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Protein phosphorylation on tyrosine residues is tightly controlled by pro-
tein tyrosine phosphatases (PTPs) at multiple levels: spatio-temporal
expression, subcellular localization and post-translational modification.
Structural and functional analysis of the PTP domains has provided insight
into catalysis and regulatory mechanisms that control the enzymatic activ-
ity. Understanding the molecular basis of PTP regulation is of fundamental
importance to dissect the pleiotropic effect of these enzymes in both health
and disease. Here, we review recent insights into the regulation of receptor-
like PTPs by extracellular ligands and into regulation by reversible oxida-
tion that impairs catalysis directly. The physiological roles of PTPs are
essential in homeostasis in eukaryotic cells and pertubation of their func-
tional attributes causes different disease states. As an example, we discuss
recent findings indicating how inappropriate oxidation of PTPs in cancer
cells may contribute to cell transformation. On the other hand, PTPs from
many pathogens are key virulence factors and manipulate signalling path-
ways in the host cells to promote invasion and survival of the microorgan-
isms. This research area has received relatively little attention but has
advanced remarkably. We review the structural features of pathogenic
PTPs, their similarities and differences with eukaryotic PTPs, and the
possible exploitation of this knowledge for therapeutic intervention.

Structures of PTPs

Analysis of protein tyrosine phosphatase (PTP) struc-
tures is not only important for understanding their
function and regulation but also for identifying strate-
gies for pharmacological modulation of PTP activity.
Given the progress in establishing PTP deregulation in
different pathologies such as cancer, PTPs deserve

Abbreviations

much attention as candidate drug targets. We focus on
Cys-based PTPs [1] and discuss novel insights in PTP
structure which may be important for pharmacological
modulation, and emphasize novel findings and contro-
versial issues for transmembrane (receptor-like) PTPs
(RPTPs).

AML, acute myeloid leukaemia; DUSP, dual specificity PTP; FLT3, Fms-like tyrosine kinase 3; FLT3/ITD, internal tandem duplication of FLT3;
LMWPTP, low molecular weight PTP; PDGF, platelet-defined growth factor; Prx, peroxiredoxin; PTP, protein tyrosine phosphatase; PTPLP,
PTP-like phytase; ROS, reactive oxygen species; RPTP, transmembrane PTP; RTK, receptor tyrosine kinase; YopH, Yersinia outer protein H.
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PTP structures: similar at the core, yet many
variations beyond that

PTPIB was the first PTP for which the crystal struc-
ture was solved [2]. In addition, the crystal structure of
a PTP1B-substrate complex [3] provided structural
insight into the molecular basis of PTP-mediated
dephosphorylation for the first time. The crystal struc-
ture of the first dual specificity PTP (DUSP) demon-
strated why DUSPs can dephosphorylate pTyr as well
as pSer and pThr, because the catalytic site is shal-
lower in the DUSPs than in pTyr-specific PTPs. The
shorter side-chains of pSer and pThr can reach the cat-
alytic site cysteine in DUSPs but not in PTPs [4]. The
crystal structure of the membrane-proximal PTP
domain of RPTPa shows a similar fold to PTP1B, and
by now it is evident that the active sites of all classical
PTPs have highly conserved core structures [5,6]. In
fact, the core structure of PTPs from microorganisms
is similar to eukaryotic PTPs as well (see below).

Small molecule PTP inhibitors

The design of active-site-directed small molecules with
high specificity to a given PTP is severely hampered by
the similarity in structure. Nevertheless, high through-
put in silico screens for inhibitors of Shp2, known to
be a bona fide oncogene involved in several types of
leukaemia, identified phenylhydrazonopyrazolone sul-
fonate as a potent and cell-permeable inhibitor display-
ing high specificity for Shp2 over the related tyrosine
phosphatases Shpl and PTP1B [7]. Highly potent and
selective inhibitors were also found for PTP1B. One of
the most efficient is a difluoromethylphosphonate
derivative, proved to be competitive and tight-binding
(K; = 2.4 nm) with over 10-fold selectivity over the
most closely related PTP, TCPTP, and more than 600-
fold selectivity over other PTPs [8]. Another recently
reported inhibitor of PTPIB is trodusquemine, a natu-
ral product isolated from dogfish shark which showed
non-competitive inhibition kinetics on PTPIB and,
remarkably, over 200-fold preference against TCPTP
[9,10].

In the context of a highly conserved active site, iden-
tification of allosteric binding sites is of particular
interest. Recently an allosteric site was identified in the
vicinity of the catalytic WPD loop of RPTPy [11]. It is
a small hydrophobic pocket and several specific inhibi-
tors bound to this site, thus perturbing the WPD loop
and inducing a novel ‘superopen’ conformation. Ear-
lier reports mentioned an ‘atypical’ open state of the
catalytic WPD loop in three PTPs, STEP, LYP and
GLEPPI1, corresponding to an inactive conformation
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[5,12]. The WPD aspartic acid is positioned far out of
the active site, which may facilitate the design of
potent inhibitors. Bidentate inhibitors binding two dif-
ferent sites on the same PTP molecule have much
higher specificities and lower binding constants. Effi-
cient bidentate modulators were obtained for Lyp, a
potential target for many autoimmune disorders [13],
SHP-1, with an important role in hematopoietic cell
functions [14], and YopH, a virulence factor of Yer-
sinia pestis, the causative agent of the plague [15,16].
Good insight into the structural features of PTPs facil-
itates the design of specific PTP inhibitors.

