the one proposed by Wang et al. for the
activation of the yeast LMW-PTP by adenine.83 Miranda et al.157

suggested that, like adenine, the hydroxy groups at positions 3′
and 4′ of quercetin might form hydrogen bonds with a water
molecule and keep it in a suitable orientation for the hydrolysis
of the phosphoenzyme intermediate, thus promoting the
catalytic reaction. However, the presence of these hydroxy
groups alone does not appear to be enough to determine the
activating effect of quercetin, and other structural elements,
such as the hydroxy group in position 3 or the double bond
between C2 and C3, might play a role. It was proposed that the
displacement of one hydroxy group from the position 3′ of
quercetin to position 2′ of morin could prevent the interaction
with the water molecule responsible for the hydrolysis of the
phosphoenzyme intermediate. Thus, morin could inhibit
LMW-PTP by establishing interactions between the hydroxy
groups in positions 2′ and 4′ and residues of the catalytic site.157

The double bond between C2 and C3 and the ketone group in

Figure 10. General formula and structures of selected benzoic acid derivatives active as dual inhibitors of human LMW-PTP and PTP1B.
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position 4 were also hypothesized to be important for the
inhibitory effect of morin, but the interaction mode of the
molecule with LMW-PTP was not definitely clarified.157,158

On the basis of the activity of these flavonoids, a series of
chromones active as human LMW-PTP inhibitors has recently
been reported.158 The initial screening of an available collection
of natural and synthetic flavonoids allowed the selection of
compound 27, which was shown to inhibit isoform IF1 with an
IC50 of 5.7 μM (Figure 13). This compound, which was
employed as a lead for further optimization, possessed the
benzopyrone core of flavonoids with a biphenyl moiety in

position 3. Evaluating a series of analogues of 27 highlighted
that this biphenyl moiety is an important structural portion
for enzyme inhibition because its removal led to considerably
less active compounds. However, biphenyl derivatives lacking
the flavone system also displayed negligible activity, indicating
that both the benzopyrone scaffold and its biphenyl substituent
are critically involved in the interaction with the target enzyme.
In contrast, the length of the chain at position 2 and the
displacement of the hydroxy group from position 6 to 7 of
the benzopyrone system were found to be of little
importance.158

Figure 11. Compound 26a docked in LMW-PTP IF1 (PDB code 5PNT59) (a,b) and IF2 (PDB code 1XWW62) (c, d):152 yellow sphere and arc,
hydrophopic feature; red arrow, hydrogen bond acceptor; red star, negative ionizable feature,; purple ring and arrow, aromatic feature. Reprinted
from Bioorganic & Medicinal Chemistry (http://www.sciencedirect.com/science/journal/09680896); Vol. 17; Ottana,̀ R.; Maccari, R.; Ciurleo, R.;
Paoli, P.; Jacomelli, M.; Manao, G.; Camici, G.; Laggner, C.; Langer, T.; 5-Arylidene-2-phenylimino-4-thiazolidinones as PTP1B and LMW-PTP
Inhibitors; pp 1928−1937; Copyright 2009, with permission from Elsevier.152
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Among the tested compounds, derivatives 28 and 29
emerged as the most effective against both isoforms IF1 and
IF2 of human LMW-PTP as well as against PTP1B, with IC50

values ranging from 1 to 3 μM, whereas analogue 30 was more
active toward both IF1 and PTP1B (IC50 values of 0.7 and
0.9 μM, respectively) than toward IF2 (Figure 13). Hence, the
presence of both a hydroxy group and a carboxylic group on the
biphenyl moiety (compounds 28 and 30) or an additional
hydroxy group in position 6 of the benzopyrone system
(compound 29) was found to promote inhibitory efficiency
toward both LMW-PTP and PTP1B.158 Interestingly, com-
pound 30 along with the above-reported compounds 25a and
26f (Figure 10)151,153 represent the most potent inhibitors of
the isoform IF1 of human LMW-PTP reported so far, with sub-
micromolar affinity for the isoenzyme, followed by analogues
28 and 29, with IC50 values slightly higher than 1 μM.158

