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Protein tyrosine phosphatases PTPNS, PTPRR and PTPN7 com-
prise a family of phosphatases that specifically inactivate MAPKs
(mitogen-activated protein kinases). We have determined high-
resolution structures of all of the human family members, screened
them against a library of 24000 compounds and identified two
classes of inhibitors, cyclopenta[c]quinolinecarboxylic acids and
2,5-dimethylpyrrolyl benzoic acids. Comparative structural ana-
lysis revealed significant differences within this conserved family
that could be explored for the design of selective inhibitors.
PTPNS crystallized, in two distinct crystal forms, with a sulphate
ion in close proximity to the active site and the WPD (Trp-Pro-
Asp) loop in a unique conformation, not seen in other PTPs, end-
ing in a 3,-helix. In the PTPN7 structure, the WPD loop was in
the closed conformation and part of the KIM (kinase-interaction
motif) was visible, which forms an N-terminal aliphatic helix with
the phosphorylation site Thr® in an accessible position. The WPD

loop of PTPRR was open; however, in contrast with the struc-
ture of its mouse homologue, PTPSL, a salt bridge between the
conserved lysine and aspartate residues, which has been postul-
ated to confer a more rigid loop structure, thereby modulating
activity in PTPSL, does not form in PTPRR. One of the identified
inhibitor scaffolds, cyclopenta[c]quinoline, was docked success-
fully into PTPRR, suggesting several possibilities for hit expan-
sion. The determined structures together with the established SAR
(structure—activity relationship) propose new avenues for the de-
velopment of selective inhibitors that may have therapeutic poten-
tial for treating neurodegenerative diseases in the case of PTPRR
or acute myeloblastic leukaemia targeting PTPN7.
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INTRODUCTION

Reversible phosphorylation of tyrosine residues is a key regulatory
mechanism for numerous cellular events such as proliferation, dif-
ferentiation, gene expression and migration [1]. There are at least
107 genes coding for PTPs (protein tyrosine phosphatases) in the
human genome, which cluster into four evolutionarily distinct
families: the class I, II, and III cysteine-based PTPs, and the as-
partate-based phosphatases [2,3]. The class I cysteine-based PTPs
form, with 99 members, the largest PTP gene family. To date,
about half of all PTP genes in the human genome have been impli-
cated in human disease or are recognized as potential drug tar-
gets [4,5]. The phenotype of the PTP1B-knockout mouse, which
demonstrated an increased response to insulin and resistance
to high-fat-diet-induced obesity [6], stimulated many inhibitor-
development programmes both in academia as well as in private
industry. Since then the increasing number of human diseases
associated with deregulation of phosphatases has led to a growing
interest in PTP inhibitor development [7].

PTPNS, PTPRR and PTPN7 comprise a family of PTPs that are
distinguished by the presence of a 16-amino-acid KIM (kinase-
interaction motif) that binds specifically to members of the MAPK
(mitogen-activated protein kinase) family. These PTPs are highly
specific in their substrate recognition preferring the MAPKs
ERK1/2 (extracellular-signal-regulated kinase 1/2) and p38, over
JNK (c-Jun N-terminal kinase) [8]. Other reported substrates in-

clude ERKS for the mouse homologue of PTPRR [9] and the Src
family kinase Fyn for PTPNS [10]. Tyrosine dephosphorylation in
the activation loop of the MAPK causes inactivation of the kinase
and blocks its nuclear translocation [8]. In a reciprocal manner,
KIM domain phosphatases are also substrates of ERK1/2 and are
phosphorylated on a threonine residue in the KIM. The activity of
these three phosphatases is regulated further by phosphorylation
of the KIM by protein kinase A, which reduces the affinity for
MAPK substrates [11,12].

PTPNS5 (also named STEP for striatal-enriched PTP) is pre-
ferentially expressed in neurons of the central nervous system
[13,14], where itregulates dopaminergic and glutaminergic neuro-
transmission [15,16]. The related phosphatase PTPRR (also
named PCPTP1, PTPSL or PTPBR?7), is also expressed pre-
dominantly in brain, but has, in addition, been detected in cartilage
and may play a role in bone morphogenesis [17]. Alternative
splicing produces transmembrane and cytosolic variants of both
PTPNS and PTPRR. Studies in PC12 (pheochromocytoma) cells
have indicated the involvement of PTPRR in nerve growth factor
signalling, suggesting that it is a target for the treatment of neuro-
degenerative processes such as Alzheimer’s disease [18,19]. In
contrast, PTPN7 (also named HePTP for haematopoietic PTP) is
expressed mainly in thymus, spleen and leucocytes. This phos-
phatase plays a negative role in TCR (T-cell antigen receptor)
signalling by down-regulating MAPK activity [20-22]. Inter-
estingly, PTPN7 is found at chromosome locus 1q32.1, a site
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of frequent abnormalities in preleukaemic myelodysplastic syn-
drome, as well as in other haematopoietic malignancies [23].
PTPNT7 has been shown to be overexpressed in some patients with
acute myeloblastic leukaemia, suggesting a linkage of increased
PTPN7 activity to this disease [24].

