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Introduction

Phosphorylation is of major importance in cell signalling processes like cell mi-
gration, cell proliferation and cell differentiation within higher eukaryotic organ-
isms. Therefore, the balance between phosphorylation, mediated by kinases, and 
dephosphorylation, mediated by phosphatases, must be tightly controlled. Ki-
nases as well as phosphatases are known to play a role in diseases like cancer and 
diabetes. Future research on PTPs will give important information about the exact 
roles they fulfill in signal transduction and the implications they have in diseases. 

The Protein Tyrosine Phosphatase Family
Up to date 107 PTPs have been found in the human genome. Based upon the amino 
acid sequence of their catalytic domains they are grouped into four separate families 
(Fig. 1). Class I is by far the largest group and consists of 38 classical PTPs and 61 VH1-
like Dual Specificity Phosphatases (DSP) (Alonso et al, 2004). All Class 1 enzymes have 
evolved from a common ancestor based upon their similar structural folds (Alonso et al, 
2004). The classical phosphatases are subdivided in 21 transmembrane PTPs and 17 non-
transmembrane PTPs and are all strictly phosphotyrosine (pTyr) specific. The DSPs differ 
in their substrate specificity. They are subdivided in seven types of which the most well 
known DSPs are the MAPkinase phosphatases (MKPs) and the PTENs. The latter is a lipid 
phosphatase since it dephosphorylates phosphatidyl-inositol-3,4,5-triphosphate into 
PIP2, thereby inactivating the PKB pathway. The class II PTPs consists of the Low Molecu-
lar Weight Phosphatase which is entirely pTyr specific. Evolutionary it seems older than 
the class I PTPs and a representative is found in all major phyla, including plants, pro-
karyotes and archea. Class III PTPs consists of the three cell cycle regulators cdc25 and 
they dephosphorylate Cdks at the N-terminal Tyr and Thr residues required for progres-
sion through the cell cycle. Class IV PTPs consists of four members called Eyes Absent 
(EyA) and is totally different from class I, II, and III in that it doesn’t use a catalytic cys-
teine as nucleophile for dephosphorylating the substrate but, instead, uses an aspartic 
acid which dephosphorylates the substrate via a different mechanism (Tootle et al, 2003). 

Classical Protein Tyrosine Phosphatases
Classical PTPs are divided into two categories, i.e. the cytoplasmic PTPs which are 
subdivided in nine subtypes and the transmembrane PTPs which are subdivided 
in eight subtypes based on their catalytic domain sequence homology (Andersen 
et al, 2001). Most transmembrane PTPs contain two highly homologous PTP do-
mains, a membrane proximal one (D1) that contains most if not all catalytic activ-
ity and a membrane distal one (D2) which contains none or almost no catalytic activ-
ity. Besides, they have a single membane spanning region and an extracellular domain. 
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Following a PTP domain sequence alignment, 10 conserved motifs could be identi-
fied that define this class (Andersen et al, 2001). Six of the ten motifs are strong hy-
drophobic regions that are necessary for the stability of the structures. Four of the 
ten motifs are related to the dephosphorylating function of the PTPs, i.e. the PTP-
loop, the KNRY-motif, the WPD-motif and the Q-loop. Besides these motifs, seven 
single conserved residues were found which are important for PTP functioning. 

Classical PTPs all share the conserved PTP-loop sequence VHCSXGXGR[T/S]G with the       

Fig. 1: Classification of PTPs
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conserved cysteine which acts as a nucleophile and accepts phosphate transiently dur-
ing catalysis (Guan and Dixon, 1991). Besides, it contains the invariant arginine that 
serves to stabilize the phosphoenzyme intermediate and is involved in substrate bind-
ing (Zhang et al, 1994). Classical PTPs only dephosphorylate tyrosine residues since 
the catalytic cleft is too deep for pThr and pSer to be dephosphorylated. Moreover, the 
catalytic cysteine forms hydrogenbonds with a closely located conserved serine and ar-
ginine which keeps the cysteine in a deprotonated form, favoring its function as a nu-
cleophile (Barford et al, 1994; Zhang et al, 1995). The function of the KNRY motif is to 
delineate the boundaries of the active site binding pocket. Since it defines the depth of 
the catalytic cleft it is also called the phosphotyrosine recognition loop (Jia et al, 1995). 
Another conserved motif of PTPs is the WPD loop. A conformational change directs the 
conserved Asp of this motif to the substrate upon binding (Jia et al 1998) which acts as 
a general acid-base catalyst (Zhang et al, 1994). The surrounding of the Asp residue is 
also important for the dynamics of the WPD motif and is therefore highly conserved. 
Mutating the Trp will disable catalysis (Hoff et al, 2000; Keng et al, 1999) and mutating 
the Asp will result in a stable enzyme-substrate complex, also called a substrate trapping 
mutant. Strikingly the WPD is not conserved in D2s which are inactive (Andersen et al, 
2001). IA2 and IA2b are the only single PTP domain transmembrane phosphatases that 
also lack this WPD motif. Replacing Ala with Asp is sufficient to reconstitute catalytic ac-
tivity of IA2 (Magistrelli et al, 1996). The catalytic-water motif or Q-loop comprises the 
sequence QTXXQYXF which is reponsible for restricting the transfer of the phosphoryl 
group from the phosphoenzyme intermediate to water and prevents the cysteine from 
acting as a kinase, phosphorylating random nucleophile acceptors (Zhao et al, 1998).

The vicinity of the catalytic region of RPTP-D1s is more highly conserved than 
the vicinity of the catalytic region of RPTP-D2s which is not surprising since the 
D2s are (almost) inactive. Nevertheless D2s are highly conserved and the dupli-
cation happened early in evolution which reflects that they do have an impor-
tant function (Krueger et al, 1990; Ono et al, 1999), which will be discussed later.

The Receptor Protein Tyrosine Phosphatases Family
The family of Receptor Protein Tyrosine Phosphatases comprises eight 
subtypes following Jannik Andersen (Andersen et al, 2001b) (Fig 2). 

The  first  type is CD45 which consists of two intracellular domains and a Fibronectin (FN) III like 
repeat in the extracellular domain. It is the first cloned RPTP and CD45 is expressed in haema-
poietic cells. It plays an essential role in signal transduction upon lymphocyte antigen stim-
ulation, which is important for development of T cells and for the activation of T and B cells. 
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Fig. 2: Classification of Receptor Protein-Tyrosine Phosphatases. 
Eight different subtypes of RPTPs exist based on the complexity of the extracellular domain follow-
ing Andersen et al, 2001. 

The second type (IIA) RPTPs also have two intracellular domains but the extracellular 
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have a function in cell signaling. RPTPμ promotes cell to cell adhesion in a homophilic 
manner, which is abrogated when the extracellular domain of RPTPμ is replaced by the 
extracellular domain of the EGF-receptor (Gebbink et al, 1993). Furthermore, it has been 
suggested that it controls N-cadherin function in neurite outgrowth (Burden-Gulley 
and Brady-Kalnay, 1999). The extracellular domain is cleaved off by specific proteases by 
an inducible process called shedding. This occurs at high cell density suggesting a role 
for RPTPμ in regulation of cell-cell contact and/or cell adhesion (Gebbink et al, 1995). 
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consists of nine FNIII-like repeats and three Immunoglobulin-like repeats. All three type 
IIB RPTPs are involved in neural pathfinding. For example, LAR regulates connection of 
photoreceptor neurons to their specific targets in the optic lobe (Clandinin et al, 2001). 
RPTPs -/- knock-out mice show an overall reduced brain size and show malformations 
of the developing hypothalamo-pituitary axis (Elchebly et al, 1999; Wallace et al, 1999). 
The major extracellular domain of LAR and RPTPs/d is just like the extracellular domain 
of RPTPμ lost by shedding upon high cell density (Pulido et al, 1995; Streuli et al, 1992). 

Type III consists of 15 FNIII-like repeats in their extracellular domain and, strik-
ingly, they only have one intracellular domain. Dep-1 expression and activ-
ity was increased in dense cell cultures compared to sparse cell cultures suggest-
ing a role for Dep-1 in growth inhibition (Őstman et al, 1994). Furthermore expression 
of Dep-1 results in growth inhibition of breast cancer cells in vitro (Keane et al, 1996).

Type IV RPTPs contains two members, RPTPα and RPTPε, which have two intracel-
lular domains and a short but extensively glycosylated extracellular domain. RPTPα 
is the most extensively studied of the two and is highly expressed in developing pe-
ripheral and central nervous system (den Hertog et al, 1996) with a role in neuro-
nal differentiation (den Hertog et al, 1993). Src kinase is a substrate of RPTPα which 
is activated upon dephosphorylation (den Hertog et al, 1993; Zheng et al, 1992).   

Type V RPTPs is comparable with type I but has an extra carbonic anhydrase-like motif in the 
extracellular domain. Strikingly they are the only RPTPs which lack a catalytic cysteine in the 
membrane distal domain. RPTPγ and RPTPζ are highly expressed in and largely restricted to 
the developing nervous system as was shown in the chicken (Gustafson and Mason, 2000). 

Type VII contains only one receptor-like PTP and two non-receptor like PTPs .The mem-
bers BR7 and STEP are involved in EGF signaling. They both have an ERK1/2 binding motif  
and are subsequently phosphorylated and activated by ERK1/2. Upon activation they de-
phosphorylate ERK1/2, thereby inactivating the MAP kinase pathway (Pulido et al, 1998). 

Type VIII RPTPs contains the RPTPs IA2 and IA2b, which also have only one intra-
cellular domain. However this domain is catalytically inactive because of a muta-
tion in the general acid/base Asp of the WPD motif (Magistrelli et al, 1996). It has 
been suggested that their biological function is to compete with other phospha-
tases for substrates, thereby preventing dephosphorylation (Magistrelli et al, 1996)

Ligand Induced Regulation of Activity of RPTPs
Transmembrane PTPs were called RPTPs because they have the poten-
tial to act as receptors. However, whether ligands exist that manipulate the 
activity or the function of RPTPs has remained elusive. So far not many li-
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gands are known for RPTPs, but a few have been discovered in recent years.

The only ligand found so far that influences the activity of a RPTP is pleiotrophin 
(Meng et al, 2000). Pleiotrophin binds to RPTPβ/ζ and is involved in cell-cell ad-
hesion and cell matrix adhesion (Maeda, et al, 1996). Multiple ligands bind to 
RPTPβ/ζ, suggesting a complex interaction (Peles et al, 1998), however, none of 
the other ligands had any influence on activity or phosphorylation of RPTPβ/ζ. 

The ectodomains of RPTPμ, RPTPκ and RPTPδ interact in a homophilic manner and 
are involved in cell-cell adhesion (Brady-Kalnay et al, 1993; Gebbink et al, 1993; 
Sap et al, 1994; Wang and Bixby, 1999). RPTPμ ectodomains stimulate neurite out-
growth and in this case RPTPμ activity is essential since a phosphatase dead mu-
tant has no effect on this phenomenon (Burden-Gulley and Brady-Kalnay, 1999). 
However, there is no evidence that ectodomain interactions affect catalytic activity. 

An important indication that RPTPs can be regulated by ligand binding comes from a 
study in which the extracellular domain of CD45 was replaced by the extracellular do-
main of the EGF-receptor. EGF binding to this chimera blocked T-cell signaling, which re-
quires CD45, suggesting that CD45 is inactivated by ligand binding (Desai et al, 1993). 
Therefore, it seems plausible that RPTPs, like RPTKs, are regulated by ligand binding. 

Regulation of PTP activity
PTP activity is regulated in several ways. One of the regulatory mechanisms is 
by phosphorylation on serine and tyrosine residues of the PTPs, which will not 
be discussed further. Dimerization and, strikingly, oxidation are other mecha-
nisms by which PTP activity is regulated and these will be discussed below. 

The Biology behind Oxidation

Reactive Oxygen Species    
Living in an oxygenated environment confronts each organism with metabolites of 
molecular oxygen known as Reactive Oxygen Species (ROS). The free-radical theory of 
ageing led to a general idea that endogenous ROS generated in cells caused cumulative 
damage, leading to ageing. The identification of superoxide dismutase (SOD), whose 
only function is to remove the superoxide anions, underlined this idea by showing that 
the cell developed a protective mechanism against oxidative damage. The free-radical 
theory of age 
ing proposed that the amount of ROS production of an animal defines its life expectancy. 
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Fig. 3: The sources and responses to ROS
ROS can be products of aerobic life or arise from outside by external stimuli. Mechanisms in 
the cell exist that counteract the production of ROS (catalase, glutathione) and prevent the cell 
from toxicity. Low as well as high concentration of ROS have damaging effects on the cell. Low 
ROS leads to impaired cellular responses whereas high ROS leads to damage to cell com-
ponents like DNA, lipids and proteins. Therefore the level of ROS must be tightly regulated.

Several types of ROS exist which differ in their qualities. Superoxide (O2-) and hydroxyl 
anion (OH-) are very reactive but also very unstable, whereas hydrogen peroxide (H2O2) is 
less reactive but stable and readily diffusible. Figure 3 gives an overview of the different 
ROS that are present in the cell. The vast majority of intracellular ROS production comes 
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from the mitochondria. The electron transport chain contains two points where ROS arise 
of which the most important one is the production of radical semiquinone anion spe-
cies (·Q-), which occurs as an intermediate in the regeneration of coenzyme Q (also called 
ubiquinone). The formed ·Q- donates its electron to oxygen, resulting in oxygen radicals. 
Since this is a non-enzymatic process, the production of O2- is linear to the metabolic rate. 
SOD functions as a defensive mechanism against the presence of toxic O2- by convert
ing O2- to H2O2, which is subsequently converted to water by catalase and glutathione. 

Consequence of the stress caused by ROS is that in principle every cellular component 
like DNA, proteins and lipids can be aberrantly modified, leading to changes in signal 
transduction. Therefore, the balance between oxidants and anti-oxidants should be 
tightly controled. In cell culture, an increase of ROS is directly related to spontaneous 
chromosomal breakage (Karanjawala et al, 2002). Mitochondrial SOD knock-out mice 
have increased mitochondrial DNA damage and a subsequent shorter life span, under           
lining the relation between ROS and life span (Melov et al, 1999). Cells cultured under 
hyperoxia had a shorter lifespan together with an activated RAS pathway, which induces 
growth arrest (senescence). On the other hand, an activated RAS pathway, which will lead 
to growth arrest could be reversed by lowering the concentration of O2 or by treating 
them with cell permeable anti-oxidants (Lee et al, 1999). As a consequence of this, if a 
correlation between ROS and life span exists then there should be an increase in lifespan 
when the concentration of ROS is reduced and vica versa. Indeed this has been shown 
to be the case in C. Elegans (Larsen, 1993; Vanfleteren, 1993) and Drosphila (Dudas and 
Arking, 1995; Harshman and Haberer, 2000). In mice a relation was found between in-
creased life span and p66shc. P66shc transduces mitogenic signals from activated re-
ceptors to RAS and is activated by H2O2, which leads to cell growth arrest and apopto-
sis. P66shc KO mice have an increased life span of 30% (Migliaccio et al, 1999). P66shc 
is linked in a signaling pathway that includes both p53 and FKHRL1, which is a mam-
malian Forkhead protein. In this pathway, in the presence of glucose, PKB is activated 
resulting in proliferation and inactivation of Forkhead. Inactivation of PKB results in an 
entrance into a quiescent G0 state, in which activated forkhead proteins stimulate the 
expression of MnSOD leading to a decrease in oxidant concentration (Kops et al, 2002). 

To further underline the relation between life span and oxidants, caloric restriction seems 
to have an anti-ageing affect. Mice which were calorically restricted had less oxidant gen-
eration by the mitochondria than well fed mice and an extended life span (Masoro, 2000; 
Sohal and Weindruch, 1996). Another intriguing insight comes from micro-array data that 
shows that oxidants appear to condition cells and organs from further oxidative damage. 
Mild oxidative stress caused by exercise or by mild exposure to oxidants in cell culture 
triggers these cells and protect them against larger stresses. More than 60 genes were in-
volved in this pre-conditioning, most of them part of the PI3-kinase pathway (Li et al, 2002). 
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Besides the damaging effects that ROS have on the cell, evidence is accumulating that it has 
an important physiological role in cell signaling. Favouring this model is the fact that a pro-
tein complex evolved whose function it is to produce ROS in response to cellular signaling 
instead of scavenging ROS. This complex, called the NAPDH complex (nicotinamide adenine 
dinucleotide phosphate), produces reactive oxigen upon e.g. growth factor stimulation. 

Taken together, a rise in intracellular oxidant levels, regardless of their origin, has two ef-
fects: 1/ damage to various cell components and 2/ regulation of specific cellular signal-
ing pathways, which will be described in more detail below.

ROS and Cell Signaling
Many stimuli, including growth factors, cytokines and ultraviolet light, induce the produc-
tion of ROS. Evidence is accumulating that ROS production in response to growth factors is 
mediated by the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase protein 
complex. Intracellular ROS levels have been determined using fluorescent ROS indicators, 
such as derivatives of dichlorofluorescein (DCF). For instance, platelet-derived growth fac-
tor (PDGF) induces ROS levels in cells that are comparable to the levels in cells resulting from 
exogenously added H2O2 concentrations of 0.1-1 mM. Growth factor signaling is actually 
dependent on ROS production, since ROS quenching abolishes growth factor signaling 
(Bae et al, 1997; Sundaresan et al, 1995). Besides growth factors, also signaling of G-protein 
coupled receptors, cytokines like TNF-a and interleukin 1-β leads to oxidant production 
(Daub et al, 1997; Xu et al, 2002). Cell shape changes and subsequent downstream signal-
ing mediated by integrin have also been shown to require intracellular oxidants (Kherad-
mand et al, 1998). Activation of MMP-9, a metalloproteinase occurs in the presence of ROS 
by, among other things, oxidation of a cysteine to sulphonic acid, leading to cell death (Gu 
et al, 2002). This implies a direct way of regulation by ROS involving protein modifications. 

ROS and PTP signalling
Evidence is accumulating that ROS are important for if not essential to PTP signaling. Inac-
tivation of PTPs by growth factor-induced oxidation would explain why ROS are essential 
for growth factor signalling. For example, epidermal growth factor (EGF)-induced ROS pro-
duction coincides with inhibition of PTP1B activity (Bae et al, 1997). In fact, mathematical 
analysis of the minimal reaction network involving a growth factor receptor PTK on the one 
hand and PTPs that are inactivated by oxidation upon PTK activation on the other, mimics 
experimental EGFR phosphorylation in cells (Reynolds et al, 2003), corroborating the PTK-
induced ROS mediated PTP inactivation model. Meng et al. provided compelling evidence 
for the growth factor-induced PTP inactivation model using a modified in gel phosphatase 
assay that allows detection and identification of oxidized PTPs (Meng et al, 2002). This assay 
was validated using H2O2 that induces oxidation of multiple PTPs in Rat-1 cells in a concen-
tration-dependent manner. The SH2-containing PTP, Shp2, is specifically and transiently 
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oxidized in response to PDGF in Rat-1 cells. PDGF-induced signaling is reduced in the pres-
ence of N-acetylcyteine, a ROS-quencher, indicating that ROS mediated inhibition of PTPs 
is essential for PDGF-signaling. Association of Shp2 with the PDGF receptor is required for 
Shp2 oxidation, indicating that this is a localized effect. Strict subcellular localization of 
PTP oxidation provides specificity to the PDGF response in that not all PTPs throughout 
the stimulated cell are inactivated, but only the ones very close to the PDGF receptor.

Oxidation-induced PTP inactivation may not only be involved in growth factor receptor 
activation, but also in other stimuli that induce ROS production. It is noteworthy that 
UV, ionizing radiation, and G-protein coupled receptor activation stimulate ROS produc-
tion and induce receptor PTK transactivation (Coffer et al, 1995; Daub et al, 1997; Kypri-
anou et al, 1997) that may be explained by PTP inactivation. PTP activity assays indicated 
that UV treatment leads to partial inactivation of PTPs, including Shp-1 and the trans-
membrane RPTPα, Dep-1 and RPTPσ. UV-induced inactivation of these PTPs is blocked 
by N-acetylcysteine, indicating that ROS are required for this effect (Gross et al, 1999). 

Given the high sensitivity of PTPs to changes in the cellular redox state, it is conceiv-
able that PTPs act as cellular redox sensors mediating the initial response to chang-
es in redox state following stimulus-induced ROS production. This notion is con-
sistent with stimulus-induced enhanced tyrosine phosphorylation in cells, which 
may be the direct result of PTP inactivation. Definitive proof that ROS-induced in-
activation of PTPs is essential for stimulus-induced signaling will require develop-
ment of mutant PTPs that are not inactivated by oxidation. If such mutants block 
signaling, it is evident that inactivation is required for stimulus-induced signaling.

Regulation of PTP activity by oxidation
The absolutely conserved catalytic cysteines in PTPs have a low pKa value due to their 
micro environments which makes them vulnerable to oxidation (Zhang and Dixon, 
1993). Under normal conditions the active site cysteines are in the thiolate anion form 
and therefore, they are highly susceptible to oxidation. By now, members of each sub-
family have been shown to be oxidized by treatment with oxidizing agents, including 
classical PTPs (Lee et al, 1998), DSP (Caselli et al, 1998) and lipid phosphatases (Lee et 
al, 2002). Oxidation of the catalytic cysteine blocks the capacity of these enzymes to 
dephosphorylate their targets. In general, oxidation of cysteine residues to sulphenic 
acid is reversible, while highly oxidizing conditions will induce further oxidation to sul-
phinic and sulphonic acid, which is irreversible (Denu and Tanner, 1998). Recently a 
novel bond was found to be formed upon oxidation of the classical cytoplasmic PTP1B, 
which was termed sulphenylamide or sulphenamide (fig. 4) (Salmeen et al, 2003; van 
Montfort et al, 2003). The crystal structure of PTP1B revealed that sulphenamide is char-
acterized by a five membered ring that forms by binding of the sulfur of the cysteine 
to the backbone nitrogen of the neighbouring serine residue. Conversion of sulphenic 



Chapter I                     Introduction

           21

Chapter I                     Introduction

acid to sulphenamide is fast, because sulphenic acid was not observed in PTP1B crys-
tals upon oxidation. Interestingly, sulphenamide – unlike sulphenic acid – is not easily 
further oxidized to sulphinic and sulphonic acid, thereby preventing the phosphatase 
from being irreversibly oxidized. Given the high conservation of the catalytic sites in the 
PTP family, cyclic sulphenamide formation may be a general mechanism of oxidation. 

Another protective mechanism that was discovered in the non-classical PTP su-
perfamily members is disulphide bond formation. In LMW-PTP, cdc25 and PTEN, 
intramolecular disulphide bonds involving the catalytic cysteine and an ad-
jacent cysteine have been observed (Caselli et al, 1998; Lee et al, 2002; Sav-
itsky and Finkel, 2002). This has so far not been observed in classical PTPs. 

