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Abstract
We describe the use of a furanyl salicyl nitroxide derivative (“spin-labeled” compound), as a
paramagnetic phosphotyrosine mimetic, to carry out a second-site screening by NMR against the
PTPase YopH from Yersinia pestis. Using such a fragment-based screening approach we
identified several small molecules targeting YopH that bind at sites adjacent to the spin-labeled
compound. These second-site fragments were subsequently used to design and synthesize
bidentate YopH inhibitors with sub-micromolar in vitro inhibition, selectivity against the human
PTPase PTP1B, and cellular activity against Y. Pseudotuberculosis.

These initial compounds could result useful in elucidating the structural determinants necessary
for YopH inhibition and may help in the design of even more active, selective and cell permeable
compounds for the development of novel therapies against Yersiniae.
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Introduction
Yersiniae invade eukaryotic cells by transferring in their cytosol, through a type III secretion
system, six effector proteins (1,2). Once injected in mammalian cells, these effectors start to
interfere with signaling pathways that control cytoskeletal dynamics and inflammation and
thus they overcome the immune reaction of the contaminated organism (2–4). Among these
effector proteins, YopH (Yersinia outer protein H) is a potent phosphotyrosine phosphatase
(PTPase) able to dephosphorylate crucial protein substrates related to focal adhesion such as
p130Cas and SKAP-HOM (5–7).
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YopH is a protein composed of two domains; the N-terminal domain is essential for YopH
translocation and for targeting it to phosphorylated substrates (8), the C-terminal domain
contains the PTPase catalytic site (5). YopH phosphatase activity is fundamental for
Yersiniae infections and this makes YopH an attractive target for the discovery of novel
antibacterial agents (9).

It has been shown that Yersiniae lacking the YopH gene, or even strains with an inactivating
C403S point-mutation in YopH, are essentially avirulent and can be successfully defeated by
the immune system (10).

We recently reported the use of a furanyl salicyl derivative chemically linked to the “spin
label” TEMPO (the 2,2,6,6-tetramethylpiperidine 1-oxyl) as a probe for NMR-based second-
site screening in protein tyrosine phosphatases (11). Such technique, coupled with molecular
docking studies and medicinal chemistry, is generally very useful for the design of selective
and high affinity bi-dentate compounds for a given target (12–14), as we have recently
demonstrated for the protein kinase JNK (C-Jun N-terminal protein kinase) (15).

Here we implement this method to screen a small library of chemical fragments against
YopH from Yersinia pestis. Through this approach we have identified several small
molecules that target pockets on the surface of YopH adjacent to the catalytic site. Further
molecular modeling studies have helped us in the design and subsequent synthesis of a
series of bidentate compounds. These compounds reveal to be potent inhibitors of YopH
phosphatase activity with selectivity against the human PTPase PTP1B (16). The most
active compounds can also revert Yersinia Pseudoturbeculosis induced cytopathology of
human Hela cells.

Our work and the obtained bi-dentates can reveal structural determinants necessary for
effective YopH inhibition and may help in the design of even more potent, selective and cell
permeable compounds for the development of novel anti-Yersiniae treatments.

Methods and Materials
Reagents and Compounds

All anhydrous solvents were purchased from Sigma Aldrich and stored in Sure-seal bottles
under nitrogen. All other reagents and solvents were purchased at the highest grade available
and generally no further purification was implemented. Thin-layer chromatography (TLC)
analysis of reaction mixtures was performed using Merck silica gel 60 F254 TLC plates, and
visualized using ultraviolet light.

Compound 1 has been previously synthesized in our laboratories (11). Compounds 2 to 7
were synthesized in house using the synthetic procedures that are reported as Supplementary
material. Compounds were analyzed by NMR spectroscopy and high resolution mass
spectroscopy (See Supplementary Material). NMR spectra were recorded on a Bruker 600
MHz or a 300 MHz Varian instruments. High resolution ESI-TOF mass spectra were
acquired at the Center for Mass Spectrometry, The Scripps Research Institute, La Jolla, CA.
Compounds were all found to be in excess of 95% pure as established by LC-MS.

