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Isothiazolidinone (IZD) heterocycles can act as effective

components of protein tyrosine phosphatase (PTP) inhibitors

by simultaneously replicating the binding interactions of both

a phosphoryl group and a highly conserved water molecule,

as exemplified by the structures of several PTP1B–inhibitor

complexes. In the first unambiguous demonstration of IZD

interactions with a PTP other than PTP1B, it is shown by X-ray

crystallography that the IZD motif binds within the catalytic

site of the Yersinia pestis PTP YopH by similarly displacing

a highly conserved water molecule. It is also shown that IZD-

based bidentate ligands can inhibit YopH in a nonpromiscuous

fashion at low micromolar concentrations. Hence, the IZD

moiety may represent a useful starting point for the

development of YopH inhibitors.
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PDB Reference: YopH–

3-(1,1-dioxido-3-oxoisothia-

zolidin-5-yl)benzaldehyde

complex, 2ydu.

1. Introduction

Yersinia pestis, a member of the Gram-negative Entero-

bacteriaceae family, has played an important role in human

history as the causative agent of plague. For pathogenicity,

Y. pestis relies on several essential virulence factors, including

the protein tyrosine phosphatase (PTP) YopH (Zhang et al.,

1992). Accordingly, inhibitors of YopH may be of value in the

event of a bioterrorist attack with Y. pestis.

Catalysis by YopH involves the transfer of the substrate

arylphosphoryl group to the thiolate anion of Cys403, which

is part of the PTP signature motif (P-loop) Cys-Xxx-Ala-Gly-

Xxx-Gly-Arg (residues 403–409). In general, the defining

nature of substrate interaction with the P-loop has made the

inclusion of anionic arylphosphoryl mimicking functionality a

critical feature of PTP inhibitor design (Zhang, 2002; Tautz &

Mustelin, 2007; Shen et al., 2010; Combs, 2010). Recently, it has

been reported that isothiazolidinone (IZD) heterocycles can

serve as particularly effective phosphoryl mimetics in PTP1B

inhibitors (Combs et al., 2006; Yue et al., 2006; Ala, Gonneville,

Hillman, Becker-Pasha, Wei et al., 2006; Sparks et al., 2007;

Douty et al., 2008). The key to the high PTP1B-binding affinity

of IZD motifs is their combined ability to replicate the binding

interactions of the phosphoryl group and to replace a highly

conserved water molecule found in the catalytic sites of many

PTP1B cocrystal structures (Ala, Gonneville, Hillman, Becker-

Pasha, Wei et al., 2005; Combs, 2007). The current study was

undertaken to determine whether similar mimicry could be

applied in the case of YopH.

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=dz5230&bbid=BB50
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2. Materials and methods

2.1. Synthetic organic chemistry

2.1.1. 2-(tert-Butyl)-5-chloroisothiazol-3(2H)-one 1,1-dioxide
(1). Compound 1 was synthesized as described by Lewis et al.

(1971a,b).

2.1.2. 2-(tert-Butyl)-5-[3-(hydroxymethyl)phenyl]isothiazol-
3(2H)-one 1,1-dioxide (2). To a solution of 1 (1.01 g,

4.5 mmol) in 1,4-dioxane (100 ml) was added 3-(hydroxy-

methyl)phenylboronic acid (1.03 g, 6.8 mmol), [1,10-bis(di-

phenylphosphino)ferrocene]dichloropalladium(II) complex

with dichloromethane (1:1) (0.74 g, 0.9 mmol) and K2CO3

(3.13 g, 22.6 mmol) and the mixture was stirred and heated

under reflux (8 h). The mixture was filtered through Celite and

the Celite was washed with 30 ml dichloromethane (CH2Cl2)

and 30 ml ethyl acetate (EtOAc). The combined organic layer

was evaporated in vacuo and purified by silica-gel chromato-

graphy to yield 2 as a pale yellow solid product (1.17 g, 88%

yield). ESI-MS (m/z): calculated for C14H17NO4S, 295.09;

found, 318.0 (M + Na)+.