Regulation of PTP activity by Dimerization
RPTKs are regulated by dimerization; their dimerization leads to activation. CD45 was ac-
tually the first RPTP found to dimerize shown in an experiment using a chemical cross-
linker (Takeda, et al, 1992). In a model in which the extracellular domain of CD45 is re-
placed by the extracellular domain of the EGF receptor, CD45 is functionally inactivated 
after forced dimerization by EGF stimulation (Desai et al, 1993). Therefore, it was sug-
gested that RPTPs also dimerize but that the effect was inhibitory. RPTPα predominantly 
exists as a dimer on the cell surface (Jiang et al, 2000). Moreover, the crystal structure 
of RPTPα-D1 shows dimerization and it shows that a wedge-like motif of one catalytic 
domain inserts into the catalytic cleft of the other subunit thereby prohibiting substrate 
dephosphorylation (Bilwes et al, 1996). Also for RPTPα it has been shown that dimeriza-
tion inhibits the PTP activity. Forced dimerization by introducing cysteines in the extra-
cellular domain that induce disulfidebond formation, constitutively inhibited the de-
phosphorylation of Tyr529 in c-Src, a substrate of RPTPα. Mutating the wedge of RPTPα 
abolished this inhibitory effect of dimerization, indicating that the wedge observed in 
the crystal structure is indeed important for regulating the activity (Jiang et al, 1999). 

RPTPα forms stable dimers upon oxidation as shown by co-immunoprecipitation experi-
ments (Blanchetot et al, 2002a). This stable dimerization leads to inactivation. Limited 
tryptic degradation showed susceptibility of the spacer region between D1 and D2 sug-
gesting flexibility in this region allowing conformational rearrangements between the 
two domains (Sonnenburg et al, 2003). Further, upon oxidation a change in rotational 
coupling is observed in the extracellular domain (van der Wijk et al, 2003). This led to 
the model that oxidation induces a conformational change which inactivates the RPTP 
by insertion of the wedge of one subunit into the catalytic cleft of the other subunit. 

In harmony with the RPTPα model, the crystal structures of CD45, LAR and RPTPμ-
D1 all show a wedge-like structure (Hoffmann et al, 1997; Nam et al, 1999; Nam et al, 
2005). Moreover, a point mutation in the tip of the wedge of CD45 impedes the phos-
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phatase to be inactivated which promotes its signalling activity and causes lym-
phoproliferation and autoimmunity in mice (Majeti et al, 1998; Majeti et al, 2000). 
However the crystallographic data of CD45, LAR and RPTPμD1 do not support this 
model. RPTPμ-D1 dimers did not form (Hoffmann et al, 1997) and CD45 and LAR di-
mers could not form in the crystal because of a steric clash that prohibits dimerization. 

Taken together, evidence points towards a dimerization induced inhibition model but 
more research has te be done to show that this is really a general mechanism for regulat-
ing activity of RPTPs. 

Role of RPTP-D2s
Most of the RPTPs have a conserved second PTP domain. Although their sequence is well 
conserved even compared to D1s (Nam et al, 1999), RPTP-D2s lack catalytic activity. For LAR, 
RPTPε and RPTPα two amino acids, namely a valine in the KNRY motif and an glutamate in the 
WPD motif render the D2s inactive. Resubstitution of these amino acids by respectively a tyro-
sine and an aspartate reactivate the D2s to an equally active level as the D1s (Buist et al, 1999). 
However, CD45-D2 has additional mutations that inactivates the domain (Lim et al, 1998). 

The fact that D2s are so well conserved in evolution without having catalytic activ-
ity suggests that they must have another, presumably regulatory function (Alonso et al, 
2004). RPTP-D2s bind to RPTP-D1s inter,- and intramolecularly via several binding sites 
(Blanchetot et al, 2002b). The juxtamembrane region, the C-terminal region and the 
spacer region are all involved in RPTP-D1/RPTP-D2 binding. The effect that the binding 
sites have on the efficiency differs among the RPTPs. Further, the presence of RPTP-D2 
itself can have an excitatory or an inhibitory influence on catalytic activity, depending 
on the RPTP. For example, the presence of RPTPμ-D2 decreases the activity of RPTPμ-D1 
(Feiken et al, 2000) whereas the presence of CD45-D2 increases the activity of full length 
CD45 (Felberg and Johnson, 1998). The crosstalk between RPTPs indicates functional co-
operation and competition needed for fine-tuning the signaling (Blanchetot et al, 2002b). 

RPTPα-D2 shows sensitivity to oxidation that leads to a conformational change as 
shown by FRET analysis. This sensitivity was strongly catalytic cysteine dependent 
since mutating this cysteine to a serine abolished this effect. Strikingly, the activity of 
full length RPTPα-D2CS is not completely inhibited upon oxidation (Blanchetot et al, 
2002a). Further, oxidation of CysD2 of RPTPα was needed for the formation of stable 
dimers and for the rotational coupling observed in the extracellular domain (van der 
Wijk et al, 2003). This contributes to a model in which D2 functions as a redox sensor. 
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Scope 

The aim of the work described in this thesis was to investigate how RPTP activity is regu-
lated. The activity of RPTPs is inhibited by oxidation and for some RPTPs there is proof 
for dimerization induced inhibition. However, the exact mechanism for oxidation in-
duced inhibition of RPTPs and the relation of oxidation with dimerization is not known. 

In chapter II an antibody was developed (oxPTP) raised against the oxidized cysteine of 
the catalytic site to directly detect the oxidation of the cysteine in response to different 
stimuli. Strikingly, it was found that the cysteine of the membrane-distal domain of RPTPα 
was much more susceptible to ROS than the cysteine of RPTPα-D1 (differential oxidation). 

This was further investigated in chapter III where the PTP domains of distinct PTPs were 
measured for susceptibility to oxidation by using the oxPTP antibody and Mass Spec-
trometry. Crystal structures showed that it is the position of the guanidinium group of 
the PTP-loop Arg that defines whether a catalytic site cysteine is easily oxidized or not. 

Chapter IV shows a crystal structure of oxidized RPTPα-D2 in which the catalytic 
site cysteine forms a sulphenamide form just as was found for PTP1B. Further, here 
it is shown that this mono-oxidized form was stable and did not oxidize signifi-
cantly further to irreversible sulphinic or sulphonic acid forms even after 24 hours. 

Whether oxidation induced inhibition by dimerization may be a more general regu-
latory mechanism for RPTPs is shown in Chapter V, since stable dimerization and con-
formational rearrangements upon oxidation were found for RPTPμ, LAR and CD45. 

As discussed in chapter VI, we show that RPTPs are susceptible to oxidation in response 
to normal physiological levels of ROS and that RPTPs are differentially oxidized depend-
ing on the conformation of the catalytic site. Further, we suggest that the oxidation and 
subsequent inhibition of RPTPs is stable and reversible. RPTPs dimerize constitutively 
and upon oxidation a conformational change of the intracellular domain is observed 
as shown by rotational coupling of the extracellular domain, limited tryptic degra-
dation and FRET analysis. Based on the results presented here we propose a model in 
which upon oxidation of the catalytic site cysteine of the membrane distal domain of 
the RPTP, a conformational change takes place leading to insertion of the wedge of one 
catalytic domain into the catalytic cleft of the other subunit thereby prohibiting substrate 
binding, rendering the RPTP inactive. This process is reversible as reduction will revert 
the conformational change and rotational coupling, rendering the RPTP active again.  
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Abstract

Protein tyrosine phosphatases (PTPs) constitute a large enzyme family with impor-
tant biological functions. Inhibition of PTP activity through reversible oxidation 
of the active site cysteine residue is emerging as a general, yet poorly character-
ized, regulatory mechanism. In this study we describe a novel generic antibody-
based method for detection of oxidation-inactivated PTPs. Previous observations 
of oxidation of RPTPα after treatment of cells with H2O2 were confirmed. PDGF-
induced oxidation of endogenous SHP-2, sensitive to treatment with the PI-3´-ki-
nase inhibitor LY294002, was demonstrated. Furthermore, oxidation of RPTPα was 
shown after UV-irradiation. Interestingly, both in vitro and in vivo, the catalyti-
cally inactive second PTP domain of RPTPα demonstrated higher susceptibility to 
oxidation. The experiments thus demonstrate previously unrecognized intrinsic 
differences between PTP domains with regard to susceptibility to oxidation and 
suggest novel mechanisms for regulation of receptor-like PTPs with tandem PTP 
domains. The antibody strategy for detection of reversible oxidation is likely to 
facilitate further studies on regulation of PTPs, and might be applicable to analy-
sis of redox regulation of other enzyme families with active-site cysteine residues.
 

Introduction

Protein tyrosine phosphatases (PTPs) is a structurally diverse enzyme family with 
high selectivity, non-redundant biological functions, and multiple mechanisms for 
regulation of specific activity (reviewed in 1, 2, 3). The subset of “classical” PTPs is de-
fined by a conserved signature motif, (V/I)HCSXG, which contains the active site cys-
teine residue (4). The thiolate anion of the active site cysteine, is essential for the cata-
lytic mechanism but also makes the cysteine residue susceptible to oxidation (5). 
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PTPs are broadly divided into cytosolic PTPs and receptor-like PTPs (RPTPs). The large ma-
jority of  RPTPs have a tandem arrangement of PTP domains. Most, if not all, of the catalyt-
ic activity of RPTPs resides in the first PTP domain. The second domain has been proposed 
to function predominantly as a regulatory domain. Unique properties of the second do-
mains of RPTPs are indicated by shared structural features of this PTP domain  subset (4) .

Mechanisms for regulation of PTP specific activity include serine/threonine or tyro-
sine phosphorylation and SH2-domain-mediated binding to tyrosine phosphorylated 
proteins (6-10). In the case of RPTPs, agonistic and antagonistic extracellular ligands 
have been described (11, 12). Regulated dimerization has also been implicated as a 
control mechanism for RPTPα (13, 14). More recently, oxidation of the active site cys-
teine residue has emerged as an important mechanism for regulation of PTPs (15, 16). 

Inactivation of PTPs by oxidation was first indicated as a mechanism for PTP regula-
tion by the finding of irreversible oxidation of the active site cysteine residue of PTP1B 
to the sulfonic acid form (SO3H) after in vitro treatment with pervanadate (17). Revers-
ible inactivation of PTPs after in vitro treatment with H2O2 was subsequently shown to 
occur through conversion of the active site cysteine residue to the reversibly oxidized 
sulfenic acid form (SOH) (16). Evidence has also been presented that the reversibly oxi-
dized sulfenic acid form undergoes glutathionylation (18, 19). Additionally, recent struc-
tural studies of oxidized PTP-1B have identified a sulphenyl-amide species formed after 
oxidation of PTP-1B, which involves an S-N-bond between the active site cysteine  and 
the main-chain nitrogen of serine 216 (20, 21). Thus, physiological oxidants appear to 
convert the active site cysteine residue to reversibly oxidized forms, whereas treat-
ment with pervanadate leads to formation of the irreversible sulfonic acid form (SO3H). 

Indications that reversible oxidation might operate also in vivo were provided by the dem-
onstration that EGF treatment of intact cells leads to inhibition of PTP1B activity and insensi-
tivity of the active site cysteine residue to alkylation by iodoacetic acid (15). Insulin or PDGF 
stimulation of intact cells is associated with inhibition of PTP1B and SHP-2, respectively, 
through reversible oxidation of the active site cysteine residue after transient H2O2 production 
(22, 23). In addition, reversible oxidation of the second PTP domain of RPTPα induces a con-
formational change, associated with stabilization of catalytically inactive PTPα dimers (24).

Studies of the regulation of PTPs by oxidation have been hampered by the absence 
of sensitive and robust methods for detection, e.g. in cell lysates, of oxidized PTPs. 
In the present study, we present a novel generic antibody-based method for assay-
ing oxidation-induced inactivation of PTPs with which preferential oxidation of the 
second regulatory domain in RPTPα  after UV-mediated irradiation was revealed.
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Materials and Methods

Generation of oxPTP antibodies 
The peptide VHCSAG was synthesized by Fmoc chemistry on an Applied Biosys-
tems 433A peptide synthesizer. After purification, the cysteine residue was oxidized 
to the sulfonic acid form of cysteine (SO3H) by incubation in performic acid, as de-
scribed (25). Complete oxidation of the cysteine residue was confirmed by elec-
trospray mass spectrometry (Esquire 3000, Bruker Daltonics, Bremen, Germany). 

Rabbits were immunized with the oxidized peptide conjugated to KLH. An IgG-frac-
tion from the serum was obtained following standard procedures for purification with 
Protein–A Sepharose. To obtain affinity-purified oxPTP antibodies, serum was first 
passed over a column with cysteic acid (1 mg/ml gel, Sigma) conjugated to Affigel 10 
(BioRad). Antibodies recognizing the oxidized peptide (oxPTP antibodies) were sub-
sequently captured with the peptide antigen coupled to Affigel 10, eluted in 4.6 M 
MgCl2 and concentrated by ammonium sulphate precipitation as described (26).

Mass spectrometry analysis of native and oxidized DEP-1
In-gel tryptic digestion and peptide extraction were performed as previously described 
(27). The digest was analyzed by MALDI-ToF-MS on a Bruker Autoflex (Bruker Dalton-
ics, Bremen, Germany). The instrument was optimized for peptides, and the spectra 
were internally calibrated using proteolytic peptide masses from a known sample.

Cell culture and transfections
NIH3T3 cells and HEK293 cells were cultured in DMEM supplemented with 10% calf 
serum. PAE cells stably transfected with PDGF b-receptor (PAE/PDGFRb) cells were cul-
tured in Ham’s F-12 supplemented with 10% fetal calf serum. PAE/PDGFRb cells with 
inducible expression of VSV-tagged PTPα (D19 cells) were cultured in 50% DMEM, 
50% Ham’s F12, 10% fetal calf serum, 200 mg/ml hygromycin in the absence or pres-
ence of 100 ng/ml anhydrotetracyclin. Hundred units/ml penicillin and 100 mg/ml 
streptomycin were added to all media. HEK293 cells were used for transient trans-
fection with untagged or HA-tagged RPTPα using the calcium-phosphate method.

Validation of oxPTP antibodies using in vitro oxidized PTPs
Recombinant His-tagged DEP-1, and a mutant in which the catalytic site cyste-
ine residue was changed to a serine (DEP-1-CS), were purified as described (28). 
TC-PTP was purchased from New England Biolabs. SHP-2 was immunoprecipi-
tated from NIH3T3 cells with a polyclonal SHP-2 antibodies (Santa Cruz). RPTPα 
was isolated with WGA-Sepharose from transiently transfected HEK293 cells. 
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DEP-1 and TC-PTP were treated with 1 mM 1,4-dithiothreitol (DTT) and dialysed un-
der anaerobic conditions in a degassed buffer of 20 mM Tris-HCl pH 7.5. DEP-1 and 
TC-PTP, at concentrations of 28 mM and 1 mM, respectively, were oxidized by 100 
mM pervanadate for 4 hours at room temperature. Immunoprecipitated SHP-2 and 
WGA-fractions containing precipitated RPTPα were oxidized by incubation with 100 
mM pervanadate for 1 hour at 4°C. Pervanadate was prepared as described (17).
Reduced DEP-1 was protected from pervanadate oxidation by alkylation in 2 mM io-
doacetic acid for 30 min prior to pervanadate treatment. To demonstrate the ab-
sence of alkylation of PTPs oxidized by H2O2, five mg of recombinant DEP-1 im-
mobilised on Ni2+-Sepharose at a concentration of 0.5 mg protein/ml beads, was 
incubated in the presence or absence of 100 mM H2O2 for 20 min and subsequently 
treated with 2 mM iodoacetic acid for 30 min. The beads were washed 3 times with 1 
ml of 20 mM Tris-HCl pH 7.5, incubated with 10 mM DTT for 10 min and further washed 
with 3 ´ 1 ml of 20 mM Tris-HCl, pH 7.5. The samples were finally incubated with or with-
out 100 mM pervanadate for 30 min. All reactions were performed at room temperature. 

For immunoblotting analyses of in vitro oxidized PTPs,  recombinant DEP-1 and TC-
PTP, immunoprecipitated SHP-2 and RPTPα isolated with WGA-Sepharose were sub-
jected to SDS-PAGE, transferred to nitrocellulose membranes and immunoblotted 
with affinity-purified oxPTP antibody (5 mg/ml) or an IgG-fraction from the ox-PTP 
serum (50 mg/ml). Secondary horse-radish peroxidase conjugated anti-rabbit anti-
bodies (Amersham) were diluted 1: 20-30,000 and antibody signals visualized by ECL 
(Amersham). To confirm equal loading of protein, samples were subjected to immu-
noblotting (DEP-1, SHP-2 and RPTPα) or Coomassie blue staining (DEP-1 and TC-PTP). 

Analyses of PTP oxidation after stimulation of cells with H2O2 or PDGF
D19 cells, NIH3T3 cells or transfected HEK293 cells were starved overnight in serum-
free culture medium supplemented with 0.1-1 mg/ml BSA and stimulated with 3 mM 
H2O2 for 5 min or 100 ng/ml PDGF-BB for 10 minutes at 37°C. Stimulations with PDGF-
BB were performed in the absence or presence of 30 min pre-treatment with 50 mM 
LY294002. The cells were lysed at room temperature in the dark for 20 minutes in lysis 
buffer (20 mM Tris pH 7.5, 1% NP-40, 10% glycerol, 1 mM benzamidine and 1% Trasy-
lol) with or without 100 mM iodoacetic acid. Before lysis, the buffer was degassed for at 
least 20 minutes. RPTPα was collected with WGA-Sepharose and SHP-2 by immunopre-
cipitation with SHP-2 antibody. The beads were washed three times in lysis buffer, incu-
bated with 10 mM DTT for 10 minutes on ice and washed three times in 20 mM HEPES 
pH 7.5 before incubation with 100 mM pervanadate for 1 hour at 4°C. oxPTP immunob-
lotting was performed as described above with 5 mg/ml of affinity-purified ox-PTP an-
tibodies or ox-PTP IgG fraction. Filters were reprobed with VSV-antibodies (Sigma) or 
SHP-2 antibodies, respectively. Bound antibodies were visualized as described above.
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Analysis of RPTPα oxidation after UV-irradiation of cells
HEK293 cells were used for transient transfection with RPTPα. The different con-
structs used were un-tagged wild-type RPTPα, HA-tagged forms of wildtype RPTPα 
(RPTPα-wt), RPTPα in which the conserved cysteine residues in both phosphatase 
domains were mutated to serines (RPTPα-C433,723S) and RPTPα in which either 
Cys433 or Cys723 were mutated to serines (RPTPα-C433S and RPTPα-C723S, respec-
tively). Cells were washed twice in PBS and irradiated with UVC at doses of 0.05, 0.5, 
or 5 kJ/m2 using a Stratalinker 1800 (Stratagene). Isolation and detection of oxi-
dized RPTPα were performed as described above with the affinity purified antibodies. 

In vitro H2O2 oxidation of recombinant PTPα
GST-fusion proteins of the PTPα intracellular domain (residues 167-793), first PTP domain 
(residues 167-502) and second PTP-domain (residues 504-793), with or without cysteine-
to-serine substituations, were used for in vitro oxidation. Fifty ng of each of the fusion 
proteins were immobilized on glutathione-Sepharose beads, and incubated with differ-
ent concentrations of H2O2 for 5 min at room temperature. Alkylations, pervanadate treat-
ments, and oxPTP immunblotting were performed with affinity-purified oxPTP antibod-
ies as described above. The antiserum against RPTPα has been described previously (29).

Phosphatase activity measurement
Transfected cells were lysed in degassed lysis buffer (20 mM Tris pH 7.5, 1% NP-40, 
10% glycerol, 1 mM benzamidine, 1% aprotinin and 5 mM N-acetylcysteine). RPTPα 
was immunoprecipitated using an HA antiserum. Immune complexes were washed 
three times in lysis buffer and one time in phosphatase assay buffer (25 mM imid-
azole pH 7.4, 0.1 mg/ml BSA and 5 mM N-acetylcysteine). The phosphatase activ-
ity was measured using a 32P-labeled c-Src-derived peptide as substrate (30). Total 
dephopshorylation did not exceed 15%. One tenth of the immunoprecipitates were, 
in parallel, analyzed by immunoblotting with a monoclonal HA antibody (Roche).
 

Results

Generation of an antibody specific for the oxidized active site of PTPs
In the present study we set out to establish an antibody-based strategy for detection 
of oxidation-induced inactivation of PTPs.  As a first step, a peptide corresponding to 
the conserved active site of classical PTPs was synthesized (Fig. 1A). The VHCSAG pep-
tide was subsequently oxidized by incubation in performic acid. ESI-mass spectrome-
try confirmed the complete oxidation of the cysteine residue to the sulfonic acid form 
(Fig. 1B). The irreversibly oxidized peptide was subsequently used for immunization.
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After affinity purification of antibodies (oxPTP) from rabbit serum, their ability to rec-
ognize oxidized PTPs was investigated. Recombinant DEP-1 was oxidized by incu-
bation with pervanadate. The protein was subjected to SDS-PAGE followed by ox-
PTP immunoblotting analysis. The antibody recognized DEP-1, which had been 
treated with pervanadate, whereas untreated DEP-1 was not detected (Fig. 1C). 
Mass spectrometric analysis confirmed oxidation of DEP-1 active site by identifica-
tion of a peptide with a mass corresponding to the molecular weight of a tryptic pep-
tide with the catalytic cysteine residue oxidized to a sulfonic acid form (Figure 1D). 

Figure 1. Generation of antibodies specific for the oxidized active site of PTPs
(A) Amino acid sequence of the hexapeptide corresponding to the conserved PTP active 
site. (B) ESI-MS analysis of peptide before and after oxidation. Indicated masses are monoiso-
topic, MH+. (C) Wild-type DEP-1 and a mutant form, in which the catalytic cysteine residue has 
been changed to a serine residue (DEP-1-CS), were incubated with or without pervanadate 
(Pvd). Proteins were analyzed by oxPTP immunoblotting and Coomassie Brilliant Blue stain-
ing (CBB). (D) Pervanadate treated and untreated wildtype DEP-1 were excised from the gel af-
ter SDS-PAGE and a tryptic digests of the proteins were analyzed by MALDI-TOF-MS. The ami-
no acid sequence and predicted masses (monoisotopic, MH+) of these peptides are shown.

In order to confirm the specificity of the oxPTP antibody for the catalytic cysteine residue, 
a mutated form of DEP-1 in which this cysteine residue is replaced with a serine residue 
(DEP-1-CS) was included in the assay. As shown in Figure 1C, the antibody did not rec-
ognize the pervanadate-treated mutant form, confirming its specificity for the oxidized 
catalytic site. The antibodies were also tested in an immunoprecipitation format. Pervana-
date-dependent recovery was detected; however also DEP-1-CS was precipitated suggest-
ing non-specific recognition of epitopes outside the catalytic domain (data not shown). 
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Together these results demonstrate the successful production of antibodies (oxPTP) 
specific, in immunoblotting format, for the active site of pervanadate-treated PTPs.

