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Abstract
Protein tyrosine phosphatases (PTPs) catalyze the dephosphorylation of phosphotyrosine, a central
control element in mammalian signal transduction. Small-molecule inhibitors that are specific for
each cellular PTP would be valuable tools in dissecting phosphorylation networks and for validating
PTPs as therapeutic targets. However, the common architecture of PTP active sites impedes the
discovery of selective PTP inhibitors. Our laboratory has recently used enzyme/inhibitor-interface
engineering to generate selective PTP inhibitors. The crux of the strategy resides in the design of
“inhibitor-sensitized” PTPs through protein engineering of a novel binding pocket in the target PTP.
“Allele-specific” inhibitors that selectively target the sensitized PTP can be synthesized by modifying
broad-specificity inhibitors with bulky chemical groups that are incompatible with wild-type PTP
active sites; alternatively, specific inhibitors that serendipitously recognize the sensitized PTP’s non-
natural pocket may be discovered from panels of “non-rationally” designed compounds. In this
review, we describe the current state of the PTP-sensitization strategy, with emphases on the
methodology of identifying PTP-sensitizing mutations and synthesizing the compounds that have
been found to target PTPs in an allele-specific manner. Moreover, we discuss the scope of PTP
sensitization in regard to the potential application of the approach across the family of classical PTPs.

Keywords
Protein tyrosine phosphatases (PTPs); allele-specific inhibitors; inhibitor sensitization; protein
engineering; PTP1B; T-cell PTP (TCPTP); PTPH1; hematopoietic PTP (HePTP)

1. Introduction
The protein tyrosine phosphatases (PTPs), an enzyme superfamily that includes about 100
human proteins, catalyze the dephosphorylation of phosphotyrosine in protein substrates [1–
3]. Phosphotyrosine is a critical cell-signaling control element, and PTP activity is essential
both for cellular homeostasis and for appropriate responses to extracellular signals. In contrast
to the early hypothesis that PTP activity largely represents a basal (“housekeeping”)
counterforce to highly controlled protein-phosphorylation events (i.e., tyrosine kinase activity),
it is now clear that PTP activity is also specific and tightly regulated, and that PTPs can exert
either positive or negative effects on a signaling pathway [4–6]. Moreover, it is now beyond
dispute that PTPs represent significant drug targets for a wide variety of clinically important
pathologies [7–10]. Small-molecule inhibitors that can act specifically on individual PTPs
would thus be important tools for both of these “worlds”: understanding the basic-science roles
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of individual PTPs in complex signaling pathways, and validating PTPs as viable therapeutic
targets [11,12].

Unfortunately, due to the size and homology of the PTP superfamily, the identification of
inhibitors that are specific for each of the ∼100 PTPs through the methods of conventional
medicinal chemistry is not a practical prospect in the foreseeable future. The search for selective
PTP inhibitors has intensified in recent years; however, these efforts are generally only pursued
after a PTP has been unambiguously identified as a clinical target. For example, the
overwhelming majority of PTP-inhibitor development has been focused on a single enzyme:
PTP1B, a leading type-II-diabetes target. While the search for PTP1B inhibitors has yielded
notable successes [13–18], the labor-intensive efforts that have led to the discovery of potent
and selective PTP1B inhibitors highlight the difficulties inherent in such endeavors.

Our laboratory has recently attempted to develop a general method for targeting individual
PTPs with small-molecule inhibitors, a method that does not rely on serendipitously exploiting
the small atomic-level differences in the binding sites of homologous PTPs [19–21]. To
circumvent these specificity problems, we have used engineering of PTP active sites to generate
“inhibitor-sensitized” PTPs—enzymatically competent PTPs that contain active-site
mutations, which allow them to be competitively inhibited by compounds that do not
effectively inhibit wild-type PTPs (Figure 1). These inhibitors are generally small, organic
molecules that have been designed to target a non-natural binding site (“hole”) in the sensitized
PTP. In principle, since the “allele-specific” inhibitors target the sensitized PTP–and not wild-
type PTPs–these compounds can be used to specifically inhibit engineered PTPs in a model
cellular system (or organism, or lysate) that contains the sensitized PTP. The ability to observe
the phenotype of cells after selective inhibition of a target PTP could provide a rapid method
for determining the unique roles of individual PTPs in signal-transduction pathways.

It has been previously shown in a number of systems that the introduction of chemical diversity
into a target protein (through mutagenesis), coupled with small-molecule diversification
(through organic synthesis), can lead to the rapid identification of specific ligand/receptor pairs
[22–24]. To cite the most relevant examples, protein/small-molecule interface engineering has
been used to design cell-specific calcineurin inhibitors [25], and to generate inhibitor-sensitized
protein methyltransferases [26] and protein kinases [27–29]. Inhibition of sensitized protein
kinases has been of particular importance in demonstrating the utility of chemical approaches
in cell-signaling studies: information gathered from chemical kinase-inhibition experiments is
often distinct from that obtained by genetically knocking out a kinase, or suppressing its
expression through RNAi [30].