To date, the X-ray crystallographic structure of catalytic do-
mains from several non-receptor PTPs, such as PTP1B [25], and
receptor PTPs have been determined, including the mouse homo-
logue of PTPRR (PTPSL) [26]. Recently, the structure of PTPN7
has been reported [27]. Structural studies, together with enzyme
kinetic studies, of the PTP family prototype PTP1B have pro-
vided important insights into the mechanism of substrate recog-
nition and catalysis (reviewed in [28]). The PTPs have a signature
motif, (I/V)HCXAGXGR(S/T), containing the catalytically es-
sential cysteine and arginine residues that form a rigid cradle-like
structure that co-ordinates the phosphate moiety of the substrate.
This motif lies at the base of a cleft surrounded by four loops. One
of these loops, the WPD (Trp-Pro-Asp) loop, undergoes a large
conformational change closing over the active site on substrate
binding and determines the size of the active-site cavity. Another
loop surrounding the PTP1B active site, which has the YRD (Tyr-
Arg-Asp) motif, is important for substrate recognition; however,
in the KIM-containing PTPs, this sequence is YKT (Tyr-Lys-Thr).

PTP inhibitor screening has focused predominantly on the
identification of PTP1B-specific compounds and inhibitors for
the CDC25 family; however, to date, there is a lack of inform-
ation on inhibitors of other PTPs, even though many of these en-
zymes have been implicated as therapeutic targets. In addition,
specific inhibitors would also have the potential to be used as
pharmacological tools to elucidate functional roles of the targeted
enzymes. In order to provide insight into the mechanism of action
of KIM-containing PTPs, and facilitate identification of selective
inhibitors, we have determined the high-resolution structures of
all catalytic domains of the human KIM-containing PTP family,
PTPNS, PTPRR and PTPN7, and compared the three dimensional
structures and catalytic activities of these enzymes. Furthermore,
we screened the human KIM-containing PTP family and PTP1B
against a library of 24 000 compounds and identified a number of
novel inhibitors. Among those, we discuss here two classes
of inhibitors: cyclopenta[c]quinolinecarboxylic acids and 2,5-
dimethylpyrrolyl benzoic acids. The generated screening data,
together with the high-resolution structural information and dock-
ing experiments, allowed us to rationalize the binding mode and
establish the SARs (structure—activity relationships) for these two
inhibitor classes.

MATERIALS AND METHODS
Cloning

A cDNA encoding the human full-length PTPNS (NCBI accession
number NP_116170) was obtained from Origene and was used as
a template to amplify a sequence encompassing residues 282—
563. This sequence corresponds to residues 258—539 of Swiss-
Prot entry P54829 with the changes Asp®™ — Val, Leu*® — Arg,
Val® — Cys and Thr’"’ — His, which have been documented.
The PCR product was subcloned into a pET-21a-derived vector,
pLIC-SGC, by ligation-independent cloning [29]. The vector in-
cludes a TEV (tobacco etch virus)-cleavable N-terminal Hisg
tag (MHHHHHHSSGVDLGTENLYFQ*SM). Plasmids with the
above PTPNS sequence; a sequence encompassing the catalytic
domain of PTPRR (residues 375-655; NCBI accession number
NP_002840), and a sequence encompassing the catalytic do-
main of PTPN7 (residues 79-358; NCBI accession number
NP_002823) subcloned into the Smal site of pGEX-6P2 were
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obtained from Purely Proteins. The PTPN7 clone was used as
a template to amplify a sequence encompassing residues 65-358
and was subcloned into a pLIC-SGC-derived kanamycin-resistant
vector, pNIC-Bsa4, using primers that extended the existing
boundary.

Expression and purification

Escherichia coli BL21(DE3) cells transformed with the express-
ion constructs were grown at 37°C in Luria—Bertani medium
containing 100 pg/ml ampicillin or kanamycin until the Dy
reached ~0.6 and were then transferred to 18°C. Protein ex-
pression was induced at a D¢y, of 0.8 using 1 mM IPTG (isopropyl
B-D-thiogalactoside). Cells were harvested after either 4 h or
overnight growth.