Figure 2. In vitro and in vivo 
validation of oxPTP antibodies
(A) DEP-1 was incubated with or without 
iodoacetic acid and H2O2 as indicated, 
and subsequently subjected to pervana-
date treatment. Samples were analyzed 
by immunoblotting with affinity puri-
fied oxPTP antibodies (left upper panel) 
or an IgG fraction from oxPTP antiserum 
(right upper panel). Protein loading was 
controlled by His-tag immunoblotting 
(lower panels). (B) Recombinant TC-PTP 
(left panels), immunoprecipitated SHP-
2 (right panels) or WGA-fractions from 
untransfected and RPTPα-transfected 
HEK293 cells (lower panels) were incu-
bated with or without pervanadate and 
analyzed by oxPTP immunoblotting. 
Equal yields of PTPs with or without Pvd 
treatment was confirmed by Coomassie 
Brilliant Blue (CBB) staining (TC-PTP) or 
immunoblotting (SHP-2 and RPTPα). (C) 
Cells with inducible expression of VSV-
tagged RPTPα were left untreated or 
treated with H2O2. RPTPα was captured 
from the lysate with WGA-Sepharose and 
incubated with pervanadate. After SDS-
PAGE samples were subjected to consec-
utive immunoblotting with oxPTP- and 
VSV-antibodies. (D) NIH3T3 cells, pre-
treated without or with 50 mM LY294002, 
were left un-stimulated or stimulated 
with 100 ng/ml PDGF-BB for 10 min. 
SHP-2 was immunoprecipitated from cell 
lysate and incubated with pervanadate. 
Immunoprecipitated SHP-2 was analyzed 

by consecutive immunoblotting with an IgG fraction of oxPTP antiserum and with SHP-2 antibodies.
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Alkylation with iodoacetic acid protects reduced, but not reversibly oxidized, PTPs 
from pervanadate oxidation 
To be able to use the antibody for detection of reversibly oxidized PTPs in the cell, efficient 
blocking of reduced PTPs, to prevent pervanadate-mediated oxidation, is required. To in-
vestigate if alkylation of reduced PTPs would protect from oxidation, DEP-1 was incubated 
with iodoacetic acid prior to pervanadate treatment. Following SDS-PAGE, the oxidation 
state of the protein was analyzed by oxPTP immunoblotting with affinity-purifed ox-PTP 
antibodies (Fig. 2A, left panel) or an IgG fraction from the ox-PTP antiserum (Fig. 2A, right 
panel). The analyses show that preincubation with iodoacetic acid resulted in protection 
from pervanadate oxidation. However, as expected, DEP-1 reversibly oxidized by incubation 
with H2O2 could be converted to a sulfonic acid form, by pervanadate-treatment, also after 
treatment with alkylating agent (Figure 2A). The side-by-side comparison also revealed a 
slightly higher sensitivity of the IgG fraction, occurring together with some background 
recognition of the alkylated form, as compared with the affinity-purified preparation.

The oxPTP antibody detects multiple PTPs
Since the peptide antigen that was used corresponds to the conserved PTP signa-
ture motif, the antibody was expected to recognize multiple PTPs. To assess this as-
pect, recombinant TC-PTP, immunoprecipitated SHP-2 and RPTPα, isolated with 
WGA-Sepharose, were incubated in the presence or absence of pervanadate. The pro-
teins were subjected to SDS-PAGE analysis followed by oxPTP immunoblotting. The 
antibody recognized, in addition to DEP-1, also TC-PTP, SHP-2 and RPTPα (Fig. 2B) . 

The oxPTP antibody detects oxidized PTPs after treatment of cells with H2O2 or 
PDGF-BB
To explore the possibility of using the antibody to detect PTPs oxidized in vivo, PAE/
PDGFbR cells, with inducible expression of VSV-tagged RPTPα, were treated with H2O2. 
The cells were lysed in the presence or absence of iodoacetic acid. RPTPα was collect-
ed with WGA-Sepharose. Precipitates were reduced with 10 mM DTT, to convert revers-
ibly oxidized forms to species readily oxidized by pervanadate. After pervanadate treat-
ment, the proteins were analyzed by oxPTP immunoblotting. Incubation of cells with 
H2O2 induced oxidation of a fraction of RPTPα as detected by the antibody (Fig. 2C). 

It has previously been shown that SHP-2 is reversibly oxidized upon PDGF-BB stimula-
tion of cells (23). Furthermore, PI-3´-kinase has been identified as the prime mediator of 
PDGF-induced H2O2 production (31). Thus the oxPTP antibodies were used to analyze if 
PDGF-induced oxidation of endogenous SHP-2 could be demonstrated, and to analyze 
the possible sensitivity of this PDGF-induced SHP-2 regulation to the PI-3´-kinase inhibi-
tor LY294002.  Serum-starved NIH3T3 cells were stimulated with PDGF-BB for 10 min, in 
the absence or presence of pretreatment with the PI-3´-kinase inhibitor. SHP-2 was im-
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munoprecipitated and analyzed by oxPTP immunoblotting. Oxidized SHP-2 was clearly 
detected following PDGF-BB stimulation (Fig. 2D). In contrast, no oxidized SHP-2 was 
seen after PDGF-BB stimulation of cells pretreated with the PI-3´-kinase inhibitor (Fig. 2D). 

UV-irradiation of cells induces oxidation of RPTPα
UV-irraditation of cells has previously been shown to cause inactivation of several PTPs 
including RPTPα (32). To investigate if this effect is due to UV-induced oxidation of the 
catalytic site cysteine residue, HEK293 cells transiently transfected with RPTPα were ir-
radiated with UVC at doses of 0.05, 0.5 and 5 kJ/m2. Upon UV-irradiation, cells were lysed 
with or without iodoacetic acid, and RPTPα captured from lysate with WGA-Sepharose. 
As shown in Figure 3, UV-irradiation induced a dose-dependent oxidation of RPTPα. 

Figure 3. UV-induced oxidation of RPTPα 
HEK293 cells were mock transfected or trans-
fected with RPTPα and left untreated or irradiat-
ed with 0.05, 0.5 or 5 kJ/m2 UVC. WGA-fractions 
were isolated and subjected to pervanadate 
treatment. Proteins were analyzed by immu-
noblotting with oxPTP antibody. Ten percent of 
each sample was run on separate gels in paral-
lel, and immunoblotted with RPTPα antibodies.

Oxidation occurs preferentially of the second phosphatase domain of RPTPα
To examine if the two phosphatase domains in RPTPα display different sensitivity to 
oxidation, recombinant PTPα phosphatase domains were treated in vitro with H2O2. 
Isolated domain 2 was oxidized upon treatment with 1 mM, whereas oxidation of iso-
lated domain 1 was not observed (Fig. 4, left panel). Similarly, mutation of the con-
served D2 cysteine resudue (Cys723) resulted in a reduced oxPTP signal, whereas 
mutation of the conserved Cys433 had a lesser effect (Figure 4, right three panels). 

To further evaluate this finding, HEK293 cells were transfected with HA-tagged wild-
type RPTPα and RPTPα with different mutations of the conserved cysteine residues 
(RPTPα-C433S, RPTPα-C723S and RPTPα-C433,723S). After UV irradiation, RPTPα were 
captured from cell lysates with WGA sepharose. Consistent with the results above, 
oxPTP immunoblotting revealed that mutation of Cys723 in D2 resulted in loss of 
the oxPTP signal, whereas mutation of Cys433 in D1 did not (Figure 5A). These dif-
ferences between D1 and D2 were not caused by different recognition of oxidized 
D1 and D2 by the antibodies, since RPTPα-C433S and RPTPα-C723S were equal 
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Figure 4. Preferential oxidation of the second phosphatase domain in recombinant PTPα 
upon in vitro H2O2 treatment
The effect of H2O2 treatment in vitro on oxidation of PTP domain in RPTPα was ana-
lyzed by oxPTP immunoblotting. Recombinant proteins contained the whole intracel-
lular  domain (wt), the intracellular domain with the first or second active site cyste-
ine substituted with serine (C433S and C732S), PTPα domain 1 (D1), domain 2 (D2), or 
D1 or D2 in which the conserved cysteines were mutated to serines (D1-CS and D2-CS).  

ly well recognized after pervanadate treatment of un-alkylated forms (Fig. 5A).

The finding of preferential oxidation of D2 prompted experiments investigating the depen-
dence of D2 for UV- and H2O2-induced inactivation of phosphatase activity. HEK293 cells were 
transfected with RPTPα or RPTPα-C723S, and subjected to UV-irradiation or treatment with 
H2O2. RPTPα was immunoprecipitated using HA antiserum and phosphatase activity was as-
sayed. Whereas UV or H2O2 treatment of cells expressing the D2 mutant reduced recovered 
PTP activity to 85% and 72% of control, a much larger inhibition was observed in cells express-
ing wild-type RPTPα, where UV  and H2O2  reduced the activity to 50% and 4%, respectively. 

Figs. 4 and 5 thus show that the conserved cysteine residue in the second 
phosphatase domain is more sensitive for oxidation than the cysteine resi-
due in the first domain. The experiments also indicate that UV-induced catalyt-
ic inactivation of RPTPα is caused by preferential oxidation of the second domain.

Discussion

This study presents a novel strategy for detection of oxidation-inactivated classical PTPs. 
The procedure, summarized in Figure 6, involves protection of reduced PTPs with iodo-
acetic acid, pervanadate-induced oxidation to sulfonic acid forms of reversibly oxidized 
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Figure   5. Preferential oxidation of the second phosphatase domain of RPTPα upon UV ir-
radiation of cells 
(A) HEK293 cells were transfected with wildtype RPTPα (wt), or with RPTPα with substitutions of 
Cys433 (C433S), Cys723 (C723S) or both cysteines (C4332,732S). After irradiation, WGA fractions were 
isolated and subjected to pervanadate treatment. The samples were analyzed by immonoblotting 
with oxPTP antibodies and membranes were reprobed with RPTPα antibodies. (B) HEK293 cells were 
mock transfected or transfected with HA-tagged wild-type RPTPα-wt or RPTPα-C723S. The cells were 
left untreated or irradiated with 5 kJ/m2 UVC or treated with 1 mM H2O2 for 3 min at 37°C. RPTPα was 
immunoprecipitated with an HA antiserum. Ninety percent of the immunoprecipitate was used for 
PTP activity measurement and 10 % was analyzed by HA immunoblotting. Recovered PTP activity in 
untreated cells was set to 100%. The data shown are representative for three individual experiments.

PTPs and detection by immunoblotting with the novel oxPTP antibodies. Oxidized DEP-1, 
TC-PTP, SHP-2 and RPTPα was shown to react with the oxPTP antibodies (Fig. 2). Out of 37 
identified human PTPs, 28 family members contain a catalytic site sequence that perfectly 
match the sequence of the antigen used in this study (4). This fact, together with the find-
ing that oxidized TC-PTP, with the active site sequence IHCSAG, also was recognized by the 
antibody, predicts that the antibody can be used as part of a generic strategy for detection 
of oxidized forms of most classical PTPs. Whether the antibodies also can be used 
to monitor oxidation of dual-specificity phosphatases has not yet been deter-
mined. However, the sequence variation within the active site of this PTP subfamily 
is larger than among classical PTPs. It is thus predicted that the strategy should work, 
but might require antibodies raised against different oxidized active-site peptides.

Various methods have previously been used to demonstrate oxidative inactivation 
of PTPs in vivo. Reduced enzymatic activity in PTP immunoprecipitates was shown af-
ter insulin-induced production of H2O2 (22), and reduced susceptibility of PTPs to label-
ing with [3H]iodoacetic acid was demonstrated after treatment of cells with H2O2 and 
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Figure 6. Schematic illus-
tration of antibody-based 
detection of reversibly 
oxidized PTPs 
See text for details.

EGF (15). Finally, a modified in-gel PTP assay was used to show reversible oxidation of 
SHP-2 after PDGF stimulation (19). In contrast to the methods using immunoprecipita-
tions and subsequent monitoring of PTP activity or incorporation of [3H]iodoacetic 
acid, our assay monitors the increase of oxidized PTPs rather than a decrease in 
the active fraction, which is likely to improve sensitivity. As compared to the modi-
fied in-gel assay, which like our assay monitors the increase in oxidized PTPs, an ad-
vantage with the oxPTP assay is that it is not dependent on refolding of denatured 
proteins in SDS-gels which occurs with low efficiency for large proteins like RPTPs. 

In support of the utility of this novel approach for monitoring of PTP oxidation, LY294002-
sensitive PDGF-BB-induced oxidation of endogenous SHP-2 was detected with the oxPTP 
antibodies (Fig. 2D). We predict that this strategy will be of great utility for further investiga-
tions of the general, but poorly characterized, regulatory mechanism of PTP oxidation. Obvi-
ously the usefulness will be improved if high-affinity monoclonal antibodies, raised against 
the same antigen, can be obtained. Efforts to obtain such antibodies have been initiated.

Using the oxPTP antibodies we could for the first time directly demonstrate that 
UV-induced inactivation of RPTPα involves oxidation of the active site cysteine resi-
due (Fig. 3). UV-induced inhibition of the enzymatic activity of SHP-1, PTPα, PTPs 
and DEP-1 was originally demonstrated by Gross et al. (32). Subsequent studies on 
RPTPα have also demonstrated that UV irradiation, and other types of oxidative 
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stress, induce a conformational change in the RPTPα second catalytic domain (24).
Most interestingly, comparison between the first and second PTP domain of RPTPα re-
vealed a preferential oxidation of the second PTP domain (Fig. 5). This preference was 
shown to be context-independent, since it also appeared when the isolated first and 
second domain was compared side by side. There are two major implications of these 
findings. Firstly, it provides evidence that different PTP domains demonstrate intrinsic 
differences with regard to susceptibility to oxidation. Secondly, it points to the possi-
bility that a major function of the second domain of RPTPα is to act as sensitive redox 
sensors which convey inhibitory signals to the catalytically active first domain. Both of 
these implications suggest a series of highly warranted studies; e.g. investigations on 
the defining structural features of oxidation-sensitive PTP domains, and on the possi-
bly general nature of the difference between the first and second PTP domain of RPTPα.

Finally, oxidation-induced regulation has also been implicated for other bio-
logically important enzyme families with conserved active-site cysteine resi-
dues. The strategy we have outlined appears suitable for creation of gener-
ic tools for analysis of oxidation-induced regulation also of these enzymes.
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Abstract

Oxidation is emerging as an important regulatory mechanism of protein-tyrosine 
phosphatases (PTPs). Here we report that PTPs are differentially oxidized and we 
provide evidence for the underlying mechanism. The membrane-proximal RPTPα-
D1 was catalytically active, but not readily oxidized as assessed by immunoprob-
ing with an antibody that recognized oxidized catalytic site cysteines in PTPs. In 
contrast, the membrane-distal RPTPα-D2, a poor PTP, was readily oxidized. OxPTP 
immunoprobing and mass spectrometry demonstrated that mutation of two resi-
dues in the pTyr-loop and WPD-loop that reverse catalytic activity of RPTPα-D1 
and RPTPα-D2 also reversed oxidizability, suggesting oxidizability and catalytic 
activity are coupled. However, catalytically active PTP1B and LAR-D1 were readily 
oxidized. Oxidizability was strongly dependent on pH, indicating that the micro-
environment of the catalytic cysteine has an important role. Crystal structures of 
PTP domains demonstrated that the orientation of the absolutely conserved PTP-
loop arginine correlates with oxidizability of PTPs and consistently, RPTPμ-D1, 
with a similar conformation as RPTPα-D1 was not readily oxidized. In conclusion, 
PTPs are differentially oxidized at physiological pH and H2O2 concentrations and 
the PTP-loop arginine is an important determinant for susceptibility to oxidation.   
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Introduction

Phosphorylation of proteins on tyrosine residues has an important role in many cellu-
lar processes like proliferation, differentiation and migration. Tyrosine phosphorylation is 
mediated by the balanced action of protein tyrosine kinases (PTKs) and protein tyrosine 
phosphatases (PTPs) (1). Not only PTKs, but also PTPs have important roles in diseases, 
including cancer and diabetes (2-5). The human genome encodes 103 cysteine-based PTP 
family members of which 38 are strictly phosphotyrosine specific (4,5). These “classical” 
PTPs are subdivided into transmembrane, receptor PTPs (RPTPs) (21 genes) and intracel-
lular, non-receptor PTPs (17 genes). The cytoplasmic PTPs encode a single PTP domain, 
whereas most RPTPs contain two catalytic domains. The membrane-proximal domain 
(D1) contains most catalytic activity (6,7), whereas the membrane-distal domain (D2) has 
a regulatory function (8). The PTPs, including the RPTP-D2s, are highly conserved in se-
quence and three dimensional structure (9-11). Only two amino acid residues that are con-
served in all active PTPs, but not in RPTP-D2s, are responsible for the lack of catalytic activ-
ity in RPTP-D2s, because mutation of these residues renders RPTP-D2s active (10,12,13). 

Relatively little is known about regulation of PTPs. Reversible oxidation of the absolutely 
conserved catalytic site cysteine that is essential for catalysis (14) is emerging as an im-
portant regulatory mechanism (15). The catalytic cysteines are susceptible to oxidation 
because of their low pKa (16,17). Oxidation of cysteine residues to sulfenic acid is revers-
ible, whereas further oxidation to sulfinic (doubly oxidized) or sulfonic (triply oxidized) 
forms is irreversible (18). Oxidized PTP1B shows a newly identified bond, termed cyclic 
sulphenamide, in which the sulfur of the cysteine is covalently linked to the main chain 
nitrogen of the neighbouring serine (19,20).  Cyclic sulphenamide, like sulfenic acid can be 
reduced by thiols and importantly, it suppresses oxidation to sulfinic and sulfonic acids. 

There are many physiological stimuli that induce reactive oxygen species (ROS) produc-
tion. For instance, ROS are produced in response to stimuli like UV, growth factors and 
insulin, leading to inactivation of PTPs (21-26). ROS-induced inhibition of PTP activity may 
be essential for stimulus-induced signaling. For instance, platelet derived growth factor 
(PDGF) induces oxidation of Shp2 and N-acetyl cysteine, a ROS-quencher, blocks Shp2 oxi-
dation and reduces PDGF signaling (25). Interestingly, Reynolds et al (27) demonstrated in a 
mathematical model that epidermal growth factor (EGF)-induced EGFR activation, togeth-
er with ROS-mediated inactivation of PTPs is sufficient to cause lateral signal propagation.

PTPs are emerging as important redox sensors in cells. Recently, we found that RPTPα 
is regulated by oxidation in an unexpected way. Whereas RPTPα-D1 contains most 
of the catalytic activity, it appears that RPTPα-D2 is much more sensitive to oxidation 
than RPTPα-D1 in vitro and in cells in response to UV irradiation (28). Yet, RPTPα is inac-
tivated in response to H2O2 treatment, because RPTPα-D2 undergoes a conformational 
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change in response to oxidation, leading to stabilization of an inactive dimeric confor-
mation (8,29).  Mutation of the catalytic cysteine in RPTPα-D2 renders RPTPα less sensi-
tive to oxidation, in that H2O2 and UV treatment of living cells do not lead to complete 
inactivation of RPTPα-C723S, whereas wild type RPTPα is inactivated completely (8, 28). 

In the present study, we investigated differential oxidation of PTPs. OxPTP immunoprob-
ing and Matrix Assisted Laser Desorption Ionization Time-of-Flight (MALDI-ToF) mass 
spectrometry indicated that the mutations in the pTyr-loop and WPD-loop that are re-
sponsible for the difference in catalytic activity between RPTPα-D1 and RPTPα-D2 were 
also involved in the difference in oxidizability. Furthermore, we demonstrate that PTP1B 
and LAR-D1 were highly oxidizable. The susceptibility of PTPs to oxidation was strongly de-
pendent on pH. Comparison of the crystal structures suggested that the orientation of the 
PTP-loop arginine is important for oxidizability of PTPs. Taken together, the subtle differ-
ences in the microenvironment of the catalytic cysteines determine oxidizability of PTPs. 
 

Materials and Methods

Constructs
PGEX-based bacterial expression vectors encoding GST-fusion proteins of RPTPα-D1 
contained the region from amino acid 167 to 503 and RPTPα-D2 from amino acid 504 
to 793 (30). D2-E690D, D2-V555Y and D2-E690D/V555Y have been described (13). 
RPTPα-D1-Y262V and D1-D401E were made by site directed mutagenesis and veri-
fied by sequencing. The pGEX construct encoding zebrafish PTP1B (residues 1-282) has 
been described (31). pGEX-LAR-D1 and pGEX-LAR-D2 encoded human LAR residues 
1275 to 1608 and 1609 to 1897, respectively. pGEX-RPTPμ-D1 encoded human RPTPμ 
residues 765 to 1165. These constructs were derived by PCR and verified by sequencing.

Analysis of oxidized PTPs using the oxPTP antibody 
Reversible oxidation was assayed using an antibody, oxPTP, that specifically recognizes 
the sulfonic acid form of catalytic site cysteines of PTPs (28, 32). As outlined in Fig. 1A, fol-
lowing treatment, the sample is alkylated to protect reduced cysteines. Subsequently, the 
sample is treated with DTT to reduce reversibly oxidized cysteines and treated with per-
vanadate to convert reduced cysteines to the sulfonic acid form. Finally, the sulfonic acid 
form is detected using the oxPTP antibody by immunoblotting. The procedure has been 
described in detail (28). Briefly, GST-fusion proteins, purified using standard procedures, 
were bound to glutathione beads. All incubations and washes were done with 20 mM Tris, 
pH 7.5, unless otherwise stated. The proteins were reduced for 30 min in 10mM dithiotrei-
tol (DTT). Beads were washed twice and were incubated with varying concentrations of 
H2O2 for 20 min. Immediately after oxidation proteins were alkylated, using 40 mM iodo-
acetic acid (IAA) for 30 min. Proteins were washed extensively, reduced with 10mM DTT, 
washed twice and incubated for 1 h with 0.1 mM pervanadate (1mM pervanadate: 1mM 
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Na3VO4 mixed with 5mM H2O2, final concentrations, and left for at least 5 min at room 
temperature, RT) to convert reduced cysteines irreversibly into the sulfonic acid form. 
Laemmli sample buffer was added, samples were boiled for 5 min and run on a 10% SDS-
polyacrylamide gel (5 mg of protein per lane). Samples were transferred to PVDF mem-
brane by semi-dry blotting. For detection with oxPTP antibody, the blots were blocked in 
0.1% BSA, 0.1% tween in 50 mM Tris, pH 7.5, 150 mM NaCl for 1 h or overnight and incu-
bated with oxPTP antibody (1.5 h at RT or overnight at 4°C). Subsequently, HRP-coupled 
goat-anti-rabbit (1:10,000, BD Pharmigen) was used and the antibody signals were visual-
ized by enhanced chemiluminescence (ECL). In some cases, membranes were stripped 
and reprobed with anti-RPTPα antibody (30) and subsequently developed using ECL.

Phosphatase assays
Fusion proteins were bound to GST beads in 20 mM Tris-HCl, pH=7.5, 10mM DTT. 
Beads were incubated with varying concentrations of H2O2 for 20 min at pH=7.5 
and then directly incubated in 20 mM MES buffer pH=6.0, 1mM EDTA, 150mM NaCl, 
10mM pNPP for 45 min at 30°C. Reactions were quenched with 0.4 M NaOH and op-
tical density was measured with a spectrophotometer at 440 nm (wavelength). 