2.1.3. 2-(tert-Butyl)-5-[3-(hydroxymethyl)phenyl]isothia-
zolidin-3-one 1,1-dioxide (3). To a solution of 2 (1.02 g,

3.5 mmol) in 20 ml tetrahydrofuran (THF) at 273 K was added

2 M lithium borohydride (LiBH4) in THF (1.9 ml, 3.8 mmol)

dropwise over 10 min and the reaction mixture was stirred at

273 K (20 min). The reaction was quenched by the addition

of 10 ml saturated aqueous ammonium chloride (NH4Cl),

partioned between EtOAc (20 ml) and H2O (20 ml) and then

dried with magnesium sulfate (MgSO4), filtered and organic

solvent removed. Purification by silica-gel chromatography

provided 3 as an off-white solid product (0.89 g, 87% yield).

ESI-MS (m/z): calculated for C14H19NO4S, 297.1; found, 320.2

(M + Na)+.

2.1.4. 3-[2-(tert-Butyl)-1,1-dioxido-3-oxoisothiazolidin-5-
yl]benzaldehyde (4). To a solution of 3 (0.15 g, 0.5 mmol)

in CH2Cl2 (20 ml) at 273 K was added Dess–Martin periodi-

nane [1,1,1-triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one;

Dess & Martin, 1983] (0.26 g, 0.6 mmol) and the mixture was

stirred at 273 K (2 h). The solvent was removed in vacuo, the

residue was partitioned between EtOAc (10 ml) and H2O

(10 ml) and the organic layer was washed with brine (10 ml),

dried (MgSO4) and organic solvent removed. Purification by

silica-gel chromatography provided 4 as an off-white solid

product (0.15 g, 96% yield). ESI-MS (m/z): calculated for

C14H17NO4S, 295.09; found, 296.1 (M + H)+.

2.1.5. 3-(1,1-Dioxido-3-oxoisothiazolidin-5-yl)benzalde-
hyde (5). A solution of 4 (0.1 g, 0.34 mmol) in TFA (2 ml)

was irradiated in a microwave reactor (413 K, 1 min). The

mixture was concentrated in vacuo and the residue was puri-

fied by preparative HPLC [Waters Prep-LC 4000 system with

a Phenomenex Gemini 10 mm C18 110 Å column (250 �

21.20 mm) at a flow rate of 10 ml min�1 with a mobile phase

of A = 0.1% aqueous TFA and B = 0.1% TFA in aqueous

acetonitrile with UV monitoring at 220, 254 and 280 nm] to

afford 5 as an off-white solid product (0.017 g, 21% yield).

ESI-MS (m/z): calculated for C10H9NO4S, 239.03; found, 238.0

(M � H)�.

2.1.6. 3-(1,1-Dioxido-3-oxoisothiazolidin-5-yl)benzalde-
hyde O-[3-(aminooxy)propyl] oxime (6). To a solution of

5 (0.05 g, 0.21 mmol) and O,O0-1,3-propanediylbishydroxyl-

amine hydrochloride (0.224 g, 1.25 mmol) in 3 ml dimethyl-

sulfoxide (DMSO) was added 30 ml acetic acid (AcOH). The

reaction mixture was agitated at 273 K (overnight). The

reaction mixture was purified directly by HPLC to provide 6

as a white solid product (0.08 g, 90% yield). ESI-MS (m/z):

calculated for C13H17N3O5S, 327.09; found, 326.0 (M � H)�.

2.1.7. General procedure for the synthesis of hetero-
bidentate products (7a–7i). A mixture of 6 (15 ml of a 24 mM

solution in DMSO), the appropriate aldehyde (a–i) (15 ml of

a 24 mM solution in DMSO) and AcOH (15 ml of a 48 mM

solution in DMSO) were gently agitated at 273 K (overnight)

to provide oxime products (45 ml at 8 mM in DMSO). Purity

analysis by HPLC showed that the reactions afforded the

desired oxime products (7a–7i) in greater than 90% yield.