Protein expression procedures
The constructs used for GST-tagged full length YopH from Yersinia pestis (17) and for the
His-tag containing N-terminal domain of YopH from Yersinia Pseudotuberculosis as well as
their expression and purification procedures have been previously described (8,18–20).
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Briefly, 15N labeled N-terminal domain of YopH was obtained by growing E. coli on M9
minimal medium containing 0.5 g/l of 15NH4Cl. Protein over-expression was induced
overnight at 20°C at an OD600=0.6. The protein, which contains at the C-terminus a 6-His
tag tail was purified on a Ni-column (Amersham) and extensively dialyzed in the following
buffer (30 mM Tris, 150 mM NaCl pH=8.0). Upon purification the GST-attached full length
YopH was instead dialyzed in 30 mM Tris, 150 mM NaCl, 1 mM DTT pH=6.5.

Enzyme Inhibition (Fluorescence based Assay with DiFMUP)
The enzyme inhibition assay relies on the phosphatase-catalyzed hydrolysis of 6,8-
difluoro-4-methylumbelliferyl phosphate (DiFMUP, INVITROGEN, Carlsbad, CA) in
presence of the compounds at 25 °C (21). Enzyme inhibition was tested in a 96-well plate
format with an assay volume of 100 μl and assay buffer: 30 mM Tris, 150 mM NaCl, 1 mM
DTT, pH=6.5. Compounds were dissolved in DMSO (4.5% final concentration). Full length
GST-YopH was used at a concentration of 3 nM. The concentration of substrate (DiFMup)
was set at the Km value (50 μM).

Before addition of the substrate, enzyme and compounds were pre-incubated for 10 minutes
at room temperature.

The initial reaction rate was measured using a fluorescence plate reader (VictorTM2 V,
Perkin Elmer, Waltham, Massachusetts, USA) (excitation 358 nm, emission 455 nm). The
non-enzymatic hydrolysis of the substrate was determined as control. The IC50 values were
determined by plotting the percentage of inhibition versus the compound concentration
(logarithmic scale) using the software GraphPad Prism (GraphPad Software, Inc., La Jolla,
CA). Screening of compounds against PTP1B was performed by using a DiFMUP
concentration equal to the Km (57 μM) and PTP1B was purchased from BIOMOL Research
Laboratories (Pennsylvania, USA). The complete IC50 curve for compound 6 against PTP1B
is shown in the Supplementary Material, all other compounds have been tested at a single
concentration (25 μM) and did not appreciably inhibited the enzyme under the given
experimental conditions.

Modeling studies—The software GOLD (CCDC Software Ltd, Cambridge, UK) was
implemented to carry out docking studies. Docking solutions were inspected with Sybyl 8.0
(Tripos, St. Louis) and molecular surfaces were created with MOLCAD (22). For these
studies the crystal structure of YopH in complex with a phosphotyrosyl mimetic-containing
hexapeptide (pdb code, 1QZ0 (5)) was used. Binding sites were generated by using as
reference atoms the Cζ or Cδ of Arg205 and a radius of 25 Å. For docking of small
fragments together with compound 1 (Table 1), a smaller radius of 8 Å was also applied. For
each ligand ten solutions were generated and subsequently ranked according to Gold-Score
(23). Docking studies with the phosphatase PTP1B were carried out with the crystal
structure of the protein in complex with an inhibitor (pdb code: 2BGE (16)); the binding
cavity was generated by using as a reference atom the Cα of Val49 and a radius of 25 Å.

PAMPA Assay
Cell permeability assays were conducted using a Parallel Artificial Membrane Permeation
Assay (PAMPA), as we reported previously (24). The permeation of a compound through
the artificial membrane layer is described by its logPe value. The logPe value of a given
compound was calculated by considering the concentration of the compound in the acceptor
compartment after 8 h and that of a reference well with the same concentration containing
no membrane barrier.
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Cell Based Assay
HeLa cells were first pretreated with the YopH inhibitor compounds for one hour, then
infected with Y. pseudotuberculosis strain YPIII (multiplicity of infection =25) grown under
conditions favoring Yop secretion. After infection for one hour, gentamicin was added and
the cells were incubated an additional hour to allow cytopathology to progress. At this time,
the fractions of cells retaining normal morphology and those with cytopathology were
determined using our previously published procedure (25).