Cells expressing Hisg-tagged PTPNS were lysed in 50 mM
Hepes, pH 7.5, 500 mM NaCl, 1 mM PMSF and 0.5 mM TCEP
[tris-(2-carboxyethyl)phosphine] using an EmulsiFlex high-
pressure homogenizer, and the cell extract was centrifuged at
20000 g for 30 min at4 °C. The supernatant was loadedontoa 1 ml
Ni**—Sepharose affinity HiTrap HP column on an AKTAxpress
system (GE Healthcare). The column was washed with 10 vol.
of wash buffer (50 mM Hepes, pH 7.5, 500 mM NaCl, 30 mM
imidazole, 0.5 mM TCEP and 5% glycerol), then eluted with
elution buffer (50 mM Hepes, pH 7.5, 500 mM NaCl, 250 mM
imidazole, 0.5 mM TCEP and 5 % glycerol). The eluted peak at
A,y was applied to a Superdex 200 16/60 gel-filtration column
equilibrated in 50 mM Hepes, pH 7.5, 500 mM NaCl, 0.5 mM
TCEP and 5 % glycerol. The protein eluted from the gel-filtration
column was diluted 10-fold in buffer A [SO mM Hepes, pH 7.5,
and 10 mM DTT (dithiothreitol)] and was purified further by
ion-exchange chromatography using a 1 ml HiTrapQ column.
The protein was eluted with a 20 min linear gradient to 50 %
buffer B (50 mM Hepes, pH 7.5, 1.0 M NaCl and 10 mM DTT).
Hiss-tagged PTPN7 was purified using a method similar to that
used for PTPNS with some changes. The cell lysate was passed
over a DEAE-cellulose resin before applying to a Ni**—Sepharose
(Qiagen) gravity flow column. The protein was eluted with a
range of imidazole step elutions. Samples containing PTPN7 were
digested with TEV protease overnight at 4°C. After exchanging
the buffer with gel-filtration buffer (50 mM Hepes, pH 7.5,150 mM
NaCl and 0.5 mM TCEP) and re-applying the digested protein
to Ni**—Sepharose, the cleaved protein was purified further by
gel filtration on an S200 16/60 HiLoad column equilibrated in
50 mM Hepes, pH 7.5, 150 mM NaCl and 0.5 mM TCEP.

Cells expressing GST (glutathione S-transferase) fusions of
PTPNS5 or PTPRR were lysed as above in 50 mM Tris/HCl,
pH 7.5,150 mM NaCl and 5 mM DTT, the supernatant was loaded
on to 5 ml of glutathione—Sepharose, and the washed resin was
mixed gently overnight at 4°C with GST-tagged PreScission
protease (~50 ug per mg of protein bound to the glutathione—
Sepharose). The cleaved PTPNS and PTPRR proteins were eluted
and purified further by gel-filtration chromatography using the
above buffer.

The purified proteins were homogeneous as assessed by SDS/
PAGE and electrospray MS, which also confirmed the predicted
mass of the proteins. Proteins were concentrated to 7—10 mg/ml
using a 10 kDa cut-off concentrator (Vivascience).

Crystallization

Crystallization was performed using the sitting-drop method,
mixing protein and precipitant solutions in 2:1, 1:1 and 1:2 ratios
at 4°C. Crystals of PTPN5 were obtained at 4°C in conditions
containing 25 % PEG [poly(ethylene glycol)]-3350, 0.2 M LiSO,
and 100 mM Bis-Tris, pH 5.5. The crystal forms obtained with
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Table 1 Crystallographic data and refinement statistics

Rmsd, root mean square deviation.

(@)
Data collection PTPN5 (1) PTPN5 (2) PTPRR PTPN7
Space group P21212 P21212 P21242 P212124

Cell dimensions (A)
Resolution (A)

Total observations (unique, redundancy)

51.81, 64.32, 107.08
2.0
103306 (20825, 4.71)

39.96, 64.01, 136.15
1.8
165645 (32877, 4.97)

63.19, 74.10, 62.33
2.3
46787 (13031, 3.6)

39.1,81.0,100.4
2.5
38503 (10922, 3.5)

Completeness (outer shell) 95.0% (97.4%) 98.7% (95.4 %) 97 % (98.4%) 99.4% (96.6 %)
merge 0.086 0.082 0.105 0.093
/o (outer shell) 11.4(3.05) 12.9(2.5) 52(2.2) 10.5 (2.0)
(b)
Refinement PTPN5 (1) PTPN5 (2) PTPRR PTPN7
Ruork (Riree) (%) 21.2(26.4) 16.4(20.1) 19.2 (25.6) 21.9(27.5)
Protein atoms (water) 2272 (103) 2314 (271) 2353 (155) 2134 (32)
Hetero groups: Sulphate Glycerol, sulphate Chlorine Phosphate
Rmsd bond length (A) 0.015 0.011 0.011 0.011
Rmsd bond angle (°) 1.484 1.322 1.317 1.270
Ramachandran (allowed, disallowed) (%) 99.6,0.4 996.0.4 99.6,0.4 985,15

the Hise-tagged PTPNS are referred to as PTPN5(1) and those
obtained with the cleaved GST fusion protein are referred to
as PTPN5(2). Crystals of PTPRR and PTPN7 were obtained
in precipitant solutions containing 0.15 M malic acid, pH 7.0,
20 % PEG-3350 and 2.0 M (NH,)H,PO,, 0.1 M Tris/HCI, pH 8.5,
respectively at 20°C.

