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8 MAPK-specific tyrosine phosphatases: new targets for
drug discovery?

Trends in Pharrfracologica/ Sciences, Volume 27, Issue 10, October 2006,
Pages 525-530

Alastair J. Barr and Stefan Knapp
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TRHEFTR, KARXLEHRBOERZERANURKIIEN
FEAKKRPITREMER.
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14 Ca* signalling and pancreatitis: effects of alcohol, bile
and coffee

Trends in Pharmacological Sciences, Volume 27, Issue 2, February 2006,
Pages 113-120
Ole H. Petersen and Robert Sutton
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22 The function of breast cancer resistance protein in epithelial

barriers, stem cells and milk secretion of drugs and xenotoxins
Trends in Pharmacological Sciences, Volume 27, Issue 1, January 2006, Pages 10-16
Antonius E. van Herwaarden and Alfred H. Schinkel

FLI A 25 e LB DR, T-ACl R FLitT o i 25t
shag PR fER

FLERAEMH 25 A[BCRP (X & ABCG2)]/& T ATP {k#i 11 #5 X
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RLF /N . AR F0 S BRI g/ )VE b R AR R AR T I & AT AR AR
f% EA9BCRP, o] IR RHEYH O BRF BEMENGNS . &
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AHALRARE ER RS, ERHOLZFAY . ERRBENEIT
F. 5BCRP T EEAMNBESIERARAEAR. XIMILTTREES
P2 LA SRR E EMEISNE R, Bit, BCRP X F#E#
MSEFNFLERTEIGETMWE.
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29 Use of P-glycoprotein and BCRP inhibitors to improve oral
bioavailability and CNS penetration of anticancer drugs

Trends in Pharmacological Sciences, Volume 27, Issue 1, January 2006,
Pages 17-24
Pauline Breedveld, Jos H. Beijnen and Jan H.M. Schellens
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37 The expression and function of chemokines involved in
CNS inflammation

Trends in Pharmacological Sciences, Volume 27, Issue 1, January 2006,
Pages 48-55
Eroboghene E. Ubogu, Michael B. Cossoy and Richard M. Ransohoff

PR Rhee R 8 RAE AL 1 Rk g

BURFRESHENTES4BEG TNREBER G TAMRE
ABHEEEENER BURTFRAETERERFEARRHI R
EHEFNTFERE SRR LEAIBRIRER G TREN SN
AFIREARTEN. N—MAXFRBERFEREMER (£
RUBILEE) MZERO—FIER (XRMESEMEL) N
REGTFH-—SERBUEAFNSORENERM . N TELET
REZENSFEYE BEBCRFRENZEERRIERRK
ATHERZRGHERNIANR EEXLEEARIMERIERST
NABES . BNBANNBRIEENURERAENNELE TR
IR T iR

(T BF, WRAR)

45 The role of the endoplasmic reticulum Ca? store in the
plasticity of central neurons

Trends in Pharmacological Sciences, Volume 27, Issue 2, February 2006,
Pages 78-84
Scott Bardo, Michele G. Cavazzini and Nigel Emptage
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52 Novel class of pain drugs based on antagonism of NGF

Trends in Pharmacological Sciences, Volume 27, Issue 2, February 2006,
Pages 85-91

Franz F. Hefti, Arnon Rosenthal, Patricia A. Walicke, Sean Wyatt, German
Vergara, David L. Shelton and Alun M. Davies
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59 Behavioural pharmacology: 40+ years of progress, with a
focus on glutamate receptors and cognition

Trends in Pharmacological Sciences, Volume 27, Issue 3, March 2006, Pages 141-148
Trevor W. Robbins and Emily R. Murphy
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NFFEIMCZEBRNH#R, XLEH#REKBTARARIEHES
MEFHAMENZFNEBERNAZFHARNRI. WRTXT
NMDA 244758 BN S H = [8) % S K I 21858 A9 RN RE M
WR, MEERIERAERIZESSTHERIZ. INCIZ. RH-
REZI5E1Z. MESERAAMENRRER. BRITRT
NMD 2 {& #93R#5 T 8E IX R AMPA A BFHCR . S MIRMF
RERIZERPREEAERNARER.
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67 The quantitative analysis of drug-receptor interactions: a
short history

Trends in Pharmacological Sciences, Volume 27, Issue 3, March 2006, Pages
149-157

David Colquhoun

25 — ZARH AR b —BERRER DI

HEFATFERRMAERNFRA 1909, Bt AV.
HIlER R B THHSHERERNERY THEBRAR.IE
MEARIERFSENARBERRT NS, WRPEFHFS
THEM, LMMARARFRELERBMACELOBKIZ AR
MFNEA. REAFERBHAEZCNETFBENTARETRK
MR, BEXREEABFBEELREREZN.
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76 Smooth muscle research: from Edith Biilbring onwards

Trends in Pharmacological Sciences, Volume 27, Issue 3, March 2006, Pages
158-165

Alison F. Brading

4T Edith Biilbring (°ERHILFSE

FRINAFMEBER ZHMR. KHFEL. XFE/NGILE
ARERANTZTAEZBAILEIARSARBENERR. BT E
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. Tt HAERAHE SMMENBRSHLNRE YRR E IR
£, #XE EdithBilbring WS T, FRRFAHEFRTET
FBAMAEEFHR. Edith Bilbring (R HFARERBRS 7 AN
REMIE. AEERT —ERNERFEBINHARNE. REB
B ARBXBN LRI R SRR B TR RAET R/
4, EXLEREARESHRS Biilbring R H/NARRHEX.
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84 Historical review: ATP as a neurotransmitter

