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Abstract—Protein tyrosine phosphatases (PTPases) and protein tyrosine kinase (PTKases) regulate the phosphorylation and
dephosphorylation of tyrosine residues in proteins, events that are essential for a variety of cellular functions. PTPases such as
PTP1B and the Yersinia PTPase play an important role in diseases including type II diabetes and bubonic plague. A library of
67 bidentate PTPase inhibitors that are based on the a-ketocarboxylic acid motif has been synthesized using parallel solution-phase
methods. Two aryl a-ketocarboxylic acids were tethered to a variety of different diamine linkers through amide bonds. The com-
pounds were assayed in crude form against the Yersinia PTPase, PTP1B, and TCPTP. Six compounds were selected for further evalu-
ation, in purified form, against the Yersinia PTPase, PTP1B, TCPTP, LAR, and CD45. These compounds had IC50 values in the
low micromolar range against the Yersinia PTPase, PTP1B, and TCPTP, showed good selectivity for PTP1B over LAR, and modest
selectivity over CD45. The correlation between linker structure and inhibitor activity shows that aromatic groups in the linker can
play an important role in determining binding affinity in this class of inhibitors.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

One of the central mechanisms by which intracellular
signal transduction pathways are regulated relies on
the phosphorylation state of specific tyrosine residues
in signaling proteins. Control is mediated by protein
tyrosine kinases (PTKs) that phosphorylate tyrosine res-
idues, and protein tyrosine phosphatases (PTPases) that
dephosphorylate phosphotyrosine residues. The bal-
anced activity of the PTKs and PTPases is critical for
controlling a wide variety of cellular functions such as
cell growth, intercellular communication, migration,
metabolism, gene transcription, and the immune response.1

Deregulation of PTPase activity can play a role in a
number of diseases including diabetes, cancer, and dys-
function of the immune system. For example, overex-
pression of PTP1B has been implicated in the
development of type II diabetes because this PTPase
dephosphorylates the insulin receptor and causes resist-
ance to insulin.2 PTP1B is now commonly accepted as a
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valid target for the treatment of type II diabetes, and
perhaps obesity, because a PTP1B knockout mouse
was shown to have an increased sensitivity to insulin
and was resistant to diet-induced obesity.3,4

Other PTPases are more complicated in their biological
activities. T-Cell protein tyrosine phosphatase (TCPTP),
which is the PTPase that is most closely related to
PTP1B, is vital in terms of its biological functions.
TCPTP knockout mice die at 3–5 weeks of develop-
ment.5 However, this PTPase might be useful as a target
for the treatment of colon cancer since it has been re-
ported that 70% of 14 colon cancer cases in one study
showed an increased activity of TCPTP.6

Like PTP1B, leukocyte antigen related PTPase (LAR) is
also a negative regulator of the insulin signaling
pathway. However, LAR-deficient mice have shown
neuronal defects, impaired development of mammary
glands, and reduced weight.7–9 There is one report that
increased expression levels of LAR can suppress the
formation of tumors in vivo.10 CD45 is a receptor type
PTPase that regulates the activity of the Src-family of
kinases. This PTPase is required for normal develop-
ment and activation of B and T cells,11 and humans
who are deficient in CD45 have impaired immune
systems.12 Inhibitors for this PTPase may be useful for
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conditions that are related to the immune response
including inflammation, organ transplantation, and
autoimmune diseases.13,14 The bacterial PTPase from
Yersinia pestis, which is the causative agent of bubonic
plague, plays a key role in the virulence of this organ-
ism. The bacterium secretes the Yersinia PTPase
(YopH) into host cells, where it dephosphorylates a
number of signaling proteins and results in an weakened
immune response.15 All of these studies suggest that
selective PTPase inhibitors would be useful as starting
points for drug development aimed at a variety of
diseases, and also as tools for unraveling the details of
signal transduction.

A large number of PTPase inhibitors have reported to
date, a small sampling of which include difluoromethyl-
enesulfonic acids,16 O-carboxylmethyl salicylic acids,17

squaric acids,18 and a-ketocarboxylic acids.19–22 These
functional groups act as nonhydrolysable mimics of
phosphotyrosine, and bind in the active site proximal
to the catalytic residues. The catalytic domain of PTP-
ases contains the signature motif (H/V)CX5R(S/T),
which is highly conserved in all members of this enzyme
family.23 High homology in the catalytic domain of
PTPases makes it a significant challenge to develop
selective inhibitors.

In 1997, Zhang and co-workers discovered a secondary
binding site in PTP1B that is distal from the catalytic
site, and that has a lower affinity for phosphotyrosine.24