In agreement with the inhibition data, docking simulation
into the IF1 active site indicated that the flavone system of
compound 29 occupies the catalytic pocket where it is
embraced by residues of the active site and bordering loops,
such as Leu13, Glu15, Ile16, Asp129, and Tyr131 (Figure 14).
This pose is stabilized by the formation of several hydrogen
bonds between these residues and the hydroxy groups in
positions 6 and 7. The deprotonated 7-hydroxy group also
forms an electrostatic interaction with the positively charged
Arg18 side chain. Hydrophobic interactions between the 2-(4′-
hydroxyphenyl) residue and Leu13 and Tyr131 as well as
between both phenyl rings of the biphenyl residue and Tyr49
were also predicted. Analogue 28 displayed a different binding
mode in which the biphenyl moiety fits the catalytic pocket
(Figure 14). This is attributable to the presence of the anionic
carboxylic group on the biphenyl moiety that can interact with
Ile16, Cys17, and Arg18, whereas the ionized adjacent hydroxy

group forms additional hydrogen bonds with Arg18 and
Asp129.158 Interestingly, compounds 28, 29, and 31 were
shown to enhance the phosphorylation of IR in cultures of
human liver carcinoma HepG2 cells, which constitutively
express the receptor,158 thus being promising agents for further
developments.

■ INHIBITORS OF MYCOBACTERIUM TUBERCULOSIS
LMW-PTP (MPTPA) AS NOVEL ANTITUBERCULAR
CANDIDATES

In the past few years, a LMW-PTP identified in Mycobacterium
tuberculosis (MPtpA) has been proposed as a novel drug target
to fight tuberculosis, which has remerged in both developing
and industrialized countries as a serious global health threat also
due to the worldwide spread of drug-resistant mycobacterial
strains.159 M. tuberculosis also possesses a second PTP with
higher molecular weight, MPtpB, which can also dephosphor-
ylate phosphoserine/threonine and phosphoinositide sub-
strates, in contrast with MPtpA that is pTyr specific.40 Both
MPtpA and MPtpB are essential virulence factors for
M. tuberculosis, being involved in host infection and
mycobacteria survival mechanisms, particularly in signaling
pathways that govern the communication between mycobac-
teria and host macrophages.40,160,161 In particular, MPtpA was
shown to interfere with phagocytic activity of macrophages by
dephosphorylating the protein VPS33B that is involved in the
membrane fusion during phagosome formation.40,160 MPtpA
and MPtpB are secreted by M. tuberculosis into the cytosol of
infected macrophages. This is considered an attractive feature
because a drug targeting these PTPs would need to enter
macrophages but not mycobacterial cells, thus eluding the
permeability barrier to certain drugs represented by the
mycobacterial cell wall as well as the efflux mechanisms that
are responsible for mycobacterial drug resistance.162 Never-
theless, inhibitors of MPtpA or MPtpB proposed as
antimycobacterial agents have to be sufficiently selective toward
the mycobacterial enzymes over human orthologues to avoid
possible toxic effects for the host. From this point of view,
MPtpB appears to be a less challenging drug target than MPtpA
because of the lack of human orthologues of MPtpB.40,161

Like other LMW-PTPs from different sources, MPtpA
presents a four-stranded twisted β sheet structure surrounded
by α helices. The phosphate-binding loop (residues 11−18) is
located in a deep crevice, the walls of which are mainly formed
by aromatic and hydrophobic amino acid residues, such as
Trp48, His49, Tyr128, Tyr129.163 The residues Cys11, Arg17,
and Asp126 are equivalent to Cys12, Arg18, and Asp129 of
human LMW-PTP and play the same catalytically essential
roles.163,164 By analogy with human LMW-PTP, the P-loop of
MPtpA can adopt a favorable conformation for substrate
binding by means of a network of hydrogen bonds between
conserved residues, such as Asn14, Ser18, Ser42, and His71.
Despite the similarity of the overall structure with that of
mammalian LMW-PTPs, significant differences in the variable
loop can be observed. The MPtpA variable loop appears to be
conformationally less stable than that of mammalian LMW-
PTPs because of the absence of two proline residues (at
positions 53 and 54 in IF1) that can restrict the conformational
variability of the loop. In addition, a different charge
distribution around the active site was revealed, which was
due to the presence in the MPtpA variable loop of His49 and
Ser52 (corresponding to Glu50 and Asn53 in IF1 and Asn50

Figure 12. Structures of quercetin and morin.