Building on these studies, our laboratory’s attempts at designing inhibitor-sensitive PTPs
started with the recognition that all classical PTPs adopt a conserved fold in their respective
catalytic domains [31]. Therefore, any classical PTP could, in principle, be used as a prototype
for the design of inhibitor-sensitized PTP mutants. Moreover, due to the conserved nature of
the PTP active site, once a sensitizing mutation is discovered in a prototype PTP, it is likely
that corresponding mutations in other PTPs would also be sensitizing [27,32]. As a prototype
for a first generation of sensitized PTPs we used PTP1B. This enzyme can be expressed in E.
coli [33] and readily purified as a GST-fusion protein [17]. Importantly, many crystal structures
of PTP1B have been solved [31] making it an ideal PTP on which to perform the initial enzyme
engineering. ]

Our PTP1B-sensitization was guided by the following criteria. (i.) An amino acid that is chosen
for mutagenesis must be large enough such that substitution by a small amino acid will create
a novel binding pocket. (ii.) The corresponding residue in PTPs other than PTP1B, according
to primary sequence alignments, should generally not be occupied by small aminoacid residues
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(Figure 2). (iii.) The mutant PTP1B must retain enzymatic activity that is comparable to that
of the wild-type. (iv.) The amino acid used for sensitization should be present in other PTPs,
eliminating the need to redesign the PTP/inhibitor interface for each target.

Inhibitor-sensitizing mutations identified by the above constraints have a potential advantage
over medicinal-chemistry approaches to PTP-inhibitor discovery: the mutations are identified
based on the common features of PTP active sites, not the small differences between PTPs.
That is, due to the conserved nature of classical PTP domains, sensitizing mutations that are
discovered using PTP1B may be applicable across the family of classical PTPs, by simple
inspection of primary-sequence alignments (e.g., Ile219 in PTP1B corresponds to Ile846 of
PTPH1, see Figure 2). (Our approach is based on the primary-sequence homology of
classical PTPs. Since, outside of the PTP consensus sequence, other families of PTPs share
little homology with classical PTPs, alternative engineering strategies will be presumably be
needed to sensitize other PTP families.) In principle, a sensitizing mutation discovered on
PTP1B could be used to generate an inhibitor-sensitive version of a classical PTP that has never
been crystallized—or even one that has never been expressed in vitro. Ultimately, a series of
highly selective and allele-specific inhibitors could be used to systematically delineate the
precise functions of many PTPs in signaling cascades and to validate PTPs as therapeutic
targets.

Our laboratory’s progress in identifying PTP-sensitizing mutations, synthesizing the attendant
allele-specific inhibitors, and analyzing the scope of the PTP-sensitization strategy across the
family of classical PTPs will comprise the focus of this review.

2. Materials and reagents
All chemicals for organic synthesis were purchased from Sigma-Aldrich
(www.sigmaaldrich.com) or Acros (www.fishersci.com) and used without further purification,
unless otherwise noted. All E. coli cultures were grown in LB Broth, obtained from Fisher
Scientific (www.fishersci.com). Ampicillin (sodium salt) was obtained from EM Science
(www.vgdusa.com) and used at 100μg/mL. All plasmid preparations were performed with
Wizard Plus Minipreps DNA Purification System from Promega (www.promega.com).
Bacterial Protein Extraction Reagent (BPER), SwellGel Nickel Chelated Discs, and the
SwellGel Bulk Immobilized Glutathione Discs were obtained from Pierce
(www.piercenet.com). Dpn I restriction enzyme (20000 U/mL) was purchased from New
England Biolabs, Inc. (www.neb.com). The Centriprep Centrifugal Filter Devices (Ultracel
YM-30) are products of Amicon (www.amicon.com). QuikChange Site-Directed Mutagenesis
Kit was obtained from Stratagene (www.stratagene.com). Mutagenic primers (desalted) were
purchased from Invitrogen (www.invitrogen.com). All DNA sequencing was performed by
the Cornell Biotechnology Resource Center.

3. Identification and evaluation of potentially inhibitor-sensitizing PTP
mutations
3.1. Introduction

For a first-generation of potentially PTP1B-sentizing mutation sites we selected valine 49
(V49) and isoleucine 219 (I219). These active-site amino-acid residues possess hydrophobic
side chains that are not thought to play critical roles in the PTP mechanism [34], leading us to
hypothesize that mutation of these amino acids to the smaller residues, alanine and glycine,
could sensitize PTP1B without disrupting the enzyme’s catalytic function. Additionally,
primary-sequence alignments suggest that mutation of the corresponding residues could, if
successful in PTP1B, similarly confer novel inhibitor-sensitivity in other PTPs (Figure 2). A
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sequence alignment of all 37 classical PTP catalytic domains in the human genome shows that
the position corresponding to Val49 of human PTP1B is occupied by isoleucine or valine in
35 of the 37 PTPs [2]. Likewise, the position corresponding to Ile219 of human PTP1B contains
either valine or isoleucine in 28 of 37 human classical PTP domains [2]. Based on the analysis
above, we generated the following PTP1B mutants: V49G, I219G, V49A, I219A, and V49A/
I219A.