Trends in Pharmacological Sciences, Volume 27, Issue 3, March 2006, Pages
166-176
Geoffrey Burnstock
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95 Endogenous inverse agonists and constitutive receptor
activity in the melanocortin system

T_rends in Pharmacological Sciences, Volume 27, Issue 4, April 2006, Pages 183-186
Roger A.H. Adan

PR I 1 i 7 1 SR 3 A B S R A 52 PR

RIEAMNERRR AR TR ZERTEF IR EACH
EXRNHXFE R REAEMY LR FHERRRAME AR
REEHSHIRNREMR BT HERZEFEERER M.
AR IR M R AR R B R R MY/ R A T STt —
SR, REHENATARTARRAHRREESESNT
FRESIE, ZESENREREAMFIFE., B, BFERE
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99 New light on multidrug binding by an ATP-binding-
cassette transporter

Trends in Pharmacological Sciences, Volume 27, Issue 4, April 2006, Pages 195-203
Richard A. Shilling, Henrietta Venter, Saroj Velamakanni, Akanksha Bapna,
Barbara Woebking, Sanjay Shahi and Hendrik W. van Veen
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BHELE—MHRTRELE PRECBREBETH=4 A" X,
(LBRAE, HEHR)

108 P2 receptors and cancer

Trends in Pharmacological Sciences, Volume 27, Issue 4, April 2006, Pages
211-217

Nicholas White and Geoffrey Burnstock
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115 Techniques: New pharmacological perspectives for the
leptin receptor .

Trends in Pharmacological Sciences, Volume 27, Issue 4, April 2006, Pages 218-225
Frank Peelman, Cyril Couturier, Julie Dam, Lennart Zabeau, Jan Tavernier and
Ralf Jockers
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123 Targets in ALS: designing multidrug therapies
Trends in Pharmacological Sciences, Volume 27, Issue 5, May 2006, Pages 267-273
Maria Teresa Carri, Giuliano Grignaschi and Caterina Bendotti
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130 Angiogenesis: from plants to blood vessels
Trends in Pharmacological Sciences, Volume 27, Issue 6, June 2006, Pages 297-309
Tai-Ping Fan, Ju-Ching Yeh, Kar Wah Leung, Patrick Y K. Yue and Ricky N.S. Wong
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143 Neurotransmitter transporters: molecular function of
important drug targets

Trends in Pharmacological Sciences, Volume 27, Issue 7, July 2006, Pages 375-383
Ulrik Gether, Peter H. Andersen, Orla M. Larsson and Arne Schousboe
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152 Higher-order organization and regulation of adenylyl
cyclases

Trends in Pharmacological Sciences, Volume 27, Issue 8, August 2006, Pages
426-431

Dermot M.F. Cooper and Andrew J. Crossthwaite
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158 Transport of glutathione and glutathione conjugates by MRP1
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MAPK-specific tyrosine phosphatases:
new targets for drug discovery?

Alastair J. Barr and Stefan Knapp

Structural Genomics Consortium, University of Oxford, Botnar Research Centre, Oxford, OX3 7LD, UK

Protein tyrosine phosphatases (PTPs) have key roles in
a diverse range of cellular processes, and their
dysregulation is associated with several human
diseases. Many PTPs are recognized as potential drug
targets; however, inhibitor development has focused
only on a small number of enzymes, most notably PTP1B
for type Il diabetes and obesity, and MKP1 and CDC25 for
cancer. The future challenge of selective-inhibitor devel-
opment for PTPs will be significantly facilitated by the
recent rapid progress in the structural biology of the
‘PTPome’. In this article, we focus on the family of
mitogen-activated protein kinase (MAPK)-specific tyro-
sine phosphatases — PTPN5 [also called striatal-enriched
phosphatase (STEP)], PTPN7 (also called hematopoietic
PTP) and PTPRR (also called PC12 PTP or STEP-like PTP) -
and discuss approaches for achieving selectivity for the
MAPK-PTPs at the molecular level using recently deter-
mined high-resolution X-ray crystal structures. We
believe that the development of specific inhibitors would
provide a valuable set of experimental pharmacological
tools for investigating the physiological role of these
phosphatases and exploring their emerging role in
human disease.

Introduction

Protein phosphorylation is regulated by the opposing
actions of kinases and phosphatases, and provides an
important means of regulating protein function. There
are at least 107 genes in the human genome that encode
protein tyrosine phosphatases (PTPs) [1,2], and the class
I cysteine-based PTPs comprise the largest family, with
37 tyrosine-specific ‘classical’ PTPs (Box 1) and 61
dual-specificity phosphatases. Classical PTPs are
multidomain proteins that can be further divided into
receptor-like transmembrane (group R1-R8) and
non-transmembrane (group NT1-NT9) PTPs. Most
receptor-like PTPs, with the exception of the R3, R7
and R8 groups, have two PTP domains: a catalytically
active D1 domain and a D2 domain with negligible or
no catalytic activity. High-resolution crystal structures
of 20 PTP domains have been determined, with a repre-
sentative member in most of the subgroups (Box 1).
The PTP subgroup R7, which is the focus of this
article, consists of PTPN5 [also called striatal-enriched
phosphatase (STEP)], PTPN7 [also called hematopoietic
PTP (HePTP)] and PTPRR [also called PC12 PTP

Corresponding author: Barr, A.J. (alastair.barr@sgc.ox.ac.uk).
Available online 21 August 2006.