Figure 13. Structures of selected chromones active as human LMW-
PTP inhibitors.
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and Arg53 in IF2), and these may be determining residues for
the substrate specificity of the enzyme.163

MPtpA inhibitors were identified starting from natural
product structures as well as by exploiting fragment-based
approaches. A cyclodepsipeptide analogue of the microbial
metabolites stevastelins (compound 32, Figure 15) and a
derivative of the alkaloid roseophilin (compound 33, Figure 15)
exhibited micromolar affinity toward MPtpA, with IC50 values
of 8.8 and 9.4 μM, respectively, and also displayed similar
activity toward the human phosphatases VHR and PTP1B.165

On the basis of the inhibitory activity of cyclodepsipeptides,
such as compound 32, more recently a series of synthetic cyclic
peptides have been explored, among which compound 34
(Figure 15) stood out with a Ki of 8 μM.166

Fragment-based approaches led to the identification of more
effective MPtpA inhibitors, such as pyrrol-1-ylbenzoic acids 35
(Figure 15). Hydroxy substituted benzoic acids 35a and 35b
were the most potent inhibitors of this series (IC50 values of 1.9
and 1.6 μM, respectively) and were also effective PTP1B inhib-
itors (IC50 of 1.1 and 3.0 μM, respectively).165 Another fragment-
based screening provided an aryldifluoromethylphosphonic acid

(compound 36, Figure 15), which displayed activity equivalent to
that of compounds 35a and 35b and an appreciable 11-fold
selectivity toward MPtpA over the human IF1 isoenzyme.167 The
trifluoromethyl substituents and the amide function (compounds
36−38) were related to the highest inhibition levels, and the
replacement of the amide group with different linkers, such as a
sulfonamide or an oxymethylene group, resulted in inactive
compounds. The only exception was ureic analogue 37, which
had an affinity very similar to that of its amide counterpart
38.167

Other small-molecule MPtpA inhibitors have been identified
within a series of synthetic chalcones 39 and 40.168,169 The pre-
sence of a methoxy- or hydroxy-substituted phenyl moiety and
a naphthyl system appeared to be determinant for the effective
inhibition of the target enzyme, as rationalized by molecular
docking simulations into the active site of the enzyme, which
implied the formation of hydrogen bonds between the methoxy
groups and the active site residues Thr12, Arg17, and His49,
whereas the 2-naphthyl system established π-stacking inter-
actions with Trp48 near the catalytic pocket.169 When tested
in infected macrophages, compound 40b (Figure 15) reduced

Figure 14. Docking conformations proposed for 29 (a) and 28 (b) in LMW-PTP IF1158 (PDB structure 5PNT59): yellow sphere and arc,
hydrophopic feature; green arrow, hydrogen bond donor; red arrow, hydrogen bond acceptor; red star, negative ionizable feature; purple ring and
arrow, aromatic feature. Reprinted from Bioorganic & Medicinal Chemistry (http://www.sciencedirect.com/science/journal/09680896); Vol. 17;
Forghieri, M.; Laggner, C.; Paoli, P.; Langer, T.; Manao, G.; Camici, G.; Bondioli, L.; Prati, F.; Costantino, L.; Synthesis, Activity and Molecular
Modeling of a New Series of Chromones as Low Molecular Weight Protein Tyrosine Phosphatase Inhibitors; pp 2658−2672; Copyright 2009, with
permission from Elsevier.158
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M. tuberculosis growth within the host cells without displaying
toxicity against the human host cells.169

■ CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The development of selective and orally available PTP
inhibitors involves several challenging tasks, mainly deriving
from the highly conserved and charged nature of the PTP
active sites and from the consequent difficulties of finding
druglike molecules that can efficiently bind the enzyme and, at
the same time, satisfy appropriate selectivity and bioavailability
requirements. Nonetheless, in the attempt to face and solve the
major selectivity and pharmacokinetic problems, structure-
based design efforts as well as virtual screenings and fragment-
based approaches have enabled PTP inhibitors to be identified
that can be assumed as suitable lead compounds with druglike
properties. In the development of site-directed PTP inhibitors,
sufficiently selective inhibition can be achieved by exploiting
peculiar structural features in peripheral regions surrounding
the PTP catalytic sites, whereas inhibitor bioavailability can be
enhanced by improving the hydrolipophilic balance and the
druglike character of the active molecules.
Considering the crucial involvement of PTPs in the control

of many cellular events as well as the implications of these
enzymes in signal transduction aberrations that underlie the
development of many human diseases, the value of pursuing
new PTP-targeting drugs is being realized. Given the rapid
progress in our understanding of PTP functioning and of
their interplay with PTKs, it is possible that novel agents will
emerge from PTP inhibitors with druglike properties to correct

modifications of signaling pathways relevant to pathogenetic
events.
In the case of LMW-PTP, the development of targeted

inhibitors is still in its infancy, having started less than 10 years
ago. Starting from the first small-molecule inhibitors reported
in 2004, with millimolar affinities for the isoforms IF1 and IF2
of the human enzyme, subsequent structure-based efforts have
provided 1000-fold more active inhibitors displaying potency
at low micromolar concentrations with appropriate cellular
activity and good selectivity between isoforms IF1 and IF2.
The best LMW-PTP inhibitors present different moieties that
are able to bind the enzyme at both the catalytic site and
neighboring critical loops. In addition, the presence of an
extended aromatic moiety is beneficial for enhancing both the
affinity and selectivity of inhibitors; this is in line with the
higher lipophilicity of the LMW-PTP binding site compared to
other members of the PTP family. Thus, the reported inhibition
studies offer good blueprints for rationally designing and
identifying new and better LMW-PTP inhibitors. At the same
time, although the in vivo activity of the reported LMW-PTP
inhibitors has still not been evaluated, the removal and
replacement of moieties that do not appear to be crucial for
binding the enzyme and could be responsible for possible
drawbacks need to be carefully considered in order to obtain
more selective and safer inhibitors.
Moreover, the different effects of isoenzymes IF1 and IF2

in various human diseases strongly support a major area of
research in this field, i.e., the structure-based design of LMW-
PTP inhibitors with appreciable selectivity toward one isoform
over the other, as this could lead to the development of new
drugs targeting the control of specific signal transduction
perturbations that occur in certain human diseases. Selective
inhibitors of LMW-PTP isoenzymes not only are compounds
of considerable medicinal interest but also may be useful as
pharmacological tools to further investigate the precise molec-
ular and cellular mechanisms via which these isoenzymes are
involved in physiological and pathogenetic processes.
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Phosphatases in Vessel Wall Signaling. Cardiovasc. Res. 2005, 65, 587−
598.
(19) Sastry, S. K.; Elferink, L. A. Checks and Balances: Interplay of

RTKs and PTPs in Cancer Progression. Biochem. Pharmacol. 2011, 82,
435−440.
(20) Hajduk, P. J.; Huth, J. R.; Tse, C. Predicting Protein

Druggability. Drug Discovery Today 2005, 10, 1675−1682.
(21) Cheng, A. C.; Coleman, R. G.; Smyth, K. T.; Cao, Q.; Soulard,

P.; Caffrey, D. R.; Salzberg, A. C.; Huang, E. S. Structure-Based
Maximal Affinity Model Predicts Small-Molecule Druggability. Nat.
Biotechnol. 2007, 25, 71−75.
(22) Blaskovich, M. A. T. Drug Discovery and Protein Tyrosine

Phosphatases. Curr. Med. Chem. 2009, 16, 2095−2176.
(23) Zhang, Z. Y. Chemical and Mechanistic Approaches to the

Study of Protein Tyrosine Phosphatases. Acc. Chem. Res. 2003, 36,
385−392.
(24) Bialy, L.; Waldmann, H. Inhibitors of Protein Tyrosine