Data collection and processing

PTPN5(1) data were collected using a Rigaku FRE rotating anode
equipped with Varimax multilayer mirrors and a Rigaku HTC
detector t0 2.05 A (1 A =0.1 nm). PTPN5(2) data were measured
at the BL1 beamline at BESSY (Berliner Elektronenspeicherring-
Gesellschaft fiir Synchrotronstrahlung m.b.H., Berlin, Germany).
Data collection was performed on flash-frozen crystals at 100 K,
with 15% glycerol used as cryoprotectant. Diffraction images
of both PTPN5(1) and PTPNS5(2) were processed with HKL2000
[30]. The PTPRR dataset was collected at the beamline X10 at SLS
(Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland)
to aresolution of 2.3 A. Images were indexed and integrated using
MOSFLM [31], and scaled using SCALA [32] in the CCP4 [33]
suite of programs. PTPN7 data were collected at beamline X10
at the SLS to a maximum resolution of 2.5 A, and these data
were reduced using HKL2000. Data collection statistics and cell
parameters are listed in Table 1.

Structure solution and refinement

All structures were solved with molecular replacement using
Phaser [34] with the mouse homologue of PTPRR (PDB code
1JLN) as a search model. Iterative rounds of rigid-body refinement
and restrained refinement using TLS tensors, against maximum
likelihood targets, were interspersed by manual rebuilding of the
model using Coot and Xfit/XtalView [35].

Docking procedure

The ICM docking method [36] was used for all docking experi-
ments. This approach performs a flexible ligand/grid receptor
docking process using potential grids which are pre-calculated

(including van der Waals, electrostatic, hydrogen bond and hydro-
philic potentials). These are then applied to the molecule to be
docked and the side chains of the receptor site using a global
optimization method [37,38]. The ability of protein side chains
within the receptor site to rotate helps to relieve bad contacts and
also promote positive interactions between the docked ligand
and protein. The docking process involves two main steps: first
with only the ligand flexible, and, secondly, with the ligand and
receptor side chains flexible (refinement). The structure of PTPRR
(PDB code 2A8B) was used as the template to which compounds
were docked. Docked conformations of the compounds were
assessed by their occupancy of the active site and interactions
with active-site residues, in particular Cys**® of PTPRR.

High-throughput screening and compound library

A library of 24000 compounds was screened as described pre-
viously in a 384-well format using pNPP (p-nitrophenyl phos-
phate) as the substrate [39]. The compound collection is a frag-
ment-based library selected because of its diverse representation
of reportedly bioactive scaffold elements and compliance with
physicochemical boundaries, which include the Lipinski rules.

RESULTS AND DISCUSSION

Multiple phosphatases are involved in regulating the degree and
duration of MAPK activation, which are critical parameters in
determining the cellular response to a signal. The family of PTPs
(PTPNS, PTPRR and PTPN7) is responsible for the rapid
inactivation of MAPKSs in the cytosol, thereby blocking kinase
nuclear translocation, which is crucial for certain cellular func-
tions, such as learning processes in neurons as well as in the
haematopoietic system in response to inflammation. While all PTP
family members share a high degree of sequence homology within
their phosphatase domains, differences in their functions and
substrate-specificity prompted us to compare all three enzymes of
this subfamily on a structural level and initiate a high-throughput
small-molecule screen to identify inhibitors.
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Figure 1

Sequence alignment of PTP catalytic domains and ribbon diagram of their three-dimensional structures

(R) PTPN5, PTPRR, PTPN7 and PTP1B were aligned using the program ICM Pro 3.3 (Molsoft LLC). Secondary-structure elements described in the text are labelled in the same way as in the ribbon
diagrams showing the three-dimensional structure of (B) PTPN5(1) in complex with a sulphate ion shown; (C) PTPRR and (D) PTPN7 in complex with phosphate ions.

Quality of the structural models

The crystal structures of all three family members have been
refined to high-resolution, low R-values and satisfactory geometry
(Table 1). Residues 258-539 of PTPNS crystallized with either
the N-terminal His, tag intact or after removal of the GST tag of
a second expression construct giving two different crystal forms,
referred to as PTPN5(1) and PTPN5(2) respectively (Table 1). The
entire structure of PTPRR (residues 375-655) was well defined
and ordered except for the last two C-terminal residues. The
structure of PTPN7 containing the catalytic domain and part of
the KIM domain (residues 65-356) has the loop regions Arg'“—
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Gly', Glu"-Cys?™, Ser””’-Glu® as well as the two C-terminal
residues Glu*’—Pro*® disordered.