Evaluation of these mutants for in vitro catalytic activity showed that the glycine mutants
(V49G and I219G) and the double-alanine mutant (V49A/I219A) were severely catalytically
compromised [21]. Apparently, the PTP1B active site is sensitive to significant losses of
hydrophobic surface area in this phosphotyrosine-binding site. Additionally, drastic diminution
in the hydrophobic components of the active site may also destabilize the protein, impairing
the catalytic activity. Regardless of the reasons for their inactivity, V49G, I219G, V49A/I219A
PTP1B were not investigated further. By contrast, V49A and I219A PTP1B turn over substrate
at rates that are essentially indistinguishable from wild-type PTP1B, while their KM values are
approximately 7- and 4-fold, respectively, higher than the wild-type value (Table 1). (The slight
increase in the kcat value of I219A PTP1B relative to wild-type may not indicate an actual
increase in turnover rate; error in determining concentrations of active enzyme could be
responsible for modest differences in kcat values.) The catalytic efficiencies of V49A and I219A
PTP1B are both within an order of magnitude (8-fold and 2-fold lower, respectively) of the
wild-type value, leading us to surmise that these enzymes are suitable for an inhibitor design
strategy that requires a silent mutation [27]. (V49A PTP1B had been prepared and characterized
previously by Zhang and coworkers [35]; these authors observed an even smaller reduction of
catalytic efficiency, less than 2-fold, when V49A PTP1B was assayed at pH 7 and 30°C.)

It is impossible to predict a priori what level of change in catalytic efficiency is tolerable for
a mutant to complement the function of a wild-type enzyme. However, it seems unlikely that
a mutation that leads to a modest increase in the mutant’s KM for pNPP would significantly
affect the biological function of the PTP. The true physiological substrates of PTP1B, tyrosine-
phosphorylated proteins, are far more structurally complex than pNPP, and PTP1B makes an
array of important binding contacts with phosphoproteins outside of the phosphotyrosine-
recognition site [36,37]. Therefore, the small increase in KM for pNPP for the alanine-mutant
PTP1Bs, relative to wild-type, would most likely not be reflected in a change in biological
substrate recognition. Future cellular experiments, however, are needed to confirm this
working hypothesis.

3.2. Identification of V49 and I219 analogs in other PTPs
Primary-sequence alignments can be used to identify positions corresponding to V49 or I219
PTP1B in any mammalian classical PTP (see Figure 2). Alignment of other target PTPs not
described in this review may be generated using any standard web-based alignment application
(ClustalW, NCBI’s Blast 2 Sequences, etc.). Alternatively, Andersen et al’s very helpful
alignment of all human PTP domains may be consulted [2].

3.3. Introduction of inhibitor-sensitizing PTP mutations
Once a suitable overexpression vector for a target PTP is obtained, inhibitor-sensitizing
mutations can be introduced. The QuikChange Site-Directed Mutagenesis Kit, which provides
detailed instructions for mutagenic-primer design, was used according to the manufacturer’s
instructions with some minor modifications, which are detailed below.

1. Plasmid DNA from a miniprep (1μL), cloned Pfu 10× reaction buffer (5μL), cloned
Pfu DNA polymerase (1μL, 2.5 U), 2 mM dNTP mix (5μL), and water (35μL) were
combined with appropriate primers (1.5μL of each at a concentration of 100 ngμL),
and placed in a temperature cycler. The reaction mixtures were subjected to one cycle
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of 95 ºC for 30 seconds, then 12 cycles of 95 ºC for 30 seconds, 55 ºC for 1 minute,
and 68 ºC for 16 minutes.

2. After cooling to room temperature, 1μL of Dpn I (20 U) was added and the reaction
mixtures were incubated at 37 °C for 1 hour.

3. DNA in the reaction mixtures was precipitated by adding 40μL of water, 10μL of 3M
sodium acetate (pH 5.2), and 250μL of ice-cold ethanol, incubating at −20 °C for 20
minutes, and centrifuging at 13000 rpm at 4 °C for 15 minutes. The supernatants were
discarded and the DNA pellets were dissolved in 3μL of sterile water. The entirety of
the resulting DNA solutions was transformed into DH5α E. coli competent cells, and
the transformed cultures were plated on LB/ampicillin by standard methods.

4. Ampicillin-resistant colonies were picked and grown overnight in 3 mL of liquid LB/
ampicillin. Plasmid DNA from the resulting cultures was extracted and sequenced.
Confirmed mutant plasmids were transformed into BL21(DE3) E. coli competent
cells for protein expression (for PTP-encoding genes harbored in pET vectors).

3.4. Expression of inhibitor-sensitized PTPs
Expression and purification conditions vary based on the expression vector of choice, the
expression level of the particular PTP, and the desired amount of purified PTP. Expression-
optimization experiments should be carried out for every PTP target. Thus, the following
directions are generalized, and should be modified as needed.

1. A culture of a BL21(DE3) strain containing the appropriate mutant plasmid was
grown in liquid LB/ampicillin until an absorbance (600 nm) of 0.5 was reached.

2. Isopropyl-1-thio-β-D-galactopyranoside (IPTG) was added to a final concentration
of 0.2 mM. The cell suspension was shaken at 37 °C for additional 5–6 hours and was
centrifuged at 10,000×g for 15 minutes. The supernatant was discarded and the pellet
was stored at −80 °C.