Phosphatases: Next-Generation Drugs? Angew. Chem., Int. Ed. 2005,
44, 3814−3839.
(25) Dewang, P. M.; Hsu, N. M.; Peng, S. Z.; Li, W. R. Protein

Tyrosine Phosphatases and Their Inhibitors. Curr. Med. Chem. 2005,
12, 1−22.
(26) Zhang, S.; Zhang, Z. Y. PTP1B as a Drug Target: Recent

Developments in PTP1B Inhibitor Discovery. Drug Discovery Today
2007, 12, 373−381.
(27) Koren, S.; Fantus, I. G. Inhibition of the Protein Tyrosine

Phosphatase PTP1B: Potential Therapy for Obesity, Insulin Resistance
and Type-2 Diabetes Mellitus. Best Pract. Res., Clin. Endocrinol. Metab.
2007, 21, 621−640.
(28) Vintonyak, V. V.; Waldmann, H.; Rauh, D. Using Small

Molecules To Target Protein Phosphatases. Bioorg. Med. Chem. 2011,
19, 2145−2155.
(29) Heneberg, P. Use of Protein Tyrosine Phosphatase Inhibitors as

Promising Targeted Therapeutic Drugs. Curr. Med. Chem. 2009, 16,
706−733.
(30) Combs, A. P. Recent Advances in the Discovery of Competitive

Protein Tyrosine Phosphatase 1B Inhibitors for the Treatment of
Diabetes, Obesity and Cancer. J. Med. Chem. 2010, 53, 2333−2344.
(31) Hoffman, B. T.; Nelson, M. R.; Burdick, K.; Baxter, S. M.

Protein Tyrosine Phosphatases: Strategies for Distinguishing Proteins
in a Family Containing Multiple Drug Targets and Anti-Targets. Curr.
Pharm. Des. 2004, 10, 1161−1181.
(32) Kumar, S.; Liang, F.; Lawrence, D. S.; Zhang, Z. Y. Small

Molecule Approach To Studying Protein Tyrosine Phosphatase.
Methods 2005, 35, 9−21.
(33) Tonks, N. K.; Diltz, C. D.; Fischer, E. H. Characterization of the

Major Protein-Tyrosine-Phosphatases of Human Placenta. J. Biol.
Chem. 1988, 263, 6731−6737.
(34) Barford, D.; Flint, A. J.; Tonks, N. K. Crystal Structure of

Human Protein Tyrosine Phosphatase 1B. Science 1994, 263, 1397−
1404.
(35) Elchebly, M.; Payette, P.; Michaliszyn, E.; Cromlish, W.;

Collins, S.; Loy, A. L.; Normandin, D.; Cheng, A.; Himms-Hagen, J.;
Chan, C. C.; Ramachandran, C.; Gresser, M. J.; Tremblay, M. L.;
Kennedy, B. P. Increased Insulin Sensitivity and Obesity Resistance in
Mice Lacking the Protein Tyrosine Phosphatase-1B Gene. Science
1999, 283, 1544−1548.

Journal of Medicinal Chemistry Perspective

dx.doi.org/10.1021/jm200607g | J. Med. Chem. 2012, 55, 2−2217



(36) Klaman, L. D.; Boss, O.; Peroni, O. D.; Kim, J. K.; Martino,
J. L.; Zabolotny, J. M.; Moghal, N.; Lubkin, M.; Kim, Y. B.; Sharpe, A.
H.; Stricker-Krongrad, A.; Shulman, G. I.; Neel, B. G.; Kahn, B. B.
Increased Energy Expenditure, Decreased Adiposity, and Tissue-
Specific Insulin Sensitivity in Protein-Tyrosine Phosphatase 1B-
Deficient Mice. Mol. Cell. Biol. 2000, 20, 5479−5489.
(37) Chiarugi, P.; Taddei, M. L.; Schiavone, N.; Papucci, L.;

Giannoni, E.; Fiaschi, T.; Capaccioli, S.; Raugei, G.; Ramponi, G.
LMW-PTP Is a Positive Regulator of Tumor Onset and Growth.
Oncogene 2004, 23, 3905−3914.
(38) Malentacchi, F.; Marzocchini, R.; Gelmini, S.; Orlando, C.;

Serio, M.; Ramponi, G.; Raugei, G. Up-Regulated Expression of Low
Molecular Weight Protein Tyrosine Phosphatases in Different Human
Cancers. Biochem. Biophys. Res. Commun. 2005, 334, 875−883.
(39) Pandey, S. K.; Yu, X. X.; Watts, L. M.; Michael, M. D.; Sloop, K.