Overall structure

The overall structures of the PTPNS, PTPRR and PTPN7 phos-
phatase domains closely resembles the classical architecture of
PTPs [25] consisting of highly twisted mixed S-sheets flanked
by a-helices (Figure 1). In addition to the catalytic domain, the
structure of PTPN7 contains part of the KIM domain which forms
an N-terminal helix («0) as observed in PTPSL and recently re-
ported by Mustelin et al. [27]. At the secondary-structure level
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there are a number of 3, helices unique to KIM-domain contain-
ing PTPs (13, n4, n5; Figure 1) which have not been observed in
other tyrosine phosphatase structures so far [26]. Most notably we
observed a PTPNS5-specific 3, helix (6; Figure 1) towards the
end of the WPD loop, contributing to the unique conformation of
this catalytically important loop region. In contrast with the single
B5 sheet of PTP1B, this structural element in PTPN5, PTPRR and
PTPNY7 is split into two smaller 8-sheets annotated as 85’ and 85"
(Figure 1).

Structural comparison with other PTPs and phosphatase activity

The structures of PTPNS, PTPRR and PTPN7 are monomeric with
an unhindered catalytic site. This conformation contrasts with the
structure reported for the related receptor PTP, PTPR« [40], which
forms homodimers with the N-terminal segment of one molecule
inserted into the active site of the other molecule. Although this
was originally proposed as a common mechanism for regulating
the activity of receptor PTPs, it has subsequently been shown
that the D1 catalytic domain of other receptor PTPs, such as
RPTPpu, have an open and uninhibited conformation, similar to
PTPNS5, PTPRR and PTPN7 [41]. Similarly, crystal structures of
the PTPs containing two catalytic domains (D1 and D2), such as
CD45 [42], suggest that homodimerization would be impossible
given the D1-D2 intramolecular domain orientation, indicating
that dimerization is an exceptional, rather than a general,
mechanism of phosphatase regulation.

The structures considered in the present study contain a number
of structural elements that are different from other PTP structures
reported so far. For example, the sequence following the o2’ helix
in PTP1B forms a secondary phosphotyrosine-binding pocket
[43], which has been exploited by several high-affinity inhibitors.
The corresponding sequences of PTPN5, PTPRR and PTPN7
show only a weak sequence identity with PTP1B, are shorter
and take a different path in the structure which results in closure
of this pocket. Also at the C-terminus of PTP1B, a helix «7 is
present which is thought to stabilize closure of the WPD loop [44];
however, this structural element is absent in PTPNS5, PTPRR and
PTPN7.

Measurement of the kinetic parameters of phosphatase activity
for the catalytic domains of PTP1B, PTPNS5, PTPRR and PTPN7
(see the Supplementary Data at http://www.Biochem].org/bj/395/
bj3950483add.htm) using the fluorescent substrate DiFMUP
(6,8-difluoro-4-methylumbelliferyl phosphate), indicated that all
phosphatases were active. The catalytic efficiency (k../K,,) was
not significantly different among the four phosphatases, as would
be expected when using bulkier physiological phosphoprotein
substrates [45].

The N-terminal helix o0

All members of this phosphatase family are characterized by the
presence of a KIM domain which can be subdivided into a highly
conserved MAPK-interaction motif and a protein-specific se-
quence which plays a role determining specificity for certain
members of the MAPK family [8]. The complete KIM region is
not present in the structures examined in the present study, but resi-
dues 65-78, which form the target specific interaction motif, were
very well defined in the electron density of PTPN7. As described
for PTPSL, these residues form an «-helix («0) stabilized by
mainly hydrophobic interactions with a groove formed by the
extended region following helix «2’ and helix «5. We found
that all hydrophobic interactions that stabilize this aliphatic helix
are conserved between PTPSL and PTPRR. Interestingly, the o0
helix of PTPN7 contains Thr®®, which has been described to be

phosphorylated by the kinases ERK2 and p38. In the structure
considered in the present study, this residue is accessible and
solvent-exposed, which is in contrast with PTPSL and a PTPN7
structure published recently in which phosphorylation of this
residue would require significant structural changes [26,27].

lon binding

Ions from the crystallization mother liquor are present in the
PTPNS5 and PTPNT7 structures (Figures 1 and 2). A sulphate ion
(SO,*) is present in close proximity to the catalytic site in both
PTPNS structures. The sulphate oxygen atoms form hydrogen
bonds with Trp** and Lys** of the WPD loop, Arg*”® of the PTP
‘signature motif” and GIn*?. Four phosphate (PO,*~) ions are pres-
ent in the PTPN7 structure, of which two are found in the active-
site pocket. One phosphate ion mimics the phosphate moiety of
a phosphotyrosine substrate molecule and forms hydrogen bonds
with the catalytic cysteine residue, Cys®', as well as with Arg®’,
and main-chain amide groups (Figure 2D). The second phosphate
ion found in the proximity of the active site also forms two
hydrogen bonds with Arg®’. Interestingly, the phosphate moiety
of the threonine residue of the substrate sequence pTEpY found in
the activation loop of ERK2 may be mimicked by this phosphate
ion, suggesting that phosphorylation of both ERK activation loop
phosphates is necessary for substrate recognition.