(PCPTP1) or STEP-like PTP (PTP-SL)]. These three
tyrosine-specific mitogen-activated protein kinase
(MAPK)-PTPs bind to and negatively regulate the activ-
ity and cellular localization of members of the MAPK
family [3,4]. High-resolution structures of all three human
enzymes have recently been determined [5-7], which will
facilitate studies aiming to develop specific MAPK-PTP
inhibitors by providing insights into the unique structural
features of the active sites of these PTPs.

Overview of MAPK-PTP structure and function
MAPK-PTPs counterbalance the activity of MAPKs in the
cytosol and are, therefore, crucial regulators of the
cellular response to extracellular stimuli (Figure 1).
The structure of the MAPK-PTP domains closely resem-
bles the classical architecture of tyrosine phosphatases
[8], comprising extremely twisted mixed B-sheets fianked
by a-helices. They can be distinguished, however, by the
presence of a kinase interaction motif (KIM) of 16 amino
acids that is on the N-terminal side of the phosphatase
domain [9]. This motif forms an «-helix that targets
MAPK-PTPs to their MAPK substrates. Dual-specificity
phosphatases also contain a KIM motif. Recently, the
structure of extracellular-signal-regulated kinase
(ERK)2 in complex with a peptide from PTPN7 was
determined and KIM sequences were compared [10]. This
crystallographic study showed that KIM binding induces
structural changes in the kinase activation segment that
might contribute to substrate specificity. MAPK-PTPs
prefer the substrates ERK1/2 and p38 over JNK, and
ERKS5 is a substrate of PTPRR [11,12]. The substrate
specificity of these phosphatases is brought about by a
bidentate-substrate-recognition motif consisting of the
phosphatase KIM sequence interacting with the
MAPK-docking site, and the active site of the phospha-
tase binding to the phosphorylated activation loop of the
kinase [13,14].

MAPKs are activated by phosphorylation of a specific
threonine and tyrosine residue (pThr-Xaa-pTyr) in the
activation loop, and dephosphorylation of the tyrosine
residue is sufficient to inactivate MAPK, blocking its
nuclear translocation. It is unknown whether monopho-
sphorylated MAPKs have other biological functions. The
activity of MAPK-PTPs is also regulated by phosphoryla-
tion at multiple sites by protein kinase (PK)A, PKC and
ERK. A well-documented serine phosphorylation site
within the KIM domain blocks the interaction of MAPKs
with MAPK-PTPs, thereby leading to inactivation of the
phosphatase in vivo [15-17] (Figure 1).

© 2006 Elsevier Ltd. All rights reserved.
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Box 1. Phylogenetic tree of human tyrosine-specific PTP D1 and D2 domains

Figure | shows a phylogenetic tree of human PTP D1 and D2 domains,
with boxes indicating phosphatase domains for which a crystal
structure has been determined. The PTPs are grouped into receptor
PTPs (groups R1-R8) and non-transmembrane PTPs (groups
NT1-NT9), although it should be noted that, for several PTPs,
alternative splicing generates both receptor and non-transmembrane
forms. The abbreviated Human Genome Organisation (HUGO:

R2A

http://www.hugo-international.org/) gene symbol nomenclature is
used in the tree, and the corresponding common names are provided
in Table | (further information about deposited structures is available
at http://science.novonordisk.com/ptp/ and http://www.sgc.ox.ac.uk/
structures/). PTPRV (also known as osteotesticular PTP) has not been
included in the tree because it is a pseudogene in humans, although a
functional gene is found in other species.
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Figure I. Phylogenetic tree of human PTP D1 and D2 domains. The distance between family members in the tree is related to their evolutionary divergence.

Table I. HUGO gene symbol nomenclature for PTPs and their corresponding common names

HUGO name Protein name HUGO name Protein name HUGO name Protein name HUGO name Protein name

PTPN1 PTP1B PTPN13 PTPBAS PTPRD PTP3 PTPRO GLEPP1

PTPN2 TCRTP PTPN14 PTPD2 PTPRE PTPg PTPRQ PTPS31

PTPN3 PTPH1 PTPN18 BDP1 PTPRF LAR PTPRR PCPTP1

PTPN4 MEG1 PTPN20 PTPTyp PTPRG PTPy PTPRS PTPo

PTPN5 STEP PTPN21 PTPD1 PTPRH SAP1 PTPRT PTPp

PTPN6 SHP1 PTPN22 LyPTP PTPRJ DEP1 PTPRU PTPA

PTPN7 HePTP PTPN23 HDPTP PTPRK PTPx PTPRZ1 PTP{

PTPN9 MEG2 PTPRA PTPa PTPRM PTPu

PTPN11 SHP2 PTPRB PTPB PTPRN 1A2

PTPN12 PEST PTPRC CD45 PTPRN2 1A28 .
PTPN5 PTPNS5 is a brain-specific phosphatase that is expressed

Although the three MAPK-PTPs catalyze the same reac-
tion — the inactivation of MAPKs — their different tissue
distributions enable them to have diverse biological roles.