Crude reaction mixtures were used directly for biological

evaluation.

2.1.8. 3-(4-Methylfuran-2-yl)-1-phenyl-1H-pyrazole-4-
carbaldehyde O-[3-({[3-(1,1-dioxido-3-oxoisothiazolidin-5-
yl)benzylidene]amino}oxy)propyl] oxime (7h). To a solution

of 6 (5 mg, 0.011 mmol) and 3-(4-methylfuran-2-yl)-1-phenyl-

1H-pyrazole-4-carbaldehyde (3.14 mg, 0.012 mmol) in DMSO

(0.3 ml) was added 5 ml AcOH and the mixture was agitated at

273 K (overnight). The reaction mixture was subjected to

direct purification by HPLC to provide 7h as a white solid

(2.6 mg, 41% yield). ESI-MS (m/z): calculated for

C28H27N5O6S, 561.16; found, 562.1 (M + H)�, 584.1 (M + Na)+.

HRMS-ESI (m/z): calculated for C28H27N5O6S, 561.17; found,

562.18 (M + H)�.

2.2. Determination of IC50 values of YopH inhibitors

The following reagents used in YopH enzyme assays were

obtained from Sigma–Aldrich: para-nitrophenyl phosphate

(pNPP) tablets, 30% bovine serum albumin (BSA) solution

(protease-free), 1.0 M HEPES solution pH 7.0–7.6 and

dithiothreitol (DTT). Aqueous ethylenediaminetetraacetic

acid, sodium salt (EDTA; 0.5 M, pH 8.0) was obtained from

Invitrogen and 96-well plates were purchased from Costar.

Optical densities were measured with a Biotek Synergy 2

spectrophotometer at Aabs 405 nm using absolute readout for

determination of IC50 values. The catalytic domain of YopH

(residues 164–468) was expressed in Escherichia coli and

purified as described previously (Zhang et al., 1992; Phan et al.,

2003). Total reaction volumes of 100 ml per well were used in

96-well plates. Buffer was prepared by mixing 25 mM HEPES

buffer pH 7.0–7.6, 50 mM NaCl, 2.5 mM EDTA and 5 mM

DTT, with 1 mM fresh DTT added immediately prior to the

start of the assays. To each well was added 79 ml assay buffer,

5 ml 0.25% BSA followed by 5 ml of inhibitors in DMSO at

dilutions of 400, 133, 44, 15, 5, 1.67, 0.56, 0.19, 0.063, 0.032 and

0 mM. To the reaction mixture was then added 5 ml of YopH in

buffer (25 mg ml�1) followed by 6 ml 10 mM pNPP buffer and

each plate was agitated gently at 298 K for 15–20 min.

Hydrolysis of the substrate was immediately measured from
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optical densities at Aabs 405 nm. IC50 values were determined

by fitting the data to sigmoidal curves generated using the

Boltzmann equation.

2.3. X-ray crystallography

The PTPase domain of YopH (residues 164–468) was

expressed in E. coli and purified as described previously

(Zhang et al., 1992; Phan et al., 2003). The purified protein was

pooled and concentrated by diafiltration to 17.6 mg ml�1 in

100 mM sodium acetate pH 5.7, 100 mM NaCl and 1 mM

EDTA. Crystals of YopH were obtained using condition E8

[0.1 M buffer system 2 pH 7.5, 0.12 M ethylene glycol,

12.5%(v/v) MPD, 12.5%(w/v) PEG 1000 and 12.5%(w/v) PEG

3350] of the Morpheus Screen (Gorrec, 2009) from Molecular

Dimensions (Apopka, Florida, USA). A 1:1 ratio of protein

solution (17.6 mg ml�1) to well solution was used for crystal-

lization at 293 K. Plate-like crystals grew within 3 d. To obtain

the protein–inhibitor complex, compound 5 was dissolved in

DMSO and added to the crystallization solution to obtain a

final concentration of 5 mM (10% DMSO). The crystals were

added to the soaking solution and soaked for 48 h at room

temperature. Crystals were flash-frozen in liquid nitrogen

without the need for an additional cryoprotectant.