WPD loop

The WPD loop is a key element in the mechanism of PTP cata-
lysis (reviewed in [46]). In PTP1B, this loop undergoes a large
conformational change, of approx. 812 A, on substrate binding
that allows Asp'®! of the WPD loop to act as a general acid in the
catalytic region. Arg”' of the conserved PTP ‘signature motif’
reorients into a position to optimize salt-bridge interactions with
the substrate phosphate. In this closed conformation, Cys®" is in
a position to commence a nucleophilic attack on the phospho-
tyrosine phosphorus atom. In addition, the flexibility of the WPD
loop affects the size and shape of ligands that bind to the active site
and therefore has major implications on any drug-design strategy.

Comparison of the WPD loop conformation of the PTPNS,
PTPRR and PTPN?7 structures with that of PTP1B (PDB codes
1SUG for the closed conformation and 2HNP for the open con-
formation) suggests that PTPN7 is in the closed conformation,
while PTPRR and PTPNS5 structures are in an open con-
formation (Figure 2A). Comparison of the PTPRR structure with
that of its mouse homologue, PTPSL [26], indicates that both
WPD loop conformations are open, with PTPSL more closely
resembling the backbone conformation of PTP1B. All WPD loops
have relatively low B-factors, indicating that the loops are not
flexible. The WPD loop conformation in PTPNS5 is additionally
stabilized in an open conformation by the presence of an unusual
3o helix not observed in other phosphatase structures determined
so far, in which hydrogen bonds form between main-chain atoms
of Thr** and Arg*® as well as Pro**! and Ala*** (Figure 2B).

Crystal contacts are present in this region of PTPN5(1) (Gln
contacts the main-chain oxygen of GIn*” in another molecule),
but are unlikely to account for the unusual conformation, since
crystal contacts occur elsewhere in PTPN5(2) and both loop con-
formations are similar. In PTPN5(2) GIn**® is free to make a
hydrogen bond with Asp*’, which is disordered in PTPN5(1),
thus stabilizing this region.

Alignments of KIM-containing PTPs with other tyrosine phos-
phatases revealed differences in sequences that are largely con-
served in tyrosine phosphatases: the WPD loop motif Gly-
Val-Pro is replaced by Lys-Thr-Pro in PTPN5 and PTPRR and

438
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Figure 2 Conformation of the WPD loops

—

GIn339
)@_

=)

~"His345
Phe342

\/ Ser263

(A) Structural overlay of WPD loops found in PTP1B (PDB code 1SUG; purple) in the closed conformation; PTPN7 (black); PTPRR (green); PTPSL (PDB code 1JLN; red); PTP1B (PDB code 2HNP;
blue) in the open conformation and PTPN5 (yellow). (B) Structural details of the WPD loop of PTPNS. In order to differentiate the WPD loop from other residues, carbon atoms of WPD loop residues
are coloured pink. The 319 helix 6 is coloured magenta. Side-chain conformations were identical in both PTPN5 structures, except for Arg*3 which has a slightly different conformation in PTPN5(1).
Asp®7 is largely disordered in PTPN5(1), but was visible in the second structure determined. The sulphate moiety found in both crystal structures is shown in a ball-and-stick representation.
(C) Structural details of the WPD loop of PTPRR. (D) Structural details of the WPD loop of PTPN7. The phosphate moieties are shown in a ball-and-stick representation.

GIn-Thr-Pro in PTPN7. In PTPSL, Lys**® within this motif forms
a salt bridge with the carboxy group of Asp*', and it has been
postulated that this interaction confers a more rigid loop structure,
thereby hindering catalytic activity and contributing to substrate
specificity [26]. A key difference is evident in this region of
the PTPRR and PTPNS structures in that the conserved lysine
residue does not contact the conserved aspartate, suggesting that
this interaction is specific to PTPSL. At the same position in
PTPN7, a glutamine residue (GIn**) is present, and Huang et al.
[47] reported that no significant changes in PTPN7 activity were
observed when this sequence was replaced by a glycine residue.
Together, these observations suggest that interactions made by
Lys*® (PTPSL) are not a critical determinant limiting catalytic
activity and determining substrate specificity for KIM-containing
PTPs.