Dimerization of RPTPs

RPTPa-D1 formed dimers in the crystal structure, in a
manner that suggested dimer-induced inactivation of
RPTPa because a helix-loop—helix wedge-like structure
to the N-terminal side of one of the protomers
occluded the catalytic site and vice versa [17]. It is
broadly accepted that protein tyrosine kinases are acti-
vated by oligomerization in the presence or absence of
an activating ligand [18]. By analogy, it is an attractive
idea that RPTPs are also regulated by oligomerization
[17,19]. There are numerous reports supporting or con-
tradicting this hypothesis [20]. Barr ez al. [5] have
recently reported, based on structural and biophysical
analysis, that single and tandem PTP domains do not
form dimers in physiological buffers. They also showed
that the reciprocal orientation of the catalytic DI
domain and the non-catalytic D2 domain is highly
conserved and does not fit with the inhibitory wedge
model. On the other hand, there is a multitude of data
supporting that many RPTPs, like RPTPa, GLEPPI1,
RPTPo, Sap-1, CD45 and RPTPe dimerize in living
cells and that dimerization regulates their activity [21—
27]. Moreover, dimer formation of GLEPPI and
RPTPe in living cells involves their intracellular
regions [23,27]. Dimer formation may involve both
homotypic DI-D1, D2-D2 interactions and hetero-
typic D1-D2 interactions, in a specific manner for each
dimer. In the case of RPTPe dimer formation the
D1-Dl interactions are weak while the D2-D2 interac-
tions are strong and have a major contribution to
dimerization [27]. The contribution to dimerization is
not limited to D1 and D2. Other regions of PTPs con-
tribute to dimerization too. For instance, RPTPa di-
merizes constitutively in living cells, which is mediated
by multiple domains [22,28]. The apparent contradic-
tion with Barr et al. [5] may be explained if one
assumes that the flexible linker between the two intra-
cellular domains allows reorientation of D1 and D2.
However, the crystal structures of the DI-D2 domains
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of PTP-LAR and CD45 indicate extensive interdomain
interactions, suggesting limited flexibility of the relative
orientation of D1-D2 in solution.

As indicated above, not only the cytoplasmic
domain but also the transmembrane region and/or the
proximal, hydrophobic region frequently seem to play
a role in dimer formation, as in the case of PTPBR7,
PTP-SL [29], GLEPPI [23] and Sap-1 [24]. There are a
couple of poorly conserved elements in the transmem-
brane region which may have a function. Alignment of
the membrane-spanning sequences of 20 human
RPTPs shows that two hydrophobic amino acids, iso-
leucine and valine, are by far the most frequent resi-
dues (Fig. 1). Notably, in seven of the 20 aligned
sequences the Sternberg—Gullick motif GxxxG [30] was
observed and in one sequence the glycine zipper,
GxxxGxxxG [31]. Both these motifs are known to
mediate helix—helix interactions and stabilize formation
of homo-oligomers within a membrane. The trans-
membrane helices may have an essential role in dimer
formation through one or more of four different types
of motions within the lipid bilayer (translational,
piston, pivot and rotational movement [32,33]).

The extracellular regions of RPTPs were found in
many cases to be involved in dimerization, e.g. in Sapl
[24], DEP-1 [34], LAR and RPTPu [35]. At least for
these RPTPs there is a strong case that dimerization of
the whole molecule is triggered by dimerization of the
extracellular region. It is interesting to note that dimer-
ization of the intracellular domain may change the ter-
nary structure of the ectodomains on the outside of

the cells, thereby suggesting that RPTPs have the
1 10 20

hpTPalpha P-—‘I.b..-_- MVRLSSLLV TVIFI[TJIVLYMLR
hGLEPP1 CNVVIVISVLA LS LT QLLLVT LI TLR
hPTPdelta . GILIT IGPVILAVIVIFI IICIVIAILLYK
hPTPsigma . . GLI GPVILAVVFII|CIMIAILLYK
hLAR . + EML GEPVILAVIIILII IILIMVMIAILLFK
hPTPgamma EWIIPLIVVSALTFVCLILLTAVLVYWR
hPTPzeta Khv' [PLVIVSALTFICLVIVLVIGILIYWR
hDEP1 \11 [caiay ?GE‘I |[FEALVIVTIVIGGFIFWR
hPTPepsilon PLLAHLLLPLLLLLI..V'I..fI..L.AAYFFR
hPTPIAZ .8 HTLV&LAGVAGLL'V&LA'\?AL.CVR
hPTPIAZbeta IALTLVSLACILGVLLASGLIYCLR
hPTPS31 ILSVTILC IS I|TILLGTAIIFAFAR . .
hPTPkappa ISAGILVAILLLLVVILIVE. .
hPTPmu GILLFAVIIFALGVVLVMEK. .
hPTPrho GLILMFIII LLGVMLTIK. .
hsSAPl GILLALILVGLLIFFLE. .
hPTPlamda GGLAVILILLLGATIIVIIR.
hPTPbata I+ GLFLIGMLVAVIVALLIC.
hCD45 |I{AL AFLLAFL IVTSIALLVVLYK
hPCPTP1 sl |_‘!A. VIIFLISI AVIIVITQUMILY. ..
Consensus>5¢0 ...1..vv...l..i.1v..v.......

Fig. 1. Sequence alignment of the transmembrane domain of
RPTPs. Transmembrane domain sequences including an extra
N-terminal and C-terminal amino acid of 20 human RPTPs were
aligned with MULTALIN and represented with ESPRIPT.
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potential to signal across the membrane from the
inside out [36].

Much progress has been made in the structural anal-
ysis of the ectodomains of RPTPs. For instance, the
RPTPu ectodomains interact in a homophilic manner
when expressed on opposing cells and this interaction
actually determines the distance between the two adja-
cent cells [37]. Moreover, the structures of the proteo-
glycan binding site in the ectodomain of RPTPc
provided insight into the proteoglycan-induced molecu-
lar switch for RPTPo clustering [38].

The functional consequences of RPTP dimerization
vary from RPTP to RPTP. For instance, various alter-
natively spliced isoforms of CD45 have been shown to
differentially homodimerize in T cells. The smallest iso-
form, CD45RO, forms homodimers with the highest
efficiency and dimer formation led to decreased T-cell
receptor signalling [39]. Another example is GLEPPI.
GLEPP1 dimers were found in living cells and were
associated with decreased activity toward the putative
substrate TrkC [23]. Interestingly, dimerization of
DEP-1, which belongs to the same RPTP class R3 as
GLEPPI1, has the opposite effect, increasing DEP-1
catalytic activity [34]. This suggests that the correlation
between dimerization and regulation of catalytic activ-
ity should be established specifically for each RPTP
and cannot be extrapolated even to members of the
same sub-type of RPTPs.

Ligands of RPTP extracellular domains

A broad variety of PTP ligands have been identified to
bind to the extracellular domains of RPTPs so far,
including growth factors (e.g. pleiotrophin), compo-
nents of extracellular matrix (e.g. laminin—nidogen
complex), cell surface proteins (e.g. nucleolin), neuronal
cell adhesion molecules (e.g. contactins) and synaptic
proteins (e.g. syndecan and dallylike). Ligand binding
to a PTP molecule does not necessarily lead to modula-
tion of its enzymatic activity [20]. For example, numer-
ous ligands of RPTPB/C have been identified;
nevertheless only binding of pleiotrophin or VacA cyto-
toxin were found to inhibit its enzymatic activity (see
below). On the other hand, for three other ligands of
RPTPB/C, contactin, tenascin and TAG-1/Axonin-1,
there are no reported effects on activity [20]. Here, we
primarily focus on ligands that have been reported to
modulate the activity of PTPs.