X-ray diffraction data for the YopH–compound 5 complex

were collected at 100 K from a single crystal using a MAR345

detector mounted on a Rigaku MicroMax-007 HF high-

intensity microfocus rotating-anode X-ray generator with

VariMax HF optics (Rigaku Corporation, The Woodlands,

Texas, USA) operated at 40 kV and 30 mA. 180 frames of data

were collected using an exposure time of 5 min, an oscillation

angle of 1� and a crystal-to-detector distance of 120 mm. The

X-ray diffraction data were processed with HKL-3000 (Minor

et al., 2006). Data-collection and refinement statistics are

outlined in Table 1. The structure was solved by molecular

replacement using the MOLREP program (Vagin &

Teplyakov, 2010) from the CCP4 suite (Winn et al., 2011) and

the coordinates of the previously solved YopH structure (PDB

code 1qz0) after removing all solvent and ligand atoms (Phan

et al., 2003). Cross-rotation and translation searches were

performed using data to 3.0 Å resolution followed by rigid-

body refinement with REFMAC5 (Murshudov et al., 2011).

Iterative rounds of model rebuilding and refinement were

performed with Coot (Emsley & Cowtan, 2004) and

REFMAC5 and the location of the inhibitor was unambigu-

ously identified using �A-weighted 2mFo�DFc and mFo�DFc

electron-density maps (Read, 1997). The coordinates and

refinement restraint files were prepared using the Dundee

PRODRG server (Schüttelkopf & van Aalten, 2004). Water

molecules were located using Coot and were refined with

REFMAC5. The refinement was monitored by setting aside

5% of the reflections for calculation of the Rfree value

(Brünger, 1993). Model validation was performed using

MolProbity (Chen et al., 2010). The coordinates and structure-

factor files were deposited in the Protein Data Bank with

accession code 2ydu.

3. Results and discussion

3.1. Identification of a key conserved water within the
catalytic cavity of YopH

In order to identify whether a similarly conserved water

molecule exists in the catalytic binding site of YopH, we

employed our previously reported cocrystal structure of the

peptide Asp-Ala-Asp-Glu-F2Pmp-Leu bound to YopH (PDB

entry 1qz0; Phan et al., 2003), where F2Pmp represents the

nonhydrolyzable pTyr mimetic phosphonodifluoromethyl

phenylalanine (Burke et al., 1993, 1994), along with YopH

cocrystal structures containing PO4
3� (PDB entry 1lyv; A. G.

Evdokimov, D. S. Waugh, K. Routzahn, J. Tropea & S. Cherry,

unpublished work), SO3
2� (PDB entry 1yts; Schubert et al.,

1995), WO4
2� (PBD entry 1ytw; Fauman et al., 1996) and

HVO4
2� (PBD entry 2i42; J. Vijayalakshmi & M. A. Saper,

unpublished work). Superposition of these structures onto

1qz0 revealed the presence of a single co-localized water

molecule, identified as WC (red), Wa4 (magenta), Wa23

(cyan), Wa20 (yellow) and Wa12 (blue) in the respective

structures (Fig. 1a). Furthermore, superposition onto 1qz0 of
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Table 1
X-ray diffraction data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

X-ray source MicroMax-007 HF
Wavelength (Å) 1.5418
Resolution (Å) 50–1.79 (1.84–1.79)
Space group P212121

Unit-cell parameters
a (Å) 49.3
b (Å) 55.9
c (Å) 99.1

Total reflections 165007 (5712)
Unique reflections 25845 (1680)
Completeness (%) 95.7 (63.4)
Rmerge† (%) 5.4 (40.9)
hI/�(I)i 35.5 (2.6)
Multiplicity 6.4 (3.4)
Refinement statistics

Resolution (Å) 50–1.79
No. of reflections (working set/test set) 24486/1302 (1236/63)
Rwork‡ (%) 17.8 (36.5)
Rfree‡ (%) 21.3 (43.6)
No. of atoms