W.; Rivard, A. R.; Leedom, T. A.; Manchem, V. P.; Samadzadeh, L.;
McKay, R. A.; Monia, B. P.; Bhanot, S. Reduction of Low Molecular
Weight Protein-Tyrosine Phosphatase Expression Improves Hyper-
glycemia and Insulin Sensitivity in Obese Mice. J. Biol. Chem. 2007,
282, 14291−14299.
(40) Chao, J.; Wong, D.; Zheng, X.; Poirier, V.; Bach, H.; Hmama,

Z.; Av-Gay, Y. Protein Kinase and Phosphatase Signaling in
Mycobacterium tuberculosis Physiology and Pathogenesis. Biochim.
Biophys. Acta 2010, 1804, 620−627.
(41) Camici, G.; Manao, G.; Cappugi, G.; Modesti, A.; Stefani, M.;

Ramponi, G. The Complete Amino Acid Sequenze of the Low
Molecular Weight Cytosolic Acid Phosphatase. J. Biol. Chem. 1989,
264, 2560−2567.
(42) Saeed, A.; Tremori, E.; Manao, G.; Camici, G.; Cappugi, G.;

Ramponi, G. Bovine Brain Low Mr Acid Phosphatase: Purification and
Properties. Physiol. Chem. Phys. Med. NMR 1990, 22, 81−94.
(43) Manao, G.; Pazzagli, L.; Cirri, P.; Caselli, A.; Camici, G.;

Cappugi, G.; Saeed, A.; Ramponi, G. Rat Liver Low Mr

Phosphotyrosine Protein Phosphatase Isoenzymes: Purification and
Amino Acid Sequences. J. Protein Chem. 1992, 11, 333−345.
(44) Wo, Y. Y. P.; McCormack, A. L.; Shabanowitz, J.; Hunt, D. F.;

Davis, J. P.; Mitchell, G. L.; Van Etten, R. L. Sequencing, Cloning, and
Expression of Human Red Cell-Type Acid Phosphatase, a Cytoplasmic
Phosphotyrosyl Protein Phosphatase. J. Biol. Chem. 1992, 267, 10856−
10865.
(45) Wo, Y. Y. P.; Zhou, M. M.; Stevis, P.; Davis, J. P.; Zhang, Z. Y.;

Van Etten, R. L. Cloning, Expression, and Catalytic Mechanism of the
Low Molecular Weight Phosphotyrosyl Protein Phosphatase from
Bovine Heart. Biochemistry 1992, 31, 1712−1721.
(46) Su, X. D.; Taddei, N.; Stefani, M.; Ramponi, G.; Nordlund, P.

The Crystal Structure of a Low-Molecular-Weight Phosphotyrosine
Protein Phosphatase. Nature 1994, 370, 575−578.
(47) Ramponi, G.; Stefani, M. Structural, Catalytic, and Functional

Properties of Low Mr Phosphotyrosine Protein Phosphatase. Evidence
of a Long Evolutionary History. Int. J. Biochem. Cell Biol. 1997, 29,
279−292.
(48) Ramponi, G.; Stefani, M. Structure and Function of the Low Mr

Phosphotyrosine Protein Phosphatases. Biochim. Biophys. Acta 1997,
1341, 137−156.
(49) Raugei, G.; Ramponi, G.; Chiarugi, P. Low Molecular Weight

Protein Tyrosine Phosphatases: Small, but Smart. Cell. Mol. Life Sci.
2002, 59, 941−949.
(50) Wang, S.; Tabernero, L.; Zhang, M.; Harms, E.; Van Etten, R.