This secondary site is made up of residues that include
Arg-24, Arg-254, Gly-259, Gln-262, and Met-258
(PTP1B numbering). Amino acid sequence alignment
shows that Arg-24 is conserved in PTP1B, TCPTP,
and the Yersinia PTPase, but not in LAR and CD45.
Moreover, Gly-259 and Met-258 are less conserved in
PTPases than the residues found in the active site. Based
upon their discovery of this secondary binding site,
Zhang and co-workers suggested a strategy for design-
ing more potent and specific inhibitors that involves
linking together two phosphotyrosine mimics, one
of which is targeted to the active site, and the other
targeted to the secondary binding site.1,24 This strategy
has been applied successfully by a number of investiga-
tors. For example, a group from Abbott Laboratories
used NMR-based screening methods to discover two
different ligands that bind in the active site and the sec-
ondary site, respectively. They then connected these two
ligands together with an appropriate linker to generate
an oxalylamide-based inhibitor that showed low nano-
molar activity against PTP1B and TCPTP, with good
selectivity over LAR and CD45. A crystal structure of
the inhibitor bound in the active site proved that it made
important contacts with both the active site and the sec-
ondary binding site.25 Several other groups have also re-
ported bidentate inhibitors that show significantly
improved potency and selectivity when compared to
the related monomeric inhibitors.20,22,26–28 In several
cases, structural studies have shown that some of these
bidentate inhibitors make contacts with the active site
and residues such as Arg-47, Asp-48, and Lys-41, rather
than bridging the active and secondary binding
sites.20,22,29–31
We have recently reported that aryl a-ketocarboxylic
acids such as compound 1 are competitive inhibitors
of several PTPases.19 The potency of the inhibitors can
be improved by adding electron donating groups to
the para position of the aromatic ring, and linking two
a-ketocarboxylic acids together to give bivalent inhibi-
tors.20 In this study, we are interested in investigating
how the structure and conformation of a linker that con-
nects two a-ketocarboxylic acids influences the potency
of inhibition. To accomplish this goal, we have con-
structed a 69-membered library of divalent inhibitors
with the general structure 2. The aryl a-ketocarboxylic
acid portions of the inhibitors remain constant, while
changes are made to the linker region that connects
them. The inhibitors were assayed in crude form against
the Yersinia PTPase, PTP1B, and TCPTP, and six com-
pounds were selected for purification and further
evaluation.
2. Chemistry

The strategy that we employed for assembling the li-
brary of divalent inhibitors is shown in Scheme 1. Two
equivalents of compound 3, which incorporates a tert-
butyl ester of the a-ketocarboxylic acid moiety, was
coupled with one equivalent of a number of different
diamines using EDC and DMAP to give the diamide
4. The tert-butyl ester groups were then removed with
TFA to give the desired inhibitors 2.

The synthesis of compound 3 is outlined in Scheme 2. 4 0-
Hydroxyacetophenone 5 was converted to compound 6
using a Williamson ether synthesis with benzyl bro-
moacetate and potassium carbonate.32 Oxidation of
the methylketone to the a-ketocarboxylic acid was
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accomplished using selenium dioxide in refluxing pyri-
dine.33 The crude product 7 from this oxidation was
directly converted to the corresponding acid chloride,
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Figure 1. Linkers used to synthesize the library.
and subsequently treated with tert-butanol and pyridine
to give tert-butyl ester 8. The overall yield for the three
step sequence was 71%. The benzyl ester was then
deprotected by catalytic hydrogenation using palladium
hydroxide. This transformation was accompanied by
reduction of the ketone to the corresponding a-hydroxy-
ester 9. The hydroxyl group was oxidized back to the
a-ketoester using Dess–Martin periodinane to yield the
desired compound 3.

With compound 3 in hand, we synthesized the library by
coupling 3 with the 68 diamines shown in Figure 1. We
also coupled compound 3 to aniline (D1), benzyl alcohol
(D2), and 1,2-bis(hydroxymethyl)benzene (D14) to give
three control compounds for comparison with the di-
amide-based inhibitors. After the coupling reactions
were judged to be complete by TLC analysis, an aqueous
workup was used to remove EDU, DMAP, and any ex-
cess starting materials. The coupling products were then
deprotected using 80% TFA in CH2Cl2 to yield the final
crude inhibitors. ESI-LCMS was used to confirm the
success of the coupling and deprotection reactions. After
biological evaluation of the crude inhibitors, six com-
pounds (compounds 11, 13, 15, 17, 19, and 21, corre-
sponding to diamines D52–D54, D62, D70, and D71)
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were selected for resynthesis on a larger scale (Fig. 2).
These six compounds were purified by flash chromato-
graphy prior to their further evaluation against a battery
of phosphatases.

While the large majority of the diamines shown in Fig-
ure 1 resulted in the desired bivalent ligands, several of
the reactions gave unexpected products. For example,
diamine D53 has two primary and one secondary amino
groups that could potentially couple to carboxylic acid
3. However, based upon both steric and electronic con-
siderations, we expected only the primary amino groups
to react with compound 3 under our coupling conditions
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to give diamide 12 (Fig. 2). As expected, compound 12
was the only product that we observed from the cou-
pling reaction. However, when compound 12 was trea-
ted with TFA to remove the tert-butyl esters, the
molecule gave the cyclic compound 13 in which one of
the a-ketocarboxylic acid groups had spontaneously
formed a third amide linkage with the secondary amine.
Since this macrocyclic compound showed good activity
in our preliminary screens, we selected it for purification
and further evaluation.
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product. The failure of the second amine to couple with
3 is likely due to steric hindrance caused by the neigh-
boring bulky 3-methylthiophenyl substituent. Several
other diamines did not give any detectable coupling
product with compound 3. For example, 9,10-diamino-
phenanthrene failed in the coupling reaction because it
was not soluble in the reaction mixture. 4-Nitro-1,3-
phenylenediamine did not couple because the amino
groups in this molecule are poor nucleophiles as a result
Figure 3. Assay of library members at 10 lM against the Yersinia PTPase (o

the x-axis refer to the library members with the linkages shown in Figure 1. D0

in Figure 2 as compound 22.
of the strong electron withdrawing character of the nitro
substituent.
3. PTPase inhibition studies