The ligands that bind the extracellular region of
RPTPB/C have been intensively studied. Two of
them, the heparin-binding growth factor pleiotro-
phin and the cytotoxin VacA, which is produced by
Helicobacter pylori, were found to induce inhibition of
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intracellular enzymatic activity, as reflected by an
increase in tyrosine phosphorylation of the RPTPB/C
substrates, B-catenin, GIT1 and Fyn [40-42]. It has
been broadly accepted that ligand binding induces
dimerization of the intracellular region and hence inac-
tivation of RPTPB/C. A couple of elements plead for
this model: (a) oligomerization of the intracellular
region of RPTPB/C by an artificial dimerizer or poly-
clonal antibodies against its extracellular region
resulted in decreased enzymatic activity [40]; (b) as
VacA tends to form hexamers [43] it can be assumed
that binding of VacA induces inactivation of RPTPB/(
through oligomerization; (c¢) the recently reported
structure of the intracellular region of RPTPy — a
member of the same RPTP class RS and having a high
sequence identity to RPTPB/{ — revealed a ‘head-to-
toe’ dimeric structure in which the active site of the
D1 domain is occluded by the D2 domain thus pre-
venting the access of substrate into the active site [5].
On the other hand, given that RPTPB/C in brain is
mainly synthesized as proteoglycans [44], the presence
of highly sulfated sugar residues in the extracellular
region makes dimer formation unlikely. Therefore, a
mechanism cannot be ruled out in which ligand (pleio-
trophin or VacA) binding induces a conformational
modification of the extracellular region of RPTPB/C
leading to a conformation of the intracellular region
which favours dimer formation. Thus, following ligand
binding, the monomer—dimer equilibrium of the cyto-
plasmic region of RPTPy [5] may be shifted to the
inactivated dimer form. Further studies regarding the
mechanism of RPTP/C inactivation through ligand
binding may be particularly important due to the
potential therapeutic applications of this interaction.
Given that pleiotrophin and RPTPB/{ substrates
B-catenin, Fyn and B-adducin were found to promote
survival of neuronal stem cells and their differentiation
to dopaminergic neurons, a new therapeutic strategy
was proposed for treatment of Parkinson’s disease,
based on blocking of RPTPB/C activity [45].

A remarkable example in which ligand binding to
the extracellular region of an RPTP activates an intra-
cellular inside-out signalling pathway that is dependent
on the intracellular PTP activity was recently pub-
lished. Cell surface receptor syndecan-2 — a heparin
sulfate proteoglycan — has been reported to be a ligand
of DEP-1 [46]. Interaction between the C-terminal reg-
ulatory region of syndecan-2 and DEP-1 ectodomain
promotes a transmembrane signalling pathway. This
signalling process involves the intracellular PTP activity
of DEP-1, Src-kinase activity and dephosphorylation
of the p85 subunit of PI-3 kinase. Thus, syndecan bind-
ing to DEP-1 eventually leads to Bl integrin mediated
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adhesion and cytoskeletal organization. Recently,
thrombospondin-1 was reported to be a ligand of
DEP-1 as well, and thrombospondin-1 binding to
DEP-1 leads to increased dephosphorylation of DEP-1
substrates and attenuated downstream signalling.
Moreover, DEP-1 contributes to thrombospondin-1
mediated inhibition of endothelial cell growth [47].
Taken together, regulation of RPTPs by dimer for-
mation and the subsequent activity modulation proba-
bly differ for each particular RPTP; it is likely that
dimer formation is triggered by any combination of (a)
ligand binding to the extracellular region, (b) dimeriza-
tion of the extracellular region, (c) dimerization of the
intracellular region and (d) dimerization and dimer sta-
bilization by the transmembrane region. Subsequently,
the (re)positioning of the intracellular PTP domains in
the dimer results in an increase, decrease or no modifi-
cation of the enzymatic activity. In principle, a ‘head-
to-toe’ orientation of the protomers in the dimer may
lead to inactivation of the catalytic activity. Environ-
mental interference, like oxidative stress or binding of
other intracellular ligands to the dimer, may contribute
to conformational changes of the dimer and conse-
quently to modulation of the enzymatic activity.
Crystal structures of the entire transmembrane RPTP
proteins would greatly enhance our understanding of
the regulation of RPTPs and how dimerization or mul-
timerization/clustering might affect their activities.

Regulation of PTPs by reversible
oxidation

Reversible oxidation of PTPs has emerged as an
important general regulatory mechanism for members
of this enzyme family. We briefly summarize some
important features of the biochemistry of this process
and its integration in cell regulation. For a more
detailed review of these topics, the reader is referred to
a recent comprehensive review [48].

Biochemistry of PTP catalysis and reversible
oxidation

The catalytic site of PTPs contains a cysteine whose
SH group exists in the thiolate state (S—) making it
highly susceptible to oxidation. Many in vitro studies
have shown that a wide range of oxidants can induce
PTP oxidation. However, the large majority of studies
have analysed the effects of hydrogen peroxide (H,0,)
since this oxidant is produced upon activation of many
cell surface receptors [49,50]. Interestingly, recent find-
ings have challenged the concept that H,O, is the most
relevant oxidant. This has been based on the argument
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that the relatively slow reaction of H,O, with the thio-
late cysteines in PTPs should be unable to match the
efficient H,O,-consuming processes in cells [S1-53].
PTP oxidation may therefore occur through oxidation
by oxidants other than H,O, as well. One such class of
alternative oxidants is peroxidized lipids which recently
were shown to be highly active as PTP oxidants [54].
It has also been suggested that PTP oxidation is highly
compartmentalized and occurs where H,O, clearance
is decreased, e.g. by inhibitory phosphorylation of per-
oxiredoxins (Prx) [55].