The substrate-recognition loop of PTP1B with the YRD motif
(Tyr-Arg-Asp) is replaced by Tyr-Lys-Thr in the KIM-containing
PTPs. The tyrosine residue is invariant among the PTPs and is
engaged in hydrophobic packing with phosphotyrosine substrates
while the aspartate residue makes hydrogen bonds with the main-
chain nitrogen atoms of the phosphotyrosine and the + 1 residue
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in the peptide substrate [48]. It is evident from the structures pre-
sented here that the threonine residue, corresponding to aspartate,
is unable to make such interactions, thereby reducing substrate af-
finity and acting as a negative determinant limiting catalytic activ-
ity. In support of this, Huang et al. [47] reported that mutation of
this threonine residue in PTPN7 to aspartate enhances phospho-
peptide hydrolysis more than 10-fold.

Comparison of the surface-exposed electrostatic potential of the
three KIM-containing PTPs with PTP1B reveals marked differ-
ences in surface charge in the proximity of the active site. It is
interesting to note that PTPN7 has a mainly negatively charged
surface close to the active site. It is very likely that the electrostatic
potential contributes to the rather weak affinity for negatively
charged substrates as indicated by the 10-fold higher K, value for
DiFMUP that has been determined (see the Supplementary Data
at http://www.BiochemlJ.org/bj/395/bj3950483add.htm).

Inhibitor identification

High-throughput screening of 24 000 compounds in a phosphatase
assay with pNPP as a substrate using the enzymes PTP1B,
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Table 2 Chemical stuctures and activity profiles of compounds
*Data are expressed as a fraction of control (i.e. 1.0 = no inhibition). Compounds were tested at 100 .M.

Inhibitor structure | Chemical name PTP1B| PTPN5 | PTPN7| PTPRR|  |[Inhibitor structure | Chemical name PTPIB| PTPNS | PTPN7| PTPRR
cyclopenta[e]quinoline-carboxylic acids Phosphatase Activity* 2,5-dimethyl-pyrrolyl benzoic acids Phosphatase Activity*
OH
3a,4,5,9b-tetrahydro-3H- 2-(2,5-dimethyl-1H-pyrrol-
cyclopentalclquincline-4- | 0.23 0.8 0.75 | 0.09 OH | 1-yi)-5-hydroxybenzoic 0.09 0.36 0.07 0.03
HN carboxylic acid acid
H4C N CH;
Br
1b: " 2b:

O i ae il 033 | 09 |041 |o008 9 3-{2.5-dimethyl-1H-pyrrol- s
cyclopentajcjquinoline4 1-yl)-4-hydroxybenzoic 0.07 0.52 0.2 0.0
carboxylic acid oH | @cid

HN

HsC N CH;

Ho” o \_/

o OH 0. OH
3a 4,5,9b-tetrahydro-3H- 4-(2,5-dimethyl-1H-pyrrol-
cyclopentaclquinoline- 0.3 0.79 0.63 0.53 1-yl}-3-hydroxybenzoic 0.21 0.72 0.67 0.09

‘ 4,8-dicarboxylic acid OH acid
ol Hac\@/CHa
HO (o} o] OH
Oy _CH;
2d:
14; 4-(2,5-dimethyl-1H-pyrrol-
8-acetyl-3a,4,5,9b- 1-yl)benzoic acid 0.06 0.88 0.63 0.09
tetrahydro-3H- 0.48 0.81 0.83 0.66
cyclopenta[clquinoling-4-
i i M.
) s carboxylic acid H 30\@/@_' sy
0. OH
(o] OH
ci Ze:
2-chloro-4-(2,5-dimethyl-
£ = le: 1H-pyrrol-1-yl)benzoic 0.36 0.95 0.98 0.46
6-fluoro-3a,4,5,9b- e
HN tetrahydro-3H- 0.63 0.72 0.75 0.35 ]
cyclopenta[clquinoline-4- HC: CHy
carboxylic acid \ f
o] OH /LH3
HN o] 26
HO, 1f: 5-(acetylamino)-2-(2,5-
3a,4,5,9b-tetrahydro-3H- on | dimethyi-1H-pyrrol-1- 035 | 094 | 0.82 | 0.46
s HM cyclopenta[clquinoline- 0.25 0.73 0.65 0.39 yljbenzoic acid
4 G-dicarboxylic acid
N o
Ho™ o HsC- ® CHy
cl (o]
o OH 2g:
HoY = e 2-chloro-5-(2,5-dimethyl-
G-hydroxy-3a,4,5,9b- 1H-pyrrol-1-yl)benzoic 047 0.88 0.91 0.77
HN tetrahydro-3H- 0.5 0.73 0.8 0.38 acid
cyclopentalclquinoline-4- HaC N CH
carboxylic acid 3 \@/ 3
HO (o]
(o] OH
OH
2h:
o 4-(2,5-dimethyl-1H-pyrrol-
1-yljphthalic acid 0.18 0.8 0.78 0.54
HSC\@/CH:

PTPNS5, PTPN7 and PTPRR led to the identification of two main

inhibitor scaffolds that displayed significant inhibition at a com-
pound concentration of 100 xM. Inhibition data for the first scaf-

fold (cyclopenta[c]quinoline-4-carboxylic acids) are compiled in
Table 2. Compound 1a inhibited PTPRR strongly and showed ap-
prox. 10-fold selectivity against PTPNS and PTPN7. Furthermore,
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Figure 3 Docking of compound 1a in the active site of PTPRR

Representation of the active-site surface is shown as well as predicted hydrogen bonds formed
by the carboxy acid group of compound 1a to PTPRR residues. Unoccupied regions in the
PTPRR active-site cavity offer multiple possibilities for expansion of this compound class.