The crude inhibitors were screened for activity against
the Yersinia PTPase, PTP1B, and TCPTP at a concen-
tration of 10 lM (Fig. 3). para-Nitrophenyl phosphate
pen bars), PTP1B (solid bars) and TCPTP (gray bars). Designators on

is the a-ketoacid form of compound 3, the structure of which is shown
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was used as the substrate in a 3,3-dimethylglutarate buf-
fer at pH 7.0. Three of the control inhibitors that con-
tained a single a-ketocarboxylic acid unit (D0–D2) had
low activity against all the three enzymes. D0 corre-
sponds to the diacid that results from deprotection of
the tert-butyl ester in compound 3. In contrast, the dies-
ter control D14 had good activity against the Yersinia
PTPase, and modest activity against PTP1B and
TCPTP.

Compounds D3–D12, which incorporate aliphatic link-
ers, are all poor inhibitors with less than 30% inhibition
at 10 lM against the Yersinia PTPase. The remaining
compounds (D13–D71) all contain at least one aromatic
ring in the linker structure, and are on average much
more active against the PTPases compared to com-
pounds with aliphatic linkers. Several sets of com-
pounds, such as D10–D12, D16 and D17, and D70 and
D71, differ only in the stereochemistry of the linker.
Comparison of the activity among these three sets of
compounds indicates that the stereochemistry of the lin-
ker plays a modest role in controlling the potency of
inhibition. It is likely that the inhibitors have enough
flexibility to accommodate changes in linker stereo-
chemistry without significantly perturbing the way they
bind in the enzyme active site.

Compounds D20–D51 contain a diaminobenzene, diam-
inopyridine, or diaminopyrimidine linker, and also con-
tain a single aromatic ring. They can be further
categorized according to the relative positioning of the
two amino groups on the ring. Compounds D20 and
D23–D27 are 1,4-diamines. They have good activity
against the Yersinia PTPase, but only D27, which incor-
porates a pyridine ring, has significant activity against
TCPTP (greater than 90% inhibition at 10 lM). The
1,3-diamines (compounds D22 and D28–D40) generally
have low activity against all three of the PTPases. Com-
pounds D29 and D32 are the only inhibitors out of this
group that show higher than 50% inhibition of the Yer-
sinia PTPases. Among the 1,2-diamines (compounds
D21 and D41–D51), D43–D45 are notable for their
activity against the Yersinia PTPase (greater than 90%
inhibition), while D43, D45, D48, and D51 show moder-
ate activity against TCPTP. None of the compounds
that contain a single aromatic ring are good inhibitors
of PTP1B.

In contrast to the other compounds, D52–D71 incorpo-
rate more than one aromatic ring in the linker structure,
and on average are significantly more active than inhibi-
tors with aliphatic linkers or linkers that contain a single
aromatic group. All of these compounds, except forD56,
D64, and D65, show greater than 80% inhibition of the
Yersinia PTPase. Among this group, D52–D55, D58,
D61, D63, and D67 show better than 50% inhibition of
both PTP1B and TCPTP at a concentration of 10 lM.

Compound D52 is a 1,4-diaminobenzene with an added
benzoyl substituent. Comparison of D52 to the other
1,4-diamines (D20 and D23–D27) shows that the added
benzoyl group improves activity against PTP1B and
TCPTP, while maintaining good activity against the
Yersinia PTPase. Compounds D53–D55 are all 1,3-di-
aminobenzenes, but they also incorporate an additional
aromatic ring. Comparison of their activities to those of
the other 1,3-diaminobenzenes (compounds D22 and
D28–D40) shows that the extra aromatic ring dramati-
cally improves the activities of the inhibitors against
all three of the PTPases.

Based upon these initial screening results, we chose to
reanalyze the 17 best Yersinia PTPase inhibitors at a
concentration of 1 lM in order to improve the dynamic
range of the assays (Fig. 4). The results show that only
inhibitors that incorporate at least two aromatic rings
in the linker structure retain significant activity at 1 lM.

We then chose six compounds (Fig. 2) to synthesize on a
larger scale and analyze in purified form against the Yer-
sinia PTPase, PTP1B, TCPTP, LAR, and CD45. These
six compounds correspond to diamines D52–D54, D62,
D70, and D71.

IC50 values for the six inhibitors against the five different
PTPases are shown in Table 1. All of these compounds
are good inhibitors of the Yersinia PTPase with IC50

values between 5 and 11 lM. They are approximately
15–30-fold more potent than simple monomeric aryl a-
ketoacids.19 This observation is somewhat surprising
given that both compounds 13 and 15 incorporate only
one a-ketocarboxylic acid group. These data suggest
that the additional aromatic components that are pres-
ent in the linker region of these compounds are partially
responsible for enhancing their activity, in addition to
the second a-ketocarboxylic acid group. We performed
a Lineweaver–Burke analysis of compound 21 using
the Yersinia PTPase, and demonstrated that it is a
reversible competitive inhibitor (Fig. 5). This result is
consistent with our previous observations that other
inhibitors based on the a-ketoacid motif are also revers-
ible competitive inhibitors of PTPases.19–22