MALDI-ToF mass spectrometry 
All reactions and washing steps were performed in 20 mM Tris-HCl, pH 7.5. GST-fusion pro-
teins of RPTPα-D2 and mutated RPTPα-D2 (V555Y, E690D, and V555Y/E690D) were immobi-
lized on gluthatione-sepharose beads and incubated with 10 mM DTT. Beads were washed 
and incubated with H2O2 for 20 min at RT. Subsequently, beads were treated with 100 mM 
iodoacetamide for 30 min at RT, to derivatize the unaffected cysteines. Finally, beads were 
washed and incubated with 10 mM DTT for 10 min to reduce singly oxidized cysteines. The 
fusion protein was cleaved off by thrombin protease (4 hours at RT) and the protein of inter-
est was subjected to overnight tryptic digestion. For desalting, peptides were adsorbed on 
C18 ZipTips (Millipore) and washed with 0.1% trifluoroacetic acid (TFA). Peptides retained on 
the columns were eluted using a-cyano-4-hydroxycinnamic acid (10 mg/ml) in 10% aceto-
nitrile/ 0.1% TFA. Peptide mass fingerprint spectra were recorded on a MALDI-ToF Voyager 
DE-STR (Applied Biosystems) mass spectrometer operated in positive-ion reflectron mode. 
After time-delayed extraction, the ions were accelerated to 20 kV for ToF mass spectromet-
ric analysis. A total of 150 shots were acquired and the signal was averaged per spectrum. 
MALDI-ToF spectra were analyzed using the Applied Biosystems Data Explorer software. 
 

Results

Differential oxidation of RPTPα-D1 and RPTPα-D2
We investigated oxidation of PTPs using the oxPTP antibody (Fig. 1A). Consistent 
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with a previous report (28), RPTPα-D1 was oxidized at 250 μM H2O2 but not at lower 
concentrations (Fig. 1B) and RPTPα-D2 was already detectably oxidized at the low-
est concentration used (31 μM H2O2) (Fig. 1C). The negative control in our oxPTP ex-
periments represents the fully reduced PTP, achieved by treatment with 10 mM DTT 
for 20 min. For the positive control, the alkylation step was omitted, leading to com-
plete triple oxidation of the catalytic cysteine upon pervanadate treatment (Fig. 1).  

Fig. 1. Differential oxidation of RPTPα-D1 and RPTPα-D2
(A) Reduced (thiolate anion form, S-), reversibly oxidized (sulfenic acid or sulphenamide; SOH) 
and irreversibly oxidized (sulfinic and sulfonic acid; SO2/3H) PTP catalytic cysteines were detected 
as described in detail in the Materials and Methods section by subsequent alkylation with iodo-
acetic acid or iodoacetamide (IAA), reduction with dithiotreitol (DTT) and detection by MALDI-
ToF mass spectrometry (MS) or peroxidation with pervanadate (PV) and detection with oxPTP 
antibody. RPTPα-D1 (B) and RPTPα-D2 (C) were treated with increasing concentrations of H2O2 
(31, 62, 125, 250, 500 and 1000 μM) and processed for detection of reversible oxidation, using 
the oxPTP antibody. The negative control (nc) was treated with DTT for 20 min. The positive con-
trol (pc) was not alkylated with IAA, resulting in complete peroxidation in response to pervana-
date. The samples were run on SDS-PAGE gels, blotted and the immunoblots were probed with 
oxPTP antibody (upper panels). Equal amounts of fusion protein were loaded per lane, which 
was monitored by Coomassie blue staining (data not shown) and by reprobing of the blots with 
anti-RPTPα antibodies (lower panels). Representative immunoblots, developed with ECL, are de-
picted here. (D) GST-fusion proteins encoding RPTPα-D1 (top panel) and RPTPα-D2 (bottom 
panel) were treated with different concentrations of H2O2 ranging from 31 – 250 μM. PTP activ-
ity was assayed using pNPP as a substrate and is depicted as percentage of the maximal activity.

In parallel with the oxPTP immunoprobing experiments, we performed PTP activity assays 
using p-nitrophenylphosphate (pNPP) as a substrate. RPTPα-D1 retained much of its activity 
at low concentrations of H2O2 (31 μM) (Fig. 1D). RPTPα-D2, although much less active than 
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D1, is more susceptible to H2O2 than RPTPα-D1 and is already inactivated at low concentra-
tions of H2O2 (31 μM, Fig. 1D). Together, these results show that RPTPα-D2 is more susceptible 
to oxidation than RPTPα-D1 as detected by the oxPTP antibody and by PTP activity assays.

Two residues determine the difference between RPTPα-D1 and RPTPα-D2
Previously, we have shown that the difference in catalytic activity between RPTPα-
D1 and RPTPα-D2 is caused by two residues in the pTyr-loop (Tyr 262 in D1; Val 555 in 
D2) and WPD-loop (Asp 401 in D1; Glu 690 in D2) that are always conserved in cata-
lytically active PTPs and never in inactive RPTP-D2s. The single mutants in RPTPα-D2, 
E690D and V555Y, regain some of their activity and the double mutant V555Y/E690D 
is as active as RPTPα-D1 (12,13,33). These mutants were tested for their susceptibil-
ity to H2O2 using the oxPTP antibody. Whereas wild type RPTPα-D2 was oxidized at 31 
μM H2O2, RPTPα-D2-V555Y was only oxidized at 125 μM H2O2 and above (Fig. 2A). Even 
higher levels of H2O2 were required for RPTPα-D2-E690D oxidation (Fig. 2A). More-
over, RPTPα-D2-V555Y/E690D oxidation was only detected at 1 mM H2O2 (Fig. 2A). 

Fig. 2. The pTyr-loop and 
WPD-loop are important for 
oxidizability 
(A) RPTPα-D2 and mutants, 
V555Y, E690D and V555Y/E690D 
(VY/ED) and (B) RPTPα-D1 and 
mutants, Y262V and D401E were 
treated with increasing concen-
trations of H2O2 (31 – 1000 μM). 
Negative and positive controls 
were included for all mutants 
and oxPTP immunoprobing 
was performed as described 
in the legend to Fig. 1. (C) PTP 

activity of RPTPα-D1, RPTPα-D2 and their mutants was assayed using pNPP and quantified spec-
trophotometrically. Experiments were done in triplicate and the standard deviations are indicated.

In order to test whether the pTyr-loop and the WPD-motif were responsible for low oxi-
dizability of RPTPα-D1, Tyr262 was mutated to valine and Asp401 to glutamate. RPTPα-
D1-Y262V and RPTPα-D1-D401E were much more sensitive to oxidation than wild type 
RPTPα-D1, in that appreciable oxidation was already detected at 31 - 62 μM H2O2 (Fig. 2B), 
similar to wild type RPTPα-D2. These results support the hypothesis that the pTyr-loop 
and WPD-loop are important for susceptibility to oxidation of RPTPα-D1 and RPTPα-D2.

We determined the catalytic activity of RPTPα-D1, RPTPα-D2 and their mutants, allow-
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ing direct comparison of PTP activity and oxidizability. Consistent with previous results 
(12,13,33), the single point mutations in RPTPα-D2 enhanced its activity to some ex-
tent, whereas RPTPα-D2-V555Y/E690D exhibited catalytic activity similar to RPTPα-D1 
(Fig. 2C). Mutation of Asp401 and Tyr262 completely abolished RPTPα-D1 activity (Fig. 
2C), demonstrating that the pTyr-loop and WPD-loop are essential for catalytic activity.

Fig. 3. MALDI-ToF analysis of 
oxidation of RPTPα-D2 and 
mutants
Purified RPTPα-D2 was treated 
with H2O2 and MALDI-ToF spec-
tra were acquired as described 
in the Materials and Methods 
section. The m/z range that 
contains the active site Cys723 
peptide (residues 710-729) is 
depicted. Reversibly oxidized 
Cys723 peptide was detected 
in reduced form (m/z 2075.98, 
*), the sulfinic acid containing 
peptide shifted +32.00 to m/z 
2107.98 (**) and the sulfonic 
acid containing peptide +48.00 

to m/z 2123.98 (***). The reduced Cys723 containing peptide was detected in alkylated form with a 
shift in relative molecular mass of + 57.02 (m/z 2133.00, ****). Peak intensities of reduced and revers-
ibly oxidized Cys723 peptides were determined from the MALDI-ToF spectra (panels on the right). 
Relative oxidation (y-axes run from 0 – 100%) is plotted against increasing H2O2 concentrations 0, 
31, 62, 125, 250, 500 and 1000 μM (left to right) for wild type and mutant RPTPα-D2 (as indicated).

Mass spectrometry experiments were performed to further investigate oxidation of 
RPTPα-D1 and RPTPα-D2. Unfortunately, the Cys433 containing peptide of RPTPα-D1 
did not resolve well in the MALDI-ToF spectra and detection of Cys433 oxidation failed. 

The peptide containing Cys723 of RPTPα-D2 and its oxidized derivatives were readily de-
tectable by MALDI-ToF (Fig. 3). At 1 mM H2O2, four peaks were evident in the spectra. As a 
result of the alkylation/ reduction procedure, the reversibly oxidized Cys723 peptide was 
detected in its reduced form (m/z 2075.98), while alkylated Cys723 peptide corresponds 
to reduced Cys723 peptide (m/z 2133.00). The other two peaks, m/z 2107.98 and 2123.98 
represent irreversibly oxidized RPTPα-D2, with a relative mass shift of +32 and +48, cor-
responding to the formation of the sulfinic and sulfonic acid species, respectively. Revers-
ibly oxidized Cys723 peptide was already detected at the lowest concentrations of H2O2 
(31 μM) and the fraction of reversibly oxidized Cys723 peptide increased gradually with 
increasing H2O2 concentrations (Fig. 3). The sulfinic acid species were only detected at 
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high H2O2 concentrations (250 μM H2O2 and higher) and sulfonic acid only at 1 mM H2O2. 

Based on the MALDI-ToF spectra, we calculated the fraction of reversibly oxidized 
Cys723 peptide, relative to the total amount of Cys723 peptide. Wild type RPTPα-D2 
was highly sensitive to oxidation, whereas RPTPα-D2-E690D was moderately sensi-
tive, showing low levels of reversible oxidation at low H2O2 concentrations (Fig. 3). 
RPTPα-D2-V555Y and RPTPα-E690D/V555Y were the least sensitive to oxidation, as 
for both mutants significant oxidation was detected only at high concentrations of 
H2O2 (250 μM and higher, Fig. 3). The sulfinic and sulfonic acid form of Cys723 pep-
tides in the MALDI-ToF spectra of RPTPα-D2 were not detected in any of the mu-
tants (data not shown), again pointing towards a decreased sensitivity to oxidation 
for all mutants. The MALDI-ToF results are consistent with the oxPTP antibody data. 

The oxidation and PTP activity results (Fig. 2,3) demonstrate that the two resi-
dues that determine the difference in catalytic activity between RPTPα-
D1 and RPTPα-D2 are also responsible for the difference in oxidizabil-
ity, which may suggest that PTP catalytic activity and oxidizability are linked.

Oxidizability of PTP1B and LAR
Our results suggest an inverse relation between catalytic activity and oxidizability. How-
ever, other PTPs that are catalytically active have been reported to be oxidized. Therefore, 
we investigated oxidation of PTP1B in parallel to RPTPα-D1 and RPTPα-D2. Oxidation of 
zebrafish PTP1B in which the oxPTP epitope (VHCSAG) is fully conserved (31), was read-
ily detected at very low levels of H2O2 (31 μM) and PTP1B oxidation was maximal at 125 
– 250 μM H2O2 (Fig. 4), similar to RPTPα-D2 (Fig. 1C). PTP1B is catalytically active (data not 
shown), arguing against an inverse correlation between catalytic activity and oxidation. 

Next, we investigated oxidizability of the two catalytic domains of the RPTP LAR. Both 
LAR-D1 and LAR-D2 were readily oxidized at low H2O2 concentrations (31 μM) with 
maximal oxidation levels at 125 – 250 μM, like RPTPα-D2 and PTP1B (Fig. 4). PTP activ-
ity assays that were done in parallel demonstrate that LAR-D1 is catalytically active and 
LAR-D2 is not (data not shown), consistent with previous reports (6). Taken together, 
the finding that the catalytically active PTP1B and LAR-D1 are readily oxidized indicates 
that there is not a strict inverse correlation between catalytic activity and oxidizability. 

Since the pTyr-loop and WPD-loop are conserved in PTP1B and LAR-D1, other features 
of the PTPs must play a role in determining the sensitivity to oxidation. Gly259 in PTP1B 
(Gln474 in RPTPα-D1, His764 in RPTPα-D2) is an important determinant of substrate speci-
ficity (34) and determines the flexibility of Gln262 in the Q-loop of the catalytic pocket 
(35). Gly259 might therefore be involved in the difference in oxidizability between PTP1B 
and RPTPα-D1. We mutated Gln474 in RPTPα-D1 and His764 in RPTPα-D2 to glycine, the 
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Fig. 4. Differential oxidation 
of other PTPs
PTP1B, LAR-D1, LAR-D2, RPTPα-
D1-Q474G, RPTPα-D2-H764G 
and PTPμ-D1 were treated with 
increasing concentrations of H2O2 
(31 – 1000 μM) and reversible ox-
idation was detected as in Fig. 1.

residue at the corresponding position in PTP1B. RPTPα-D1-Q474G was poorly oxidized 
(Fig. 4), like wild type RPTPα-D1 (Fig. 1B). RPTPα-D2-H764G was readily oxidized (Fig. 
4), like wild type RPTPα-D2 (Fig. 1C). Taken together, Gly 259, a determinant of sub-
strate specificity in PTP1B and RPTPα is not involved in differential oxidation of PTPs.

Extensive comparison of the primary sequences of the PTPs involved did not lead to the 
identification of residues that might be responsible for the difference in oxidizability, 
except for three residues that are conserved in RPTPα-D1 (331-TNL-333) and RPTPα-D2 
(624-TEL-626), but not in PTP1B (109-NRV-111). Thr331 is buried in the catalytic pocket 
of RPTPα-D1 close to the catalytic Cys433 and therefore might have a role in oxidizabil-
ity of Cys433. We mutated Thr331 and the two following residues to the correspond-
ing residues in PTP1B (T->N, TN->NR and TNL->NRV) and investigated oxidizability and 
catalytic activity of the mutants. However, these mutants were not catalytically active 
and oxidation was not detectable, using the oxPTP antibody (data not shown), suggest-
ing that these mutations severely disrupted the conformation of the catalytic pocket.

pH-dependent PTP oxidation
Cysteine residues are most vulnerable to oxidation in the thiolate anion form. Therefore, the 
pH may be an important determinant for oxidation of PTPs. It is well-known that the catalytic 
activity of PTPs is strongly dependent on pH (36,37). We assayed the PTP activity of RPTPα-
D1, RPTPα-D2, RPTPα-D2-V555Y/E690D and PTP1B at different pH. PTPs are highly active at 
low pH (optimum activity at pH = 5.5 – 6.0 for all PTPs tested). PTP activity decreased rapidly 
with increasing pH to 10% of the maximum activity at pH = 8.0. It is noteworthy that although 
the absolute activity of the four PTPs tested is different (PTP1B > RPTPα-D1 > RPTPα-D2-
V555Y/E690D >> RPTPα-D2), the pH-dependent decrease in activity is very similar (Fig. 5A). 
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Fig. 5. PTP oxidizability is pH-dependent
(A) PTP activity was assayed at pH 5.5 - 8.0 and is depicted relative to the maximal activity. (X) RPTPα-
D1, (∆) RPTPα-D2, (◊) RPTPα-D2-V555Y/E690D, (•) PTP1B. (B) PTPs were treated with increasing con-
centrations of H2O2 (31, 62 or 125 μM) at pH 6.5 – 9.0 and reversible oxidation was assessed as in Fig. 1.

To investigate if oxidation is a pH-dependent process, H2O2 treatment was done at a range 
of different pHs. Three H2O2 concentrations were used that are indicative of oxidizability, 
31, 62 and 125 μM. Strikingly, the oxidizability of RPTPα-D1 was clearly dependent on 
pH, in that RPTPα-D1 was oxidized in response to low levels of H2O2 (31 μM) at pH 8.5 
and 9.0 (Fig. 5B). RPTPα-D2 oxidation was not affected by elevating the pH, but lower-
ing the pH to 7.0 and 6.5 gradually reduced oxidation of RPTPα-D2 (Fig. 5B). PTP1B was 
sensitive to oxidation at pH 7.5 and – like RPTPα-D2 - lost its sensitivity when the pH was 
lowered to 6.5. RPTPα-D2-V555Y/E690D responded to different pHs much like RPTPα-
D1, in that RPTPα-D2-V555Y/E690D was oxidized at high pH (pH = 8.5 and 9.0). Taken to-
gether, these results demonstrate that oxidation of PTPs is strongly dependent on the pH, 
suggesting that the microenvironment of the catalytic cysteines has an important role. 

PTP-loop arginine is important for oxidizability
The crystal structures of the PTPs involved have all been solved: RPTPα-D1 (38), RPTPα-D2 (11), 
PTP1B (9) and LAR-D1 and LAR-D2 (10). Comparison of the microenvironment of the catalytic  
cysteine of these five PTPs indicated that the absolutely conserved PTP-loop arginine is orient-
ed  differently in RPTPα-D1 than in RPTPα-D2, PTP1B or LAR (Fig. 6).  We determined the distance
 

between the Sγ atom of the catalytic cysteine and the three N atoms of the guanidinium 
group of the arginine (Table 1). Strikingly, the Nη1-atom was much closer to the Sγ atom of 
the catalytic cysteine in RPTPα-D1 than in the other PTPs (4.9 Å vs. 7.1 – 8.0 Å, Table 1). The 
Nε atoms were located at similar distances in all five PTPs (5.2 – 6.1 Å), while the Nη2-atoms 
were partially buried in most structures at similar distances to the Sγ atom (6.1 – 7.3 Å). 

-34-

Groen et al., Fig. 5 

A BA B



Chapter III                  Differential Oxidation of Protein-Tyrosine PhosphatasesChapter III                  Differential Oxidation of Protein-Tyrosine Phosphatases

           57

Table 1. Differ-
ence in micro-
environment of 
the catalytic cys-
teine in RPTPα-
D1 and RPTPμ-
D1 compared 
to other PTPs. 
The distances 
between the 
catalytic cyste-
ine Sγ atom and 
the PTP loop 
arginine guani-
dinium group N 
atoms (Å) were 
d e t e r m i n e d . 

The proximity of the Nη1-atom to the Sγ atom may account for the difference in oxi-
dizability between RPTPα-D1 and other PTPs, because the guanidinium group of 
Arg 439 may sterically hinder the reaction of H2O2 with the thiolate group of Cys 433.
We analyzed the crystal structures of other classical PTPs, RPTPμ-D1, TC-PTP, Shp-1, 
Shp-2, PTP-SL and YOP51. We found that only in RPTPμ-D1 the guanidinium group 
of the PTP-loop arginine was oriented similarly as in RPTPα-D1 (Fig.6) and the Nη1-
atom was relatively close to the Sγ atom (5.5 Å, Table 1). Indeed, RPTPμ-D1 was 
only oxidized at high H2O2 concentrations (Fig. 4), similar to RPTPα-D1. Our results 
are consistent with a crucial role for the PTP-loop arginine in oxidizability of PTPs.   

  
Discussion

Oxidation is an attractive regulatory mechanism for PTPs, because ROS are readily formed 
in response to various stimuli and oxidation is reversible. Here, we report that PTPs were 
oxidized differentially, which may be important for fine-tuning of the cellular responses to 
stimuli. We demonstrate that oxidizability and catalytic activity of RPTPα-D1 and RPTPα-
D2 were reversed upon mutation of two residues in the pTyr-loop and WPD-loop that are 
absolutely conserved in catalytically active PTPs, but not in RPTP-D2s. However, these two 
residues cannot explain the difference in oxidizability between RPTPα-D1 on the one hand 
and the catalytically active PTPs, PTP1B and LAR-D1 on the other, since these residues are 
conserved in all active PTPs. We found that oxidation of PTPs was highly dependent on 
pH and we identified the PTP-loop arginine as an important determinant in oxidizability. 
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Table 1. Difference in microenvironment of the catalytic cysteine in RPTP-

D1 and RPTP-D1 compared to other PTPs. The distances between the 

catalytic cysteine S atom and the PTP loop arginine guanidinium group N atoms 

(Å) were determined.  

PTP     N-S  N1-S N2-S

RPTP-D1    5.593  4.857  6.904 

RPTP-D2    5.724  7.463  7.041 

LAR-D1    6.043  7.992  7.127 

LAR-D2    6.113  7.951  7.329 

PTP1B    5.232  7.102  6.081 

RPTP-D1    4.934  5.465  6.874 

TC-PTP    5.066  7.007  7.304 

Shp-1     5.153  6.256  7.058 

Shp-2     5.701  7.418  7.223 

PTP-SL    6.088  7.894  6.906 

YOP51    5.818  7.504  6.073 
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Fig. 6. Structural basis 
for differential oxida-
tion of PTPs 
Comparison of the mi-
croenvironment of the 
catalytic cysteine in 
RPTPα-D1, RPTPα-D2, 
LAR-D1, LAR-D2, PTP1B 
and RPTPμ-D1. The PTP-
loop is in red, the pTyr-
loop in green, the Q-loop 
in blue and the WPD-
loop in olivegreen. Note 
the difference in orien-
tation of the guanidin-
ium group of Arg439 in 
RPTPα-D1 and Arg1101 
in RPTPμ-D1, compared 
to the PTP-loop argi-

nine in the other PTPs.

OxPTP immunoprobing, PTP activity assays and MALDI-ToF mass spectrometry con-
sistently showed differential oxidation of purified RPTPα-D1 and RPTPα-D2 in vitro. We 
have previously shown that Cys723, the catalytic cysteine of RPTPα-D2, is preferentially 
oxidized in living cells in response to UV treatment (28).  Mutation of Cys723, but not 
Cys433, abolished oxidation of full length RPTPα in living cells. Moreover, differential 
oxidizability of RPTPα-D1 and RPTPα-D2 is consistent with previous data that RPTPα-
D2, rather than RPTPα-D1 is the redox sensor. Mutation of Cys723 renders full length 
RPTPα at least in part insensitive to oxidation, in that H2O2 treatment or UV treatment of 
living cells completely inactivates wild type RPTPα, but not RPTPα-C723S (8, 28). H2O2-
induced inactivation of RPTPα is due to a conformational change in RPTPα-D2, which 
leads to stabilization of an inactive RPTPα dimer conformation (8,29). How RPTPα-D2 

-35-

Groen et al., Fig. 6 



Chapter III                  Differential Oxidation of Protein-Tyrosine PhosphatasesChapter III                  Differential Oxidation of Protein-Tyrosine Phosphatases

           59

changes conformation in response to H2O2 remains elusive and will require elucida-
tion of the crystal structure of oxidized RPTPα-D2. The catalytic Cys723 is required for 
the conformational change (8) and recently we found evidence that none of the other 
cysteines in RPTPα is involved in H2O2-induced stable dimer formation (39), ruling out 
the possibility of intramolecular disulfide bond formation, which has been observed 
in non-classical Cys-based PTPs, including LMW-PTP (40), PTEN (41) and CDC25 (42). It 
is likely that the conformational change in RPTPα-D2 is initiated by cyclic sulphenamide 
formation which leads to extensive reorganization of the catalytic site of PTP1B (19,20).