Reaction with H,O» oxidizes PTP active-site thiolates
to sulfenic acid (SOH). Different secondary reaction
products include sulfenylamides (SN) by reaction with
a neighbouring peptide backbone residue [56-58] and
intramolecular disulfides by reaction with proximal-free
cysteines [59-63]. Sulfhydration of the active site of
PTP1B represents an additional type of inhibitory
active-site modification recently described in the case of
PTPIB [64]. In addition to blockade of the catalytic
activity, these modifications are accompanied by struc-
tural changes [65]. In the case of the SN form of PTP1B
these changes include alterations in the conformation
of the PTP and pTyr recognition loops [56,57]. These
alterations are also accompanied by an exposure of the
Sy atom of the oxidized cysteine making it more acces-
sible for reduction [56,57]. These unique structural
properties of the oxidized form of PTP1B were recently
exploited by the development of an ‘intra-body’ specifi-
cally detecting this modified form of PTPIB [66]. The
susceptibility of different PTPs to oxidation in vitro
shows large variations that are determined either by
intrinsic properties of the PTP domains or by regula-
tory domains outside the PTP domain [67—69]. Pro-
nounced selectivity for oxidation of some specific PTPs
have also been observed in cells. For example, T-cell
receptor activation quite selectively led to the oxidation
of SHP2 but not SHP1 [70] despite the similar suscepti-
bility of both PTPs to oxidation in vitro [71,72] A few
early studies also indicate that oxidized PTPs differ
with regard to their sensitivity to different reducing
agents [63]. The structural variations and different types
of oxidized forms of PTPs (see above) are likely to con-
tribute to the selectivity in reduction susceptibility.

PTP oxidation as an intrinsic part of growth
factor signalling

PTP oxidation is now a well-established intrinsic com-
ponent of cell signalling triggered by many classes of
cell surface receptors, including receptor tyrosine kinas-
es, integrins, cytokine receptors, G-protein-coupled
receptors and T- and B-cell receptors. The mechanisms
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coupling cell surface receptor activation and PTP oxida-
tion are being uncovered. The best characterized path-
way involves increased NOX activity, through PI-3
kinase activation and Rac translocation to NOX
enzymes, following activation of receptor tyrosine kin-
ases (RTKs) [73]. Analyses of platelet-defined growth
factor (PDGF) receptor signalling have also demon-
strated that deletion of p66Shc, which increases mito-
chondrial reactive oxygen species (ROS), is associated
with a decreased PTP oxidation and a concomitant
attenuation of the biochemical and cellular responses to
PDGF stimulation (J. Frijhoff and A. Ostman, submit-
ted for publication). p66Shc also promotes insulin sig-
nalling through oxidation of PTEN [74]. Another
potentially general mechanism was recently presented
which emphasizes an RTK-mediated inhibitory tyrosine
phosphorylation of Prx1 leading to a spatially restricted
increase in H,O, in the vicinity of activated RTKs [55].
The general pattern that is emerging from these analyses
of growth-factor-induced PTP oxidation is that oxida-
tion does not affect all PTPs equally and that oxidation
occurs transiently and in a spatially restricted manner.

ROS pathways impacting on PTP oxidation

The overall cellular redox environment is controlled by
the concerted action of enzymes involved in produc-
tion and scavenging of ROS. Key ROS-producing
enzymes include the NOX and DUOX enzymes, oxy-
genases, flavoproteins and enzymes of the mitochon-
drial respiratory chain. The major reducing ROS
scavengers include enzymes of the catalase, Prx and
glutathione peroxidase families. Recent studies have
clearly demonstrated that the expression levels and
specific activities of these enzymes, independent of
their regulation by cell surface receptors, control PTP
oxidation and thereby modulate growth factor signal-
ling (reviewed in [48]).

A key study illustrating the link between cellular
‘redox status’, PTP oxidation and growth factor signal-
ling showed that Prx2 knockdown enhanced PDGF
receptor signalling in tissue culture and in vivo through
increased ROS levels and reduced PTP activity [75].
Similar results have now been reported when growth
factor signalling and PTP oxidation have been analy-
sed in cells with manipulated expression of other
redox-regulating enzymes [48]. For example, NOX4
and DUOX1 have been linked to oxidation states of
PTPIB and SHP2, respectively [76,77]. Together, these
studies suggest that PTP oxidation is a key component
of a preliminarily characterized, but potentially very
general, cross-talk between cellular redox status and
response to growth factor signalling.
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PTP oxidation in cancer cells

Pertubation of PTP functions has been implicated in
several pathologies including inflammation, atheroscle-
rosis and cancer. One mechanism that is receiving
increased attention is the potentially pathogenic oxida-
tion of PTPs, which occurs in the context of several of
these pathologies and may even contribute to their
development. We would like to emphasize here some
remarkable recent progress in the understanding of the
role of PTP oxidation in cancer cells. Cancer cells fre-
quently exhibit comparatively higher ROS levels than
their normal counterparts (reviewed in 78). It is gener-
ally assumed that these are contributing to oncogenesis
by fuelling mitogenic, motogenic and survival signal-
ling. Moreover, elevated ROS in conjunction with
deregulated mechanisms for maintenance of genetic
stability have been shown to enhance mutagenesis
[79,80], thereby presumably contributing to tumour-
promoting lesions. Still, ROS production in cancer
cells is regulated and, by adaptive responses, balanced
to levels which are compatible with cell survival
(reviewed in [81]). Elevated ROS in cancer cells have
prompted therapeutic considerations. On the one hand,

Mitogenic
Motogenic
Anti-apoptotic
Signalling

T
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quenching of ROS by small molecules may be benefi-
cial and aid conventional cancer therapies [82]. On the
other hand, elevated ROS levels may make cancer cells
prone to selective toxic effects of agents that increase
ROS levels further, beyond a threshold causing cyto-
toxicity [81-83].

For some cancer types it has been possible to link
elevated ROS production to specific oncogenic lesions,
such as oncogenic mutations causing activation of the
small GTPase RAS in multiple cancers [62,84,85] or
gene rearrangements leading to constitutively active
protein tyrosine kinases such as BCR-ABL in chronic
myeloid leukaemia [86], constitutively active Fms-like
tyrosine kinase 3 (FLT3) internal tandem duplication
of FLT3 (FLT3ITD) [80] in acute myeloid leukaemia
(AML), or mutant Janus kinase 2 (JAK2V617F) in
myeloproliferative disease [87]. The causes of elevated
ROS production were identified to be either elevated
activity of membrane-associated NADPH oxidases or
enhanced mitochondrial activity [84,85,87-89].