The compounds listed in Table 1 are all moderate inhibi-
tors of PTP1B and TCPTP, and show a 1–3-fold selec-
tivity for TCPTP. Since these two PTPases share a
72% sequence identity among the residues that make
up the 246 amino acid catalytic domain,34 it is usually
difficult to design inhibitors that show high selectivity
for one enzyme over the other. By comparison, the
inhibitors show high selectivity against LAR, which is
a transmembrane receptor type PTPase that does not



Table 1. Inhibition of phosphatases by compounds 11, 13, 15, 17, 19, and 21a

Inhibitor (linker) IC50 (lM)

Yersinia PTPase PTP1B TCPTP LARb CD45

11 (D52)c 5.5 ± 0.5 35 ± 7 24 ± 4 0% at 0.5 mM 137 ± 10

13 (D53) 5 ± 1 34 ± 10 10 ± 1 0% at 0.5 mM 260 ± 23

15 (D54) 8.5 ± 1.5 21 ± 2 12.5 ± 1.5 0% at 0.5 mM 75 ± 8

17 (D62) 11 ± 1 102 ± 10 89 ± 5 0% at 0.5 mM 130 ± 23

19 (D70) 11 ± 4 51 ± 5 19 ± 2 0% at 0.5 mM 260 ± 20

21 (D71) 10 ± 3 33 ± 2 14 ± 3 0% at 0.5 mM 120 ± 10

a Assays were performed in 50 mM 3,3-dimethylglutarate buffer at pH 7.0, 1 mM EDTA, 50 mM NaCl, and 10% DMSO.
b% Inhibition at the given concentration.
c Number in the bracket refers to the diamine linker used to generate the inhibitor.
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contain the residues that make up the secondary binding
site and does not have an Arg in the position that corre-
sponds to Arg-47 of PTP1B. Thus, these residues may
play an important role in binding of the inhibitors,
and the differences in these regions of the active site
may explain the selectivity for the Yersinia PTPase,
PTP1B, and TCPTP when compared to LAR. Excluding
compound 17, the inhibitors show a 4–8-fold selectivity
for PTP1B when compared to CD45. Since CD45 is also
a transmembrane receptor type PTPase that lacks the
secondary binding site, this observation emphasizes the
potential importance of the secondary site in determin-
ing the potency of the a-ketocarboxylic acid-based
inhibitors. Compounds 19 and 21 differ only in the ste-
reochemistry of the binaphthyl linker. Since the activity
of these two compounds is similar for all of the PTPases,
the stereochemistry of the linker does not appear to be
an important factor in modulating their activity.

The divalent inhibitors may bind in a number of plausi-
ble conformations. As we noted earlier, the secondary
binding site is not the only target we can utilize to im-
prove the potency and selectivity of inhibitors. For
example, Arg-47, Asp-48, and Lys-41 may also contrib-
ute to the binding of some of the inhibitors. Simple
modeling studies using gOpenMol and Chem3D indi-
cate that the distance between Arg-221 in the active site
and Arg-254 in the secondary site is 16.0 Å (based on
PDB file 1NNY), while the distance between Arg-221
and Arg-47 is 25.5 Å. The length of compounds 11,
17, and 21 are 16.2, 25.0, and 22.0 Å, respectively. Thus,
compound 11 can accommodate the distance between
the active and secondary sites, while compounds 17
and 21may be long enough to span the distance between
the active site and Arg-47.
4. Conclusions

In summary, we have reported the synthesis and screen-
ing of a library of bidentate a-ketocarboxylic acid-based
inhibitors. The goal of this study was to examine how
the linker region between the two a-ketocarboxylic acids
influence the potency of the inhibitors. We have found
that aromatic linking groups yield inhibitors that are
significantly more active than compounds based upon
aliphatic linkers. In addition, the presence of a second
aromatic ring in the linker further enhances potency.
These results demonstrate that aromatic groups can play
an important role in determining binding affinity in this
class of inhibitors.
5. Experimental

5.1. General methods

1H NMR and 13C NMR spectra were measured on Bru-
ker Avance-300 or Avance-400 instruments. Chemical
shifts were reported relative to TMS (d = 0.00 ppm)
for 1H NMR and CDCl3 (d = 77.0 ppm) for 13C
NMR. Mass spectra were recorded on either a Shima-
dzu LCMS-QP8000 or an Applied Biosystems QSTAR
electrospray mass spectrometer. Solvents were from a
Solvent Dispensing System. All reagents were used as
received.

5.2. Compound 6

To a suspension of 10 g (73.4 mmol) of 4 0-hydroxyace-
tophenone and 15.2 g (110 mmol) of potassium carbon-
ate in 120 mL DMF, 16.8 g (73.4 mmol) benzyl
2-bromoacetate was added in one portion. The reaction
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mixture was stirred at room temperature for 1.5 h. After
the solvent was removed by rotary evaporation, the resi-
due was dissolved in 300 mL of 1 N HCl and extracted
with EtOAc (2 · 300 mL). The combined organic phases
were washed with brine (200 mL) and dried with
MgSO4. Filtration and evaporation afforded product 6
as white solid (20.9 g, 100%). The product was used in
the next step without further purification. 1H NMR
(300 MHz, CDCl3) d 2.57 (s, 3H), 4.74 (s, 2H), 5.26 (s,
2H), 6.94 (d, J = 8.9 Hz, 2H), 7.35 (m, 5H), 7.93 (d,
J = 8.9 Hz, 2H); 13C NMR (75 MHz, CDCl3) d 26.8,
65.5, 67.6, 114.7, 128.9, 129.1, 131.0, 131.6, 135.4,
161.9, 168.5, 197.1; HRMS-ESI (M+H+) calcd for
C17H17O4 285.1127, found 285.1135.