Although oxidizability of RPTPα-D1 and RPTPα-D2 was reversed upon mutation of only 
two residues in the pTyr-loop and WPD-loop (Fig. 2,3), this cannot explain the differ-
ence in oxidizability between PTP1B, LAR-D1 and RPTPα-D1 (Fig. 4), because the pTyr-
loop and WPD-loop are conserved in all three active PTPs. Oxidation of PTPs is strongly 
dependent on pH (Fig. 5), suggesting that the microenvironment of the catalytic cyste-
ine is an important determinant for oxidizability. Comparison of the crystal structures 
of the classical PTPs suggested that the orientation of the PTP-loop arginine was im-
portant. The orientation of the PTP-loop arginine in RPTPμ-D1 suggested that RPTPμ-
D1 would not be highly susceptible to oxidation. Indeed, like RPTPα-D1, RPTPμ-D1 
was relatively insensitive to oxidation (Fig. 4). The proximity of the PTP-loop arginine 
to the catalytic cysteine may sterically hinder the reaction of H2O2 with the thiolate an-
ion group. To directly test the role of the PTP loop arginine in oxidizability, we mutat-
ed Arg439 to lysine in RPTPα-D1. Unfortunately, GST-RPTPα-D1-R439K was not stable 
and we did not obtain sufficient material to determine oxidation of this fusion protein. 

It is not clear why the guanidinium group of Arg439 is oriented differently in RPTPα-D1 
than in most other PTPs. Unlike the other crystal structures, RPTPα-D1 formed dimers 
in the crystals in which a helix-loop-helix wedge-like structure inserts into the catalytic 
site of the dyad-related monomer (38), which may affect the orientation of the guani-
dinium group. However, the position of the PTP loop arginine and particularly its guani-
dinium group in RPTPμ-D1, which did not form dimers like RPTPα-D1 in crystals (43), is 
similar as in RPTPα-D1, indicating that this conformation is not driven by dimerization. 

It is noteworthy that differential oxidation of PTPs is especially obvious at relatively 
low H2O2 concentrations. Cellular stimuli induce H2O2 concentrations in a range, similar 
to the H2O2 concentrations we have used for our experiments. For instance, PDGF in-
duces ROS levels in cells that are comparable to the levels in cells resulting from exog-
enously added H2O2 concentrations of 0.1 - 1.0 mM (21). Differential oxidation of PTPs 
is important for fine-tuning of the cellular response to ROS production. Apparently, dif-
ferent inactivating mechanisms have evolved in the RPTPs: direct oxidation of the cata-
lytic cysteine in LAR and indirect inactivation through oxidation of the catalytic cyste-
ine in RPTPα-D2, resulting in stabilization of an inactive dimer conformation (8, 29). 
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LAR-D2 does undergo a conformational change in response to H2O2, like RPTPα-D2 and 
H2O2 induces heterodimer formation between full length RPTPα and LAR (44). Whether 
oxidation of LAR-D2 is required for full inactivation of LAR remains to be determined. 
In conclusion, we demonstrate that PTPs are differentially oxidized and we provide 
evidence for the underlying mechanism. It will be interesting to see if other PTP family 
members, including the non-classical Cys-based PTPs are differentially oxidized as well. 
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Abstract

Protein tyrosine phosphatases (PTPs) are fundamental to the regulation of cel-
lular signalling cascades triggered by receptor-linked protein tyrosine kinases.  
Receptor-like PTPs (RPTPs) comprise two tandem PTP domains, with only the 
membrane proximal domains (D1) having significant phosphatase activity; the 
membrane distal domains (D2) are catalytically inactive.  Intriguingly however, 
many RPTP D2s share the catalytically essential Cys and Arg residues of D1s.  
D2 of RPTPα may function as a redox sensor that mediates regulation of D1 via 
reactive oxygen species.  Oxidation of the catalytic Cys of RPTPα D2 stabilises 
RPTPα dimers, induces rotational coupling, and is required for inactivation of 
D1 phosphatase activity.  Here, we investigated the structural consequences of 
RPTPα D2 oxidation.  Exposure of RPTPα D2 to oxidants promotes formation of 
a cyclic sulphenamide species, a reversibly oxidised state of the catalytic cyste-
ine, accompanied by conformational changes of the D2 catalytic site.  The cyclic 
sulphenamide is highly resistant to terminal oxidation to sulphinic and sulphonic 
acids.  Conformational changes associated with RPTPα D2 oxidation have implica-
tions for RPTPα quaternary structure and regulation of D1 phosphatase activity.
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Introduction

The reversible tyrosine phosphorylation of proteins, reciprocally controlled by tyrosine 
kinases and phosphatases, is crucial to the regulation of diverse cellular processes, includ-
ing growth, proliferation and differentiation (Alonso et al., 2004).  Redox reactions, medi-
ated by reactive oxygen species (ROS), control PTP activity in response to a variety of hor-
mones and growth factors (Finkel, 2003; Rhee et al., 2000; den Hertog et al., 2005; Salmeen 
and Barford, 2005; Tonks, 2005).  Generation of ROS accompanies PTK activation (Bae et al., 
1997; Sundaresan et al., 2000), with oxidation-induced inhibition of PTP activity amplify-
ing PTK dependent signalling (Knebel et al., 1996; Lee et al., 1998; Mahadev et al., 2001).

PTP catalysed protein dephosphorylation proceeds via a nucleophilic displacement re-
action utilising an essential cysteine residue conserved within the PTP signature motif 
Cys(X)5Arg (Guan and Dixon, 1991; Denu et al., 1996; Denu and Dixon, 1998; Pannifer 
et al., 1998).  The low pKa of the catalytic cysteine necessary for its function (Zhang and 
Dixon, 1993), render PTPs susceptible to inactivation by ROS induced cysteine oxidation.  
However, the reversibility of redox-mediated inactivation of PTPs requires that a revers-
ibly oxidised state of the cysteine residue is stabilised at the PTP catalytic site and that 
formation of SO2 and SO3, two irreversibly oxidised species of cysteine, is suppressed 
(Tanner and Denu, 1998).  Studies of the tyrosine specific cytosolic PTP1B revealed that 
the reversibly oxidised form of the enzyme was not the expected sulphenic acid or di-
sulphide bond, but an oxidation state of cysteine termed a cyclic sulphenamide, a spe-
cies not previously observed in proteins (Salmeen et al., 2003; van Montfort et al., 2003).  
Generation of the cyclic sulphenamide inhibits catalytic activity by blocking the nucleo-
philic cysteine residue through a covalent bond of its thiol group with the neighbour-
ing main chain amide, a linkage that is accompanied by profound conformational transi-
tions of the catalytic site PTP and pTyr loops.  The oxidation properties of the catalytic Cys 
observed in PTP1B may be unique to the tyrosine specific sub-family of PTPs.  Crystal-
lographic and biochemical studies show that, in contrast to PTP1B, in the dual specific-
ity phosphatases KAP (Song et al., 2001) and Cdc25 (Fauman et al., 1998; Sohn and Ru-
dolph, 2003; Buhrman et al., 2005), lmPTPs (Chiarugi et al., 2001) and lipid phosphatase 
PTEN (Leslie et al., 2003), a disulphide bond linking the catalytic Cys residue to a proxi-
mal Cys is responsible for reversible oxidation and phosphatase inactivation.  Similar to 
the cyclic sulphenamide of PTP1B, a disulphide bond suppresses over-oxidation of the 
catalytic cysteine and is reversed by reductants.  In another redox-regulatory mecha-
nism, a stable and reversible sulphenic acid species was implicated as the oxidation-de-
pendent inactive state of the dual specificity phosphatase VHR (Denu and Tanner, 1998).

The only precedent for a protein cyclic sulphenamide is the oxidised state of PTP1B, vi-
sualised directly by X-ray crystallography, and indirectly in solution by pulse-chase la-
belling and mass spectrometry experiments (Salmeen et al., 2003; van Montfort et al., 
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2003).  Interestingly, examples of cyclic sulphenamides were reported some 30 years 
ago in studies of synthesis of the antibiotic cephalosporin from penicillin precursors via 
the nucleophilic attack of a nitrogen atom on sulphenic acids (Morin et al., 1973; Morin 
and Gordon, 1973; Kim et al., 1996).  More recently, the synthesis of a cyclic sulphena-
mide species in vitro from a sulphenic acid precursor was demonstrated (Sivaramakrish-
nan et al., 2005).  There is now abundant evidence that numerous tyrosine-specific PTPs 
are regulated via reversible and transient oxidation, suggesting that redox regulation of 
these PTPs may also feature a cyclic sulphenamide species (Salmeen and Barford, 2005; 
Tonks, 2005).  For example, in-gel phosphatase assays demonstrated that SHP-2 was re-
versibly oxidised in response to PDGF signalling (Meng et al., 2002), whereas ROS has 
been implicated in the suppression of both PTP1B and TCPTP activities in cells stimulated 
by insulin (Mahadev et al., 2001a; 2001b; Meng et al., 2004) and EGF (Bae et al., 1997).

Whilst all cytosolic PTPs comprise a single catalytic domain linked to diverse regulatory or 
targeting domains, the majority of transmembrane receptor-like phosphatases comprise 
two PTP domains arranged in tandem (Andersen et al., 2001; Alonso et al., 2004).  The 
membrane proximal D1 domain is responsible for all or most of the protein phosphatase 
activity with little to no phosphatase activity contributed by the D2 (distal) domain.  Al-
though essentially devoid of phosphatase activity, intriguingly most RPTP D2s share the 
conserved catalytic Cys and Arg residues of the PTP signature motif required for phos-
phatase activity.  Furthermore, the crystal structures of LAR and RPTPα D2s indicated an 
environment of the PTP motif Cys residue essentially identical to that of catalytically active 
PTPs that would be expected to promote a catalytic Cys with a reduced pKa, enhancing 
its nucleophilicity (Nam et al., 1999; Sonnenburg et al., 2003).  In striking experiments, the 
introduction of Tyr and Asp residues at the catalytic sites of LAR and RPTPα D2, residues 
required for pTyr recognition and general acid catalysis in PTP1B (Jia et al., 1995), con-
ferred tyrosine specific phosphatase activity with catalytic rates equivalent to RPTP D1s 
and cytosolic PTPs (Lim et al., 1998; Buist et al., 1999; Nam et al., 1999).  The catalytic Cys 
residues of RPTP D2s are therefore as reactive - and oxidation sensitive - as their coun-
terparts in RPTP D1s (Blanchetot et al., 2002).  A role for RPTPα D2 as a redox sensor was 
suggested from the findings that H2O2 induced stabilisation of RPTPα dimers, rotational 
coupling of the extracellular domain, and complete inactivation of D1 phosphatase activ-
ity, was dependent on the D2 catalytic Cys residue (Blanchetot et al., 2002; van der Wijk et 
al., 2003).  Development of a generic antibody that detects oxidation of the catalytic site 
Cys provided direct observation of an oxidised PTP-motif Cys residue, and revealed that 
D2 of RPTPα is more sensitive to oxidation than D1 (Persson et al., 2004; Groen et al., 2005).  
These results implicate a redox-dependent function of RPTP D2s, whereby the conserved 
Cys residue may function as a redox sensor, potentially mediating oxidation-dependent 
conformational changes of RPTPs and inside-out signalling (van der Wijk et al., 2003).

Here, we investigated the structural consequences of RPTPα D2 oxidation by means of 
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X-ray crystallography and explored the stability of the reversibly oxidised state in solu-
tion via mass spectrometry and the oxidation-specific antibody.  We demonstrate that on 
exposure of RPTPα D2 crystals to oxidants (H2O2 and oxidised glutathione), oxidation of 
the conserved Cys residue generates a highly stable cyclic sulphenamide species, identi-
cal in chemical composition to that of PTP1B.  These studies indicate that formation of 
the reversible cyclic sulphenamide is a general feature of the tyrosine-specific PTPs, and 
importantly, provides a direct demonstration of the susceptibility of the D2 catalytic Cys 
to oxidation, and its conversion to the cyclic sulphenamide species with potential implica-
tions for redox-dependent regulation of RPTPα conformational changes and regulation.

 
Results        

Structure of RPTPα D2
Crystallisation of RPTPα D2 at 14 ˚C in our study yielded an orthorhombic crystal form 
(C2221) differing from the trigonal crystals (P31) obtained at 4 ˚C by Sonnenberg et al., 
(2003).  The two molecules of RPTPα D2 in the C2221 asymmetric unit associate to form 
a dimer identical to the RPTPα D2 dimers of the P31 crystals (Sonnenburg et al., 2003).  
The dimer interface is created from a surface of the molecule opposing the catalytic site.  
Both crystallographic independent subunits of RPTPα D2 (designated MolA and MolB) 
adopt essentially identical conformations (r.m.s.d. of 0.60 Å for equivalent Ca-atoms).  In 
our structure, residues 523 to 532 at the N-terminus of the D2 domain assume an a-he-
lical conformation (equivalent to α2’ of PTP1B) (Fig. 1A), in contrast to their disordered 
state in the structure of Sonnenburg et al., (2003).  Significantly, an equivalent α-helix is 
present in all other cytosolic PTP, (PTP1B (Barford et al., 1994) and SHP-2 (Hof et al., 1998)) 
and receptor PTP structures (D1 of RPTPα and RPTPμ (Bilwes et al., 1996; Hoffmann et al., 
1997), D1 and D2 of LAR and CD45 (Nam et al., 1999; 2005)).  In these PTP structures, α2’ 
is preceded by the α1’ helix, defining the N-terminus of the tyrosine specific PTP domain 
(Barford et al., 1994).  Multiple sequence alignment of RPTPs (Nam et al., 1999; Andersen et 
al., 2001 and data not shown) predicts an equivalent a1’ of RPTPα D2 comprising residues 
502 to 514.  These residues were not included in the RPTPα D2 domain we crystallised.

Overall, the structure of RPTPα D2 resembles that of other tyrosine specific PTPs 
(Fig. 1A).  The domain is composed of a large central b-sheet flanked on both side 
by α-helices.  Residues of the PTP signature motif (Cys-Xaa5-Arg-Ser/Thr; residues 
723-730) connect the central β-strand with the N-terminus of the α4 helix, creat-
ing a cradle-like structure, located at the centre of the molecule, ideally configured 
for engaging a terminal phosphate group of a phosphorylated substrate.  The side 
chain of the conserved Cys residue of the PTP motif (Cys723) projects into the PTP-
loop cradle and accepts a hydrogen bond from the side chain of Thr730 (Fig. 1B).
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Figure 1.  Oxidation-induced structural changes of RPTPα D2.  (A) Overall view of RPTPα D2.  Con-
formational changes are restricted to the PTP loop.  Side chain carbon atoms in purple and green 
for reduced and oxidised states, respectively.  (B)  Details of conformational changes of PTP loop 
in MolA and (C) MolB.  The change of position of Gly726 in the PTP loop is indicated by an arrow 
in (C).  (D)  The oxidised conformation of the PTP loop of RPTPα D2 MolA is identical to oxidised 
PTP1B (PTP1B side chains in purples and residue numbers in italics).  Figures created using PYMOL.

 

 



PTP

loop

Q-loop

N
C

C723

WP

D

loop

pTyr

loop

α2’
α6

α4
α4

α4 α4

Arg729

Cys723
PTP

loop (Ox)

PTP loop

(Red)

Arg763

SO4
Val556

WP

D

loop

pTyr

loop

Q-loop Gln768

Q-loop

Arg729

WP

D

loop

V556

Arg763

Gln768

PTP

loop (Ox)

PTP loop

(Red)

Cys723

Cys723

Cys215

V556

Gln768

Gln262

Arg729

Arg221

R729

R257

Tyr46

Thr73
0

pTyr

loop



     70

Chapter IV             Reversible oxidation of the membrane distal domain of  receptor PTPα is mediated by a cyclic sulphenamideChapter IV             Reversible oxidation of the membrane distal domain of  receptor PTPα is mediated by a cyclic sulphenamide

Figure 2.  Electron density maps of various oxidation states of PTP loop of RPTPα D2 
(MolA).  Cyclic sulphenamide forms rapidly and is resistant to higher oxidation.  2Fo-Fc electron 
density map (contoured at 1σ) of the PTP loop. (A) Cyclic sulphenamide forms by 90 min on expo-
sure to 50 μM H2O2 and is stable for (B) 16 hours and (C) on exposure to 10 mM oxidised glutathi-
one for 12 days. (D)  Reduction of cyclic sulphenamide with DTT restores native thiol.  CysSN 723 
denotes the cyclic sulphenamide species.

Oxidation of RPTPα D2 generates a cyclic sulphenamide species
We performed a total of six oxidation experiments with RPTPα D2 crystals.  Crystals were 
exposed to either 50 or 100 μM hydrogen peroxide over a period of 16 hours or oxidised 
glutathione for 12 days and structures were determined to resolutions ranging from 1.8 to 
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2.5 Å (Table 1).  These experiments delineate the temporal oxidation dependent conforma-
tional changes of RPTPα D2.  Exposure of RPTPα D2 to H2O2 promotes oxidation of the con-
served Cys723 residue of the PTP motif in both molecules of the asymmetric unit.  This re-
sult confirms original findings that Cys723 is sensitive to oxidation (Blanchetot et al., 2002; 
Persson et al., 2004; Groen et al., 2005).  We observe formation of the cyclic sulphenamide 
species in both molecules of D2 on incubation with H2O2 for 90 min (Fig. 2A, 3A), however, 
their rates of formation and stability differ.  Prolonged exposure (16 hours) to H2O2 result-
ed in conversion of the cyclic sulphenamide to the higher oxidised SO2 species in MolB, 
although in MolA the cyclic sulphenamide at the catalytic site remains unchanged relative 
to a 90 min H2O2 incubation (Fig. 2B, 3B).  Furthermore, whereas incubation of RPTPα D2 
crystals for 16 days in 10 mM oxidised glutathione generates the terminally oxidised sul-
phonic acid (SO3) derivative of Cys723 in MolB (Fig. 3C), a cyclic sulphenamide species is 
present in MolA (Fig. 2C).  These findings indicate significant differences in the stability of 
the cyclic sulphenamide between the two molecules of RPTPα D2 of the asymmetric unit.  
As discussed below, one explanation for this variation in stability are the differences be-
tween the PTP loop conformations in the cyclic sulphenamide states of molecules A and B.

Table 1. Crystallographic Data Collection and Refinement Statistics.

Rates of formation of the cyclic sulphenamide species also differ between the two mol-
ecules.  Following a 30 min exposure to H2O2, electron density corresponding to Cys723 
is consistent with a mixture of reduced and oxidised species of the protein.  In MolA, this 
density was modelled using partial occupancy refinement assuming a conversion of ~60% 





Incubation 
condition

H2O2

50 µM 
30 min

H2O2

50 µM  
1.5 h

H2O2

50 µM  
3 h

H2O2

100 µM  
6 h

H2O2

50 µM  
16 h

GSSG  
10 mM  
12 days

DTT 
reduced

DTT 
0 h 
control

DTT 
16 h 
control

Space 
group

C2221 C2221 C2221 C2221 C2221 C2221 C2221 C2221 C2221

Cell 
parameter
s 
(Å)

a=74.82 
b=94.79 
c=205.80

a=75.29 
b=95.94 
c=205.84

a=74.90 
b=94.66 
c=205.71

a=75.0 
b=94.68 
c=205.62

a=74.65 
b=94.79 
c=204.82

a=75.19 
b=94.62 
c=207.39

a=71.79 
b=97.31 
c=198.39

a=74.63 
b=95.36 
c=204.86

a=74.47 
b=95.39 
c=204.66

Date 
collected

10-05 3-05 12-04 12-04 12-04 5-05 5-05 10-05 10-05

beamline ID14.2 ID23.1 ID14.4 ID14.4 ID14.4 ID14.4 ID14.4 ID14.3 ID14.2
Resolution 
Å

2.3 2.1 1.90 2.0 1.85 2.5 2.4 2.4 2.3

R-merge 0.065 
(0.262)

0.082 
(0.324)

0.063 
(0.328)

0.055 
(0.141)

0.048 
(0.387)

0.076 
(0.12)

0.082 
(0.136)

0.109 
(0.323)

0.066 
(0.306)

I/sigI 7.0(2.5) 4.8(1.2) 6.5(1.5) 8.4(4.5) 9.1(1.9) 6.1 (5.5) 5.0(4.2) 2.4 (1.0) 5.3 (1.7)
complete 
(%)

99.2 
(99.2)

99.4 
(99.2)

95.3 
(77.6)

80.3 
(49.5)

74.3 
(40.6)

94.2 
(81.1)

94.1 
(81.0)

99.9 
(99.9)

99.2 
(99.2)

Multiplicity 
(N)

3.7(3.5) 4.0(4.1) 3.7(2.3) 3.1(2.1) 4.0(2.1) 5.0 (3.5) 4.0(2.8) 4.0(4.0) 4.0(3.7)

Reflections 
(N)

119,994 176,131 202,962 122,748 219,282 128,785 102,476 115,543 130,217

Detector ADSC ADSC ADSC ADSC ADSC ADSC ADSC MAR ADSC
R-factor 0.226 0.230 0.217 0.208 0.212 0.212 0.232 0.241 0.247
R-free 0.290 0.278 0.249 0.241 0.245 0.243 0.301 0.325 0.296
MolA 60% SN SN SN SN SN SN SH SH SH
MolB 90%SH SN (B) SN (B) SN (B) SO2 SO3 SH SH SH
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of molecules to the cyclic sulphenamide, with ~40% remaining as the reduced thiol state.  
Similarly to oxidation of PTP1B, there was no evidence for a sulphenic acid intermediate, 
suggesting that sulphenic acid formation is rate limiting, spontaneously condensing to the 
cyclic sulphenamide species.  Oxidation of Cys723 in MolB is slower, with only ~10-20% of 
MolB being present as the cyclic sulphenamide at the 30 min time point .  Rates of formation 
of the cyclic sulphenamide in RPTPα are generally similar to those in PTP1B, where complete 
conversion of the catalytic site Cys residue occurred within two hours (Salmeen et al., 2003).

Oxidation of RPTPα D2 is associated with conformational changes
In the 5-atom heterocyclic ring of the sulphenamide species, the Sγ-atom of Cys723 
forms a covalent bond to the main chain nitrogen atom of Ser724, the distance between 
these two atoms refines to 1.5 Å (Fig. 1B, 2A).  The conformation of the heterocyclic ring 
of RPTPα D2 MolA and MolB is identical to the equivalent cyclic sulphenamide of PTP1B 
(Salmeen et al., 2003; van Montfort et al., 2003) (Fig. 1D).  In PTP1B, formation of the cy-
clic sulphenamide is accompanied by profound conformational changes of the PTP 
loop and adjacent pTyr recognition loop.  The PTP loop converts from a closed helical 
conformation to an open reverse β-hairpin conformation that exposes the Sγ of the cy-
clic sulphenamide species.  Conformational changes of the PTP loop disrupts a hydro-
gen bond to Tyr46 of the pTyr recognition loop, promoting a displacement of Tyr46 to a 
solvent exposed position, accompanied by shifts of the pTyr recognition loop (Fig. 1D).  

In RPTPα D2, the extent of conformational changes produced by oxidation to the cyclic sul-
phenamide species is less pronounced than for PTP1B.  In both molecules, conformational 
changes are confined to the PTP loop (Fig. 1).  In MolA, the PTP loop adopts an open con-
formation, essentially identical to that in PTP1B, exposing the Sγ-atom of the Cys723 cyclic 
sulphenamide (Fig. 1B, 1D).  In RPTPα D2, the PTP and pTyr loops are not connected via a 
hydrogen bond, and as a consequence, in contrast to PTP1B, motion of the PTP loop is not 
accompanied by pTyr loop conformational changes.  In native, reduced RPTPα-D2, the gua-
nidinium group of a buried and invariant Arg residue of the Q-loop (Arg763, equivalent to 
Arg257 of PTP1B) stabilises the closed PTP loop via hydrogen bonds with main chain car-
bonyl groups of PTP loop residues Ala725 and Gly726.  Opening of the PTP loop disrupts 
these hydrogen bonds and exposes Arg763 to solvent, creating a pocket between Arg763 
and the PTP loop.  In the crystal, a sulphate anion engages this pocket, accepting hydro-
gen bonds from the side chain of Arg763, and the main chain amide of Gly726 (Fig. 1B).