PTPs present one class of possible targets of elevated
ROS in cancer cells. Their inactivation may eliminate
negative regulation of mitogenic, anti-apoptotic and
motogenic pathways (Fig. 2). Indeed, PTP oxidation in

Elevated
Mitogenic
Motogenic
Anti-apoptotic

Signalling
T

Oxidized/
> SOx inactive
PTP

e.g. PTP1B, PTEN, DEP-1

Oxidants

Reduced/
active S
PTP
Oncoproteins
eg.
Activated RTK
Mutant Ras
Bcr-Abl

Mitochondria

Fig. 2. PTP oxidation in cancer cells may contribute to cell transformation. Oncoproteins such as activated Ras or activated tyrosine kinases
can drive ROS formation in cancer cells through mechanisms involving activation of NOX enzymes, elevated activity of mitochondria or fur-
ther pathways. ROS appear to oxidize selected PTPs, leading to inactivation by modification of the catalytic cysteine (shown in the thiolate
state) to different possible oxidation products (denoted SO-x). The exact identity of oxidants and molecular reasons leading to a pronounced
selectivity of this process are not yet known. Some PTPs whose oxidation has been demonstrated in cancer cells are indicated. Oxidized
PTPs can no longer control mitogenic, motogenic and anti-apoptotic signalling processes, which are therefore enhanced. It is assumed that
this process contributes to oncogenesis, which has been shown recently in some examples.
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cancer cells has now been convincingly demonstrated
in several studies. Global inactivation of PTP activity
in cell lysates was reported early on, e.g. in BCR-ABL
expressing cells [86]. In pioneering research, the oxida-
tion of PTPIB in several cancer cell lines has been
demonstrated by mass spectrometric analysis. A signifi-
cant fraction of PTPIB in A431 carcinoma cells was
even shown to be irreversibly inactivated [90]. A recent
comprehensive analysis has now revealed that oxida-
tion of PTPs is indeed a common phenomenon in
cancer cells [91]. Different cancer cell lines exhibited
specific PTP oxidation profiles. Frequently, multiple
PTPs were found to be oxidized. For example, A431
cells harboured not only oxidized PTP1B (PTPN1) but
also oxidized PTPN4, PTPN2I1, PTPN23, PTPRA,
PTPRE, PTPRJ, PTPRK and PTPRS [91].

Importantly, recent studies have also shown that
PTP oxidation in cancer cells is not only a secondary
effect but appears to causally contribute to cell trans-
formation. One example is the tumour suppressor
PTEN. Loss or reduction of PTEN function by muta-
tions or deletions occurs frequently in solid tumours.
As a consequence, higher levels of the PTEN substrate
phosphatidylinositol 3,4,5-trisphosphate lead to activa-
tion of multiple anti-apoptotic, pro-mitogenic and met-
abolic pathways, partially mediated by activation of
the AKT/PKB pathway (reviewed in [92]). PTEN is
highly susceptible to inactivation by reversible oxida-
tion [69] and this appears to be another mechanism for
partial inactivation of PTEN in certain cancer types.
In human T-cell acute lymphoblastic leukaemia
(T-ALL), AKT/PKB is frequently hyperactivated. In a
fraction of these cases, PTEN is inactivated or lost by
mutation. However, in another fraction of cases AKT/
PKB activation is partially linked to PTEN inactiva-
tion by reversible oxidation. Notably, in PTEN-posi-
tive T-ALL lines, AKT/PKB activation is diminished
by treatment of cells with reducing agents, whereas this
is not possible in cells that have lost PTEN expression
[93]. Other studies have suggested a role for PTEN
oxidation in pancreatic cancer [94] and more recently
in RAS- and ERB2-driven tumours [95].

Work from two of our laboratories has recently pro-
vided evidence for a role of oxidation of DEP-1 in cell
transformation [89]. DEP-1 is known to negatively reg-
ulate different RTKs and is also considered a tumour
suppressor [96,97]. Recently, the hematopoietic RTK
FLT3 has been identified as another substrate of DEP-1
[98]. As indicated above, AML cells harbouring a
mutant form of FLT3, FLT3ITD, exhibit elevated
ROS levels. In such cells, DEP-1 is partially inacti-
vated, but activity is restored by cell treatment with
FLT3ITD inhibitors which diminish ROS formation.

Protein tyrosine phosphatase structure-function

DEP-1 is inactivated in primary AML blasts if they
express FLT3ITD but not if they harbour wild-type
FLT3. Different means to interrupt ROS production,
such as overexpressing the ROS scavenger enzyme
Prx1, also reactivate DEP-1. Importantly, abrogation
of ROS formation attenuates transformation in vitro
and in vivo in a DEP-1 dependent manner. These
results suggest that inactivation of DEP-1, a negative
regulator of FLT3, contributes to FLT3ITD-driven
transformation.

Pathogenic PTPs

In recent years, a significant amount of structural data
has been published on PTPs from several pathogens
that explain their physiological functions and the
molecular basis for substrate binding (Table 1). This
has provided a platform for design and development
of drug candidates. However, few structures are avail-
able from pathogenic microorganisms in comparison
with human PTPs. We discuss here the progress made
in uncovering these structures and the relevance of
PTP molecules for pathogen biology.

Identification of PTPs in the genomes of
pathogens

The available genome data of many microorganisms
facilitated the prediction of their protein phosphatase
complements or ‘phosphatome’ and the comparative
analysis with those of the host [99-107], showing signifi-
cant differences to the human [1,108]. The automatic
classification of genome data into the various families of
phosphatases has populated the phosphatase resource
PhosphaBase that features over 11 000 entries (http://
www.bioinf.manchester.ac.uk/phosphabase/ [109]). A
much slower progress has followed on the biological
and functional analysis of phosphatases from microor-
ganisms. However, the emerging picture is that phos-
phatases, mainly PTPs, play very significant roles in
controlling their physiology and pathogenicity. Bacte-
rial pathogens have developed a number of sophisti-
cated strategies to efficiently infect and proliferate in the
host cells. These involve manipulation of the host sig-
nalling pathways by bacterial effectors to facilitate
invasion and survival. Many of these effectors are phos-
phatases that alter the phosphorylation of proteins and
phosphoinositides (reviewed in [110-112]). In protozoan
parasites PTPs are also critical in infection and trans-
mission of the parasites. The role of PTPs in viruses is
less clear.