5.3. Compound 7

Selenium dioxide (7.82 g, 70.4 mmol) was added in one
portion to a solution of 10 g (35.2 mmol) of compound
6 dissolved in 300 mL of pyridine. The resulting mixture
was heated at reflux for 14 h. After the solvent was re-
moved under reduced pressure, the residue was sus-
pended in 400 mL of 1 N HCl and extracted with
EtOAc (2400 mL). The combined organic phases were
washed with water (200 mL), brine (200 mL) and dried
over MgSO4. Filtration and evaporation afforded prod-
uct 7 as brown-yellow oil (11 g, 99%). The product was
used in the next step without further purification. 1H
NMR (300 MHz, CDCl3) 4.79 (s, 2H), 5.27 (s, 2H),
6.99 (d, J = 9.1 Hz, 2H), 7.34 (s, 5H), 8.34 (d,
J = 9.1 Hz, 2H), 8.91 (br s, 1H); HRMS-ESI (M+H+)
calcd for C17H15O6 315.0869, found 315.0875.

5.4. Compound 8

A mixture of 10.8 g (34.5 mmol) of 7 and 17.5 mL
(103.2 mmol) of thionyl chloride in 120 mL of anhy-
drous benzene was heated to reflux for 1.5 h. The sol-
vent was removed under reduced pressure. The
material was dissolved in 100 mL of anhydrous methyl-
ene chloride and the solvent was evaporated to remove
excess thionyl chloride. Then 5.1 g (70 mmol) of tert-bu-
tyl alcohol and 2.7 g (34.5 mmol) of pyridine in 120 mL
of anhydrous methylene chloride was added in one por-
tion. The resulting solution was stirred at room temper-
ature overnight. After the solvent was removed under
reduced pressure, the residue was purified by chroma-
tography using methylene chloride as the eluent.
Compound 8 was obtained as colorless oil (9.01 g,
71%). 1H NMR (300 MHz, CDCl3) d 1.57 (s, 9H),
4.68 (s, 2H), 5.16 (s, 2H), 6.90 (d, J = 8.8 Hz, 2H),
7.27 (s, 5H), 7.88 (d, J = 8.8 Hz, 2H); 13C NMR
(75 MHz, CDCl3) d 28.4, 65.4, 67.5, 84.9, 115.2, 126.7,
128.8, 129.0 (two overlapping peaks), 132.7, 135.5,
163.2, 164.3, 168.2, 185.7; HRMS-ESI (M+H+) calcd
for C21H23O6 371.1495, found 371.1486.

5.5. Compound 9

A solution of 8.8 g (23.8 mmol) of compound 8 in
100 mL of ethyl acetate was stirred with 1 g of Pd(OH)2
on carbon under an atmosphere of hydrogen gas at
room temperature for 24 h. After the starting material
had disappeared (as monitored by TLC), the slurry
was filtered. The solid was washed with acetone. The or-
ganic layers were combined and concentrated to dry-
ness. Recrystallization from acetone yielded compound
9 as white solid (6.2 g, 92%). 1H NMR (300 MHz,
MeOH-d4) d 1.41 (s, 9H), 4.67 (s, 2H), 5.03 (s, 1H),
5.35 (br s, 2H), 6.95 (d, J = 8.8 Hz, 2H), 7.38 (d,
J = 8.7 Hz, 2H); 13C NMR (75 MHz, MeOH-d4) 27.3,
65.0, 73.2, 82.0, 114.7, 128.2, 132.8, 158.3, 171.7,
172.9; HRMS-ESI (M+Na+) calcd for C14H18NaO6

305.1001, found 305.0990.

5.6. Compound 3

Dess–Martin Periodinane (1.48 g, 3.48 mmol) was
added to a solution of 0.892 g (3.16 mmol) of compound
9 dissolved in 50 mL of acetone. The resulting mixture
was stirred at room temperature for 2 h. The mixture
was filtered and the solvent was removed under reduced
pressure. The residue was dissolved in 50 mL of ether
and washed with 50 mL of water and 50 mL of brine.
The organic layer was dried over MgSO4 and the solvent
evaporated to give 0.82 g (93%) of compound 3 as white
solid. 1H NMR (300 MHz, CDCl3) d 1.61 (s, 9H), 4.80
(s, 2H), 5.08 (br s, 1H), 7.08 (d, J = 8.9 Hz, 2H), 7.91
(d, J = 8.9 Hz, 2H); 13C NMR (75 MHz, CDCl3) d
27.4, 64.9, 84.9, 115.2, 126.0, 132.3, 163.8, 164.6,
170.6, 186.1; HRMS-ESI (M+H+) calcd for C14H17O6

281.1025, found 281.1039.

5.7. Synthesis of the library

To a 1 dram vial was added 5 mg (0.018 mmol) of com-
pound 3, 8 mg of EDC (0.042 mmol), 3 mg of DMAP
(0.0246 mmol), 0.009 mmol of the appropriate diamine,
and 1 mL of methylene chloride. The reaction was stir-
red overnight at room temperature and then the solvent
was removed by rotary evaporation. The residue was
dissolved in 1 mL of EtOAc and washed with 1 N
HCl, half-saturated aqueous NaHCO3 solution, and
brine. After the solvent was removed, 1 mL of 80%
TFA in methylene chloride was added and the solution
was stirred for 30 min. The solvent and excess TFA were
removed by rotary evaporation to give the final product
as a solid.