NMR Binding studies
A small library of ~500 compounds (26,27) was used for the second site screening.
Fragments binding to YopH, adjacent to the TEMPO containing compound 1, were
identified through an NMR-based screening as previously described (11). Compounds were
analyzed in mixtures (10 compounds per mixture) and T1ρ experiments were recorded with
mixing times of 10 ms, 100 ms and 200 ms for the mixture of compounds alone, in presence
of only GST-YopH and in samples containing both GST-YopH and the TEMPO labeled
compound 1.

To investigate binding of the bidentate compounds 2 to 6 (Table 1) to the N-terminal domain
of YopH, chemical shift perturbation studies (28,29) with 15N labeled N-terminal domain of
YopH (concentrations 70/153 μM) were carried out. 1H-15N HSQC spectra were acquired in
presence and absence of each compound in a two or three fold excess with respect to the
protein. NMR spectra were recorded on a 700 MHz Bruker AvanceIII spectrometer
equipped with a TCI cryoprobe. Spectra were processed with Bruker software (Topspin
version 2.0) and analyzed with NEASY (30) as implemented in Cara (http://www.nmr.ch/).
Overlays of 2D spectra were generated with the program Sparky (T. D. Goddard and D. G.
Kneller, SPARKY 3, University of California, San Francisco). An example of these
chemical shift perturbation studies is reported in the Supplementary Material.

Results and discussion
We used a phosphotyrosine mimetic paramagnetic probe, made up of a furanyl salicyl
derivative chemically linked to a TEMPO moiety (compound 1, Table 1), to carry out a
second-site screening by NMR methods against the protein tyrosine phosphatase YopH from
Yersinia pestis. Compound 1 was designed and synthesized in our laboratory (11) based on
earlier findings demonstrating that furanyl salicylates were good phosphotyrosine mimetics
and competitive YopH inhibitors (17). Hence the paramagnetic probe 1 was designed to
occupy the highly conserved phosphotyrosine binding pocket of PTPases (P1), while leaving
the TEMPO moiety reaching the edge of variable adjacent sub-pockets (P2, P3), as
illustrated for YopH in Figure 1A (11).

Hence, the paramagnetic effect of the spin label can be effectively used to detect binding of
chemical scaffolds in these sub-pockets in simple 1D 1H NMR experiments (11,13–15).
This approach, similar to the SAR by NMR (31–33), is useful to design high affinity bi-
dentate compounds specific for a given target, as we recently demonstrated for the protein
kinase JNK (15).

Here, in the search for second site binders for the phosphatase YopH, we have carried out a
series of T1ρ 1D-1H NMR experiments to screen a small library of 500 low molecular
weight compounds representing chemical fragments (Maybridge, Fisher Sci.). The
description of the library can be found in our recent publication (26,27).

The screen consists of comparing the signal intensity of 1D-1H NMR experiments of test
compounds (at 1 mM concentration) in presence of a substoichiometric amount of GST-
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YopH (10 μM) measured in presence or absence of the paramagnetic probe, compound 1
(500 μM). To enhance the relaxation induced by the paramagnetic probe, rotating frame
relaxation filters of variable length have been introduced (10 ms, 100 ms or 200 ms) in the
1D-1H NMR experiments. Under these experimental conditions, if a given test compound
binds in a second site, occupying for example one of the two pockets (P2, P3 Figures 1A)
adjacent to P1, its signal intensity will dramatically decrease due to the proximity to the
TEMPO labeled compound. This is illustrated in Figure 1B which shows an example of a
typical T1ρ 1D-1H NMR experiment with a mixture of two compounds. The fragment f is a
YopH binder while compound i is a control compound that doesn’t interact with YopH
(Figure 1B). In presence of both compound 1 and GST-YopH the signals from f are nearly
lost thus clearly indicating that f is a second site binder, while those of i remain unaffected.