3. Immediately before purification, the cell pellet was lysed in Bacterial Protein
Extraction Reagent (BPER) according to the manufacturer’s instructions.

3.5. Purification of inhibitor-sensitized PTPs
All of the inhibitor-sensitized PTPs purified in our laboratory to date have contained a
purification tag: glutathione-S-transferase (GST) for PTP1B; and 6-histidine (His6) for TCPTP,
PTPH1, and HePTP. GST-tagged proteins were purified with the SwellGel Bulk Immobilized
Glutathione Discs and His6-tagged proteins were purified with SwellGel Nickel Chelated Discs
according to the manufacturer’s instructions. After PTP purification, regardless of the
purification method of choice:

1. PTP-activity-containing eluents were pooled, concentrated with a Centriprep-30
filtration unit, and exchanged into pH 7.0 buffer containing 50 mM 3,3-
dimethylglutarate, 1 mM EDTA, and 1 mM dithiothreitol.

2. Glycerol was added to the purified protein to a final concentration of 30%, and the
resulting solution was aliquoted and stored at −20 °C. Note: We have recently started
flash-freezing PTP aliquots (no glycerol) in liquid nitrogen and storing them at −80°
C; we have found this storage method to be preferable.

3.6. Kinetic characterization of inhibitor-sensitized PTPs
Note—All PTP assays should be performed in low-protein-binding microcentrifuge tubes
(e.g., Eppendorf LoBind, Fisher Scientific catalog #13–698–793).
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The kinetic competence of sensitized PTPs was determined using the artificial PTP substrate
para-nitrophenyl phosphate (pNPP). Activity assays were carried out at 22 °C in a total reaction
volume of 200μL containing pNPP (0.5–10 mM) and the appropriate enzyme (20–150 nM) in
the appropriate 1×PTP Buffer (pH 7.0: 50 mM 3,3-dimethylglutarate pH 7.0, 1 mM EDTA,
50 mM NaCl; pH 5.2: 100 mM NaOAc pH 5.2, 50 mM NaCl). Reactions were quenched after
8 min by the addition of 40μL of 5 M NaOH. The reaction mixtures (200μL) were loaded onto
a 96-well plate, and the absorbance at 405 nm was measured with a Molecular Devices
Versamax plate-reader. The kinetic constants for each enzyme were determined by fitting the
data to the Michaelis-Menten equation using SigmaPlot. Values given in Tables 1 and 2
represent the averages and standard deviations of at least three independent experiments.

4. Design and synthesis of allele-specific PTP inhibitors
4.1. Introduction

Compared to the design criteria for PTP-sensitizing mutations, the criteria for the small-
molecule inhibitors are more straightforward. In fact, compounds that target the novel binding
pocket of sensitized PTPs can either be rationally designed or identified from screens of non-
directed compound libraries.

For rationally designed allele-specific inhibitors, the parent inhibitor, or scaffold, should be
capable of targeting multiple wild-type PTPs (Figure 1). Also, the binding orientation of the
inhibitor in the enzyme active site should be known or readily predictable; and the molecule
should bind in a manner in which the position pointing toward the novel binding pocket can
be synthetically modified. As a starting point for a panel of rationally designed allele-specific
inhibitors that meet these criteria, we chose 6-(oxalyl-amino)-1H-indole-5-carboxylic acid
(compound 1, Figure 3) as a scaffold. This general PTP inhibitor, which was discovered by
workers at Novo Nordisk, inhibits a variety of classical PTPs at micromolar concentrations
(PTP1B, PTPα, PTPβ, PTPε, CD45, SHP-1) [38]. Also, the crystal structure of 1 bound to
PTP1B has been reported [38]. Importantly, the indole nitrogen of 1 binds close in space to
V49 and I219. This nitrogen atom thus represents a “hook” onto which chemical “bumps” can
be synthetically appended. These bumps, which are targeted toward the engineered pockets of
V49A and I219A PTP1B, are designed to be sterically incompatible with the active sites of
wild-type PTPs (Figure 1).

In addition to rationally designed allele-specific inhibitors, we have found that the novel
pockets of sensitized PTPs can also preferentially bind compounds that are not co-engineered
with the enzyme active site. In principle, any compound that possesses some PTP-inhibitory
ability could serendipitously exploit the sensitized-PTP active site. Along these lines, we have
found that a compound that was previously identified as a wild-type PTP inhibitor (compound
3, Figure 3), can act in an allele-specific manner, inhibiting I219A PTP1B much more potently
than it does wild-type PTP1B [19].