5.8. Representative procedure for the synthesis of com-
pounds 10–21: Compound 12

To a solution of 100 mg (0.357 mmol) of compound 3,
140 mg (0.729 mmol) of EDC, and 55 mg (0.451 mmol)
of DMAP dissolved in 10 mL of methylene chloride was
added 36 mg (0.180 mmol) of diamine D53. The reaction
was stirred overnight at room temperature. The solvent
was then removed and the residue was dissolved in
20 mL of Et2O. The solution was washed with 20 mL of
1 NHCl and 20 mL of brine. The organic layer was dried
over MgSO4 and concentrated to dryness. The residue
was purified by flash chromatography (100:2 methylene
chloride–Et2O) to yield compound 12 (98 mg,
0.136 mmol, 76%) as pink powder. 1H NMR (300 MHz,
CDCl3) d 1.63 (s, 18H), 4.60 (s, 2H), 4.68 (s, 2H), 5.59
(br s, 1H), 6.64 (d, J = 7.7 Hz, 2H), 6.75 (d, J = 8.9 Hz,
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2H), 6.82 (t, J = 7.3 Hz, 1H), 7.08 (d, J = 8.9 Hz, 2H),
7.13–7.21 (m, 3H), 7.64 (dd, J = 8.6, 2.3 Hz, 1H), 7.81
(d, J = 8.8 Hz, 2H), 7.99 (d, J = 8.8 Hz, 2H), 8.32 (d,
J = 2.3 Hz, 1H), 8.41 (s, 1H), 8.88 (s, 1H); 13C NMR
(75 MHz, CDCl3) d 28.5, 67.7, 67.9, 85.1, 85.2, 113.7,
115.2, 115.4, 115.6, 118.2, 120.7, 126.6, 127.3, 127.4,
129.5, 129.9, 132.8, 133.0, 133.3, 134.7, 145.4, 161.9,
162.1, 164.1, 165.7, 166.0, 185.6; HRMS-ESI (M+Na+)
calcd for C40H41N3NaO10 746.2690, found 746.2660.

5.9. Compound 13

Compound 12 (60 mg, 0.083 mmol) was stirred with
5 mL of 80% TFA in methylene chloride for 30 min.
The solvent was then removed to afford 45 mg
(0.076 mmol, 91%) of compound 13 as gray solid. 1H
NMR (300 MHz, CDCl3) d 4.92 (s, 2H), 5.46 (s, 2H),
7.13–7.27 (m, 5H), 7.53–7.62 (m, 7H), 7.87–7.96 (m,
4H), 8.22 (s, 1H), 10.36 (s, 1H); 13C NMR (75 MHz,
CDCl3) d 63.3, 68.0, 110.1, 111.9, 116.2, 118.8, 126.0,
126.3, 127.5, 130.3, 130.9, 132.8 (two overlapping
peaks), 133.0, 135.1, 135.4, 140.4, 149.8, 163.4, 164.1,
166.6, 167.2, 167.3, 187.9, 188.0; HRMS-ESI (M�H�)
calcd for C32H22N3O9 592.1356, found 592.1335.

5.10. Compound 10

Compound 10 was prepared from compound 3 and dia-
mine D52 by procedures analogous to the preparation of
compound 12 (dark red powder, 73 mg, 0.099 mmol,
56%). 1H NMR (300 MHz, CDCl3) d 1.62 (s, 18H),
4.65 (s, 2H), 4.70 (s, 2H), 7.04 (d, J = 8.5 Hz, 2H),
7.18 (d, J = 8.7 Hz, 2H), 7.50 (t, J = 7.4 Hz, 2H), 7.61
(t, J = 7.2 Hz, 1H), 7.70 (d, J = 8.6 Hz, 1H), 7.77 (d,
J = 7.3 Hz, 2H), 7.97 (m, 5H), 8.40 (s, 1H), 8.68 (d,
J = 8.9 Hz, 1H), 11.6 (s, 1H); 13C NMR (75 MHz,
CDCl3) d 28.5, 67.7 (two overlapping peaks), 85.1,
85.3, 115.4, 115.5, 122.6, 124.9, 125.6, 126.2, 127.2,
127.4, 128.8, 130.5, 132.1, 132.9, 133.0, 133.4, 136.2,
138.3, 162.0, 162.3, 164.0, 164.2, 165.8, 166.6, 185.6,
185.8, 198.7; HRMS-ESI (M+Na+) calcd for
C41H40N2NaO11 759.2530, found 759.2520.

5.11. Compound 11

Compound 11 was prepared from 73 mg of compound
10 by procedures analogous to the preparation of com-
pound 13 (gray powder, 60 mg, 0.096 mmol, 97%). 1H
NMR (300 MHz, DMSO-d6) d 4.70 (s, 2H), 4.85 (s,
2H), 7.16 (dd, J = 9.4 Hz, 4H), 7.52 (t, J = 7.5 Hz,
2H), 7.65 (t, J = 7.2 Hz, 1H), 7.72 (d, J = 7.3 Hz, 2H),
7.80 (d, J = 1.9 Hz, 1H), 7.89–7.96 (m, 6H), 10.4 (s,
1H), 10.7 (s, 1H); 13C NMR (75 MHz, DMSO-d6) d
67.8, 116.2 (two overlapping peaks), 122.8, 124.4,
124.6, 126.0, 126.2, 129.3, 129.8, 130.6, 132.8, 133.0,
133.7, 135.3, 138.0, 163.4, 164.0, 166.8, 167.2, 167.3,
187.9, 196.9; HRMS-ESI (M�H�) calcd for
C33H23N2O11 623.1302, found 623.1325.