Given the role of PTPs in the virulence and viability
of pathogens, PTPs represent an important source of

FEBS Journal 280 (2013) 413-431 © 2012 The Authors Journal compilation © 2012 FEBS 419



F. Bohmer et al.

Protein tyrosine phosphatase structure-function

19l |0J3U0D BJ0Ad8YI| Ul YOUMS [BUOIIOUNS dld a1eydsoyd NYINE ldldal 180Nn4q euiosouedAl|
aseleydsoyd

8G1L UOI1BDI§IX0}8P DIUBSIY pue aselonpal a1eussly a1e4ng Jore ZJoyuw Jolew ejuewysio]

/G1 umousun  seseleydsoydAjod |o1isou| |jolpaueyl3-z'L T4 d1dld epioe)Nw ejjaxonsin
75dt

9G1'GGl VSl umoudun  seaseleydsoydAjod |o1sou| [0482A|6 "opLIojyD vZNL d1dld winipueuwN. Seuowous|es

A sIsayluAsolq aplieyooesAjod jo uonenbay dld luepuadep-e1o|N uol (]11)e4 a JbmA si1qns snjjioeg

9OUB|NIIA 104 [BO1IID ‘SISBYIUASOIQ

/EL oplieyooesAjod sensded jo uonenbey dld luspuadep-e1a|N uol ([NUN Arme gsd) eejuowneud snoo0o01de.1S

IGL umousun asejeydsoyd aAneind apuolyD 9vd¢  Z86LVIAN sipnibuluaw eLassIaN

a1 umouun d1dMIAT a1eydsoyd 404¢ vdid snaine snoo020jAyders

vl 1SOY Pa1odjul Ul [BAIAINS 1O} [BIIUSSST aseleydsoydAjod Jouqiyul S1INO 570¢ gdidi\ sIsojnoseqni winliejoeqooAN

ad 9OUS|NIIA 10} |BIIUSSST aseleydsoydAjod aleydsoyd AMAL gdidiN sisojnoseqni winiiejoeqooAN

€9l 9OUS|NIIA 10} |elIUSSS] d1dMIAT |apuo|y) Jznt vdidiN  sisojnosegny winiie10eqooA i

el umousun dLdMIAT yI9z cieralle} 1unfel 1a10eq0jAduwie)

LEL pioe d1uejod 4o 1odx] dLldMINT uot (I1)IN YIMZ qzM 1100 elyoleyosy

winiuezeAxoyew[jAusayd[jAusyd

eel dld  (Ayew-ouoydsoyd-oiond)-gl-v] A Hdox sisad eiuisia
___Bpse.

291 dld a1eUO)NSBUBYI® |AUBYd  ‘N19E ‘119E HdoA £211//000101US BIUISIOA

winiuiweuszuaqg
LSl dld (AX004|NS)-g-0X0-N-AXOIPAYIP-'N 6vdl HdoA £2131]00012]U8 BIUISIOA
opndad-d

ocl dld NOH-dVS dXXL Hdo BO111/000181US BIUISISA

6zl dld ZHN-T-dwdz4-3ava-ov @ Hdox siisad eluisia

8zl dld a1epeueAl(] g64¢ HdoA £2171]000J8)1US BIUISIOA

Yad) dld NN NIAL HdoA £213//000401US BIUISIOA

9zL dld s1e)nNg SIAL HdoA 20I11|000.I81US BIUISIBA

sisojAoobeyd Joj Alessedau sAemyied

Gzl Buljeubis Bundnisip ‘@dus|NIIA 10} [BIIUBSST dld a1e1sbun | TdAL HdoA B2I13//00001US BIUISIBA

6Ll dld dois OAFL dids WINUNWIYdAL ejjauowes
uonEeZI[RUISIUI/UONIBUI MPOL

8Ll Je14e Alanodal Jenj|eo oy o|qisuodsey dld Loey nvor dids winunNwiydAl ejjeuowjes

Gl  uoneoldas Joj |enuasse jou ‘Buidded yNYW aseleydsoyd yNYW a1eydsoyd BNAL dng (dNOY) snuinojnoeg

an uononpold sjoied [elIA 10} [B1IUSSST d4sa ardz LHA SNUIA ejoLie
asuodsal [eliAUE a1.yNg 044z

€Ll Siuenaid 's||9d 1SOY Ul A|IGBIA 1O} [BIIUBSST dsa a1eydsoyd SINDE LHA SNIIA BIUIDOBA

aoualajey uonoun4 AlAnoy puebi al gad ule1o.d wsiuebiQ

eydeiboiny 'dNOV "S|IB}Op 10} 1X8} 995 '818y Palsi| aie uonouny pue AjAnoe

‘snlinodpayAjodos|onu eoiuIo)jes

o11AE1ED ‘9p0D uonedIIIUSp! §0d ‘eweu aseleydsoyd ‘uibuo jo usboyled ‘saseleydsoyd olusboyled ‘L a|qeL

FEBS Journal 280 (2013) 413-431 © 2012 The Authors Journal compilation © 2012 FEBS

420


http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3CM3
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2RF6
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2P4D
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1YN9
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1G4U
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1G4W
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1JYO
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1YPT
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1YTS
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1YTN
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3F9B
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1QZ0
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1XXP
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1PA9
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3BLT
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3BLU
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3BM8
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2Y2F
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2WJA
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2GI4
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1U2P
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1YWF
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2OZ5
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3ROF
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2F46
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2WJD
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3QY6
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1U24
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2B4O
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2PSZ
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3F41
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2J6P
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3M4U

F. Bohmer et al.

new targets for chemical intervention in the treatment
of infections. In order to develop potent compounds as
drug candidates, structural information of the target is
critically important.

Structures of viral PTPs

Only five structures of viral phosphatases are reported,
three of them in the PTP superfamily: two DUSPs, VHI
from Vaccinia virus [113] and VHI1 from Variola virus
(causing agent of smallpox [114]), and one mRNA cap-
ping triphosphatase (BVP from Baculovirus [115]).
VHI is highly conserved among poxviruses and essen-
tial for viability of Vaccinia virus in tissue cultures.
The Variola VHI1 is important in blocking host antivi-
ral response via interferon 7y signalling and dephos-
phorylation of the host STATI. This VHI is essential
for the production of mature virus particles and there-
fore an attractive drug target. Viral VHI1 phosphatases
share a similar fold with mammalian DSPs and the
human VHR. The electrostatic surface charge distribu-
tion is very similar between the two viral phosphatases
but clearly different from human VHR, which shows a
more electronegative surface (Fig. 3). Other differences
include the N-terminal helix orientation and deletions
at the loop connecting the last strand in the  sheet
(Fig. 3). Two insertion loops flanking the active site in
VHR form high walls with a Tyr and Phe at the rim,
but in the viral VHIs there is a shallow pocket adja-
cent to the active-site cleft. All these differences could
be exploited in the design of specific inhibitors. Initial
efforts show promising results with inhibitors of Vari-
ola VH1 with ICs, values in the low micromolar range
[114].