From this screening, we identify a family of 8 related molecules (Figure 1C) interacting with
YopH (Figure 1D).

Starting from these results we have designed in silico possible bi-dentate compounds linking
furanyl salicylate derivates as phosphotyrosine mimetics, and one of the newly identified
scaffolds or close analogues as second site binders (compounds 2–5 in Table 1). Docking
studies (Figure 2 and Supplemental Figure 1) proved particularly useful in directing the
medicinal chemistry efforts and especially in determining the length of the linker between
the furanyl moiety and the second site binders.

Next, the ability of these compounds to inhibit YopH phosphatase activity has been
monitored in an in vitro fluorescence based assay (See Materials and Methods section). The
compounds resulted potent YopH inhibitors with IC50 values in the low- to sub-micromolar
range (Table 1).

As mentioned, computational docking studies suggest that the furanyl salicylate group of
these molecules invariantly occupy the P1 pocket while the second unit of each molecule
including a thiazole or a thiadiazole ring tend to occupy the P3 pocket where it can make
hydrogen-bond interactions with Arg205 (Figure 2 and Supplemental Figure 1). By further
reducing the linker length, compounds can be tailored at occupying the sub-pocket P2, as
suggested by molecular docking studies. Hence we designed and synthesized compound 6
(Table 1, Figure 3).

These compounds are selective for YopH as they are poor inhibitors of the human
phosphatase PTP1B (16). This is not surprising due to the fact that while different PTPases
have usually very similar active sites, the surfaces surrounding these sites are generally very
different either in shape and/or in charge distribution, as we have recently surveyed (34). For
example, molecular modeling studies suggest that while the furanyl salicylate group of
compound 4 (Supplemental Figure 2, upper panel) can still occupy the P1 pocket of PTP1B,
the surroundings of the active site appear clearly inappropriate to allow the thiazole part of
the bi-dentate to engage in further intermolecular contacts (Supplemental Figure 2, upper
panel). This observation proves that our screening method can be effective in producing
potent and selective inhibitors of protein tyrosine phosphatases.

According to our docked structure, the furanyl salicylate group of compound 6 can still
occupy the catalytic P1 site, while the nitro-phenyl ring fits mainly in the P2 pocket, where
the nitro group can make a hydrogen bond with the backbone of the residue Gly442 (Figure
3A). Compound 6 is a very potent inhibitor of YopH phosphatase activity (IC50=0.3μM)
(Figure 3B) while it can only inhibit PTP1B at very high concentrations (Table 1 and
Supplemental Figure 3).
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Next, we investigated the cell permeability of these compounds using the PAMPA (Parallel
Artificial Membrane Permeation Assay) method (Table 1 and Materials and methods
section). While compounds 4 and 5 show limited cell permeability, compound 2 and 6 are
predicted to have a medium permeability due probably to their less hydrophilic character. In
order to determine whether P2 or P3 occupying bi-dentate YopH inhibitors elicit an effect in
cell, we tested the ability of compounds 2 and 6 to reverse the phenotype that characterizes
human cells when exposed to Yersiniae. We used an established (25) simple cell-based
assay with human cervical cancer Hela cells in which the change of the cell morphology
caused by Yersinia Pseudotubercolosis infection is monitored (Figure 3C). In this cell-based
assay (25), greater than 90% of uninfected cells show typical HeLa cell morphology in
confluent monolayers, with intact cellular junctions (Figure 3C). After infection with
Yersinia Pseudotubercolosis, less than 5% of cells retain normal morphology. The
remainder round up and lose cellular junctions. However, when pretreated with compounds
2 and 6 Hela cells present nearly normal morphology indicating that these inhibitors can
effectively prevents YopH-mediated cytopathology at the concentrations used (Figure 3C).
Finally, since the protein we have used in our in vitro fluorescence based assay is the full
length YopH, made up of the N-terminal phosphotyrosine binding and C-terminal catalytic
domains, we have also investigated if the inhibitory activity of the compounds could be
related to their interaction with the YopH N-terminal domain. Thus, we have carried out
chemical shifts perturbation studies by means of 2D [1H,15N] HSQC experiments (28,29,35)
with 15N-labeled N-terminal domain of YopH from Yersinia pseudotbercolosis (99%
sequence homology with the same domain from Yersinia pestis) (8). At the concentrations
tested in our experiments (two or three fold excess of compound respect to the protein) none
of the compounds produces chemical shifts variations in the spectra (Supplemental Figure
4). These NMR studies thus indicate that our compounds are targeting mainly the C-terminal
domain of YopH.