4.2. Synthesis of indole-based inhibitors 2a-2k
N-substituted analogs of 1 (compound series 2a-2k) were prepared according to a seven-step
synthesis, the last three steps of which are depicted in Scheme 1.The indole scaffold 4 was
synthesized as described by Showalter and coworkers [39]. Although we found no literature
precedent for a high yield N-1 alkylation of either an aminoindole [40] or an oxalylaminoindole,
we were able to achieve the synthesis of compounds 2a-2k by two distinct routes, without
employing protective group chemistry. In an effort to minimize repetitive post-alkylation
chemistry, we initially attempted to alkylate the oxalylated compound 5.We hypothesized that,
in an excess of sodium hydride, the doubly deprotonated conjugate base of 5 would be formed.
This dianion would presumably alkylate at N-1, owing to the greater basicity (hence,
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nucleophilicity) of this position. This strategy was carried out with limited success: excellent
SN2 electrophiles, such as allyl bromide and benzyl bromide (yielding compounds 7e and 7g,
respectively), were compatible with this approach. However, compound 5 is inherently
unstable under the alkylation conditions, and longer incubation times (or elevated
temperatures) were not possible when less reactive electrophiles were used. Alternatively, we
found that compound 4 could be directly alkylated with poor to quantitative yields (17–98%),
furnishing compound series 6.Although this scheme requires a larger amount of post-
derivatization chemistry, it proved to be the more robust approach, allowing for the use of a
broad range of alkyl-halide electrophiles. The two synthetic routes converge at compound
series 7, which was subjected to standard ester hydrolysis conditions, affording a panel of
putative inhibitors, compounds 2a–2k. The following protocols were used (Scheme 1):

a. Representative procedure for the alkylation of compound 4 (synthesis of 6a): 10.7 mg
(0.45mmol, 1.3 equivalents) of dry, 95% sodium hydride were weighed into a flame-
dried round bottom flask containing a magnetic stir bar. The flask was sealed and
purged with argon. 2.5 mL of anhydrous DMF were introduced via syringe. The
resulting suspension of sodium hydride in DMF was cooled to 0 °C. While the
suspension was cooling, two separate solutions were prepared at room temperature:
70.9 mg (0.35 mmol) of 4 dissolved in 1 mL anhydrous DMF, and 49.7 mg (0.35
mmol) of methyl iodide in 1 mL anhydrous DMF. The solution of 4 in DMF was
added via syringe to the cooled suspension of sodium hydride. Once visible evolution
of hydrogen gas had ceased, the methyl-iodide solution was added. The reaction was
monitored by TLC (40% ethyl acetate/60% hexanes) until consumption of 4 was
complete. The reaction mixture was quenched with 4 mL saturated aqueous
ammonium chloride, poured into water, and extracted twice with ethyl acetate. The
organic layers were pooled, washed 5–10 times with water to remove trace DMF, and
dried over magnesium sulfate. Ethyl acetate was removed under reduced pressure to
yield 6a (90% yield). [When necessary, other alkylation products were purified by
flash column chromatography in ethyl acetate/hexanes. Alkylations of compound 5
(conditions á, Scheme 1) to furnish 7e and 7g were carried out under identical
conditions, with the exception that three equivalents of NaH were used.]

b. Representative oxalylation procedure (synthesis of 7a): A solution of ethyl oxalyl
chloride (51.4 mg, 0.38 mmol) in 6 mL of THF was added to 60.6 mg (0.28 mmol)
of 6a, and the reaction was stirred at room temperature for 30 minutes. The reaction
mixture was poured into water and extracted. The organic layers were pooled and
solvent was removed under reduced pressure to yield compound 7a in quantitative
yield.

c. Representative procedure for the ester hydrolysis of compounds 7a–7k (synthesis of
2a): Compound 7a (85.7 mg, 0.27 mmol) was dissolved in 6 mL of a 1:1 EtOH:H2O
solution. 5N NaOH (1 mL, 5 mmol, 19 equivalents) was added and the reaction
mixture was stirred for 16 hours at room temperature. Ethanol was removed by
evaporation under reduced pressure and the resulting aqueous mixture was acidified
with 1M HCl over ice. The precipitate was collected by filtration, washed with cold
water, and dried under reduced pressure to yield dicarboxylic acid product 2a (80%
yield).

4.3. Synthesis of thiophene-based inhibitor 3
Compound 3 was prepared as described by others [41].
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5. Evaluation of inhibitor selectivity for mutant PTPs
5.1. Introduction

We have identified compounds that display significant selectivity for V49A and I219A PTP1B
over wild-type PTP1B, by screening compound series 2 for PTP inhibition [21]. Nine members
of series 2 exhibited varying degrees of selectivity for at least one of the alanine mutants
[21]. As a rule, selectivity was greater for I219A PTP1B than for V49A. This preference for
I219A mutants over V49A mutants has been true of almost every putative inhibitor analyzed
to date; thus, V49A PTP1B will not be discussed further here. The most selective mutant/
inhibitor pair consisted of I219A PTP1B and the N-methyl derivative of 1 (2a,Figures 2 and
4A), which demonstrated 10-fold selectivity for I219A PTP1B [KI (pH 5.2) = 1.1μM)] over
wild-type PTP1B [KI (pH 5.2) = 11μM)] [21].