Structures of bacterial PTPs

In bacteria, two PTP subfamilies have been identified,
the low molecular weight PTPs (LMWPTPs) and the
classic type I Cys-based PTPs. The 3D structures for a
number of them have been determined, showing a very
similar fold to their mammalian orthologues, with the
main differences being due to sequence variations and
electrostatic surface potential.

Type I PTPs

Salmonella enterica uses a number of virulence factors
that induce cytoskeletal rearrangements in the host
cell, facilitate bacterial internalization and reverse the
morphological changes afterwards to restore normal
cellular functions [116]. SptP is a multidomain effec-
tor protein responsible for cellular recovery after
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internalization [117]. It contains an N-terminal region
that binds the chaperone SicP, essential for transloca-
tion of SptP, a GAP domain that binds to activated
Racl and Cdc42, and a C-terminal PTPase domain.
The structure of the PTP domain [118] reveals a classic
fold, featuring a conserved P-loop signature motif and
a WPD loop (containing the catalytic Asp) as found in
eukaryotic PTPs (Fig. 3). Despite similarities there are
interesting differences: a larger opening of the active
site (double pocket), an acidic pocket on top of the
active site, not present in other PTPs, and the absence
of a PTPI1B-like basic secondary pocket (P2 in Fig. 3).
The N-terminal domain shows conservation of the 3D
binding interface and critical activating residues with
the host GAP [119].

Yersinia species are the causing agents of bubonic
plague (Y. pestis), gastrointestinal disorders (Y. pseudo-
tuberculosis, Y. enterocolitica) and potential biological
warfare agents. Yersinia uses the type III secretion sys-
tem to inject up to six effectors into the host cells. One
of these effectors is Yersinia outer protein H (YopH),
a two-domain protein with an N-terminal docking
region linked by a Pro-rich region to a PTP domain.
YopH is essential for virulence in mice [120] disrupting
signalling pathways necessary for phagocytosis. The
N-terminal domain is required for binding to the spe-
cific chaperone SycH that drives translocation of
YopH, and for binding to phosphorylated target pro-
teins in the host [121]. NMR and X-ray structures of
both domains are now available in the apo forms as
well as in complex with small molecules and peptide
ligands [122-124]. The X-ray crystal structure of the
catalytic domain of YopH was one of the first PTP
structures to be solved [125] as well as complexes with
phosphate, tungstate, nitrate and vanadate [126—128].
The 3D fold is similar to classic mammalian PTPs,
such as PTPIB. In the structure of YopH in complex
with a peptide substrate analogue (Ac-DADE-F2Pmp-
L-NH2) [129], two molecules of peptide were found
bound to the PTP domain. One molecule binds in the
active site with the pTyr mimic towards the P loop,
while the second molecule binds to a non-catalytic
remote site, on the opposite side of the molecule
(Fig. 3). Further mutagenesis and functional studies in
cells and animal infection models demonstrated that
the phospho-binding site 1 (at the N-terminal domain)
and site 2 (PTP domain secondary site) cooperate to
promote phospho-substrate targeting in vivo, and this
activity is important for Yersinia virulence [130].

Structures of YopH with potent inhibitors are also
available, including p-nitrocatechol sulfate [131], aryl
vinyl sulfonates that form covalent adducts with
the catalytic Cys [132] and the aminooxy-containing
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[4-[3-(difluoro-phosphono-methyl)phenyllphenyllmethoxyazanium.

422 FEBS Journal 280 (2013) 413-431 © 2012 The Authors Journal compilation © 2012 FEBS


http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2RF6
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2P4D
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1VHR
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1G4W
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1XBO
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2WJA
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2GI4
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1U2P
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3ROF
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1XWW
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1XXP
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1PA9
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3BLT
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2Y2F
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1YWF
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2OZ5
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2WJD
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3QY6
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3F41

F. Bohmer et al.

inhibitor [133] that led to the design of furanyl-based
oxime derivatives. The best compound of this series
(ICs9 = 190 nMm) shows specific inhibition of intracellu-
lar bacterial growth in human macrophages at 10 um
with no significant toxicity.

Type 1II PTPs (LMWPTPs)

LMWPTPs are found in all bacterial species, playing
important roles in different aspects of polysaccharide
transport and virulence [111]. All reported structures of
prokaryotic LMWPTPs share the same overall a/b fold
typical of the eukaryotic LMWPTPs, with a central
four-stranded parallel B sheet flanked by five o helices
and the conserved P loop at the bottom of the active-site
cleft. Main differences are observed primarily at two
positions: connections 94—B4 and B4-aS, where there is
poor conservation across species (arrows in Fig. 3).

In Escherichia coli the LMWPTP Wzb participates in
the export of colanic acid [134] and dephosphorylates
the Wzc kinase [135]. Homologous phosphatase/kinase
pairs have been identified in other Gram-negative bacte-
ria (Acinetobacter johnsonii, Erwinia amylovora, Pseudo-
monas solanacearum, Klebsiella pneumoniae [110,135])
and Mycobacterium tuberculosis [136]. The structure of
Wzb has been determined by NMR spectroscopy [137]
and shows differences in the gatekeeper residue position
at one side of the active site. Instead of the aromatic W
or Y found in the mammalian LMWPTP, Wzb has a
hydrophobic Leu residue and also lacks the second Y in
the DPYY loop. The importance of these residues in
substrate binding may explain the lower activity
observed for this phosphatase. Campylobacter jejuni,
which causes food-borne bacterial enteritis, contains a
single Tyr phosphatase Cjl1258 [138] of unknown
physiological role. The NMR structure [139] revealed a
typical LMWPTP fold confirming its assignment as a
phosphatase and it shows flexibility in loop regions that
surround the active site (V loop, DPYY loop) [139] in
response to ligand binding.