preferentially in neurons of the striatum, hippocampus
and cortex [18]. Alternative splicing of PTPN5 produces
several isoforms that are either membrane associated

9
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Figure 1. MAPK regulation by phosphatases. MAPKs such as ERK1/2 and p38 are activated by a range of extracellular stimuli. The amplitude and duration of MAPK
activation vary depending on the cell type and extracellular stimuli. Activation is mediated by a cascade of upstream kinases (red broken arrow) that leads to
phosphorylation of a Thr-Xaa-Tyr motif in the MAPK activation loop. Phosphorylated active MAPKs dimerize and translocate to the nucleus, where they, in turn,
phosphorylate nuclear targets. The inactivation of MAPKs is achieved through several routes (blue arrows) by MAPK-PTPs (red), Ser/Thr-phosphatases (Ser/Thr-PP, orange)
and dual-specificity phosphatases (DUSP, green), which specifically dephosphorylate pTyr, pThr or both. A subgroup of DUSPs is cytoplasmic (not shown). The activity of
MAPK-PTPs is further regulated by phosphorylation-dephosphorylation (black arrows). Phosphorylation of the KIM sequence prevents interaction of MAPK-PTP with MAPK

and leads to phosphatase inactivation.

(e.g. the 61-kDa form, STEP61) or cytosolic (e.g. the 46-kDa
form, STEP46). The striatal neurons in which PTPN5 is
expressed receive both dopamine and glutamine input, and
detailed studies by Lombroso and colleagues have shown
that PTPN5 regulates the functions of these neurotrans-
mitters and is itself regulated by them, thereby having a
key role in cellular processes that are related to learning
and memory [19-21]. Intriguingly, these studies also
revealed that PTPN5 recognizes substrates other than
MAPKSs — the src-family kinase fyn and NMDA-receptor
subunits — and it remains to be determined whether this
activity is also dependent on the KIM domain.

A recent study by Snyder et al. [22] reported a novel
mechanism linking PTPN5 and soluble amyloid-§ protein
to the pathology of Alzheimer’s disease. In this model, it is
the effects of B-amyloid on synaptic function, rather than
its deposition in plaques and neurofibrillary tangles, that
contribute to neurodegeneration and cognitive decline
[17,22,23]. In the brain of Alzheimer’s disease patients,
levels of the soluble 42-amino acid amyloid-8 peptide
(AB42) accumulate following the cleavage of amyloid pre-
cursor protein. The binding of AB42 to the o7 nicotinic
acetylcholine receptor leads to PTPN5 dephosphorylation
by a mechanism that involves protein phosphatase (PP)2B
[24] and activation of PTPN5, leading to perturbation of
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the normally finely balanced NMDA signaling events.
NMDA receptors are degraded by endocytosis, leading to
reduced glutamate neurotransmission and, consequently,
synaptic dysfunction. Snyder et al. demonstrated that the
introduction of dominant-negative PTPN5 (dnSTEP-Tat)
into neurons blocks amyloid-B-induced endocytosis of the
NMDA-receptor subunit NR1 [22,23], and it is therefore
tempting to speculate that PTPN5 inhibitors would reduce
the synaptotoxic effects of amyloid-B.

" PTPRR

PTPRR is expressed predominantly in the brain, with the
highest levels in the cerebellum [25]. As with PTPN5,
multiple isoforms are expressed that have also been
detected in many non-neuronal tissues and cell types.
Nerve growth factor (NGF) treatment of PC12 cells (rat
pheochromocytomas derived from an adrenal tumor of
neural crest origin) increases transcription of the gene
encoding PTPRR, although longer-term treatment over
several days decreases mRNA levels [25,26]. Because
the overexpression of PTPRR in PC12 cells suppresses
ERK activation by NGF or epidermal growth factor
[9,27], it has been speculated that PTPRR functions as a
negative regulator of NGF signaling, which is of signifi-
cance to neurodegenerative disease.



PTPN?7

PTPN7 is expressed mainly in the thymus, spleen and
leukocytes, and it has a negative role in antigen-receptor
signaling in T cells by downregulating MAPK activity
[28-30]. The gene encoding PTPN7 maps to chromosome
1g32.1, which is a site frequently associated with preleu-
kemic myeloproliferative diseases, and grossly overex-
pressed PTPN7 was detected in myeloid cells from a
patient with acute leukemia [31,32]. However, it remains
to be established whether overexpression has a causative
link to the disease.

Achieving MAPK-PTP inhibitor selectivity using a
structure-based design approach

The development of selective phosphatase inhibitors is
challenging because of the high level of similarity in the
active sites of individual PTPs, the highly polarized nature
of the pocket and the small active-site cavity. Most
reported potent and competitive PTP inhibitors are highly
charged phosphomimetics or are peptide based with lim-
ited cell permeability and oral bioavailability; however,
despite these challenges, successes have been achieved in
the design of selective inhibitors (for recent reviews, see
Refs [33-35]). Successful strategies have exploited the
markedly different structural surface features surround-
ing the active site, non-conserved individual residues in

New Focus in Life Sciences [l \(b
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loops proximal to the active site or allosteric inhibitor sites
[36], and on this basis we propose approaches for achieving
selectivity for the MAPK-PTPs.