In further experiments, we have found that previously described PTP inhibitors may also act
in an allele-specific manner. Compound 3 (Figure 3) belongs to a family of well known fused-
thiophene-based PTP inhibitors [41–44]. Surprisingly, we found that this ostensibly wild-type
inhibitor targets I219A much more effectively than it does wild-type PTP1B (Figure 4B).
Compounds 3’s selectivity for I219A PTP1B is even greater than that of the rationally designed
2a: 3 is a 30-fold more potent inhibitor of I219A PTP1B than wild-type PTP1B at pH 7.0 (wild-
type PTP1B: KI = 34μM; I219A PTP1B: KI = 1.0μM) [19]. We hypothesize that the I219 side
chain of wild-type PTP1B precludes the optimal binding orientation of compound 3’s
cyclohexene moiety. More generally, these results show I219 can control inhibitor access to a
PTP active site, even if the relevant compound is not concertedly designed as allele-specific.
This analysis highlights the possibility that even more selective allele-specific PTP inhibitors
may be identified by subjecting large compound libraries to inhibition screens with sensitized
PTPs.

Regardless of the target PTP, or the set of compounds being evaluated, the same basic sequence
can be carried out to identify allele-specific PTP inhibitors: first, screen sets of putative
inhibitors at a fixed concentration to look for “hits” that unambiguously inhibit a sensitized
PTP more potently than the corresponding wild-type; second, perform more thorough
experiments to determine the relevant inhibition constants (KI) for the hit compounds.

5.2. Percent-activity screens
Percent-activity screens (see Figures 4 and 5) were performed with pNPP-based PTP assays
essentially as described in section 3.6. (Characterization of inhibitor-sensitized PTPs), with
the following notes:

1. Either 4μL DMSO (vehicle) or 4μL of a 50× stock solution of the appropriate inhibitor
dissolved in DMSO (e.g., 1 mM stock for a final inhibitor concentration of 20μM)
was added to the reaction mixture.

2. The percent activity in the presence of an inhibitor was calculated by dividing the
average A405 of that enzyme with inhibitor by the average A405 of the controls (DMSO
only).

3. The pNPP concentration used in percent-activity screens should correspond to the
KM of the enzyme being analyzed; this is because the inhibitors being analyzed are
competitive, and the inhibitor-sensitized PTPs may have altered substrate KM values
(see Table 1). When all enzymes are assayed at substrate concentrations
corresponding to their respective KM values, wild-type and mutant percent-activity
data can be directly compared.
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5.3. KI measurement
KI determinations were performed with pNPP-based PTP assays essentially as described in
section 3.6. (Characterization of inhibitor-sensitized PTPs), with the following notes:

1. Either 4μL DMSO (vehicle) or 4μL of a 50× stock of the inhibitor being assayed
(dissolved in DMSO) was added to the reaction mixture.

2. At various fixed concentrations of inhibitor, the initial rate of pNPP hydrolysis was
measured at five different pNPP concentrations. Inhibition constants were determined
by fitting the data to classical Michaelis-Menten kinetic models for competitive
inhibition (vo = Vmax[S]/αKM+[S], where α = 1 + [I]/KI).

6. Scope of PTP-sensitization strategy across the classical-PTP family
6.1. PTP1B and TCPTP

As discussed in detail above, PTP1B has served as the prototype for our laboratory’s PTP-
sensitization endeavor. Since a general PTP-sensitization approach aims to exploit the
commonalities between PTP active sites, one would expect that, the more homologous an
enzyme is to PTP1B, the more amenable to homology-based sensitization the target PTP would
be. To date, this supposition has been borne out by our experiments with PTP1B’s closest
homolog, TCPTP [2]. Owing to the almost identical active sites of PTP1B and TCPTP, the
vast majority of literature PTP inhibitors demonstrate similar potencies against both
phosphatases [13–16]. Consistent with this, we have found that our allele-specific inhibitors
target I219A PTP1B and I220A TCPTP with roughly equivalent KI and selectivity (compared
to wild-type PTPs) values [19,21]. Thus, it seems safe to assume that, with future discoveries
of inhibitor-sensitizing mutations or allele-specific inhibitors, the data obtained from a PTP1B
prototype will be readily transferable to engineering unique TCPTP/inhibitor pairs (and vice
versa, if the engineering is performed on TCPTP).

6.2. PTPH1
For an active-site-directed PTP sensitization strategy to be truly general it must work for PTPs
that have not been subjected to inhibitor studies, whose crystal structures are not known, and/
or have not been biochemically characterized. As our first test of these criteria, we attempted
to engineer novel inhibitor sensitivity in PTPH1 [20], a biologically important PTP—somatic
PTPH1 mutations have been discovered in colorectal cancers [45]—that is less closely related
to PTP1B than TCPTP (36% catalytic-domain identity between PTP1B and PTPH1). When
we performed our sensitization on PTPH1, it had not been subjected to targeted inhibitor-
discovery studies, and a PTPH1 crystal structure was not known. [A structure of the PTPH1
catalytic domain has since been deposited in the Protein Data Bank (PDB ID: 2B49), but it has
not yet been described in a publication.]

