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Inhibition of Yersinia protein tyrosine phosphatase by calix[4]arene mono-, bis-, and tetrakis(methylene-
bisphosphonic) acids as well as calix[4]arene and thiacalix[4]arene tetrakis(methylphosphonic) acids
have been investigated. The kinetic studies revealed that some compounds in this class are potent com-
petitive inhibitors of Yersinia PTP with inhibition constants in the low micromolar range. The binding
modes of macrocyclic phosphonate derivatives in the enzyme active center have been explained using
computational docking approach. The results obtained indicate that calix[4]arenes are promising scaf-
folds for the development of inhibitors of Yersinia PTP.

� 2009 Elsevier Ltd. All rights reserved.
Protein tyrosine phosphatases (PTPs) are known to be signal
transduction enzymes that catalyze dephosphorylation of phos-
photyrosine residues in proteins. The PTP termed YopH is a key
outer membrane protein H secreted by pathogenic bacteria Yer-
sinia. The species of these bacteria cause several diseases ranging
from gastrointestinal syndromes to bubonic plague.1 In infected
cells, YopH can dephosphorylate multiple focal adhesion proteins
such as focal adhesion kinase and focal adhesion protein p130Cas
to disrupt the signaling pathways and to escape the immune re-
sponses.2 It was established that YopH can also be responsible
for dephosphorylation of the phosphotyrosine residues of paxillin,
Fyn-binding protein, and other substrates.3 Natural reservoirs of
Yersinia pestis still exist4 and there is a risk of outbreak of diseases
or the threat of misuse of the patogenic bacteria for bioterroristic
attacks.5 Because the YopH, one of the most active PTPs known,
is an essential virulence factor of the Yersinia pestis, there is grow-
ing interest in developing inhibitors of this enzyme.

Derivatives of furanyl salicylate compounds,6 a-ketocarboxylic
acid,7 squaric acid,7a hexapeptide,8 and phosphotyrosyl mimetic-
containing tripeptides9 have been identified as effective inhibitors
of the Yersinia PTP. Some of vinyl sulfonates and sulfones may serve
as mechanism-based enzyme inactivators.10 Crystal structures were
determined for complexes of the YopH with specific small molecule
ll rights reserved.
inhibitor, p-nitrocatechol sulfate,11 and with hexapeptide mimetic
as enzyme substrate analogue.8 Many inhibitors of several PTPs con-
tain non-hydrolysable phosphonate fragments, which are known as
phosphotyrosine bioisosteres.9a,12 However, benzylphosphonate,11

aryloxymethano-, and aryloxyethanophosphonates13 were found
to be weak inhibitors of the Yersinia PTP.

Data in the literature indicate that inhibitors with two or more
anionic groups show enhanced binding to PTPs when compared to
the related monodentate compounds.7c We have reported14 that
preorganization of some phosphonate groups on the platform of
calix[4]arene, macrocycle with unique structure and properties,15

may be an efficient strategy for the design of powerful enzyme
inhibitors. For example, calix[4]arene bearing two methylenebis-
phosphonic acid fragments at the wide rim exhibits high affinity
for alkaline phosphatase.14a Present research was undertaken to
evaluate the activity of phosphonate derivatives clustered by a
macrocyclic calix[4]arene platform toward Yersinia PTP. To eluci-
date possible enzyme–inhibitor interactions, the functionalized
macrocycles have been docked computationally to the active site
of this phosphatase.

Calix[4]arene methylenebisphosphonic acids 1–3, calix[4]arene
and thiacalix[4]arene methylphosphonic acids 5, 6, and model
4-hydroxyphenyl methylenebisphosphonic acid 4 (Fig. 1) were
synthesized according to previously developed synthetic proce-
dures.14,16,17 The compounds obtained were evaluated in vitro as
inhibitors of recombinant phosphatase Yop51*.18 The activities of

http://dx.doi.org/10.1016/j.bmcl.2009.11.126
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Figure 1. Chemical structures of inhibitors 1–6. At physiological pH, the inhibitors called as phosphonates exist in P(O)(OH)O� and partially in P(O)(O�)2 anionic forms.
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the enzyme were assayed by monitoring the rate of hydrolysis of p-
nitrophenylphosphate used as substrate.19