The phosphotyrosine-recognition loop with the motif
KNRY defines one boundary of the active-site pocket
and is followed by a lysine and threonine residue in
MAPK-PTPs (Figure 2). The corresponding residues in
PTP1B are Arg47 and Asp48, and the negatively charged
aspartate residue, in particular, has been targeted in
inhibitor-development studies [37,38]. The threonine resi-
due in the corresponding position of MAPK-PTPs is unique
to this subfamily and we believe that this difference in the
proximity of the active site could be explored for the
development of more-selective inhibitors. The preceding
lysine residue is orientated away from the active site in
PTPRR and is disordered in the PTPN5 and PTPN7 struc-
tures, indicating that the side chain is fiexible. Another
region with non-conserved residues adjacent to the active
site is present in the loop between B-sheets 5 and 6
(Figure 2). This region is poorly defined in both PTPN7
structures (Protein Data Bank codes 2A3K and 1ZCO) but
it is well ordered in PTPRR (Protein Data Bank code 2A8B)
and PTPN5 (Protein Data Bank code 2BV5). Targeting
Asn498 of PTPRR in this loop, which projects over the
active site, might provide an approach for increasing
inhibitor specificity towards PTPRR and PTPN5.

Figure 2. Comparison of the active-site structure of MAPK-PTPs. Features are shown that can be used for designing specific inhibitors. The surface is shown as a semi-
transparent layer, with the secondary-structure elements represented as ribbons underneath (yellow). The conserved cysteine residue at the bottom of the active site is
shown for orientation (magenta). The backbone of the moveable WPD loop (residues WPDXGXP, magenta) is shown with PTPRR (a) and PTPN5S (b} in the open
conformation and with PTPN7 (¢) in the closed state. The pTyr-recognition loop is shown in red (residues K and T). The loop between B-sheets 5 and 6 is colored blue in
PTPRR. The sulfate moiety in the PTPN5 crystal structure and the phosphate moieties in the PTPN7 structure are shown in a ball-and-stick representation. (d) A comparison
of WPD-loop conformations by structural overlay in PTPN5S (red), PTPN7 (yellow) and PTPRR (blue).

1
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A third region of non-conserved residues surrounding
the active site is located at positions corresponding to
Met258 and Gly259 of PTP1B, in which these residues
form a gateway or open cleft that has been investigated by
introducing inhibitor substituents that cause steric hin-
drance of certain PTPs that have a bulky residue at this
position (e.g. Gln in PTPRA) [37]. Sequence alignments
reveal that MAPK-PTPs have two glycine residues in the
corresponding positions, indicating that this region also
forms an open cleft. However, analysis of PTPRR and other
MAPK-PTP structures reveals that this region is occupied
by a side chain (e.g. Phe404 in PTPRR) projecting from the
a2'-helix, resulting in closure of the cleft. Therefore, bulky
inhibitor moieties designed to target this cleft would not
bind to MAPK-PTPs. This observation underlines the
importance of high-resolution structures compared with
sequence comparisons for the design of inhibitors.

Besides the structural features described, we believe
that the differences in sequence, conformation and
dynamics of the WPD loop are some of the most promising
structural elements that can be targeted for the develop-
ment of more-selective inhibitors of MAPK-PTPs. The
amino acid sequence of the WPD loop, which undergoes
alarge conformational change following substrate binding,
is conserved in most PTPs (WPDXGXP) (Figure 2). In
MAPK-PTPs, the common His-Gly-Val-Pro sequence is
replaced by Gln-Lys-Thr-Pro (PTPN5), His-Lys-Thr-Pro
(PTPRR) or His-GIn-Thr-Pro (PTPN7). Moreover, the un-
usual conformation of the WPD loop in PTPN5 could
provide a unique opportunity to achieve selectivity for
PTPN5 over other MAPK-PTPs [5]. The loop ends in a
310-helix, and this conformation has been observed in two
distinct crystal forms with a sulfate ion (Figure 2) and in a
third crystal with pTyr bound to the active site of a sub-
strate-trapping mutant (PTPN5-Cys472Ser) (A.J. Barr
et al., unpublished), indicating that this unusual WPD-
loop conformation is stable and, in contrast to PTP1B, is
not infiluenced by peptide substrate binding.

Finally, inhibitor selectivity for MAPK-PTPs might also
be achieved by exploiting the fact that the substrates of
these phosphatases are bi-phosphorylated (pThr-Xaa-
pTyr) at two closely spaced binding pockets. In the crystal
structure of PTPN7, one phosphate ion was found in the
active site and a second ion, which formed two hydrogen
bonds with Arg297, was found nearby, possibly mimicking
the position of the pThr in the substrate [5]. However,
detailed enzyme-kinetic measurements by Zhou et al. [10]
demonstrated that the rate of pTyr hydrolysis by PTPN7
using ERK2 as a substrate is not dependent on the pre-
sence of pThr, indicating that the latter does not contribute
significantly to binding affinity.

We recently screened all three MAPK-PTPs against a
library of 24 000 compounds, leading to the identification of
two classes of inhibitor: cyclopentalclquinoline-carboxylic
acids and 2,5-dimethyl-pyrrolyl benzoic acids. Members of
both classes of compound inhibited PTPRR with IC5, values
in the low micromolar range [5]. Although the compounds
were small (molecular weights of ~200 Da), they showed
surprisingly high selectivity within the MAPK-PTP family.
However, PTP1B was also inhibited by these compounds.
A docking model of the cyclopentalc]quinoline inhibitor
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scaffold in PTPRR indicated that a large portion of
the binding pocket is not occupied and that chemical
modification by the nitrogen atom of the quinoline ring could
present an opportunity for the design of more-potent and
more-selective inhibitors [5].