The oxidised PTP loop of MolB is more similar to the closed reduced confor-
mation than to the open oxidised states of PTP1B and MolA of RPTPα D2.  In 
MolB only residue Gly726 changes conformation by 3.6 Å on oxidation (Fig. 1C).
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Figure 3. Electron density maps of various oxidation states of PTP loop of RPTPα 
D2 (MolB).  2Fo-Fc electron density map (contoured at 1σ) of the PTP loop.  Cyclic sul-
phenamide forms by 90 min on exposure to 50 μM H2O2 (B) by 16 hours, cyclic sulphena-
mide has oxidised to SO2, (C) and to SO3 on exposure to 10 mM oxidised glutathione for 
12 days. (D) As in MolA, Reduction of cyclic sulphenamide with DTT restores native thiol.

The cyclic sulphenamide species is reduced by thiols
As was observed for PTP1B, incubation of oxidised RPTPα D2 crystals with 10 mM 
DTT for 3 hours, reduced the cyclic sulphenamide species to the thiol species, and 
restored the conformation of the PTP loop to the native state (Fig. 2D, 3D), dem-
onstrating that the cyclic sulphenamide is a reversibly oxidised form of RPTPα D2.
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The cyclic sulphenamide of RPTPα D2 is stable in solution

Our results revealed differences in oxidation kinetics and conformational changes of 
the PTP loop between the two RPTPα D2 molecules of the asymmetric unit.  Forma-
tion of the cyclic sulphenamide occurs earlier in MolA (within 30 mins) and is resistant 
to higher oxidation for at least 12 days, the limit of our incubation (Table 1).  In con-
trast, in MolB, although the cyclic sulphenamide is fully formed after 90 min and re-
mains for 6 hours (similar to MolA, Supplementary Fig. 2C,D), overnight oxidation 
leads to formation of sulphinic acid that is further oxidised to the sulphonic acid by 
12 days (Fig. 3C).  In addition, compared with MolA, formation of the cyclic sulphena-
mide in MolB is not associated with large conformational changes of the PTP loop.  
Differences in the kinetics of cyclic sulphenamide formation and oxidation between 
MolA and MolB presumably reflect differences in their crystallographic environments.

To investigate the stability of the reversibly oxidised state of RPTPα D2 in solution over 
prolonged exposure to hydrogen peroxide, and therefore to determine which molecule of 
RPTPα D2 of the asymmetric unit reflects better the stability of the reversibly oxidised form 
of the phosphatase in solution, we monitored the oxidation of RPTPα D2 by means of the 
oxPTP antibody that recognises the triply oxidised (SO3) state of the catalytic Cys residue 
(Persson et al., 2004).  In the first experiment, we monitored the formation of the reversibly 
oxidised state in 0.1 mM H2O2 over a 24-hour time period using the procedure of Persson et 
al., (2004) (sequential steps of oxidation, alkylation, reduction and pervanadate oxidation) 
(Fig. 4A).  Oxidation is maximal within 2 h of treatment and remains constant for 24 h (Fig. 
4A).  However, in this experiment it is not possible to distinguish between reversibly, dou-
bly and triply oxidised forms of the protein since all oxidised states of the catalytic Cys will 
convert to SO3 on pervandadate incubation.  To investigate the amount of triply oxidised 
RPTPα-D2 (Cys-SO3) following H2O2 incubation, the oxidised protein was directly blotted 
by the oxPTP antibody, omitting the alkylation, reduction and pervanadate oxidation 
treatments.  Fig. 4B (right panel) indicates that very little RPTPα-D2 is oxidised to the triply 
oxidised state even after exposure to 0.1 mM H2O2 for 24 h.  Finally, to test for doubly oxi-
dised RPTPα-D2, (Cys-SO2), which is not directly recognised by the oxPTP antibody, a varia-
tion of the method of Persson et al., (2004) was employed (Supplementary Fig. 3, scheme 
II - RAP).  In this experiment, the protein was first treated with 1 mM H2O2 for 30 min, and 
then incubated with DTT to reduce reversibly oxidised cysteines (SOH, disulphides and sul
phenamides) to free thiols.  Next, free thiols were alkylated, and sulphinic acid modified cys-
teines were oxidised to sulphonic acid using pervanadate.  The triply oxidised cysteines were 
then detected using the oxPTP antibody.  Only trace amounts of doubly oxidised RPTPα-D2
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Figure 4.  Sta-
ble reversible oxida-
tion of RPTPα-D2. 
(A) RPTPα-D2 was 
treated with 0.1 mM 
H2O2 for different pe-
riods of time as indi-
cated and processed 
for detection of re-
versible oxidation 
using the oxPTP an-
tibody as described 
in Groen et al. (2005).  
The negative con-
trol (nc) was treated 
with 10 mM DTT for 

20 minutes.  The posi-
tive control (pc) was not alkylated with iodoacetic acid and therefore completely triply oxi-
dized by pervanadate. The samples were run on an SDS-PAGE gel and blotted.  The immu-
noblots were probed with oxPTP antibody (upper panel) and subsequently with anti-RPTPα 
antibody to monitor equal loading of protein.  The immunoblots were developed by enhanced 
chemiluminescence (ECL).  (B) RPTPα-D2 was treated with 0.1 mM H2O2 for different periods of 
time as indicated. The samples were either processed for detection using the oxPTP antibody 
by alkylation, reduction and pervanadate treatment to detect reversible oxidation (processed), 
or the samples were loaded directly on an SDS-PAGE gel to detect irreversible triple oxida-
tion (not processed).  Immunoblotting using the oxPTP antibody was done as described in (A).

 are formed (Fig. 5A, RAP lane), since the amount of triple oxidised RPTPα-D2 following this 
procedure is only slightly greater than that produced following exposure to H2O2 alone (Fig. 
5A, NP lane), consistent with MALDI-ToF data we obtained previously (Groen et al., 2005).  

Finally, we investigated reversible, double and triple oxidation of RPTPα-D2 in response 
to 0.1 mM H2O2 over time and found only trace amounts of double and triple oxidation 
of RPTPα-D2 (Fig. 5B).

The time-dependent generation of oxidised species of RPTPα D2 in the pres-
ence of H2O2 was also monitored using MALDI-ToF mass spectrometry (Fig. 
6).  In this experiment the protein was incubated in H2O2, alkylated and 
then reduced.  Following this procedure, reversibly oxidised cysteines will 
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Figure 5. Irreversible oxida-
tion of RPTPα-D2 is limited. 
(A) RPTPα-D2 was treated 
with 1 mM H2O2 for 0.5 hr and 
processed for detection of re-
versible oxidation: alkylation, 
reduction and pervanadate 
treatment (ARP), processed for 
detection of irreversible oxida-
tion: reduction, alkylation and 
pervanadate treatment (RAP), 
or not processed to detect 
direct triple oxidation (NP). 
(B) As in (A) except 0.1 mM 
H2O2 was used for prolonged 
periods of time as indicated.

Figure 6.  Reversibly oxidised RPTPα-D2 is stable (mass spec data).
Purified RPTPá-D2 was treated with 0.1 mM H2O2 for different periods of time (0 – 24 h) or as a con-
trol for irreversible oxidation with 1 mM pervanadate (PV) for 30 min.  To protect the samples after 
H2O2 and PV treatment against further oxidation during the protease digestions, the reduced cyste-
ines were alkylated using iodoacetamide and the reversibly oxidized cysteines were reduced using 
DTT.  Subsequently, the samples were kept under reducing conditions.  MALDI-ToF spectra were 
acquired as described in the 
Materials and Methods section.  
The m/z range that contains 
the active site Cys723 peptide 
(residues 710-729) is depicted.  
Reversibly oxidised Cys723 pep-
tide was detected in reduced 
form (m/z 2075.98, *), the sul-
phinic acid containing peptide 
shifted +32.00 to m/z 2107.98 
(**) and the sulphonic acid 
containing peptide +48.00 to 
m/z 2123.98 (***).  The reduced 
Cys723 containing peptide was 
detected in alkylated form with 
a shift in relative molecular mass 
of + 57.02 (m/z 2133.00, Ä). 
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exist as reduced cysteines, whereas non-oxidised cysteines will be alkylated.  Fig. 
6 shows that during the 24-hour time course the proportion of reduced to alkyl-
ated cysteine increases, whereas the amount of sulphinic and sulphonic acid is very 
small, demonstrating time-dependent stable and reversible oxidation of Cys723.

Together, these results demonstrate unequivocally that in solution the revers-
ibly oxidised form of RPTPα-D2 is resistant to higher oxidation, suggesting that 
the extreme stability of the cyclic sulphenamide observed in MolA correlates with 
the properties of the reversibly oxidised form of the phosphatase in solution.

Discussion

The cyclic sulphenamide as a universal feature of reversibly oxidised conventional 
PTPs
 In this study we have demonstrated that the reversibly oxidised state of RPTPα D2 is a 
cyclic sulphenamide species.  The cyclic sulphenamide is promoted by oxidants H2O2 
and oxidised glutathione, is reduced by DTT, and is resistant to conversion to higher oxi-
dation states.  The discovery of the cyclic sulphenamide is only the second example of 
such a species in any protein and the first report for a RPTP D2.  The existence of a cyclic 
sulphenamide in two distinct PTP domains suggests that its formation is not unique to 
PTP1B (Salmeen et al., 2003; van Montfort et al., 2003) but will likely be a general fea-
ture of catalytic Cys oxidation in conventional PTPs.  Oxidation of DSPs, lmPTPs, Cdc25 
and lipid phosphatases, that feature cysteine residues in close proximity to the catalytic 
Cys, promotes disulphide bond formation (Salmeen and Barford, 2005).  Interestingly, 
only one conventional PTP, mPEP, shares a proximal Cys equivalent to those of KAP and 
PTEN (Andersen et al., 2001), and it will be interesting to determine whether a cyclic sul-
phenamide or disulphide bond represents the reversibly oxidised state of this protein.

The role of the catalytic Cys of RPTP D2s as a redox sensor may explain their conservation in 
domains with little or no phosphatase catalytic activity (den Hertog et al., 2005).  Structural 
features of the phosphatase catalytic site are conserved in D2s to create the microenviron-
ment necessary for the reduced pKa of the catalytic Cys residue necessary for its role as a 
redox sensor.  These include a positive electrostatic potential created by the conserved Arg 
residues of the PTP motif and the Q-loop (Arg729 and Arg763, respectively), the hydrogen 
bond between side chains of Cys723 and Thr730 of the PTP loop and the orientation of the 
main chain amides of the PTP loop towards the thiol of Cys723 (Fig. 1B), (Barford et al., 1994).  
Kinetic data indicate that the Arg residue of the PTP motif C(X)5R motif, together with a his-
tidine residue immediately N-terminal to the PTP motif - conserved in all PTPs - contribute 
to the reduced pKa of the catalytic Cys residue (Zhang and Dixon, 1993; Zhang et al., 1994).  
Interestingly, the PTP signature motif of tyrosine specific PTPs is highly conserved and rich 
in glycine residues: Cys-Ser-Xaa-Gly-Xaa-Gly-Arg-(Ser/Thr)-Gly.  The conformational flex-
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ibility conferred by glycines may permit opening of the PTP loop and stabilisation of the 
cyclic sulphenamide.  Both the PTP loops of PTP1B and RPTPα D2 MolA adopt the same 
open conformation on formation of the cyclic sulphenamide and in RPTPα D2 this is asso-
ciated with its resistance to higher oxidation observed both in the crystal and in solution.

Implications for oxidation-dependent RPTPα conformational changes and regulation
A mechanism for regulating RPTP catalytic activity involving formation of inhibitory RPTP 
dimers, proposed on the basis of the crystal structure of RPTPα D1 dimers, in which wedge 
elements of each subunit insert into the catalytic site of the opposing monomer (Bilwes et 
al., 1996), is consistent with a range of biochemical and cellular studies.  First, the structure 
explained earlier observations that signalling from a chimera of the extracellular domain 
of the EGFR fused to the transmembrane and cytosolic domain of CD45 was negatively 
regulated by EGF-induced dimerisation (Desai et al., 1993).  EGF-dependent inhibition of 
the chimera was abolished by mutation of a CD45-D1 wedge residue, suggesting that 
dimer-induced inhibition of catalytic activity is mediated via wedge-catalytic site interac-
tions, analogous to those of the RPTPα-D1 crystal structure (Majeti et al., 1998).  Further-
more, engineering a disulphide bond (Cys137) into the ectodomain of RPTPα inhibited 
its in vivo activity in a wedge dependent manner (Jiang et al., 1999).  However, crystal 
structures of the LAR and CD45 tandem D1 and D2 domains showed that formation of 
the inhibitory D1 interface would be prevented by a steric clash between the D2 domains 
of the dimer, which could only be relieved by conformational changes which alter the 
D1-D2 domain interface (Lam et al., 1999; 2005).  The relative orientation of the LAR and 
CD45 D1 and D2 domains is similar, constrained by a short four-residue linker, and stabi-
lised by a set of extensive interactions mediated via hydrogen bonds and hydrophobic 
contacts including those between the α2’ helix of the D2 spacer and C-terminal helix of 
D1 (Fig. 4A).  LAR and CD45 residues that mediate inter-domain contacts, together with 
the linker region, are highly conserved in RPTPα (Nam et al., 1999) suggesting that the 
relative orientation of D1 and D2 in LAR and CD45 will be similar to that in RPTPα (Fig. 7).

Substantial evidence now indicates that oxidation of RPTPα Cys723 causes changes in 
RPTPα tertiary and quaternary structures.  Oxidation induces changes in FRET between 
GFP derivatives attached to the N-terminus of  α1’ and the C-terminal α-helix of RPTPα-D2 
(α6, Fig. 7A) (Blanchetot et al., 2002) and alters the protein’s sensitivity to trypsinolysis, (A.G., 
J. Overvoorde, L. Tertoolen, T. van der Wijk and JdH, unpublished).  These tertiary structural 
changes are associated with changes of quaternary structure such that pre-existing RPTPα 
dimers are stabilised and their rotational coupling is induced (Blanchetot et al., 2002; der 
Wijk et al., 2003).  Rotational coupling caused by Cys723 oxidation exposes an HA tag within 
the ectodomain analogous to the constitutively dimeric, inactive RPTPα-P137C mutant (van 
der Wijk et al., 2003).  The similar unmasking of the HA epitope caused by the Cys137 disul-
phide and oxidation of Cys723, suggests similarities in overall quaternary structure, consis-
tent with the notion that Cys723 oxidation results in wedge-mediated inhibitory D1 dimer 
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Figure 7.  Consequences of RPTPα D2 oxidation on D1-D2 interface.  
Superimposition of RPTPα D2 (reduced and oxidised) onto D2 of LAR.  (A)  D2 of RPTPα (purple) 
superimposed onto D2 (green) of LAR.  Linker region of LAR is shown in red.  (B). Oxidised and 
reduced RPTPα D2 (MolA) relative to D1 of LAR.  LAR D2 omitted for clarity.  Oxidation-induced 
conformational changes of RPTPα D2 to not affect the D1-D2 interdomain  interface.

association.  Such an association would explain the inactiva-
tion of RPTPα D1 caused by Cys723 oxidation (Blanchetot et al., 2002).
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In RPTPα D2 crystals, oxidation-dependent conformational changes are confined to the 
PTP loop.  Unlike PTP1B, the neighbouring pTyr loop is not altered and therefore confor-
mational changes of the PTP loop are not directly transmitted to residues of RPTPα D2 
that, based on sequence conservation with LAR and CD45, would be predicted to partici-
pate at the D1-D2 domain interface (Fig. 7B).  Although it is possible that more extensive 
oxidation-dependent conformational changes of RPTPα D2 are suppressed by the crys-
tal lattice, our data suggest that direct transmission of conformational changes between 
Cys723 and the D1-D2 interface may not occur.  Since a change of the D1-D2 interface 
is required for generation of the D1 inhibitory dimer mediated by wedge-catalytic site 
interactions, we propose an allosteric mechanism to explain how oxidation of Cys723 pro-
motes changes at the D1-D2 interface.   In this model, more extensive RPTPα tertiary and 
quaternary conformational changes promoted by Cys723 oxidation only occur in the con-
text of the entire RPTPα protein.  The RPTPα extracellular and transmembrane domains 
are independently capable of homodimerisation (Jiang et al., 2000; Tertooolen et al., 2001) 
whereas RPTPα-D2 homodimerise on Cys723 oxidation (Blanchetot et al., 2002).  Oxida-
tion of Cys723 (presumably by causing conformational changes of the PTP loop altering 
the protein’s molecular surface) promotes D2-D2 associations (Blanchetot et al., 2002) af-
fecting the overall quaternary structure of RPTPα.  In classical allosteric cooperative transi-
tions, changes of quaternary and tertiary conformations are inter-dependent (Monod et al., 
1965; Perutz, 1989; Johnson and Barford, 1990) and therefore it is simple to envisage how 
new inter-subunit interactions could provide the mechanism to alter the D1-D2 domain 
interface, facilitating inhibitory D1 dimer associations.  The oxidation-induced association 
of D2 domains could be triggered by changes in the surface properties of D2 resulting 
from generation of the cyclic sulphenamide and opening of the PTP loop, or as suggested 
by van der Wijk et al., (2004) be mediated by intermolecular disulphides involving Cys723.

Although our crystallographic data are also consistent with a model where-
by oxidation-linked changes in quaternary structure are mediated via a di-
mer association of D1 that differs from the RPTPα-D1 crystal structure (Bilwes 
et al., 1996), and therefore potentially independent of changes of the D1-D2 
interface, an allosteric mechanism of Cys723 oxidation-mediated conformational chang-
es is better able to rationalise existing cellular, biochemical and crystallographic results. 

 
Materials and Methods

Structure determination
Residues Ile512 – Ser787 of murine RPTPα D2 were expressed from a pET-28a expression 
vector (a generous gift of Joseph Noel), and purified and crystallised similar to conditions 
described previously (Sonnenburg et al., 2003) except that prior to crystallisation the pro-
tein was dialysed into 10 mM Tris.Cl (pH 8.0), 100 mM NaCl, 2 mM DTT.  Crystals were 
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prepared using the hanging drop vapour diffusion method at 14 °C by mixing protein at 
12 mg/mL with an equal volume of reservoir solution 13-15% (w/v) PEG 8K, 0.1 M sodium 
succinate (pH 5.5), 0.4 M LiSO4, 2 mM DTT.  Crystals belong to space group C2221 with 
cell parameters a = 74.7 Å, b = 94.7 Å, c = 205.0 Å with two molecules per asymmetric 
unit.  This crystal form differs from that reported by Sonnenburg et al., (2003) (space group 
P31) although similar crystallisation conditions, except for temperature, were used.  Oxi-
dation experiments were performed by incubating crystals in either 50 or 100 μM H2O2 
or 10 mM oxidised glutathione for the specified times at 14 °C prior to crystal freezing 
(Table 1).  For the reduction experiment previously oxidised crystals were incubated in 
5 mM DTT for 16 h.  Data were collected at the ESRF and processed using the CCP4 pro-
gram suite.  The initial structure in the series was solved by molecular replacement using 
the D2 coordinates (PDB ID code: 1P15) as a search model and refined using REFMAC, 
with subsequent structures being refined relative to this reference structure (Table 1).

Analysis of oxidized PTPs using the oxPTP antibody
RPTPα-D2 oxidation was assayed using an antibody, oxPTP, that specifically recognizes the 
sulphonic acid form of catalytic site cysteines of PTPs (Persson et al., 2004; 2005).  Briefly, 
GST-RPTPá-D2 fusion protein, encoding residues 504 to 793, was bound to glutathione 
agarose beads.  All incubations and washes were performed in 20 mM Tris, pH 7.5.  The pro-
teins were reduced for 30 min in 10 mM dithiotreitol (DTT).  Beads were washed twice and 
were incubated with 0.1 or 1.0 mM H2O2 for 0 – 24 h.  Immediately after treatment the pro-
teins were processed for detection of (ir)reversibly oxidised catalytic cysteines by alkylation 
with 40 mM iodoacetic acid (IAA) for 30 min, reduction with 10 mM DTT for 30 min and per-
oxidation with 0.1 mM pervanadate for 1 h (1 mM pervanadate: 1mM Na3VO4 mixed with 
5mM H2O2, final concentrations, and left for at least 5 min at room temperature) to convert 
reduced cysteines irreversibly into the sulphonic acid form.  Between treatments, the fu-
sion proteins were extensively washed.  Different orders of treatments were used to detect 
the reversibly oxidised catalytic cysteine (Alkylation, Reduction, Pervanadate, ARP) or the 
sulphinic acid form (Reduction, Alkylation, Pervanadate, RAP).  After processing, Laemmli 
sample buffer was added, the samples were boiled for 5 min and run on a 10% SDS-poly-
acrylamide gel (5 μg of protein per lane).  Samples were transferred to PVDF membrane by 
semi-dry blotting.  For detection with oxPTP antibody, the blots were blocked in 0.1% BSA, 
0.1% tween in 50 mM Tris, pH 7.5, 150 mM NaCl for 1 h or overnight and incubated with 
oxPTP antibody (1.5 h at RT or overnight at 4°C). Subsequently, HRP-coupled goat-anti-
rabbit (1:10,000, BD Pharmigen) was used and the antibody signals were visualized by en-
hanced chemiluminescence (ECL).  The membranes were stripped and reprobed with anti-
RPTPá antibody (den Hertog et al., 1994) to monitor equal loading of the fusion protein.
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MALDI-ToF mass spectrometry
All reactions and washing steps were performed in 20 mM Tris-HCl, pH 7.5. GST-fusion 
proteins of RPTPα-D2 were immobilized on gluthatione-sepharose beads and incu-
bated with 10 mM DTT.  Beads were washed and incubated with 0.1 mM H2O2 for 0.5 
– 24 h at RT.  Subsequently, beads were treated with 100 mM iodoacetamide for 30 min 
at RT, to derivatize the unaffected cysteines.  Finally, beads were washed and incubat-
ed with 10 mM DTT for 10 min to reduce singly oxidized cysteines.  The fusion protein 
was subjected to overnight tryptic digestion.  For desalting, peptides were adsorbed 
on C18 ZipTips (Millipore) and washed with 0.1% trifluoroacetic acid (TFA).  Peptides 
retained on the columns were eluted using a-cyano-4-hydroxycinnamic acid (10 mg/
ml) in 10% acetonitrile/ 0.1% TFA.  Peptide mass fingerprint spectra were recorded us-
ing matrix-assisted laser desorption ionization mass spectrometry (MALDI-ToF/ToF; 
AB 4700 Proteomics analyzer; Applied Biosystems, Framingham, MA, USA).  This instru-
ment is equipped with a 200-Hz Nd:YAG laser operating at 355 nm. Experiments were 
performed in a reflectron positive ion mode using delayed extraction. Typically, a to-
tal of 7500 shots were acquired per spectrum, and the signal was averaged.  MALDI-
ToF/ToF spectra were analyzed using the Applied Biosystems Data Explorer software. 
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Abstract

Whether Receptor Protein-Tyrosine Phosphatases (RPTPs) are regulated by di-
merization is subject of debate. We and others have demonstrated that RPTPα 
and CD45 can be regulated by dimerization. However, the crystal structures of 
LAR and CD45 suggest that steric hindrance prohibits inactivation by dimeriza-
tion. Here, we provide new evidence that dimerization is a general regulatory 
mechanism of RPTPs. We found that LAR and RPTPμ, like RPTPα and CD45 dimer-
ized constitutively and extensively. Oxidation of all four RPTPs induced stable 
dimer formation, driven by their cytoplasmic domains. Limited tryptic prote-
olysis demonstrated that oxidation induced conformational changes in the cy-
toplasmic domains of these RPTPs. Moreover, oxidation induced changes in ro-
tational coupling within RPTP dimers in living cells. Finally, RPTPα and RPTPμ 
were inactivated upon oxidation in vivo, assessed by tyrosine phosphorylation 
of p120ctn in living cells. We propose a general model for regulation of RPTPs 
by dimerization: RPTPs dimerize constitutively and are inactivated by changes 
in rotational coupling within the dimers in response to stimuli, including oxida-
tion, that induce conformational changes in the cytoplasmic domain of RPTPs.