5.12. Compound 14

Compound 14 was prepared from compound 3 and
41 mg of diamine D54 by procedures analogous to the
preparation of compound 12 (pink solid, 55 mg,
0.112 mmol, 63%). 1H NMR (300 MHz, CDCl3) d 1.64
(s, 9H), 2.27 (s, 3H), 4.31 (br s, 2H), 4.69 (s, 2H),
6.76–6.94 (m, 4H), 7.06–7.13 (m, 3H), 7.37–7.43 (m,
2H), 8.02 (d, J = 8.9 Hz, 2H), 8.20 (s, 1H); 13C NMR
(75 MHz, CDCl3) d 21.8, 28.5, 67.9, 85.2, 106.6, 110.5,
110.9, 115.4, 123.8, 126.8, 127.3, 127.6, 129.3, 133.0,
137.0, 138.6, 139.3, 139.6, 150.2, 162.0, 164.0, 165.6,
185.6; HRMS-ESI (M�H�) calcd for C27H27N2O5S
491.1641, found 491.1630.

5.13. Compound 15

Compound 15 was prepared from 55 mg of compound
14 by procedures analogous to the preparation of com-
pound 13 (gray powder, 48 mg, 0.11 mmol, 98%). 1H
NMR (300 MHz, DMSO-d6) d 2.21 (s, 3H), 4.87 (s,
2H), 6.79–6.94 (m, 4H), 7.11–7.27 (m, 5H), 7.93 (d,
J = 8.8 Hz, 2H), 10.1 (s, 1H); 13C NMR (75 MHz,
DMSO-d6) d 21.8, 67.9, 106.1, 107.6, 109.5, 116.2,
123.9, 125.9, 126.9, 127.2, 129.7, 132.8, 137.9, 138.5,
139.1, 141.8, 151.5, 164.1, 166.6, 167.3, 188.0; HRMS-
ESI (M�H�) calcd for C23H19N2O5S 435.1015, found
435.1025.

5.14. Compound 16

Compound 16 was prepared from compound 3 and
36 mg of diamine D62 by procedures analogous to the
preparation of compound 12 (white solid, 66 mg,
0.091 mmol, 51%). 1H NMR (300 MHz, CDCl3) d 1.62
(s, 18H), 4.68 (s, 4H), 6.98 (d, J = 8.6 Hz, 4H), 7.06 (d,
J = 8.5 Hz, 4H), 7.55 (d, J = 8.7 Hz, 4H), 7.98 (d,
J = 8.5 Hz, 4H), 8.34 (s, 2H); 13C NMR (75 MHz,
CDCl3) d 28.5, 67.8, 85.3, 115.4, 119.7, 122.6, 127.4,
132.5, 133.0, 154.6, 162.2, 164.1, 165.6, 185.7; HRMS-
ESI (M+Na+) calcd for C40H40N2NaO11 747.2530,
found 747.2534.

5.15. Compound 17

Compound 17 was prepared from 66 mg of compound
16 by procedures analogous to the preparation of com-
pound 13 (white solid, 52 mg, 0.085 mmol, 93%). 1H
NMR (300 MHz, DMSO-d6) d 4.87 (s, 4H), 6.98 (d,
J = 8.9 Hz, 4H), 7.20 (d, J = 8.8 Hz, 4H), 7.62 (d,
J = 8.9 Hz, 4H), 7.94 (d, J = 8.8 Hz, 4H), 10.2 (s, 2H);
13C NMR (75 MHz, DMSO-d6) d 67.8, 116.2, 119.6,
122.3, 126.0, 132.8, 134.7, 153.7, 164.0, 166.4, 167.3,
188.0; HRMS-ESI (M�H�) calcd for C32H23N2O11

611.1302, found 611.1310.

5.16. Compound 18

Compound 18 was prepared from compound 3 and
50 mg of diamine D70 by procedures analogous to the
preparation of compound 12 (brown powder, 72 mg,
0.089 mmol, 50%). 1H NMR (300 MHz, CDCl3) d 1.66
(s, 18H), 4.40 (dd, J = 22.7, 15.1 Hz, 4H), 6.32 (d,
J = 8.9 Hz, 4H), 7.02 (d, J = 8.4 Hz, 2H), 7.24
(t, J = 7.6 Hz, 2H), 7.44 (t, J = 7.5 Hz, 2H), 7.76 (d,
J = 8.9 Hz, 4H), 7.93 (d, J = 8.1 Hz, 2H), 8.02 (s, 2H),
8.08 (d, J = 9.1 Hz, 2H), 8.70 (d, J = 9.0 Hz, 2H); 13C
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NMR (100 MHz, CDCl3) d 28.5, 67.5, 85.1, 114.6,
120.0, 120.6, 125.1, 126.4, 127.2, 128.2, 128.9, 130.8,
131.7, 132.5, 132.7, 134.3, 161.4, 164.1, 165.8, 185.5;
HRMS-ESI (M�H�) calcd for C48H43N2O10 807.2918,
found 807.2895.