L.; Stauffacher, C. V. Crystal Structures of a Low-Molecular Weight
Protein Tyrosine Phosphatase from Saccharomyces cerevisiae and Its
Complex with the Substrate p-Nitrophenyl Phosphate. Biochemistry
2000, 39, 1903−1914.
(51) Musumeci, L.; Bongiorni, C.; Tautz, L.; Edwards, R. A.;

Osterman, A.; Perego, M.; Mustelin, T.; Bottini, N. Low-Molecular-
Weight Protein Tyrosine Phosphatases of Bacillus subtilis. J. Bacteriol.
2005, 187, 4945−4956.
(52) Lescop, E.; Hu, Y.; Xu, H.; Hu, W.; Chen, J.; Xia, B.; Jin, C. The

Solution Structure of Escherichia coli Wzb Reveals a Novel Substrate
Recognition Mechanism of Prokaryotic Low Molecular Weight

Protein-Tyrosine Phosphatases. J. Biol. Chem. 2006, 281, 19570−
19577.
(53) Tolkatchev, D.; Shaykhutdinov, R.; Xu, P.; Plamondon, J.;

Watson, D. C.; Young, N. M.; Ni, F. Three-Dimensional Structure and
Ligand Interactions of the Low Molecular Weight Protein Tyrosine
Phosphatase from Campylobacter jejuni. Protein Sci. 2006, 15, 2381−
2394.
(54) Grangeasse, C.; Cozzone, A. J.; Deutscher, J.; Mijakovic, I.

Tyrosine Phosphorylation: An Emerging Regulatory Device of
Bacterial Physiology. Trends Biochem. Sci. 2007, 32, 86−94.
(55) Kolmodin, K.; Åqvist, J. Computational Modeling of the Rate

Limiting Step in Low Molecular Weight Protein Tyrosine
Phosphatase. FEBS Lett. 1999, 456, 301−305.
(56) Kolmodin, K.; Åqvist, J. The Catalytic Mechanism of Protein

Tyrosine Phosphatases Revisited. FEBS Lett. 2001, 498, 208−213.
(57) Dissing, J.; Johnsen, A. H.; Sensabaugh, G. F. Human Red Cell

Acid Phosphatase (ACP1). The Amino Acid Sequence of the Two
Isozymes Bf and Bs Encoded by the ACP1*B Allele. J. Biol. Chem.
1991, 266, 20619−20625.
(58) Marzocchini, R.; Bucciantini, M.; Stefani, M.; Taddei, N.;

Thunnissen, M. G. M. M.; Nordlund, P.; Ramponi, G. Expression,
Purification and Preliminary Crystal Analysis of the Human Low Mr

Phosphotyrosine Protein Phosphatase Isoform 1. FEBS Lett. 1998,
426, 52−56.
(59) Zhang, M.; Stauffacher, C. V.; Lin, D.; Van Etten, R. L. Crystal

Structure of a Human Low Molecular Weight Phosphotyrosyl
Phosphatase. Implications for Substrate Specificity. J. Biol. Chem.
1998, 273, 21714−21720.
(60) Modesti, A.; Marzocchini, R.; Raugei, G.; Chiti, F.; Sereni, A.;

Magherini, F.; Ramponi, G. Cloning, Expression and Characterisation
of a New Human Low Mr Phosphotyrosine Protein Phosphatase
Originating by Alternative Splicing. FEBS Lett. 1998, 431, 111−115.
(61) Tailor, P.; Gilman, J.; Williams, S.; Mustelin, T. A Novel

Isoform of the Low Molecular Weight Phosphotyrosine Phosphatase,
LMPTP-C, Arising from Alternative mRNA Splicing. Eur. J. Biochem.
1999, 262, 277−282.
(62) Zabell, A. P. R.; Schroff, A. D. Jr.; Bain, B. E.; Van Etten, R. L.;

Wiest, O.; Stauffacher, C. V. Crystal Structure of the Human B-Form
Low Molecular Weight Phosphotyrosyl Phosphatase at 1.6-Å
Resolution. J. Biol. Chem. 2006, 281, 6520−6527.
(63) Cirri, P.; Fiaschi, T.; Chiarugi, P.; Camici, G.; Manao, G.;