 
Introduction

Phosphorylation on tyrosine residues is of major importance in cell signalling processes 
like cell migration, cell proliferation and cell differentiation. Therefore, the balance in tyro-
sine phosphorylation, mediated by protein-tyrosine kinases (PTKs), and dephosphoryla-
tion, mediated by protein-tyrosine phosphatases (PTPs), must be tightly controlled (Hunt-
er, 1995). PTKs as well as PTPs have important roles in diseases like cancer and diabetes. 

The PTP superfamily is divided in four different classes. The subclass of the classical PTPs is 
strictly phosphotyrosine specific and consists of 38 members, 21 of which are transmem-
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brane, receptor PTPs (RPTPs) and 17 are non-receptor PTPs (Alonso et al, 2004; Andersen 
et al, 2004). The RPTPs consist of 8 types containing an extracellular domain and, in most 
cases, two highly homologous intracellular domains. The membrane proximal intracellu-
lar domain (D1) contains most if not all catalytic activity, whereas the membrane distal do-
main (D2) has a regulatory function (den Hertog, 2004). RPTP-D2s are inactive due to two 
amino acids that are conserved in all active PTPs but not in RPTP-D2s (Buist et al, 1999; Lim 
et al, 1998; Nam et al, 1999). The presence of an extracellular region suggests that RPTPs 
are receptors for ligands that modulate catalytic activity upon binding to the extracel-
lular domain. Whereas several ligands have been identified that bind to the ectodomain 
of RPTPs, regulation of catalytic activity by ligand binding has remained elusive to date.

RPTPs may be regulated by several mechanisms, including phosphorylation and dimeriza-
tion. More recently, it has become clear that RPTPs are also regulated by oxidation (den Her-
tog et al, 2005). Evidence is accumulating that RPTPα is regulated by dimerization. RPTPα 
dimerizes constitutively in living cells (Jiang et al, 2000; Tertoolen et al, 2001). The crystal 
structure of RPTPα-D1 shows that a wedge-like motif of one catalytic domain inserts into 
the catalytic cleft of the other molecule in the dimer, thereby prohibiting substrate de-
phosphorylation (Bilwes et al, 1996). Introduction of a disulphide bond in the extracellular 
domain of RPTPα enforces constitutive dimerization. Depending on the exact location of 
the disulphide bond, these constitutive dimers are catalytically active or inactive, indicat-
ing that rotational coupling within the dimers is crucial for RPTPα activity (Jiang et al, 1999). 
CD45 also forms dimers (Takeda, et al, 1992). Moreover, a chimera in which the extracel-
lular domain of CD45 is replaced by the extracellular domain of the EGF receptor, is func-
tionally inactivated after EGF-induced dimerization (Desai et al, 1993). A point mutation at 
the tip of the wedge of CD45 impedes dimerization-induced inactivation, promoting its 
signalling activity and causing lymphoproliferation and autoimmunity in mice (Majeti et 
al, 1998, 2000). On the other hand, the crystal structures of CD45 and LAR are incompat-
ible with dimerization-induced inactivation as a result of wedge-catalytic site interactions, 
due to a steric clash with their D2s (Nam et al, 1999, 2005). However, if there were flexibility 
between D1 and D2, the inactive conformation might form if D2 moves away from D1.    

Regulation of PTPs by oxidation is emerging as an important regulatory mechanism (Tonks, 
2005). Reactive Oxygen Species (ROS) are produced in response to EGF stimulation and the 
resulting PTP inactivation explains lateral EGFR phosphorylation propagation (Reynolds 
et al, 2003). Oxidation of PTP1B and subsequent inhibition is needed for insulin receptor 
signal propogation (Mahadev et al, 2001) and the propagation of signals via PIP3 requires 
oxidation-induced inhibition of the lipid phosphatase PTEN (Kwon et al, 2004). The cata-
lytic site cysteines of PTPs are highly susceptible to oxidation due to their low pKa (Zhang 
and Dixon, 1993). Oxidation of the cysteines to sulphenic acid is reversible and therefore 
suitable for regulation of activity. Further oxidation to doubly (sulphinic acid) and triply 
(sulphonic acid) oxidized forms are irreversible (Denu and Tanner, 1998). The crystal struc-



Chapter V             Redox regulation of dimerization of the Receptor Protein-Tyrosine Phosphatases RPTPα, LAR, RPTPμ and CD45

       
Chapter V             Redox regulation of dimerization of the Receptor Protein-Tyrosine Phosphatases RPTPα, LAR, RPTPμ and CD45

       

           89

ture of cytosolic PTP1B shows a novel structure after oxidation, a five-membered ring be-
tween the sulphur and the backbone nitrogen of the neighbouring serine residue, termed 
cyclic sulphenamide. It is reversible, inactivates the PTP and protects the cysteine from 
being doubly or triply oxidized (Salmeen et al, 2003; van Montfort et al, 2003). We found 
that the catalytic cysteine of RPTPα-D2 is more susceptible to oxidation than RPTPα-D1 
(Persson et al, 2004). Moreover, using a panel of PTP domains, we found that oxidizability 
is not linked to catalytic activity, but there appears to be a correlation between oxidizabil-
ity and the conformation of the PTP-loop arginine in the catalytic site (Groen et al, 2005). 
Interestingly, these data are consistent with functional data that suggest that RPTPα-D2 
is most important for the effects of oxidation and actually acts as an oxidation sensor 
(Blanchetot et al, 2002a; van der Wijk et al, 2003, 2004). We propose a model in which oxi-
dation does not affect RPTPα-D1 directly, but rather that the catalytic cysteine of RPTPα-
D2 is oxidized and inhibits the activity of RPTPα indirectly by a conformational change.

Here, we investigated whether oxidation-induced conformational changes, stable di-
merization and inactivation are generally applicable to RPTPs. We compared four RPTPs 
from different subtypes, i.e. RPTPα, RPTPμ, CD45 and LAR, and investigated inhibition 
by oxidation-induced dimerization. We found that the intracellular domains of RPTPα, 
RPTPμ, LAR and CD45 form stable dimers upon oxidation. The extracellular domains of 
RPTPμ and LAR appeared to be involved in constitutive dimerization of these RPTPs as 
well. Further, we found a conformational change in D2 of RPTPα, LAR and CD45 by FRET 
analysis. Moreover, limited tryptic proteolysis demonstrated that oxidation induced a 
conformational change in the cytoplasmic domain of RPTPα, RPTPμ, CD45 and LAR. Ac-
cessibility assays using chimeras encoding the ectodomain of RPTPα and the cytoplas-
mic domain of RPTPμ, CD45 and LAR indicated that oxidation induced changes in rota-
tional coupling within the dimers. We used p120ctn dephosphorylation as a read-out 
for RPTP activity in living cells and found that RPTPα and RPTPμ were inhibited by treat-
ment of the cells with H2O2. Taken together, we provide evidence for a general regulatory 
mechanism of RPTPs which beholds that oxidation of the intracellular domain leads to 
a conformational change of a pre-existing dimer, resulting in inhibition of PTP activity.
 

Results 

Dimerization of full length RPTPs 
Previously we have reported that RPTPα forms stable dimers when treated with H2O2 
(Blanchetot et al, 2002a). As a first step towards elucidating whether this is a common 
mechanism for RPTPs, we investigated dimerization by co-immunoprecipitation of 
three different RPTPs, i.e. LAR, RPTPµ and - as a control - RPTPα. COS-1 cells were co-
transfected with Myc-tagged and HA-tagged RPTP constructs. Cells were left untreated 
or were incubated with 0.1 mM or 1 mM H2O2 for 5 minutes. Myc-tagged LAR co-im-
munoprecipitated with HA-tagged LAR in the absence or presence of H2O2 (Fig. 1A). 
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Fig. 1. Dimerization of LAR, RPTPμ and RPTPα. 
COS-1 cells were  transiently co-transfected with (A) HA-
tagged and/or Myc-tagged LAR, (B) HA-tagged and/or 
Myc-tagged RPTPμ or (C) HA-tagged and/or Myc-tagged 
RPTPα. Subsequently, cells were treated with 0.1 mM or 
1 mM H2O2 for 5 min as indicated. HA-tagged proteins 
were immunoprecipitated using anti-HA MAb (12CA5), 
boiled in Laemmli sample buffer, resolved on 7.5% SDS-
PAGE gels and blotted. The blots were probed with anti-
Myc antibody (9E10, top panels) and anti-HA antibody 
(middle panels). Expression of the Myc-tagged constructs 
in the lysates are shown in the bottom panels. Blots were 
developed with enhanced chemiluminescence (ECL). 

Likewise, Myc-tagged RPTPμ co-immunoprecipi-
tated constitutively with HA-tagged RPTPμ (Fig. 
1B). As described before (Blanchetot et al, 2002a), 
Myc-tagged RPTPα co-immunoprecipitated only 
with HA-tagged RPTPα after treatment with H2O2 
(Fig. 1C). Whereas RPTPα dimerized only after H2O2 
treatment, LAR and RPTPμ dimerized constitutively. 

Disulphide bond formation is involved in the ini-
tiation, but not maintenance of RPTPα dimerization 
(van der Wijk et al, 2004). To investigate whether 
disulphide bridges were involved in dimerization, 
LAR, RPTPμ and RPTPα were run on SDS-PAGE gels 
under non-reducing conditions (Fig 2). LAR ap-
parently formed disulphide bonds constitutively. 

RPTPμ only formed disulphide bonds after H2O2 induction (indicated by an arrowhead). All 
dimers disappeared in the presence of β-mercapto-ethanol. RPTPα lacks a major extracel-
lular region and only forms intermolecular disulphide bonds after H2O2 treatment (Fig. 2). 

The extensive ectodomains of LAR and RPTPμ may drive constitutive dimerization and 
we cannot exclude the possibility that the observed dimerization is in trans through the 
ectodomains of LAR and RPTPμ, expressed on apposing cells. These data are in accor-
dance with previous reports describing homophilic interactions of the ectodomains of 
RPTPμ and RPTPδ, which is closely related to LAR (Brady-Kalnay et al, 1993; Gebbink et al, 
1993; Aricescu et al, 2006; Wang and Bixby, 1999). Our data are consistent with constitu-
tive intermolecular disulphide bond formation in the ectodomain of LAR, but not RPTPμ. 
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Fig. 2. H2O2-induced disulphide bond 
formation of RPTPα and RPTPμ, but 
not LAR. 
COS-1 cells were transiently trans-
fected with the indicated HA-tagged 
constructs and were left untreated or 
treated with 1 mM H2O2 for 5 minutes. 
Lysates were boiled in Laemmli sample 
buffer with or without β-mercapto-etha-
nol, resolved on 5% SDS-PAGE gels and 
blotted. Blots were probed with anti-HA 
MAb (12CA5). The positions of dimeric 
RPTPs are indicated with an arrowhead.

Stable dimer formation of the intracellular domains of RPTPs upon oxidation
To exclude contributions of the ectodomains to dimerization, we generated chimeras 
consisting of the extracellular domain of RPTPα and the transmembrane plus intracel-
lular domain of LAR, RPTPμ or CD45. Whereas the short extracellular domain of RPTPα 
also dimerizes (Jiang et al, 2000), stable dimer formation of RPTPα was only observed 
after H2O2  treatment (Blanchetot et al, 2002a). HA-tagged chimeric constructs were 
co-transfected with Myc-tagged RPTPα and co-immunoprecipitations were performed 
(Fig. 3A). The controls show that the Myc-tagged constructs and the HA-tagged con-
structs were expressed at similar levels. Myc-tagged RPTPα did not co-immunopre-
cipitate detectably with any of the chimeras tested under control conditions. However, 
H2O2-treatment induced co-immunoprecipitation of all chimeras and already at 0.1 mM 
H2O2, co-immunoprecipitating Myc-tagged RPTPα was detectable with either of the 
three HA-tagged chimeras, similar to co-immunoprecipitation of RPTPα itself (Fig. 1C). 
To rule out the possibility that the observed H2O2 induced heterodimerization was the result 
of RPTPα oxidation rather than to oxidation of the chimeras themselves, co-immunoprecip-
itations were performed using HA- and Myc-tagged chimeras of LAR and RPTPμ. Homodi-
merization was clearly observed after stimulation with 0.1 and 1 mM H2O2, but not in the 
absence of H2O2 (Fig. 3B). In conclusion, these results indicate that in the absence of the ex-
tracellular domains, LAR, RPTPμ and CD45 dimerized stably in response to H2O2, like RPTPα. 

Oxidation-induced disulphide bond formation of RPTP chimeras
We next investigated whether disulphide bond formation has a role in dimerization of 
the RPTP chimeras. Lysates from transfected COS-1 cells were loaded on SDS-PAGE gels 
with or without β-mercapto-ethanol. For RPTPα, dimers observed after oxidation disap
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Fig. 3. Oxidation-induced 
dimerization of EDα,/LAR, 
EDα,/RPTPμ and EDα,/CD45 
chimeras. 
(A) COS-1 cells were  transiently 
co-transfected with Myc-tagged 
RPTPα (Mt- RPTPα) and/or HA-
tagged chimeras encoding the 
ectodomain of RPTPα (HA-EDα,), 
fused to the transmembrane 
and intracellular domains of LAR, 
RPTPμ or CD45 and were left un-
treated or treated with H2O2 for 
5 min as indicated. HA-tagged 
proteins were immunoprecipi-
tated using anti-HA MAb (12CA5), 
boiled in Laemmli sample buf-
fer, resolved on 7.5% SDS-PAGE 
gels and blotted. The blots were 
probed with anti-Myc antibody 
(9E10, top panels) and anti-HA an-
tibody (middle panels). Expression 
of the Myc-tagged constructs in 
the lysates are shown in the bot-
tom panels. (B) COS-1 cells were 
co-transfected with HA-tagged 
and/or Myc-tagged EDα,/LAR 
chimeras or with HA-tagged and/

or Myc-tagged EDα,/RPTPμ chi-
meras and were left untreated or treated with H2O2 for 5 min as indicated. Cells 
were lysed and immunoprecipitation and immunoblotting was done as in (A). 

peared in the presence of β-mercapto-ethanol, indicating that disulphide bonds were in-
volved in the observed dimerization (Fig. 4). LAR, RPTPµ and CD45 chimeric constructs 
also formed stable dimers under non-reducing conditions upon H2O2 treatment 
(Fig. 4). In all cases under non-reducing conditions a large band was observed rep-
resenting a dimer (indicated by an arrowhead). No dimers were observed in the ab-
sence of H2O2 and reducing conditions abolished these slower migrating forms, 
indicating that they were due to disulphide bond formation. Also higher bands 
were seen in the presence of H2O2 above the dimeric band, probably represent-
ing trimers or even higher order protein complexes. All bands but the mono-
mers disappeared after adding β-mercapto-ethanol. These results, together with 
the co-immunoprecipitations suggest that the intracellular domains of LAR, 
RPTPμ and CD45 function as redox sensors like the intracellular domain of RPTPα.
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Fig. 4. Disulphide bond forma-
tion in EDα,/LAR, EDα,/RPTPμ 
and EDα,/CD45 chimeras, like 
in RPTPα. 
COS-1 cells were transiently 
transfected with the constructs 
indicated and were left un-
treated or treated with 1 mM 
H2O2 for 5 min. Lysates were 
boiled in Laemmli sample buf-
fer with or without β-mercapto-ethanol, resolved on a 5% SDS-PAGE gel and blotted. Blots were 
probed with anti-HA MAb (12CA5). The positions of dimeric RPTPs are indicated with an arrowhead. 

Conformational change of RPTP-D2s upon H2O2 treatment as shown by FRET
In order to better understand how oxidation and subsequent stable dimerization affects RPTP 
function, we investigated the possibility of a conformational change of the RPTP-D2s in re-
sponse to H2O2. CFP and YFP fluorescent proteins were fused to the N-terminus and C-terminus 
of RPTP-D2s respectively. The crystal structures of RPTPα-D2, Lar-D2 and CD45-D2 show that 
the C-terminus is very close to the N-terminus (Nam et al, 1999, 2005; Sonnenburg et al, 2003)

Fig. 5. Oxidation-induced conformational 
change in LAR-D2, CD45-D2 and RPTPα-D2. 
(A) Schematic representation of the sensor 
constructs. Sp, spacer region; C-term, C-termi-
nus. (B) The sensor constructs were transfected 
into COS-1 cells and single cells expressing 
the sensor construct were selected for FRET 
analysis, based on fluorescence. The ratio of 
the emission intensities at 525 nm and 480 nm 
(excitation at 430 nm) is proportional to FRET. 
Time courses are shown. At t=0, 1 mM of H2O2 
was added to the cells, indicated by an arrow. 

allowing FRET to occur. A decreased FRET signal is detected by a 
decrease in YFP emission (525nm) and a concomitant increase in CFP (480nm) emission 
(Blanchetot et al, 2002a). In this study, FRET sensor constructs were used containing most 
of the spacer (Sp) region between the two PTP domains (Fig. 5A). FRET analysis showed a 
high 525/480 ratio (YFP/CFP emission ratio) that decreased after H2O2 treatment (Fig. 5B). 
The 525/480 ratio of CFP-CD45-SpD2-YFP was similar to the ratio of CFP-LAR-SpD2-YFP but 
both were significantly lower prior to oxidation than the 525/480 ratio of CFP-RPTPα-SpD2-
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YFP (Fig. 5B) (Blanchetot et al, 2002a). This was probably due to differences in the orienta-
tion of the fluorophores towards each other. Indeed, the exact topology of these “sensor” 
constructs is important, since of the four different constructs we generated for CD45 (see 
Materials and Methods section), only the one with the spacer region and without the C-ter-
minus showed FRET (data not shown). The FRET experiments (Fig. 5) demonstrate that oxi-
dation induced a conformational change in CD45-D2 and LAR-D2, comparable to RPTPα-D2.

H2O2-induced conformational change of RPTPs as shown by limited proteolysis
Crystal structures of LAR and CD45 are inconsistent with regulation by dimerization 
(Nam et al, 1999, 2005). However, changes in the conformation of the intracellular do-
main might allow dimerization similar to RPTPα. To investigate changes in conformation 
of the entire cytoplasmic domain, we performed limited tryptic proteolysis on GST fu-
sion proteins consisting of the intracellular domains of RPTPα, RPTPμ, CD45 and LAR. The 
fusion proteins were digested with trypsin for 1-5 minutes before and after H2O2 treat-
ment and run on SDS-PAGE gels. Results of these digests are shown in Fig. 6A. The ar-
rows indicate the bands that were processed for N-terminal protein sequencing by ED-
MAN degradation. The appointed numbers coincide with the numbers in the schematic 
representation of the protein fragments below. Cut sites for RPTPα were found in the 
juxtamembrane region, in several regions in D1 and in the vicinity of the spacer region. 
Striking was the difference in the degradation pattern between the reduced and oxidized 
state of RPTPα. There were novel bands and bands that became more intense (red ar-
rows), remained the same (black arrows) or decreased/disappeared (green arrows) upon 
H2O2 treatment. This indicates that cut sites for trypsin became more exposed following 
oxidation. Analysis of the cut sites in the three dimensional crystal structure of reduced 
RPTPα (data not shown) showed that all sites were positioned at the surface of the pro-
tein, including the bands that represent a cut in the spacer region. Most bands are subject 
to changes in susceptibility to trypsin following H2O2 treatment (red and green bands). 
Because EDMAN-degradation is an N-terminal sequencing reaction, it was not possible 
to annotate the exact sequence of the C-terminus of the peptides. For instance, RPTPα 
band 5 and 6 have the same N-terminus, yet band 6 is smaller and must have a C-ter-
minus upstream of the C-terminus of band no. 5. This implicates that there is a cut site 
just upstream of the one identified (band No. 8). This cut site was not detected, prob-
ably because the resulting peptide was very small and got lost during electrophoresis.

To rule out the possibility that H2O2 itself degrades the fusion protein, GST-PTPα 
was incubated for 20 min with H2O2. As expected, H2O2 did not degrade RPTPα 
by itself (Fig. 6E). To assess possible effects of H2O2 on trypsin, trypsin was pre-in-
cubated with 1 mM H2O2 for 20 min, prior to cleavage of GST-RPTPα. Pre-treat-
ment of trypsin with H2O2 did not affect GST-RPTPα trypsinolysis (Fig. 6E)
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Fig. 6. Oxidation-induced con-
formational changes in the in-
tracellular domains of RPTPs. 
GST-fusion proteins encoding the 
intracellular domain of (A) RPTPα, 
(B) RPTPμ, (C) CD45 and (D) LAR 
were cut for 1, 3 and 5 min with 
5mg/ml trypsin under reducing 
conditions (10 mM DTT) or oxi-
dizing conditions (1 mM H2O2; 20 
min pre-treatment). Reactions 
were quenched by boiling for 5 
min in Laemmli sample buffer. 
Proteins were run on a 12.5% 
SDS-PAGE gel and blotted on 
PVDF membrane. Membranes 
were stained with Coomassie. 
Bands of interest (shown by ar-
rows) were cut out of the mem-
brane and sequenced by EDMAN 
degradation. Black arrows indi-
cate fragments that arose after 
trypsin treatment but did not dif-
fer in intensity between reducing 
and oxidizing conditions. Green 
arrows indicate bands that were 
more intense under reducing 
conditions after trypsin treat-
ment. Red arrows indicate pro-
tein fragments that were more 
intensely stained upon H2O2 
treatment. Numbers on the right 
of the blot coincide with the num-

bers shown in the schematic representation of the protein fragments below. (E) Trypsin itself is not 
affected by H2O2. GST-RPTPα was treated with 1 mM H2O2 for 20 min by itself and run on SDS-PAGE 
gel. Trypsin was pre-treated with H2O2 for 20 min prior to proteolysis of GST-RPTPα (P) for 1 min, or 
GST-PTPα was treated with 0.1 mM or 1 mM H2O2 for 20 min and digested with trypsin for 1 min 
as in (A). The fusion proteins were blotted on PVDF membrane and stained with Coomassie. (F) 
The catalytic cysteines of RPTPα are responsible for the oxidation-induced conformational change. 
GST-PTPα (wt) and GST-PTPαC433S/C723S were incubated with DTT or with H2O2 as indicated and 
subsequently cut with 5mg/ml trypsin for 1 minute. Membranes were stained with Coomassie blue. 
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Tryptic degradation of the other GST-PTP fusion proteins was also affected by oxida-
tion (Fig. 6B-D). For GST-RPTPμ eight Coomassie-stainable bands were identified. Three 
bands became more intense and two less upon oxidation. Interestingly, like in RPTPα, 
a tryptic site was identified in the region between the two PTP domains. This site was 
cut both in reduced as well as oxidized GST-RPTPμ (Fig. 6B). The degradation pattern of 
CD45 showed a more complex digestion pattern and 14 bands were sequenced. A to-
tal of five cut sites were identified, but based on the pattern more cut sites were pres-
ent that could not be confirmed by EDMAN degradation. Nevertheless, out of 14 bands, 
one was more intense after oxidation, whereas five were less intense (Fig. 6C), indicat-
ing that the conformation of CD45 had changed upon oxidation. Tryptic digestion of LAR 
also showed a complex pattern. A striking difference between degradation of reduced 
and oxidized GST-LAR was observed. More bands changed in intensity after oxidation 
compared to CD45. Three bands were less intense and six bands became more heav-
ily stained upon oxidation. The cut sites that were identified and the inferred cut sites, 
based on the molecular weight of the degradation products are indicated (Fig. 6D). From 
this series of experiments it is clear that oxidation induced a conformational change 
in all four RPTP cytoplasmic domains, resulting in a change in susceptibility to trypsin.