Protein 2186
Inhibitor 16
Water 276

Mean B factors (Å2)
Protein 27.4
Inhibitor 34.3
Water 35.9

R.m.s. deviations from ideal geometry
Bond lengths (Å) 0.015
Bond angles (�) 1.6

Ramachandran plot
Most favored (%) 91.6
Additionally allowed (%) 7.6
Generously allowed (%) 0.8
Disallowed (%) 0

PDB code 2ydu

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where hI(hkl)i is the mean

intensity of multiply recorded reflections. ‡ R =
P

hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj. Rfree

is the R value calculated for 5% of the data set that was not included in the refinement.



an IZD-containing PTP1B cocrystal struc-

ture (PBD entry 2cm7; Ala, Gonneville,

Hillman, Becker-Pasha, Yue et al., 2006)

showed that the identified conserved WC

water in 1qz0 is coincident with the IZD

carbonyl O atom of the PTP1B structure. It

was also noted that the N and both O atoms

of the IZD sulfonimide group showed good

overlap with the three O atoms of the

difluoromethylphosphonic acid (DFMP)

group (Fig. 1b). This suggested that recog-

nition of IZD by YopH and PTP1B could

occur in a similar fashion.

3.2. Synthesis of IZD-containing
compound 5

In order to determine if and how an IZD

group might bind within the catalytic cleft of

YopH, we prepared 3-(1,1-dioxido-3-oxoi-

sothiazolidin-5-yl)benzaldehyde (5), which

contained a 3-formyl group on the aryl ring

that would allow subsequent elaboration via

oxime ligation (Fig. 2; Liu et al., 2010). The

synthesis of 5 employed Suzuki coupling

of the known chloroheterocycle 1 (Yue

et al., 2006) with commercially available

3-(hydroxymethyl)phenylboronic acid to

yield the 3-hydroxymethyl-containing 2.

Reduction of the heterocycle double bond

(LiBH4 in THF; Combs, Yue, Bower, Zhu et

al., 2005) provided the racemic saturated congener 3, which

was subjected to oxidation of the benzylic alcohol using Dess–

Martin periodinane conditions (Dess & Martin, 1983) to yield

the corresponding aldehyde (4). Hydrolysis of the tert-butyl

group using neat TFA under microwave irradiation gave the

desired IZD construct 5. It should be noted that the isomeric

variant of 5 with the formyl group at the phenyl 4-position

appears in the patent literature, although its synthesis is not

given (Combs, Yue, Bower, Zhu et al., 2005).

3.3. X-ray cocrystal structure of YopH in complex with IZD-
containing compound 5

We solved the cocrystal structure of 5 in complex with

YopH, thus providing the first opportunity to observe IZD-

binding interactions in a phosphatase other than PTP1B [PDB

entries corresponding to PTP1B–IZD complexes include

2veu, 2vew, 2vev, 2vex and 2vey (Douty et al., 2008), 2cm2,

2cm3, 2cm7, 2cm8, 2cma, 2cmb and 2cmc (Ala, Gonneville,

Hillman, Becker-Pasha, Yue et al., 2006) and 2cne, 2cnf, 2cng,

2cnh and 2cni (Ala, Gonneville, Hillman, Becker-Pasha, Wei et

al., 2006)]. It has previously been reported that cocrystalliza-

tion of PTP1B with diastereomeric ligands bearing unresolved

(R/S)-IZD groups resulted in selective binding of the (S)-IZD

forms (for examples, see PBD entries 2cm7, 2cma, 2cng, 2cnh

and 2cni). This was consistent with the fact that the potencies

of PTP1B inhibitors bearing (S)-IZD groups are significantly
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Figure 2
Synthesis of IZD-containing fragment 5. (i) [1,10-bis(diphenylphos-
phino)ferrocene]palladium(II) dichloride–CH2Cl2, K2CO3, 1,4-dioxane,
reflux (88% yield); (ii) LiBH4, THF, 273 K (87% yield); (iii) Dess–Martin
periodinane, 273 K (96% yield); (iv) TFA, 413 K (microwave, 1 min)
(21% yield).