Raugei, G.; Ramponi, G. The Molecular Basis of the Differing Kinetic
Behavior of the Two Low Molecular Mass Phosphotyrosine Protein
Phosphatase Isoforms. J. Biol. Chem. 1996, 271, 2604−2607.
(64) Chiarugi, P.; Cirri, P.; Raugei, G.; Camici, G.; Dolfi, F.; Berti, A.;

Ramponi, G. PDGF Receptor as a Specific in Vivo Target for Low Mr

Phosphotyrosine Protein Phosphatase. FEBS Lett. 1995, 372,
49−53.
(65) Chiarugi, P.; Cirri, P.; Marra, F.; Raugei, G.; Fiaschi, T.; Camici,

G.; Manao, G.; Romanelli, R. G.; Ramponi, G. The Src and Signal
Transducers and Activators of Transcription Pathways as Specific
Targets for Low Molecular Weight Phosphotyrosine-Protein Phos-
phatase in Platelet-Derived Growth Factor Signaling. J. Biol. Chem.
1998, 273, 6776−6785.
(66) Fiaschi, T.; Chiarugi, P.; Buricchi, F.; Giannoni, E.; Taddei, M.

L.; Talini, D.; Cozzi, G.; Zecchi-Orlandini, S.; Raugei, G.; Ramponi, G.
Low Molecular Weight Protein-Tyrosine Phosphatase Is Involved in
Growth Inhibition during Cell Differentiation. J. Biol. Chem. 2001, 276,
49156−49163.
(67) Rigacci, S.; Rovida, E.; Bagnoli, S.; Dello Sbarba, P.; Berti, A.

Low Mr Phosphotyrosine Protein Phosphatase Activity on Fibroblast
Growth Factor Receptor Is Not Associated with Enzyme Trans-
location. FEBS Lett. 1999, 459, 191−194.
(68) Rovida, E.; Rigacci, S.; Paccagnini, A.; Dello Sbarba, P.; Berti, A.

The Low-Molecular-Weight Phosphotyrosine Protein Phosphatase,
When Overexpressed, Reduces the Mitogenic Response to Macro-
phage Colony-Stimulating Factor and Tyrosine Phosphorylation of Its
Receptor. Biochem. Biophys. Res. Commun. 1998, 253, 300−304.

Journal of Medicinal Chemistry Perspective

dx.doi.org/10.1021/jm200607g | J. Med. Chem. 2012, 55, 2−2218



(69) Chiarugi, P.; Cirri, P.; Marra, F.; Raugei, G.; Camici, G.; Manao,
G.; Ramponi, G. LMW-PTP Is a Negative Regulator of Insulin-
Mediated Mitotic and Metabolic Signalling. Biochem. Biophys. Res.
Commun. 1997, 238, 676−682.
(70) Kikawa, K. D.; Vidale, D. R.; Val Etten, R. L.; Kinch, M. S.

Regulation of the EphA2 Kinase by the Low Molecular Weight
Tyrosine Phosphatase Induces Transformation. J. Biol. Chem. 2002,
277, 39274−39279.
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Cordeiro, M. N. S.; Zenteno, M. E.; Villarino, A.; Nunes, R. J.; Yunes,
R. A.; Terenzi, H. Synthetic Chalcones as Efficient Inhibitors of
Mycobacterium tuberculosis Protein Tyrosine Phosphatase PtpA. Bioorg.
Med. Chem. Lett. 2008, 18, 6727−6230.
(169) Mascarello, A.; Chiaradia, L. D.; Vernal, J.; Villarino, A.; Guido,

R. V. C.; Perizzolo, P.; Poirier, V.; Wong, D.; Martins, P. G. A.; Nunes,
R. J.; Yunes, R. A.; Andricopulo, A. D.; Av-Gay, Y.; Terenzi, H.
Inhibition of Mycobacterium tuberculosis Tyrosine Phosphatase PtpA by
Synthetic Chalcones: Kinetics, Molecular Modeling, Toxicity and
Effect on Growth. Bioorg. Med. Chem. 2010, 18, 3783−3789.

Journal of Medicinal Chemistry Perspective

dx.doi.org/10.1021/jm200607g | J. Med. Chem. 2012, 55, 2−2222