MS showed that none of the inhibitors studied oxidized the
phosphatase or attached covalently to the target. Substitution
at position 8 on the quinoline ring other than bromine is un-
favourable and makes these inhibitors non-selective and weak.
Also, substitution in position 6 reduced activity substantially for
PTPRR and generates non-selective inhibitors. Compound 1a was
successfully docked in the active site of PTPRR and shows good
shape complementarity with the active-site surface (Figure 3).
The docking model predicts a binding mode in which hydrogen
bonds form between the carboxylic acid group of compound la
and the active-site Cys>®, backbone nitrogens of the phosphate-
binding loop and the hydroxy side chain of Ser®® (Figure 3). The
SAR observed in position 8 can be also rationalized using this
model: a bromine atom at this position fits nicely into a hydro-
philic pocket in that binding site, but substituents that are larger
than that moiety (such as carboxy or acetyl) cannot be accom-
modated by PTPRR. Also, large substituents in position 6 are not
favourable for sterical reasons. The docking model of compound
la into the active site of PTPRR suggests also that a large portion
of the binding pocket is not occupied by this inhibitor class,
which allows for expansion of this compound class and would
lead to more potent and selective inhibitors. On the basis of our
docking model, the best position to target unoccupied areas in the
binding site would be at the nitrogen atom of the quinoline ring.
The parent compound of the dimethyl-1H-pyrrolyl benzoic acid
class of phosphatase inhibitors, 2d, is quite potent and selective
for PTPRR over the closely related PTPN5 and PTPN7; however,
PTP1B is also inhibited (Table 2). Substitution of the pyrrolyl
moiety in position 2 rather than 4 of the benzoic acid ring and
addition of a hydroxy group in position 5 (compound 2a) is favour-
able only for inhibitor development targeting PTPN7 and has no
effect on inhibitor potency for PTPRR, for which it had an ICs,
value of 2 uM. Moving the pyrrolyl moiety to position 3 and
the hydroxy group to position 4 (compound 2b) results in some
selectivity for PTPRR inhibitors against PTPN7, but does not
affect potency for PTPRR (ICs, 4 «M). Other substitution patterns
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shown in Table 2 resulted in a significant reduction of inhibitory
activity. Unfortunately, we were not able to unambiguously dock
this compound class into the active site of PTPRR, but it is
reasonable to assume that the carboxy group in this inhibitor class
interacts in a similar way with the active-site cysteine residue as
observed for the cyclopenta[c]quinoline-carboxylic acid class. Hit
expansion and co-crystal structures with the identified inhibitors
of this class will facilitate the development of more potent and
selective inhibitors and is an ongoing activity in our laboratories.

Conclusions

A large number of phosphatases have been linked to a wide spec-
trum of human disease and have been suggested as potential drug
targets; however, to date, there has been a lack of information on
selective inhibitors of individual phosphatase family members. In
the present study, we have determined the structure of all human
KIM-containing PTPs (PTPNS, PTPN7 and PTPRR) that nega-
tively regulate MAPK signalling. A comparison of the deter-
mined high-resolution structures revealed important significant
differences in the catalytic domain and in the WPD loop conform-
ations. Two inhibitor classes (cyclopenta[c]quinolinecarboxylic
acids and 2,5-dimethylpyrrolyl benzoic acids) for the KIM-con-
taining phosphatase family were identified in a high-throughput
screen which may provide new means of pharmacological inter-
vention for MAPK signalling as well as interesting tools for cell
biology research. SAR determined on the initial screening hits
indicated that specificity may be obtained using these scaffolds.
Furthermore, owing to the tissue-specific expression pattern of
KIM-containing PTPs, selective PTP inhibitors would allow, in
contrast with kinase inhibitors, the study of tissue-specific inhi-
bition of MAPK signalling. Docking studies suggested routes for
chemical modification of the identified cyclopenta[c]quinoline-
carboxylic acid scaffold through which increased potency and
selectivity may be achieved. Potent and selective inhibitors may
have therapeutic potential for the treatment of neurodegenerative
diseases such as Alzheimer’s or acute myeloblastic leukaemia.
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