The kinetic analysis revealed that the influence of compounds
1–6 on the activity of Yersinia PTP was in agreement with compet-
itive type inhibition. The results correspond to the mechanism that
involves the competitive binding of the inhibitor in the active site
with formation of enzyme–inhibitor complex. Under assay condi-
tions in the presence of EDTA and dithiothreitol, the Lineweaver–
Burk double reciprocal plots were used to determine the values
of inhibition constants for phosphorylated calix[4]arenes 2, 5,
and thiacalix[4]arene 6 (Fig. 2) as well as compounds 1, 3, and 4.
The data indicates that the macrocyclic bisphosphonate 1 with
Ki = 7.1 lM was approximately 80-fold more potent than the mod-
el compound 4 (Table 1). Introduction of two methylenebisphos-
phonic acid groups into the structure of calix[4]arene leads to
the analog 2 being 400 times more effective inhibitor (Ki = 1.4 lM)
as compared to the compound 4. Corresponding tetrakis(meth-
ylenebisphosphonate) 3 showed a lower effect on the enzyme
activity in comparison with mono- and bis(methylenebisphospho-
nate) 1 and 2. Compounds 5 and 6 bearing four methylenephosph-
onate fragments at the wide rim of the macrocycle showed the
highest affinities for the enzyme with inhibition constants in the
low micromolar range (0.92 and 0.22 lM, respectively), whereas
benzylphosphonate11 exhibited no significant effect. Calixarene
backbones, such as 25,26,27,28-tetrahydroxycalix[4]arene and
25,27-dipropoxy-26,28-dihydroxycalix[4]arene, did not change
the enzyme activity at concentrations up to 20 lM. Thus, the high-
er inhibitory activities of phosphorylated derivatives of calix[4]are-
nes compared to model compounds can be attributed to synergistic
effects of the phosphonate fragments and macrocyclic scaffold in-
volved in the interaction with Yersinia PTP.

Although Yersinia PTP and mammalian PTPs have very similar
catalytic cores, they differ in topology, charge distribution and
lipophilicity profile of active surface.6a Based on such consider-
ations, bulky macrocyclic phosphonate inhibitors appear to be
capable of selective binding to the active center of a particular en-
zyme. The experiments, which have been carried out with Yersinia
PTP and human PTPb20 show that the inhibitory activity of com-
pound 2 toward Yersinia PTP is one order of magnitude higher than
toward PTPb (IC50 = 32 ± 7 lM). Noteworthy are more significant
variations in IC50 values observed among macrocyclic inhibitors
of PTPb. As a result, compound 5 exhibited only modest selectivity
for Yersinia PTP over PTPb (IC50 = 3.8 ± 0.6 lM). Compound 6 was
found to be more potent inhibitor of PTPb (IC50 = 0.13 ± 0.02 lM)
and showed an approximately threefold selectivity over Yersinia
PTP. At the same time, compounds 2, 5, and 6 at concentration of
50 lM did not exhibit inhibitory activity against Ser/Thr protein
phosphatase, such as human PP1.

To analyze the binding mode of macrocyclic phosphonate inhib-
itors in the active site of Yersinia PTP, computer-simulated docking
studies were performed using QXP/FLO+ program.21 A binding model
was constructed automatically on the basis of known X-ray crystal
structure of the enzyme in complex with p-nitrocatechol sulfate11

(PDB code: 1PA9). Fulldock+ being the most exact in QXP/FLO+ was
used as the method of the further optimization. The ligand was
preliminary removed from the binding site of the enzyme, and
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Figure 2. Lineweaver–Burk graphical representations of recombinant Yersinia PTP
inhibition by calix[4]arene bis(methylenebisphosphonic) acid 2 (top panel),
calix[4]arene tetrakis(methylphosphonic) acid 5 (middle panel) and thiaca-
lix[4]arene tetrakis(methylphosphonic) acid 6 (bottom panel). The concentrations
of the inhibitors were: top panel, no inhibitor (s),1 lM (d), 2 lM (h),3 lM (4);
middle panel, no inhibitor (s), 0.5 lM (d), 1.0 lM (h),1.5 lM (4); bottom panel,
no inhibitor (s), 0.25 lM (d), 0.50 lM (h), 0.75 lM (4).

Table 1
Experimental inhibition constantsa and docking results (QXP/FLO+) for the inhibitors of
Yersinia PTP

Inhibitor Ki (lM) DGdoc
b (kJ/mol) Cntcc (kJ/mol) Hbndd (kJ/mol)

1 7.1 ± 1.7 �26.0 �54.2 �4.3
2 1.4 ± 0.23 �30.5 �70.0 �17.5
3 40 ± 3 �25.3 �68.2 �12.4
4 570 ± 50 �12.2 �35.6 �4.2
5 0.92 ± 0.11 �34.2 �75.0 �8.2
6 0.22 ± 0.03 �36.8 �78.1 �10.0

a Mean values of Ki and standard deviations are given.
b Calculated binding free energy.
c Calculated ligand-site contact energy.
d Calculated hydrogen bond energy.
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Figure 3. Correlation between the experimental activity (�log Ki) and binding free
energy predicted by QXP/FLO+ for inhibitors 1–6.
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then inhibitors were examined to explore their binding modes. The
more favorable binding of the inhibitors was observed when their
phosphoryl residues were in monoanionic form.