Concluding remarks

Several PTPs are already established drug targets, and
progress towards clarifying the functional role of indivi-
dual PTPs will provide essential information for under-
standing the role of PTPs in disease. Specific inhibitors are
valuable tools with which to study cellular functions of the
targeted protein and validate it as a potential intervention
point for the treatment of human disease. The availability
of high-resolution structural information is a prerequisite
for rational inhibitor-design approaches and it is likely
that the structure of all PTP family members will be
determined in the near future.

One of the main challenges for the design of potent
inhibitors is to overcome the small size and polar nature
of the active-site pocket. In the case of PTP1B, bidentate
inhibitors have been designed that target two surface
pockets. This concept could also be applicable to other
family members. The polarity of the active site and diffi-
culties in identifying potent pTyr mimetic compounds
resulted in phosphatase inhibitors with unfavorable phar-
macological properties. To generate inhibitors that can be
used in vivo, these properties must be improved. In a recent
study, the problem of cell permeability was addressed by
coupling inhibitors to a cell-penetrating peptide or a lipo-
philic fatty acid, and converting carboxylic acids to esters
[39]. We believe that the inhibitor approach will comple-
ment strategies using the overexpression of dominant—
negatives or gene knockouts that might be complicated
by compensatory biochemical changes induced during
development (as discussed for studies with PTPN7 '~ mice
[28]).

The strategies outlined, together with the crystal struc-
tures of catalytic domains, provide routes for the develop-
ment of MAPK-PTP inhibitors. We believe that, in addition
to the conventional screening approach for inhibitors of
enzymatic activity, other fruitful approaches will involve
modulating the KIM-domain—-MAPK interface, virtual
screening and screening for allosteric modulators. NMR-
based fragment screening — together with medicinal chem-
istry to link low-affinity fragments occupying adjacent
sites, thereby creating high-affinity ligands — has been
used successfully for the development of PTP1B inhibitors
and is applicable to other PTPs [40,41]. Co-crystallization
of inhibitors with this family of phosphatases is urgently
needed to provide new insights for the development of
inhibitors and to facilitate structure-based design
approaches. The drug-discovery potential of PTPs has
yet to be fully exploited, and inhibitors of individual PTPs
have the potential to be used, at the very least, as phar-
macological tools with which to investigate the physio-
logical roles of the enzymes and, at best, as therapeutics.

Acknowledgements
We gratefully acknowledge Brian Marsden and Wen Hwa Lee for
assistance preparing the figures, and Structural Genomics Consortium



1«

colleagues and collaborators for their valuable contributions and helpful
discussions. The Structural Genomics Consortium is a registered charity
(number 1097737) that is funded by the Wellcome Trust, GlaxoSmithKline,
Genome Canada, the Canadian Institutes of Health Research, the Ontario
Innovation Trust, the Ontario Research and Development Challenge Fund,
the Canadian Foundation for Innovation, VINNOVA, The Knut and Alice
Wallenberg Foundation, The Swedish Foundation for Strategic Research
and Karolinska Institutet.

References
1 Alonso, A. et al. (2004) Protein tyrosine phosphatases in the human
genome. Cell 117, 699-711
2 Andersen, J.N. et al. (2001) Structural and evolutionary relationships
among protein tyrosine phosphatase domains. Mol. Cell. Biol. 21,
7117-7136
3 Camps, M. et al. (2000) Dual specificity phosphatases: a gene family for
control of MAP kinase function. FASEB J. 14, 6-16
4 Keyse, S.M. (2000) Protein phosphatases and the regulation of
mitogen-activated protein kinase signalling. Curr. Opin. Cell Biol.
12, 186-192
5 Eswaran, J. et al. (2006) Crystal structures and inhibitor
identification for PTPN5, PTPRR and PTPN7 — a family of human
MAP-kinase specific protein tyrosine phosphatases. Biochem. J. 395,
483-491
6 Mustelin, T. et al. (2005) Structure of the hematopoietic tyrosine
phosphatase (HePTP) -catalytic domain: structure of a KIM
phosphatase with phosphate bound at the active site. JJ. Mol. Biol.
354, 150-163
Szedlacsek, S.E. et al. (2001) Crystal structure of PTP-SL/PTPBR7
catalytic domain: implications for MAP kinase regulation. JJ. Mol. Biol.
311, 557-568
8 Barford, D. et al. (1994) Crystal structure of human protein tyrosine
phosphatase 1B. Science 263, 1397-1404
9 Pulido, R. et al. (1998) PTP-SL and STEP protein tyrosine
phosphatases regulate the activation of the extracellular signal-
regulated kinases ERK1 and ERK2 by association through a kinase
interaction motif. EMBO J. 17, 7337-7350
10 Zhou, B. et al. (2002) The specificity of extracellular signal-regulated
kinase 2 dephosphorylation by protein phosphatases. JJ. Biol. Chem.
277, 31818-31825
11 Buschbeck, M. et al. (2002) Phosphotyrosine-specific phosphatase PTP-
SL regulates the ERKS5 signaling pathway. J. Biol. Chem. 277, 29503—
29509
12 Munoz, J.J. et al. (2003) Differential interaction of the tyrosine
phosphatases PTP-SL, STEP and HePTP with the mitogen-
activated protein kinases ERK1/2 and p38a is determined by a
kinase specificity sequence and influenced by reducing agents.
Biochem. J. 372, 193-201
13 Tarrega, C. et al. (2002) Two clusters of residues at the docking groove
of mitogen-activated protein kinases differentially mediate their
functional interaction with the tyrosine phosphatases PTP-SL and
STEP. J. Biol. Chem. 277, 2629-2636
14 Huang, Z. et al. (2004) Molecular determinants of substrate recognition
in hematopoietic protein-tyrosine phosphatase. JJ. Biol. Chem. 279,
52150-52159
15 Blanco-Aparicio, C. et al. (1999) A novel regulatory mechanism of
MAP kinases activation and nuclear translocation mediated by PKA
and the PTP-SL tyrosine phosphatase. .J. Cell Biol. 147, 1129—
1136
16 Saxena, M. et al. (1999) Crosstalk between cAMP-dependent kinase
and MAP kinase through a protein tyrosine phosphatase. Nat. Cell
Biol. 1, 305-311
17 Braithwaite, S.P. et al. (2006) Synaptic plasticity: one STEP at a time.
Trends Neurosci. 29, 452—458