Conclusions
We have reported on a series of novel bi-dentate compounds made up of a furanyl salicylate
unit, targeting the phosphatase YopH catalytic site (P1) (Figure 1A, 1B), that is chemically
linked to a more variable fragment (second-site binder) that can interact with one of two
additional binding pockets P2 and P3 adjacent to P1 (Figure 1D). These compounds are able
to inhibit in vitro the phosphatase YopH from Yersinia with IC50 values in the sub- to low-
micromolar range. Compounds 2 and 6 (Table 1) are preliminarily also able to reduce
Yersinia Pseudotubercolosis induced cytopathology (Figure 3C) in a cell based assay with
human cervical cancer Hela cells (25).

The compounds do not possess appreciable inhibitory activity towards the human
phosphatase PTP1B. This observation confirms again that the second-site screening
techniques may be successful in generating bi-dentate inhibitors with increased affinity and
selectivity for a given target. The reported compounds can be used to elucidate the role of
YopH inhibition and may help in the design of novel antibacterial strategies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DiFMUP 6,8-difluoro-4-methylumbelliferyl phosphate

PTPs Protein Tyrosine Phosphatases

PAMPA Parallel Artificial Membrane Permeation Assay

TEMPO 2,2,6,6-tetramethylpiperidine 1-oxyl

YopH Yersinia outer protein H
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Figure 1.
(A) Docked conformation of the TEMPO compound (number 1 in Table 1) in the YopH C-
terminal domain (pdb code, 1QZ0). The surface of the protein is displayed in the cavity
depth mode (yellow: deep, blue: shallow), the compound is shown in capped sticks. P1
represents the catalytic site, two close additional pockets are indicated as P2 and P3. (B) T1ρ
spectra acquired with a mixing time of 200 ms of the small molecules f (YopH-binder) and i
(control non-binder compound) at 1 mM concentration each (black); in presence of GST-
YopH (10 μM) (green) and in simultaneous presence of GST-YopH and the TEMPO labeled
compound 1 (500 μM) (red). Only the aromatic regions of the spectra are shown. Spectra
were acquired on a 500 MHz Bruker Avance spectrometer; sample buffer consists of 30 mM
Tris-d11, 150 mM NaCl pH=7.5 with 10% D2O. (C) Chemical structures of second-site
binders identified through NMR screening. (D) Compound 1 and fragment f have been
simultaneously docked in YopH. Two possible docking poses for the fragment f are shown.

Leone et al. Page 9

Chem Biol Drug Des. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
(Left) YopH surface in the “cavity depth” representation (yellow: deep, blue: shallow) with
the docked structure of the bi-dentate compound 4. (Right) Curve showing the % of
inhibition of the YopH phosphatase activity as function of the compound concentration.
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Figure 3.
(A). Docked pose of the bi-dentate compound 6. (B) IC50 curve for compound 6 determined
with the DiFMUP assay (See Materials and Methods). (C) In vitro cell-based assay showing
the inhibition of Yersinia-induced cytopathology by compound 2 and compound 6.

Leone et al. Page 11

Chem Biol Drug Des. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Leone et al. Page 12

Table 1

Chemical structures, IC50 values and cell permeability data of furanyl salicylate derivatives.

ID STRUCTURE IC50 (μM) YopH IC50 (μM) PTP1B PAMPA (logPe)

1 [10] 50.0 >1000 N.D.

2 (76D12) 0.46 >25 −5.83

3 (76C12) 1.47 >25 −8.21

4 (76D2) 0.54 >25 −7.59

5 (76D3) 1.13 >25 −6.73

6 (76B12) 0.29 21 −5.81
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