Figure 1
Analysis of PDB crystal structure data. (a) YopH signature motif (residues 403–409; PDB
entry 1qz0) with conserved water molecules shown color-coded to match PDB entries (red,
1qz0; magenta, 2i42; cyan, 1lyv; yellow, 1yts; blue, 1ytw). Also shown are bound
phosphonodifluoromethylphenyl (cyan; PDB entry 1qz0) and phosphate (PDB entry 1lyv)
groups. (b) YopH catalytic site hydrogen-bonding network involving a phosphonodifluoro-
methylphenyl group (cyan) and conserved water (WC; PDB entry 1qz0) superimposed with
the catalytic motif of PTP1B (yellow) and its bound (S)-IZD phenyl group (slate; PBD entry
2cm7). Of note is the coincidence of the IZD carbonyl O atom with the conserved YopH water
molecule, which is highlighted by an arrow.



greater than those of the corresponding (R)-IZD-containing

isomers (Combs, Yue, Bower, Ala et al., 2005; Ala, Gonneville,

Hillman, Becker-Pasha, Wei et al., 2006; Ala, Gonneville,

Hillman, Becker-Pasha, Yue et al., 2006). While our cocrystal

structure of YopH in complex with compound 5 (Fig. 2) also

employed a racemic ligand, structural refinement of the elec-

tron density for YopH-bound 5 using (S)-restraints and (R)-

restraints for 5 could not unambiguously distinguish a

preference for one IZD chirality over the other (Figs. 3a and

3b). Indeed, superimposing the ligand structures obtained

using (S)-restraints and (R)-restraints showed remarkably

good overlap (Fig. 3c). These observations are consistent with

the previous finding that in PTP1B cocrystal structures with

both (S)-IZD and its achiral unsaturated homologue the aryl

ring and IZD heteroatoms occupy the same positions (Ala,

Gonneville, Hillman, Becker-Pasha, Yue et al., 2006; Yue et al.,

2006). We subjected the two cocrystal structures bearing (S)-5

and (R)-5 to energy minimization using a flexible ligand/rigid

protein model (ICM Pro software v.3.7-2af/MacOSX; http://

www.molsoft.com; Abagyan et al., 2009) and found that the

calculated binding scores for both (S)- and (R)-enantiomers

were highly similar. Given the near-indistinguishable nature of

complexes based on the (S)- and (R)-enantiomers, subsequent

modeling employed the (S)-enantiomer of 5 .

The YopH–5 cocrystal structure reveals that the inter-

actions of 5 within the catalytic pocket consist of six hydrogen

bonds, two arising from each of the

three IZD O atoms. Specifically, two

hydrogen bonds exist between one IZD

sulfonamide O atom and the guanidi-

nium group of Arg409 and the amide

proton of Arg404, two hydrogen bonds

originate from the second sulfonamide

oxygen to the amide protons of Gly406

and Val407, and the IZD carbonyl O

atom forms hydrogen bonds to the

Asp356 amide and the side-chain

carboxamide of Gln450 (Fig. 4a). These

combined interactions replicate those

observed with the DFMP group in the

1qz0 structure, with the exception that

the IZD carbonyl O atom replaces and

mimics the catalytically conserved water

(WC) in the original YopH-bound

DFMP structure (Fig. 4b).