~1

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

New Focus in Life Sciences [l V

Bl

Lombroso, P.J. et al. (1991) Molecular characterization of a protein-
tyrosine-phosphatase enriched in striatum. Proc. Natl. Acad. Sci. U. S.
A. 88, 7242-7246

Paul, S. et al. (2000) The Dopamine/D; receptor mediates the
phosphorylation and inactivation of the protein tyrosine
phosphatase STEP via a PKA-dependent pathway. JJ. Neurosci. 20,
5630-5638

Pelkey, K.A. et al. (2002) Tyrosine phosphatase STEP is a tonic brake
on induction of long-term potentiation. Neuron 34, 127-138

Paul, S. et al. (2003) NMDA-mediated activation of the tyrosine
phosphatase STEP regulates the duration of ERK signaling. Nat.
Neurosci. 6, 34—42

Snyder, E.M. et al. (2005) Regulation of NMDA receptor trafficking by
amyloid-B. Nat. Neurosci. 8, 1051-1058

Tanzi, R.E. (2005) The synaptic AR hypothesis of Alzheimer disease.
Nat. Neurosci. 8, 977-979

Valjent, E. et al. (2005) Regulation of a protein phosphatase cascade
allows convergent dopamine and glutamate signals to activate ERK in
the striatum. Proc. Natl. Acad. Sci. U. S. A. 102, 491496

Shiozuka, K. et al. (1995) Cloning and expression of PCPTP1 encoding
protein tyrosine phosphatase. Gene 162, 279-284

Sharma, E. and Lombroso, P.J. (1995) A neuronal protein tyrosine
phosphatase induced by nerve growth factor. J. Biol. Chem. 270, 49-53
Ogata, M. et al. (1999) Inactivation of mitogen-activated protein
kinases by a mammalian tyrosine-specific phosphatase, PTPBR7.
Biochem. Biophys. Res. Commun. 256, 52—-56

Gronda, M. et al. (2001) Hematopoietic protein tyrosine phosphatase
suppresses extracellular stimulus-regulated kinase activation. Mol.
Cell. Biol. 21, 6851-6858

Saxena, M. et al. (1999) Inhibition of T cell signaling by mitogen-
activated  protein  kinase-targeted = hematopoietic  tyrosine
phosphatase (HePTP). J. Biol. Chem. 274, 11693—-11700

Saxena, M. et al. (1998) Negative regulation of T cell antigen receptor
signal transduction by hematopoietic tyrosine phosphatase (HePTP).
J. Biol. Chem. 273, 15340-15344

Zanke, B. et al. (1994) A hematopoietic protein tyrosine phosphatase
(HePTP) gene that is amplified and overexpressed in myeloid
malignancies maps to chromosome 1q32.1. Leukemia 8, 236—244
Zanke, B. et al. (1992) Cloning and expression of an inducible lymphoid-
specific, protein tyrosine phosphatase (HePTPase). Eur. J. Immunol.
22, 235-239

Bialy, L. and Waldmann, H. (2005) Inhibitors of protein tyrosine
phosphatases: next-generation drugs? Angew. Chem. Int. Ed. Engl.
44, 3814-3839

Dewang, P.M. et al. (2005) Protein tyrosine phosphatases and their
inhibitors. Curr. Med. Chem. 12, 1-22

Tautz, L. et al. (2006) Targeting the PTPome in human disease. Expert
Opin. Ther. Targets 10, 157-177

Wiesmann, C. et al. (2004) Allosteric inhibition of protein tyrosine
phosphatase 1B. Nat. Struct. Mol. Biol. 11, 730-737

Iversen, L.F. et al. (2001) Steric hindrance as a basis for structure-
based design of selective inhibitors of protein-tyrosine phosphatases.
Biochemistry 40, 14812-14820

Lund, LK. ef al. (2004) Structure-based design of selective and potent
inhibitors of protein-tyrosine phosphatase B. JJ. Biol. Chem. 279,
24226-24235