5.17. Compound 19

Compound 19 was prepared from 55 mg of compound
18 by procedures analogous to the preparation of com-
pound 13 (dark brown powder, 61 mg, 0.088 mmol,
98%). 1H NMR (300 MHz, acetonitrile-d3) d 4.43 (dd,
J = 18.2, 15.4 Hz, 4H), 5.86 (br s, 2H), 6.46 (d,
J = 9.0 Hz, 4H), 6.94 (d, J = 8.5 Hz, 2H), 7.24 (m,
2H), 7.44 (m, 2H), 7.85 (d, J = 9.0 Hz, 4H), 7.98 (d,
J = 8.1 Hz, 2H), 8.12 (d, J = 9.0 Hz, 2H), 8.27 (s, 2H),
8.38 (d, J = 9.0 Hz, 2H); 13C NMR (75 MHz, acetoni-
trile-d3) d 67.4, 114.8, 122.0, 122.8, 125.0, 126.3, 126.4,
127.8, 128.9, 130.4, 131.9, 132.6, 132.9, 134.5, 162.2,
164.5, 166.9, 185.5; HRMS-ESI (M�H�) calcd for
C40H27N2O10 695.1666, found 695.1650.

5.18. Compound 20

Compound 20 was prepared from compound 3 and
50 mg of diamine D71 by procedures analogous to the
preparation of compound 20 (brown powder, 68 mg,
0.084 mmol, 47%). 1H NMR (300 MHz, CDCl3) d 1.66
(s, 18H), 4.40 (dd, J = 22.7, 15.2 Hz, 4H), 6.32 (d,
J = 8.8 Hz, 4H), 7.02 (d, J = 8.4 Hz, 2H), 7.24
(t, J = 7.6 Hz, 2H), 7.44 (t, J = 7.2 Hz, 2H), 7.76 (d,
J = 8.8 Hz, 4H), 7.93 (d, J = 8.2 Hz, 2H), 8.01 (s, 2H),
8.08 (d, J = 9.1 Hz, 2H), 8.70 (d, J = 9.0 Hz, 2H); 13C
NMR (75 MHz, CDCl3) d 28.5, 67.5, 85.1, 114.6,
120.0, 120.6, 125.1, 126.4, 127.2, 128.2, 128.9, 130.8,
131.7, 132.5, 132.7, 134.3, 161.4, 164.1, 165.8, 185.5;
HRMS-ESI (M�H�) calcd for C48H45N2O10 809.3074,
found 809.3055.

5.19. Compound 21

Compound 21 was prepared from 55 mg of compound
20 by procedures analogous to the preparation of
compound 13 (dark brown powder, 55 mg, 0.079 mmol,
94%). 1H NMR (300 MHz, acetonitrile-d3) d 4.44 (dd,
J = 18.2, 15.4 Hz, 4H), 6.44 (d, J = 8.9 Hz, 4H), 6.94
(d, J = 8.5 Hz, 2H), 7.22 (m, 2H), 7.43 (m, 2H), 7.84
(d, J = 8.9 Hz, 4H), 7.96 (d, J = 8.1 Hz, 2H), 8.10 (d,
J = 8.9 Hz, 2H), 8.32 (d, J = 9.0 Hz, 2H), 8.37 (s, 2H),
8.90 (br s, 2H); 13C NMR (75 MHz, acetonitrile-d3) d
67.4, 114.9, 122.1, 123.1, 125.0, 126.3, 126.5, 127.8,
128.9, 130.4, 132.0, 132.6, 132.9, 134.4, 162.2, 164.3,
167.2, 185.3; HRMS-ESI (M�H�) calcd for
C40H27N2O10 695.1666, found 695.1661.

5.20. PTPase assays

The phosphatase activities of the Yersinia PTPase,
PTP1B, LAR, TCPTP, and CD45 were assayed using
p-NPP as the substrate at room temperature and the
reaction progress was monitored by UV spectroscopy.
Initial rates were determined by monitoring the hydroly-
sis of p-NPP at 405 nm, from 10 to 130 s after mixing.
Assay solutions contained 50 mM 3,3-dimethylglutarate
at pH 7.0, 1 mM EDTA, 50 mM NaCl, and 10%
DMSO. For percent inhibition assays, the substrate con-
centrations were kept at 2.9, 2.0, and 2.0 mM for Yer-
sinia PTPase, PTP1B, and TCPTP assays, respectively.
For IC50 assays, the substrate concentrations were kept
at the Km value. The Km values in this buffer were found
to be 2.9, 2.0, 2.3, 2.1, and 7.0 mM for the Yersinia
PTPase, PTP1B, LAR, TCPTP, and CD45, respectively.
IC50 values were calculated using a Dixon analysis. Data
analysis was performed with the commercial graphing
package Grafit (Erithacus Software Ltd).

5.21. Molecular modeling

The geometry of inhibitors was optimized using MO-
PAC in Chem3D to afford a minimum energy conform-
ation. The distances between residues in PTP1B
(structure 1NNY in the Protein Data Bank) were calcu-
lated using gOpenMol (available at http://www.csc.fi/
gopenmol/). The lengths of the inhibitors were defined
as the distance between the two carbonyl oxygen atoms
in the two a-keto acid groups of each inhibitor as calcu-
lated by gOpenMol.
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