We found that primary-sequence analysis could, indeed, be used to impart novel inhibitor
sensitivity to a PTP whose structure had not been solved. The analog of I219A PTP1B, I846A
PTPH1 (Figure 2), was made and screened against compound series 2.As with I219A PTP1B,
all but two of the compounds tested exhibited some degree of selectivity for I846A PTPH1
with respect to the wild-type PTPH1 [20]. This high hit rate of compound series 2 is notable,
particularly considering that the inhibitor design for these compounds was performed on
PTP1B, which is not a particularly close homolog of PTPH1. Additionally, the observation
that compound 2a, the most selective inhibitor of I219A PTP1B and I220A TCPTP, was also
the most selective for I846A PTPH1 lent further support to our use of the PTP1B structure as
a prototype [20]. That said, the overall I846A selectivity of compound 2a (with respect to wild-
type PTPH1) was only 4-fold [20], suggesting that further inhibitor discovery will be required
to identify a compound that targets the sensitized PTPH1 with high selectivity.
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6.3. HePTP
In more recent work on a PTP from a different subclass, our laboratory has learned that some
PTPs may not be readily sensitized to compound panel 2 through introduction of alanine at
positions 49 and 219.Hematopoietic PTP (HePTP) is a member of the kinase-interaction-motif
(KIM)-containing PTP family, members of which interact with and modulate the substrate
specificity of the ubiquitous signaling enzymes, mitogen-activated-specific kinases (MAPKs)
[46]. HePTP, in particular, is a negative regulator of T-cell activation [47] and is often
overexpressed in preleukemic myeloproliferative diseases [48]. In addition to its biological
importance, several other factors made HePTP an attractive candidate for sensitization: no
selective HePTP inhibitors have been described; HePTP contains isoleucine residues at the
amino-acid positions corresponding to 49 and 219 (I107 and I274, respectively; see Figure 2);
and HePTP is evolutionarily more diverged from PTP1B than either TCPTP or PTPH1 [46],
providing a further test for the limits of the PTP-sensitization strategy.

We expressed and purified the HePTP analogs of V49A and I219A PTP1B, I107A and I274A
HePTP, and measured their catalytic activities with pNPP. As we have observed with other
alanine-mutant PTPs, I107A and I274A HePTP retain catalytic efficiencies comparable to that
of wild-type HePTP (Table 2). Unlike previously sensitized PTPs, however, the HePTP
mutants demonstrate essentially no measurable difference in activity (within error) when
compared to wild-type HePTP. (Compare Table 2 to Table 1: V49A and I219A PTP1B have
modestly increased KM values for pNPP, presumably due to a decrease in substrate-binding
affinity caused by the “hole.”) These kinetic data show that these HePTP mutants meet a central
criterion of an inhibitor-sensitization strategy: that the putatively sensitized enzymes retain the
catalytic activity of the wild-type.

When screened against compound panel 2 for selective PTP inhibition, I107A and I274A
HePTP proved not to be inhibitor-sensitized, at least in regard to the indole-based compound
panel 2.As shown in Figure 5, none of the inhibitors demonstrated substantially heightened
potency for I107A or I274A over wild-type HePTP in a fixed-concentration inhibitor screen.
(Compounds 2a and 2j show only a marginal preference for I107A over wild-type HePTP.)
These results, particularly those for the I219A analog, I274A HePTP, stand in marked contrast
to those we have obtained for PTP1B, TCPTP, and PTPH1, all of which could be readily
sensitized with an alanine mutation at position 219. (Data for compounds 2d, 2g, 2h, and 2k
are not shown, as our supply of these compounds was exhausted prior to the HePTP work.)

The recently solved HePTP crystal does provide some clues as to why sensitization has, to
date, not worked for HePTP [49]. The HePTP catalytic domain, like those of the other KIM
PTPs, has a structure that is somewhat distinct from other classical PTPs [46,49]. The KIM
motif, which is not present in canonical PTPs, such as PTP1B, forms an α-helix (α0) at the N-
terminal portion of the KIM PTP catalytic domain; also, there are substantial backbone-
structure deviations between the KIM PTP and PTP1B catalytic domains [50]. More relevantly,
the positioning of I219 in the PTP1B active site differs substantially from that of I274 in HePTP
(Figure 6): PTP1B’s I219 side chain comprises a large part of the “tunnel” surface leading to
the enzyme’s active-site cysteine (Figure 6A), whereas HePTP’s I274 side chain is mostly
buried and does not make up a significant part of the active site’s surface (Figure 6B). These
structures may help to explain why the I274A HePTP mutant demonstrated both kinetic activity
and inhibitor sensitivity that is unchanged with respect to wild-type HePTP. Intriguingly, I107
(the analog of V49 in PTP1B) appears to make up a significant part of the active-site path in
HePTP (Figure 6B). Thus, if future classes of allele-specific inhibitors can be designed to
effectively target the 49/107 interface, HePTP may yet prove to be amenable to sensitization.
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6.4. Prospects for other classical PTPs
The negative results for HePTP described above do somewhat complicate the prospects for
application of PTP sensitization across PTPs; it is apparent that there won’t be one
“answer” (i.e., one mutation and one molecule) for sensitizing all classical PTPs. The
generalized “bump-hole” picture depicted in Figure 1 is, of course, highly simplistic, eliding
the obvious fact that PTP active sites do possess some level of structural diversity. Most sub-
families of classical PTPs, however, are more closely related to PTP1B than is the KIM PTP
family [46]. So, it still quite possible that the prototype engineering performed on PTP1B—
and the I219A mutation in particular—will be applicable to a significant percentage of classical
PTPs. The lesson to date: the more closely related a PTP is to a prototype, the more reasonable
the assumption of active-site similarity.