Zhang, Z.Y. (2005) Functional studies of protein tyrosine phosphatases
with chemical approaches. Biochim. Biophys. Acta 1754, 100-107
Liu, G. et al. (2003) Fragment screening and assembly: a highly
efficient approach to a selective and cell active protein tyrosine
phosphatase 1B inhibitor. J. Med. Chem. 46, 42324235
Szczepankiewicz, B.G. et al. (2003) Discovery of a potent, selective
protein tyrosine phosphatase 1B inhibitor using a linked-fragment
strategy. JJ. Am. Chem. Soc. 125, 4087—4096



(& _To cite this article, use the original reference: Peterson, O.H. & Sutton, R. (2006) Trends Pharmacol. Sci. 27, 113-120

B New Focus New Field
pEN N

Ca?" signalling and pancreatitis:
effects of alcohol, bile and coffee

Ole H. Petersen and Robert Sutton
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Ca?" is a universal intracellular messenger that controls
a wide range of cellular processes. In pancreatic acinar
cells, acetylcholine and cholecystokinin regulate
secretion via generation of repetitive local cytosolic
Ca’?" signals in the apical pole. Bile acids and non-
oxidative alcohol metabolites can elicit abnormal cyto-
solic Ca?" signals that are global and sustained and
result in necrosis. Necrosis results from excessive loss of
Ca’" from the endoplasmic reticulum, which is
mediated by Ca’" release through specific channels
and inhibition of Ca?" pumps in intracellular stores,
followed by entry of extracellular Ca’>* . Reduction of the
cellular ATP level has a major role in this process. These
abnormal Ca?" signals, which can be inhibited by
caffeine, explain how excessive alcohol intake and
biliary disease cause acute pancreatitis, an often-fatal
human disease in which the pancreas digests itself and
its surroundings.

Pancreatitis lacks specific therapy

Acute pancreatitis is a human disease in which the
pancreas digests itself. The incidence of both acute and
chronic pancreatitis continues to increase and these
disorders cause significant morbidity and mortality [1,2].
However, despite much research and many clinical trials,
pancreatitis lacks specific pharmacological therapy, even
though there are opportunities for prevention or treat-
ment at various stages of the disease [1]. The central role
of Ca®" signalling in controlling normal pancreatic
enzyme secretion, the generation of excessive Ca?*
signals by hyperstimulation of cells and the importance
of premature activation of digestive enzymes in pancrea-
titis suggest that pancreatic acinar cell injury and its
consequences are due to cytosolic Ca®" overload [3]. In
this article, we focus on the latest progress in under-
standing the earliest events in pancreatitis because
modification or inhibition of Ca®" signalling mechanisms
might improve clinical outcome.

Physiological and pathological Ca®>" signals
Intracellular Ca®" is involved in the regulation of
virtually all cellular functions. Whereas physiological
Ca®" signals are mostly localized and transient, global
and sustained elevations of the cytosolic Ca®* concen-
tration {[Ca®"];} can be fatal [4-6].
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The pancreatic acinar cell is a classic secretion model
[7]; in this cell the regulatory Ca®* signals occur as
repetitive local spikes that are mostly confined to the
granule-containing apical pole [6,8]. Sustained global
[Ca®"]; elevations cause abnormal intracellular enzyme
activation, vacuolization and necrosis [9-13], processes
that are crucial in the initiation of acute pancreatitis.

Premature digestive enzyme activation

Acinar cells synthesize inactive digestive enzymes, which
are stored in apical zymogen granules (ZGs) and secreted
into the duodenum where the enzymes are triggered into
an activation cascade through conversion of trypsinogen
into active trypsin by duodenal enterokinase. In pancrea-
titis, whatever the precipitant, premature intracellular
enzyme activation occurs, contributing to subsequent
tissue damage. The identification of mutations in the
gene encoding trypsinogen in hereditary pancreatitis [14],
which results in mutated trypsinogen that is more readily
activated or trypsin that is less readily inactivated,
confirms the importance of premature digestive enzyme
activation in the pathogenesis of pancreatitis.

Acinar cell injury
Migrating gallstones precipitate acute pancreatitis
through biliary reflux into the pancreatic duct and/or
pancreatic ductal hypertension [11,15,16]. Bile salts are
toxic and induce severe experimental pancreatitis [12].
Ethanol excess precipitates both acute and chronic
pancreatitis, although it is the non-oxidative metabolites of
ethanol that induce primary acinar cell injury, rather than
ethanol itself or acetaldehyde [13]. Acinar cells contain
high concentrations of ester synthases, which shuttle
ethanol into combination with fatty acids that accumulate
as fatty acid ethyl esters; these esters are subsequently
hydrolysed and oxidised. Furthermore, fatty acids are
likely to mediate acinar cell injury in hyperlipidaemia [13].
In addition to enzyme activation, acinar cell injury is
characterized by vacuoles in the apical secretory granular
pole [9], and by the colocalization of lysosomes and ZGs
[17]. The lysosomal component reduces the pH of these
subcellular compartments to less than 5, below which
cathepsin B cleaves trypsinogen to release active trypsin
[18]. The cytoskeleton is disrupted and secretory polarity is
lost, with activation of nuclear factor kB (NF-kB), cytokine
expression and/or cell death pathways [19,20].
Paradoxically, neutrophil infiltration and activation
increase intrapancreatic digestive enzyme activation and
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