The docking calculations (Table 1) reveal that bis(meth-
ylenebisphosphonate) 2 exhibits stronger binding affinity for Yer-
sinia PTP than methylenebisphosphonate 1 or tetrakis(methylene
bisphosphonate) 3. The predicted free energies DGdoc also indicate
that the thiacalix[4]arene tetrakis(methylphosphonate) 6 binds
more tightly to the enzyme than the calix[4]arene derivative 5.
The Ki values obtained from DGdoc for compounds 1–3 and 5, 6 are
in good agreement with the experimentally determined activity
data. The correlation coefficient (r2) between the free energies of
binding and the corresponding experimental activities, expressed
as pKi, was 0.95 (Fig. 3). The experimental activities of the macrocy-
clic phosphonates correlate with contact energy contribution
(r2 = 0.76), but only weak correlation was observed between pKi

and hydrogen bond energy (r2 = 0.17). This is in accordance with
other studies showing that hydrophobic and electrostatic interac-
tions dominate the binding of a-ketocarboxylate derivatives to the
Yersinia PTP.7b

The calix[4]arene and thiacalix[4]arene molecules are charac-
terized by flexibility at the level of aromatic cores,15 and therefore
different conformations of macrocyclic inhibitors have been
achieved by their interactions with amino acid environment of
the enzyme active site. Examination of the models shows that ca-
lix[4]arene methylenebisphosphonate 1 and calix[4]arene tetra-
kis(methylenebisphosphonate) 3 adopt cone and partial cone
conformations, respectively. Calix[4]arene 2, bearing two meth-
ylenebisphosphonate fragments at the upper rim, displays the
structure which is described as distorted cone with one of benzene
rings being oriented almost parallel to the main plane. Calix[4]ar-
ene and thiacalix[4]arene tetrakis(methylphosphonates) 5 and 6
are fixed in flattened cone conformation with angles between two
opposite rings of approximately 160�, while other two aromatic
rings are almost parallel to each other.

Molecular modelling results showed that all macrocyclic inhib-
itors occupy the active region, interfering with binding of enzyme
substrate. The phosphonate residues of the macrocycles were



Figure 4. The possible binding modes of calix[4]arene bis(methylenebisphospho-
nate) 2 (top), calix[4]arene tetrakis(methylphosphonate) 5 (middle) and thiaca-
lix[4]arene tetrakis(methylphosphonate) 6 (bottom) in the active site of Yersinia
PTP.
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remote from catalytic Cys403 located in the deep phosphotyrosine
binding cavity. Figure 4 shows the computational models of the
most effective inhibitors 2, 5, and 6 bound with the Yersinia PTP.
As observed in case of compound 2, the phosphonate oxygens of
one of methylenebisphosphonate groups were positioned to make
hydrogen bonds to Arg404 of P-loop (residues 403–41122). Closed
conformation of WPD loop (residues 351–359)23 provides the
interaction of this methylenebisphosphonate group with Asp356.
The second methylenebisphosphonate moiety of inhibitor 2 was
found to be involved in interactions with Arg205 and Gln446. In
addition, hydrophobic interactions of macrocyclic platform were
observed with Phe229 and Ile232.

In contrast to compound 2, the narrow rim of macrocycle 5 was
oriented toward the enzyme surface. One of the phosphonate
groups of the calix[4]arene tetrakis(methylphosphonate) 5 was
bound to Asp356 of WPD loop and Arg404 of P-loop at the entry
of the catalytic pocket. The favorable interactions were also found
between phenol oxygens of this macrocycle and residues of Gln357
and Gln446. The macrocyclic platform of compound 5 is involved
in hydrophobic interaction with Ile443, Phe229 and Ile232. The
binding mode of compound 6 is similar to that observed for com-
pound 5. However, the calculated docking energies for these inhib-
itors (Table 1) indicate that the presence of sulfur atoms in the
structure of the compound 6 provides more favorable contacts
with the active surface. This can be explained by the larger cavity
size of thiacalix[4]arene compared to calix[4]arene.24

In summary, we have found that calix[4]arenes are promising
scaffolds for the design of inhibitors of the PTPs. The phosphory-
lated calix[4]arenes investigated in this paper exhibited strong
competitive inhibition of Yersinia PTP. The phosphonate groups
as well as macrocyclic structure are essential for the activities of
these compounds. Model docking studies revealed similar binding
mode for calixarene inhibitors covering the active site, with loca-
tion of the phosphonate residues around the entry of the phospho-
tyrosine binding cavity. This provides molecular basis for
understanding of mechanism of enzyme–inhibitor interaction
and can be useful for the development of calixarene inhibitors of
YopH.
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