For PTPs, more general solutions to the active-site-sensitization problem will likely come in
the form of new inhibitors, not new mutations. Since the constraints for sensitizing active-site
mutations are quite narrow (see Section 1.), the number of amino-acid residues that constitute
plausible sensitization candidates is quite small. Additionally, introduction of alanine
mutations at positions 49 and 219 has proven to be remarkably robust: four PTPs from three
different families have been mutated, and, in each case, active and stable enzymes could be
purified and analyzed. It seems reasonable, therefore, to retain positions 49 and 219 as the
starting points in any future sensitization endeavors on new PTPs. By contrast, there is no limit
to the number of putative inhibitors that can be synthesized and screened. Since we have found
that non-targeted compounds can inhibit sensitized mutants in an allele-specific manner, there
appears to be no reason to limit future screens to rationally designed compounds. New libraries
of potential inhibitors, along with discoveries of new PTP-targeting pharmacophores, will most
likely provide the next generation of allele-specific PTP inhibitors.
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Fig 1.
Schematic representation of an active-site-directed inhibitor-sensitization approach for PTPs.
The problem of structural redundancy in PTP active sites is alleviated by artificially introducing
diversity in the target PTP with a functionally silent mutation. The conversion of a large amino
acid to a small amino acid creates a novel binding pocket that is not present in wild-type PTPs.
A specific inhibitor of the engineered PTP is synthesized by modifying a known PTP inhibitor
with a chemical group designed to fit the novel active-site pocket.
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Fig 2.
Partial sequence alignment of PTPs discussed in this review, in addition to two further examples
(SHP1 and CD45). Numbering is according to human PTP1B.
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Fig 3.
Chemical structures of compounds 1, 2a–2k, and 3.
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Fig 4.
(A) Selective inhibition of I219A PTP1B by compound 2a. Compound 2a (25μM) was
incubated at 22 °C with 100 mM NaOAc pH 5.2; 50 mM NaCl; pNPP (concentration
corresponding to the Km value for the particular enzyme); and the indicated PTP. Percent
PTP1B activities in the presence of 2a (normalized to a no-inhibitor control) are shown as bars.
(B) Selective inhibition of I219A PTP1B by compound 3.Compound 3 (20μM) was incubated
at 22 °C with 50 mM 3,3-dimethylglutarate pH 7.0; 1 mM EDTA; 50 mM NaCl; pNPP
(concentration corresponding to the KM for the particular enzyme); and the indicated PTP.
Percent PTP1B activities in the presence of 3 (normalized to a no-inhibitor control) are shown
as bars.
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Fig 5.
Screen of compound panel 2 for selective inhibition of engineered HePTP mutants. The
indicated compounds (100μM) were incubated at 22 °C with 50 mM 3,3-dimethylglutarate pH
7.0; 1 mM EDTA; 50 mM NaCl; pNPP (concentration corresponding to the KM for the
particular enzyme); and wild-type (foreground), I107A (middle), or I274A (background)
HePTP. Percent HePTP activities in the presence of the inhibitors (normalized to a no-inhibitor
control) are shown as bars, which represent the mean values from at least three experiments.
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Fig 6.
Active-site structural comparison of PTP1B and HePTP. The protein surfaces of PTP1B (A,
PDB: 1C83 [38]) and HePTP (B, PDB: 1ZC0 [49]) are shown in gray, with the portions of the
surface comprising V49/I107 shown in green and the portions comprising I219/I274 shown in
red. For perspective, the active-site catalytic cysteine residues of PTP1B and HePTP are shown
in yellow. Both enzymes are crystallized in the closed conformation: an inhibitor (compound
1) bound to the PTP1B active site and a phosphate ion bound to the HePTP active site have
been removed for clarity. Images were generated using the Chimera software package (http://
www.cgl.ucsf.edu/chimera).
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Scheme 1.
Synthesis of the N-derivatized oxalylaminoindole inhibitors, compound panel 2a-2k.
Compound 4 was synthesized in five steps essentially as described [39]. Reaction conditions:
(a) NaH (1.3 equiv), DMF, RX; (á) NaH (3.0 equiv), DMF, RX; (b) ethyl oxalyl chloride, THF;
(c) 1.NaOH, H2O, EtOH; 2. HCl.
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Table 1
Kinetic constants for inhibitor-sensitized PTP1B mutants, assayed with pNPP as substrate at pH 5.2

PTP kcat (s
−1) KM (mM) kcat/KM (s−1 mM−1)

wild-type PTP1B 12 ± 1.8 0.32 ± 0.067 40
V49A PTP1B 11 ± 3.7 2.2 ± 0.057 5.5
I219A PTP1B 24 ± 1.3 1.4 ± 0.35 17
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Table 2
Kinetic constants for inhibitor-sensitized HePTP mutants, assayed with pNPP as substrate at pH 7.0

PTP kcat (s−1) KM (mM) kcat/KM (s−1 mM−1)

wild-type HePTP 1.3 ± 0.39 6.9 ± 3.0 0.19
I107A HePTP 1.7 ± 0.49 6.2 ± 2.4 0.27
I274A HePTP 1.3 ± 0.33 7.3 ± 2.7 0.18
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