M. tuberculosis contains two secreted PTPs, MptpA
and MptpB, both required for intracellular survival in
macrophages and playing a critical role in establishing
infection and sustaining survival of M. tuberculosis in
the host cells [140-142]. For this reason they constitute
important targets against tuberculosis [143]. The X-ray
structure of MptpA shows the conserved LMWPTP
fold, with significant differences at the V loop and in
the molecular surface electrostatics [143], responding
to their different interacting partners. MptpA binds to
the bacterial PtKA [136], while the mammalian coun-
terpart targets and dephosphorylates a number of
receptor Tyr kinases, not present in bacteria (reviewed
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in [144]). Several inhibitors for MptpA have been
reported (reviewed in [143]) with a family of chalcones
showing an effect on M. tuberculosis survival in macro-
phages [145]. Chalcones are intermediates in flavonoid
biosynthesis in plants and are competitive active site
binding inhibitors of MptpA [145]. However, the high
homology to the human orthologue still poses serious
selectivity issues before these drugs can be used for
tuberculosis treatment.

Staphylococcus aureus contains two LMWPTPs
(PtpA and PtpB) but their biological roles have not
yet been assigned. The main differences in the struc-
ture of PtpA [146] locate to the V-loop position and
the Trp44 analogue of the human gatekeeper Trp/Tyr
49 (B/A isoform). The reason for the conformational
changes is explained by the binding of a fragment from
the His tag of the recombinant protein near the V loop
(shown in cyan and sticks in Fig. 3) and underscores
the importance of the V loop.

Unusual PTP structures

MptpB shows an unusual fold, resembling the human
myotubularin MTMR, that deviates from the classic
PTP fold. The structure contains a flexible lid that par-
tially covers the active site in the PO, bound form
[147] but is open in the complex with inhibitor [148]
(Fig. 3). This phosphatase displays a very large active
site, unlike the narrow and deep PTP cleft, which is
consistent with its phosphoinositide activity [149]. The
P-loop signature contains an extra basic Arg residue
like other lipid phosphatases such as PTEN and
MTMs. Interestingly MptpB contains the catalytic Asp
in the P loop rather than in the distant WPD loop of
classic PTPs. This feature is shared with MTMs and it
is the trademark of a large family of Mptp-like atypi-
cal lipid phosphatases in microorganisms [150].

Neisseria meningitidis causes meningitis and septicae-
mia. Only one structure is available on a protein of
unknown function NMA1982 [151], with a molecular
weight of 17 461 Da. The overall fold is reminiscent of
the LMWPTP but contains a more extended B sheet
and extra helices and lacks other regions such as the V
loop, Tyr-binding loop and the DPYY loop. The sig-
nature CXsR motif of classical PTPs is replaced by a
CX4R motif in NMA1982. The active site is shallow
and contains an additional basic residue (Arg). No
obvious acid/base catalyst is present around the active
site, questioning the activity of this putative PTP and
its catalytic mechanism.

The most peculiar structures are those of two unique
metal-dependent PTPs reported in Bacillus subtilis and
Streptococcus pneumoniae [137,152], belonging to the
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polymerase and histidinol phosphatase (PHP) family.
Although unrelated, both PHPs and LMWPTPs have
analogous biological roles regulating synthesis and
export of capsular polysaccharides, critical for viru-
lence [153]. The X-ray structures of CpsB [137] and
YwqE [152] have been determined in the presence of
different ligands (phosphate, sulfate and metal ions),
providing insight into mechanistic details of catalysis.
Their folds are clearly distinct from LMWPTPs or
other PTPs, and exhibit a central § barrel surrounded
by a helices (Fig. 3). The C-terminal edge of the barrel
contains the active site and metal binding sites. Despite
the different fold, the binding mode for the POy in the
active site shares structural similarities with CpsB and
its functional analogue Wzb.

Another interesting family contains the PTP-like phy-
tases (PTPLPs). These are inositol polyphosphatases
found in a wide range of plant and human pathogens
that catalyse sequential dephosphorylation of InsP6 to
generate lower inositol phosphates. The structures of
several PTPLPs have been reported from gastroin-
testinal colonizing bacteria Selenomonas ruminantium
[154-156] and Mitsuokella multacida [157]. PTPLPs
have a core PTP domain and an IPP domain unique
to this phytase family. The PTP domain contains the
CXsR signature with the catalytic Cys, Arg and Asp
in analogous positions of the classic PTPs suggesting a
similar mechanism of catalysis. The Mitsuokella
PTPLP has a tandem repeat with two PTP domains
(D1, D2) (Fig. 3), similar to that found in mammalian
receptor PTPs. The P-loop sequence varies between
domains with D1I: HCYAGMGRT and D2: HCQA-
GAGRT. These differences may be related to differ-
ences in catalytic activity and specificity, with DI
favouring dephosphorylation of less phosphorylated
forms of myoinositol and D2 favouring the highly
phosphorylated forms.

Structures of protozoan PTPs

PTPs are a small family in protozoa compared with
serine/threonine phosphatases [102]. The structures of
two of them have been reported. LmACR2 from
Leishmania major is an intriguing enzyme that shows
both arsenate reductase and phosphatase activity in vi-
tro, and displays sequence and structural similarity
with Cdc25 which belongs to the rhodanese/Cdc25
family [158]. Trypanosoma brucei Tyr-specific phospha-
tase TbPTP1 is a critical switch in regulation of the
lifecycle of the parasite [159]. It is also involved in the
glycosomal signalling pathway and another STP phos-
phatase, TbPIP39, was identified as its substrate [160].
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The structure of TbPTP1 [161] shows a classic PTP
fold but lacks the allosteric inhibitor BZ3 binding site.
Yet, this inhibitor impairs TbPTP1 activity [159], both
in vitro and in the parasite. Thus the mode of binding
of this inhibitor remains unknown.

Conclusions

Structure—function analyses of different PTP subfami-
lies shed light on the specific features of their catalytic
mechanisms. Recent structural and functional data
concerning intracellular and extracellular domains as
well as their ligands bring an increasing body of evi-
dence that activities of RPTPs are rigorously modu-
lated by dimerization and/or binding of specific
ligands. The crystal structure of an entire transmem-
brane PTP with and without ligand bound to the
ectodomain is expected to provide essential insights
into the regulation of RPTPs. Oxidation of PTPs by
now is established as an important regulatory mecha-
nism for PTPs and future work will focus on the
questions why PTPs are differentially oxidized and
what the oxidizing agents of PTPs are. This will con-
tribute to understanding the role of oxidation-medi-
ated inactivation of PTPs in cancer. Structure—
function analysis of PTPs from pathogens revealed
both high similarities with mammalian PTPs as well
as remarkable differences in some instances. PTPs
from pathogens are often essential virulence or sur-
vival factors and the structural data are imperative
for rational drug design of new antibiotics, vaccines
and anti-infectives.
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