3.4. Utilization of compound 5 for the
synthesis of bidentate inhibitors

While the IZD motif affords good

interactions within the catalytic pocket,

the effective recognition of substrates

by PTPs involves both binding of the

phenylphosphoryl group within the

catalytic cleft and interactions of

secondary elements with proximal

regions of the protein. Accordingly, one

approach to the design of PTP inhibi-

tors is to use bidentate constructs con-

taining at least one phenylphosphate

mimetic (Chen & Seto, 2002, 2004; Xie

& Seto, 2005, 2007; Srinivasan et al.,

2006, 2008; Yu et al., 2007; Tan et al.,

2009). We have previously reported

tethered bidentate YopH inhibitors that

were formed from aldehyde-containing

fragments using oxime bond-forming

bis-aminooxy-containing linkers (Liu et

al., 2010). Our earlier work employed

a 5-formyl-2-hydroxybenzoic acid frag-
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Figure 3
Comparison of YopH-bound 5 refined using (S)–(R) chirality. Overlay of the 2mFo � DFc electron-
density maps (1.79 Å resolution, contoured at the 1� level) of YopH-bound 5 onto ligands refined
using (a) (S)-restraints and (b) (R)-restraints. (c) Superposition of the structures: (S)-5, C atoms in
white; (R)-5, C atoms in yellow.

Figure 4
Crystal structure of YopH-bound 5. (a) Hydrogen-bonding interactions (shown as red dashes) of 5
(yellow) with catalytic site residues. (b) Superposition onto (a) of PDB entry 1qz0 showing the
relative alignment of the phosphonodifluoromethylphenyl group (magenta) and the catalytically
conserved WC water (shown in blue). In both (a) and (b), ligand 5 is shown in the (S)-configuration.



ment as the phenylphosphate-mimicking portion. Others have

also shown the utility of this motif in the design of bidentate

YopH inhibitors (Tautz et al., 2005; Leone et al., 2010; Huang et

al., 2010). In the current study, the IZD-containing fragment

5 served as the phenylphosphoryl replacement. Reaction of

5 with an excess of O,O0-1,3-propanediylbishydroxylamine

hydrochloride in DMSO with AcOH gave the corresponding

mono-oxime 7 in 90% HPLC-purified yield (Fig. 5). Further

reaction of 7 with structurally diverse aldehydes yielded the

corresponding heterobidentate constructs (7a–7i). An advan-

tage of oxime ligation is that the reaction-product mixtures

can be biologically evaluated without purification. The com-

pounds 7a–7i were evaluated using a colorimetric assay that

measured their ability to inhibit the YopH-mediated hydro-

lysis of p-nitrophenylphosphate (Liu et al., 2010). Inhibitory

potencies (IC50 values) varied 40-fold, ranging from 78 mM for

7a to 2 mM for 7h and 7i (Table 2).

The development of PTP inhibitors is often accompanied by

a high incidence of false positives that arise from nonspecific

mechanisms (McGovern et al., 2002, 2003; Feng et al., 2005). In

order to determine whether promiscuous mechanisms were

involved in inhibition by the most potent compounds (7h and

7i), YopH assays were conducted in the presence and absence

of 0.01% TX-100, since it is known that promiscuous inhibi-

tion can often be minimized by the addition of such a deter-

gent (Ryan et al., 2003). While the potency of 7h was

unchanged in the presence of detergent, the IC50 value of 7i

was dramatically shifted from its original value of 2 mM to

>100 mM in the presence of

detergent (data not shown). This

data suggests that 7i could be

acting through promiscuous

mechanisms.

4. Conclusions

In summary, our current YopH–5

cocrystal structure provides the

first demonstration of IZD-

binding interactions in a phos-

phatase other than PTP1B. This

structure shows that the IZD

carbonyl O atom mimics a highly

conserved water molecule in a

fashion similar to that observed in

PTP1B. In addition, there is good

correspondence of the IZD

sulfonimide group with the

phosphonic acid O atoms of a

YopH-bound high-affinity DFPM

group. Using the IZD-containing

5 as an anchor, we were able to

prepare heterobidentate ligands

with low-micromolar affinity.

Taken together, these results

provide potentially useful insights

into the design of YopH inhibi-

tors.
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Table 2
IC50 values of YopH inhibitors.

Inhibitor IC50 (mM)

7a 78
7b 18
7c 13
7d 12
7e 11
7f 5
7g 4
7h 2
7i 2

Figure 5
Synthesis of bidentate YopH inhibitors.
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