Because the tryptic digestion patterns changed dramatically upon oxidation, we won-
dered to what extent these differences were attributable to the catalytic cysteines, which 
are most susceptible to oxidation. To this end limited tryptic degradation was performed 
on mutant GST-PTPα that lacks both catalytic cysteines (Fig. 6F). Interestingly, the degrada-
tion pattern of RPTPαC433S/C723S was almost the same before and after incubation with 
1 mM H2O2, indicating that the observed change in degradation pattern in wild-type GST-
RPTPα was the consequence of oxidation of the catalytic site cysteines for the most part. 

Taken together, limited tryptic proteolysis of all the PTPs described here suggests a 
change in conformation of the intracellular domain, given the difference in degradation 
pattern upon oxidation. 

Redox regulation of rotational coupling of RPTP chimeras
A functional consequence of the change in conformation in the cytoplasmic domain may 
be a change in rotational coupling within dimers of full length RPTPs. We have devel-
oped an accessibility assay facilitating analysis of rotational coupling of RPTPα (van der 
Wijk et al, 2003). The HA-tag to the N-terminal side of RPTPα is buried in the ectodomain 
under control conditions and therefore not accessible for the anti-HA-tag MAb, 12CA5. 
H2O2 induces a change in rotational coupling of RPTPα, opening up the HA-tag and now 
the HA-tag is accessible for 12CA5. Here, we analysed rotational coupling of the three 
chimeras of the RPTPα ectodomain fused to LAR, RPTPμ or CD45, using the accessibility 
assay in the presence and absence of H2O2. There was a clear difference in accessibility 
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between oxidized and reduced LAR, RPTPμ and CD45 chimeras, as was the case for RPTPα 
(Fig. 7). Yet, the signal of the non-accessible fraction was roughly the same, indicating 
that the differences in accessibility were the consequence of changing experimental con-
ditions and not just due to different expression levels in the presence and absence of 
H2O2. These results suggest that the conformational change of the intracellular domain 
of the chimeras (Fig. 6), drives a change in rotational coupling of the RPTPs in living cells.  

Fig. 7. Oxidation-induced changes in rota-
tional coupling of EDα,/LAR, EDα,/RPTPμ 
and EDα,/CD45 chimeras. 
COS-1 cells were transfected with the chi-
meras as indicated. Cells were treated with 
or without 1 mM H2O2 for 5 min. Cells were 
lysed and the accessible (a) and non-acces-
sible (na) fractions of the proteins were ob-
tained (see Material and Methods section). 
Samples were boiled in Laemmli SB, run on 
a 7.5% SDS-PAGE gel, blotted and immunos-
tained with anti-HA Mab antibody (12CA5).

Oxidation-induced inactivation of RPTPs
In a substrate trapping experiment, we identified p130Cas as a substrate of RPTPα (Buist et 
al, 2000). Additional Coomassie-stainable bands were affinity purified using the substrate 
trapping mutant GST-PTPα-D1-C433S and we identified one of these bands by MALDI-ToF 
analysis to be p120ctn. Indeed, p120ctn is dephosphorylated by RPTPα (A Buist, J van 
Hellemond and JdH, unpublished observation). RPTPμ also dephosphorylates p120ctn 
(Zondag et al, 2000). Here we used p120ctn phosphorylation as a read-out for RPTP activ-
ity. COS-1 cells were transfected with p120ctn and constitutively active Src (SrcY527F), 
resulting in tyrosine phosphorylation of p120ctn (Fig. 8A, lanes 1-3). Treatment of these 
cells with 1 mM H2O2 for 5 min resulted in a slight increase in p120ctn phosphorylation 
(cf. lanes 3 and 4), indicating that endogenous PTPs were inactivated by H2O2-treatment. 
Co-transfection of RPTPα (lane 5-7) reduced p120ctn phosphorylation and treatment with 
0.1 mM and 1 mM H2O2 enhanced p120ctn phosphorylation in a dose dependent manner, 
indicating that RPTPα was inhibited by 0.1 mM and 1 mM H2O2 for 5 min. Co-transfecting 
the catalytically inactive mutant RPTPαC433S (lane 8) resulted in equally high phosphoryla
tion levels as control (lane 3), indicating that the observed dephosphorylation (lane 5) was 
due to the presence of active RPTPα. Co-transfection of RPTPμ led to dephosphorylation 
of p120ctn (lane 9), as expected. RPTPμ was inhibited by 0.1 mM and 1 mM H2O2 (cf. lane 9-
11), like RPTPα, showing that RPTPμ was also regulated by oxidation in living cells. In sum-
mary, these results demonstrate that dephosphorylation of p120ctn, a physiological sub-
strate of RPTPα and RPTPμ was inhibited by oxidation of RPTPα and RPTPμ in living cells. 
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Fig. 8. Oxidation-in-
duced inactivation of 
RPTPα and RPTPμ in 
living cells. 
COS-1 cells were (co-
)transfected with expres-
sion vectors for p120ctn 
and constitutively ac-
tive Src, Src-Y527F, to-
gether with RPTPα (a* 
denotes catalytically 
inactive RPTPα-C433S) 
or chimeric EDα,/
RPTPμ. The cells were 

incubated for 5 min with or without H2O2 prior to cell lysis. HA-tagged p120ctn was im-
munoprecipitated using anti-HA MAb (12CA5), resolved on a 7.5% SDS-PAGE gel and blot-
ted on a PVDF membrane. The membranes were probed with anti-phosphotyrosine anti-
body (PY20, top panels) and anti-p120ctn antibody (middle panels). Expression of RPTPs in 
the lysates was detected using anti-RPTPα (AP5478) or anti-RPTPμ (BK2) (bottom panels). 

Discussion

Whether regulation of RPTPs by dimerization is a general feature is subject of debate. 
Here we provide evidence that distinct RPTPs from four different subtypes dimerized in 
living cells. Moreover, using chimeras of the extracellular domain of RPTPα, fused to the 
transmembrane and cytoplasmic domains of LAR, RPTPμ and CD45, we demonstrate that 
these RPTPs, like full length RPTPα, drove oxidation-induced dimerization. Moreover, we 
provide evidence for conformational changes in the D2s and full cytoplasmic domains 
by FRET and limited tryptic proteolysis, respectively. Accessibility assays indicated that 
oxidation modulated rotational coupling within RPTP dimers. Finally, we demonstrate 
that oxidation inhibited catalytic activity of  RPTPα and RPTPμ in living cells. Together, 
these results provide strong support for a model in which RPTPs are regulated by oxida-
tion-induced changes in conformation in their cytoplasmic domains, resulting in chang-
es in rotational coupling within RPTP dimers, thus inhibiting RPTP catalytic activity.    

The crystal structure of RPTPα-D1 provides structural evidence for dimerization-induced 
inactivation of RPTPs, (Bilwes et al, 1996), which is corroborated by functional analyses, 
using constitutive RPTPα dimers (Jiang et al, 1999) and inducible EGFR-CD45 chimeras 
(Majeti et al, 1998). All RPTP crystal structures solved to date contain helix-loop-helix 
wedge-like structures to the N-terminal side of the D1, similar to the wedge that is ob-
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served in RPTPα. However, the crystal structures of the intracellular domains of LAR (Nam 
et al, 1999), CD45 (Nam et al, 2005) and RPTPμD1 (Hoffmann et al, 1997) suggest that 
dimerization is unlikely to occur due to steric hindrance and hence that wedge-medi-
ated inactivation would be impossible. This conclusion is based on the assumption that 
there is no flexibility in the cytoplasmic domain of RPTPs and that their conformation is 
rigid as found in the crystal structures. Sonnenburg et al. (2003) have used limited prote-
olysis of the cytoplasmic domain of RPTPα and demonstrated that there are specific cut 
sites between the two PTP domains. We found trypsin cleavage sites between D1 and 
D2 of RPTPα and RPTPμ as well (Fig. 6). Moreover, using limited tryptic proteolysis, we 
demonstrated major differences in the patterns of RPTPα, RPTPμ, LAR and CD45 before 
and after H2O2-treatment (Fig. 6), demonstrating that oxidation induced major changes 
in the conformation of the cytoplasmic domains of these RPTPs. These results suggest 
there is flexibility between D1 and D2 in RPTPs and argue against rigid conformations 
in the cytoplasmic domains of RPTPs that prohibit regulation of RPTPs by dimerization.  

Fig. 9. Rotational coupling regulates RPTP dimers. See text for details.

In fact, there is ample evidence that RPTPs dimerize in living cells. Chemical cross-linkers 
were used to show dimerization of CD45, RPTPα and Sap-1 (Blanchetot et al, 2002a; Jiang 
et al, 2000; Takeda, et al, 1992; Walchli et al, 2005). In addition, we have used FRET to show 
homodimerization of RPTPα in living cells (Tertoolen et al, 2001). Chin et al (2005) have 
shown that dimerization of many RPTPs may be driven by their transmembrane domain. 
The PTP domains may be involved in homo- and heterodimerization as well (Blanchetot 
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et al, 2002b; Blanchetot and den Hertog, 2000; Jiang et al, 2000). Co-immunoprecipitation 
experiments have been used to demonstrate dimerization of full length RPTPα (Blanchet-
ot et al, 2002a), CD45 (Xu and Weiss, 2002) and RPTPε (Toledano-Katchalski et al, 2003). 
Here we demonstrate that LAR and RPTPμ also dimerized constitutively (Fig. 1). 

RPTP dimerization in living cells is extensive. It is hard to quantify the proportion of 
RPTPs that are present in dimers in living cells. However, the accessibility assays we 
have done before with RPTPα (van der Wijk et al, 2003) and that we have done here with 
chimeras (Fig.7) demonstrate that under control conditions only a small proportion is 
in the accessible fraction. The epitope tag is buried in the interface between the two 
RPTPα molecules in the dimer (van der Wijk et al, 2003) and by inference, we conclude 
that RPTPα dimerizes extensively in living cells. In fact, the very low levels of RPTPα in 
the accessible fraction suggest that all RPTPα is dimeric. Somewhat higher levels were 
detected in the accessible fraction of the HA-EDα,/RPTP chimeras (Fig. 7), but this may 
be due to slight differences in the exact conformation of the chimeric dimers. Taken 
together, many RPTPs dimerize constitutively and extensively in living cells and mul-
tiple domains of the RPTPs appear to be involved in dimerization. It is noteworthy that 
RPTP dimers are not necessarily catalytically inactive. Introduction of disulphide bonds 
in the extracellular domain results in constitutive dimerization and depending on the 
exact location of the disulphide bond, these dimers are active or inactive (Jiang et al, 
1999). Apparently, rotational coupling within the dimers determines catalytic activity. 

Oxidation is emerging as an important regulator of PTPs (Tonks, 2005). Physiological stim-
uli produce ROS, resulting in oxidation of the catalytic cysteine of PTPs, thus inhibiting 
PTP activity and dephosphorylation of downstream targets (Meng et al, 2002; Sundar-
esan et al, 1995). PTPs are differentially oxidized in vivo and in vitro (Groen et al, 2005; 
Persson et al, 2004). In particular, the two highly homologous PTP domains of RPTPα 
are differentially oxidized with RPTPα-D2 being more susceptible to oxidation than the 
catalytically active RPTPα-D1. Likewise, RPTPμ-D1 is poorly oxidizable. LAR-D1 is readily 
oxidized and LAR-D2 displays intermediate oxidizability (Groen et al, 2005). Oxidation of 
RPTPα induces a conformational change in D2, resulting in a change in rotational cou-
pling within RPTPα dimers and thus to inactivation of RPTPα catalytic activity. Interest-
ingly, these oxidation-induced events are dependent on the catalytic cysteine in RPTPα-
D2. Mutation of Cys723 in RPTPα-D2 abolishes the oxidation-induced conformational 
change and the change in rotational coupling (Blanchetot et al, 2002a; van der Wijk et 
al, 2003). Moreover, catalytic activity of RPTPα-C723S is not completely inactivated in re-
sponse to oxidative stress (Blanchetot et al, 2002a). Based on work with RPTPα and on 
the results described here, we propose a model for regulation of RPTPs by dimerization 
(Fig. 9). RPTPs dimerize constitutively and RPTP dimers are either catalytically active, or 
there is an equilibrium between active and inactive dimers under control conditions. In 
response to a stimulus, there is a change in the conformation of the cytoplasmic domain, 
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resulting in a change in rotational coupling within RPTP dimers, favouring the catalyti-
cally inactive conformation in which the wedge of one molecule occludes the catalytic 
site of the other molecule and vice versa, as observed in the crystal structure of RPTPα-
D1. Phosphorylation of the cytoplasmic domain may affect the conformation of RPTP di-
mers as well. It is noteworthy that serine phosphorylation of RPTPα enhances catalytic 
activity (den Hertog et al, 1995). These phosphorylation sites (Ser180 and Ser204; (Tra-
cy et al, 1995) are located close to the wedge and may therefore favour the open, cata-
lytically active dimer conformation. The change in rotational coupling is reversible and 
RPTP dimerization reverts to the pre-stimulation situation once the stimulus is removed.    

Regulation of RPTPs by changes in rotational coupling within the dimers is an appeal-
ing model, because only small amounts of energy are required for the rotations and 
these changes are reversible. Many RPTPs have extensive extracellular domains con-
sisting of multiple fibronectin type III-like and immunoglobulin domains that may 
hamper rotation of the RPTPs. However, the extracellular domains are often cleaved 
by specific proteases in the extracellular juxtamembrane region (Serra-Pages et al, 
1994; Streuli et al, 1992). The cleaved extracellular portions remain bound non-cova-
lently to the rest of the RPTP, but the ectodomains may also be shed. The resulting con-
figuration of these RPTPs may enable rotation in living cells at little energetic expense.
 
In conclusion, the results we present here are consistent with dimeriza-
tion being a general regulatory mechanism for RPTPs. We provide evi-
dence that RPTPs dimerize constitutively and extensively. Moreover, 
oxidation induced conformational changes in the cytoplasmic domain, altering rota-
tional coupling within RPTP dimers, which may regulate catalytic activity of RPTP dimers.  
 

Materials and Methods

Constructs
HA-tagged and Myc-tagged PSG5-13 eukaryotic expression vectors were made con-
taining full length RPTPµ or LAR. PSG5-13 vectors containing tagged RPTPα was previ-
ously described (Blanchetot et al, 2002a). Chimeras encoded the HA-tagged extra-
cellular domain of RPTPα (1-141), together with the transmembrane region and the 
intracellular domain of LAR (1235-stop), CD45 (426-stop) or RPTPμ (865-stop). In the 
case of LAR and RPTPμ also Myc-tagged chimeras were derived, containing the same 
regions as the HA-tagged chimeric constructs. pGEX-based expression vectors encod-
ing GST fusion proteins of RPTPµ JD1D2, Lar JD1D2 and CD45 JD1D2 contained the re-
gion ranging from amino acids 865 to 1452, 1275 to 1897 and 448 to 1152 respectively. 
CFP-RPTPα-SpD2-YFP2.1 sensor construct has been described (Blanchetot et al, 2002a). 
CFP-Lar-SpD2-YFP2.1 consisted of amino acids 1609-1897 (Blanchetot et al, 2002b). 
Four CFP-CD45-SpD2-YFP2.1 constructs were made encoding catalytic domain D2 with 
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different N-termini (Glu772 or Gly811) and C-termini (Thr1085 or Ser1151). CFP and 
YFP2.1 were cloned to the N-terminal and C-terminal side of CD45-D2, respectively.

Cell Culture and transfection
COS-1 cells were grown in Dulbecco’s modified Eagle’s medium/F12 supplemented with 
7.5% Fetal Calf Serum, Pen./Strep. and non essential amino acids. Transient transfection 
of COS-1 cells was done by calcium phosphate precipitation as described previously . The 
next day, COS-1 cells were serum starved and 16 hours later the cells were treated with vari-
able concentrations of H2O2 for 5 minutes or left untreated and were subsequently lysed.

Cell Lysis, immunoprecipitation and immunoblotting
COS-1 cells were harvested by scraping in Cell Lysis Buffer (CLB: 50 mM HEPES pH 7.5, 
150 mM NaCl, 1.5 mM MgCl2, 1mM EGTA, 10% glycerol, 1% Triton X-100, 1 mM apro-
tinin, 1mM leupeptin and, in case of p120 dephosphorylation assays, 1 mM of ortho-
vanadate). Cell lysates were centrifuged at 12 kRPM and an aliquot of the cleared lysate 
was boiled in equal volume 2x Laemmli Sample Buffer (SB: 0.125 M TRIS-HCl pH 6.8, 20% 
glycerol, 4% SDS, 2% β-mercapto-ethanol, Bromophenol Blue) and run on a 7,5% SDS-
PAGE gel. For dimerization experiments the lysates were boiled in 2x Laemmli SB with 
(reducing) or without (non-reducing) β-mercapto-ethanol and run on a 5% SDS-PAGE gel.
Immunoprecipitation was done with anti-HA MAb 12CA5 and protein A sepharose for more 
than 2 hours at 4ºC. Following immunoprecipitation, beads were washed 4 times with HNTG 
(20mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100) and subsequently 
boiled in Laemmli SB for 5 minutes and run on a SDS-PAGE gel. Proteins were subsequent-
ly transferred by semi-dry blotting to a PVDF membrane. For detection of proteins, mem-
branes were blocked in 5% milk and incubated for 1.5 hour at RT or overnight at 4ºC with 
the first antibody. Subsequently, a HRP-coupled goat-anti-mouse (1:10,000, BD Pharmigen) 
was used and the antibody signals were visualized by Enhanced Chemoluminescence (ECL). 
For detection with PY20 antibody, the membranes were blocked in 0.1% BSA, 0.1% tween 
in 1x TBS for 1 hour at RT or overnight at 4°C. In some cases, membranes were stripped in 
stripping buffer (62,5mM Tris-HCl, 2% SDS, 0.14% β-mercapto-ethanol) at 65°C for 10 min.

Generation of GST-fusion proteins
PGEX contructs were transformed into BL21 bacteria and fusion protein production 
was induced with 100mM IPTG O/N at 30°C. Bacteria were lysed for 10 minutes in 1x 
TBS containing 1mg/ml lysozyme, 1mM aprotinin, 1mM leupeptin. Subsequently bac-
teria were sonicated 3x 20 seconds on ice and left on ice for 10 minutes. Lysates were 
centrifuged and 2 ml of GST-beads (50% slurry) was added. Beads were washed two 
times in TBS, 1% triton-X-100 and two times in TBS and subsequently eluted with 10ml 
of 50 mM TRIS pH=8.0, 10% glycerol, 10 mM glutathione. Proteins were stored at -20°C.
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FRET experiments
FRET experiments were done essentially as described before (Blanchetot et al, 2002a). A 
Leitz orthoplan upright microscope (Leitz GMBH, Wetzlar, Germany) was used, equipped 
with an epi-illumination fluorescence detection system and a temperature-controlled 
specimen holder at 33°C. Measurements were made in a buffer containing 145 mM NaCl, 
5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, 10 mM glucose and 0.5% bovine 
serum albumin. As an excitation source, a SPEX Fluorolog (SPEX Industries, Edison, NJ) 
with two excitation monochromators was used. Excitation of CFP and YFP was performed 
at 430(8) and 490(8) nm, respectively. For the spectral analysis of CFP and the FRET mea-
surements, a filter cube fitted with a 455 nm dichroic mirror was used. The YFP spectra 
were measured with a dichroic mirror >510 nm. Spectral data were recorded with an 
integration time of 0.5 s/nm, slit 8 nm. Real-time dual excitation measurements were 
done by alternating excitation at 430 and 490 nm and analysis of YFP emission at 535(30) 
nm. All measurements were done with a Leitz 50× NA 1.0 water immersion objective. 

Limited tryptic proteolysis and EDMAN Degradation 
GST-fusion protein were incubated with 1 mM H2O2 or with 10 mM DTT for 20 min-
utes and were subsequently cut with 5 mg/ml trypsin for 1, 3 or 5 minutes. Reactions 
were quenched by boiling in 2x Laemmli SB for 5 minutes. Proteins were put on an 
12,5 % SDS-PAGE gel and subsequently transferred to a PVDF membrane. The mem-
branes were washed vigorously with water and stained by coomassie blue. Blots were 
destained and protein bands of interest were cut out of membrane and sent for se-
quencing by EDMAN degradation at Utrecht University (Dept. of Lipid Chemistry). 

Accessibility assays
Accessibility assays were done as described before (van der Wijk et al, 2003). Transfected 
COS-1 cells were treated with or without H2O2 for 5 minutes and were incubated on ice 
in medium without serum containing anti-HA (MAb 12CA5) tagged antibody for 1 hour. 
Excess of MAb was washed away with icecold PBS and cells were lysed in CLB and cen-
trifuged for 15 minutes at 12 kRPM at 4°C. Lysates were incubated with prot. A sepha-
rose beads for 30 minutes to collect the accessible (a) fraction of the protein. Beads were 
spun down and washed 4x with HNTG. 2x Laemmli SB was added and beads were boiled 
for 5 minutes prior to loading on 7.5% SDS-PAGE gel. Lysates were incubated with anti-
HA tagged antibody and prot. A sepharose beads O/N at 4ºC to collect the non acces-
sible (na) fraction. The beads were spun down and washed 4x with HNTG. 2x Laemmli 
SB was added and samples were boiled for 5 minutes and run on 7.5% SDS-PAGE gel. 
Proteins were transferred to a PVDF membrane and immunoblotting was performed. 
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Discussion

The aim of this work is the elucidation of the regulatory mechanism of oxidation induced 
inhibition of RPTPs. RPTPα activity is inhibited by the formation of stable dimers upon 
oxidation (Blanchetot et al, 2002). The crystal structure of RPTPα shows that a wedge-like 
structure of one subunit inserts into the catalytic cleft of the other, thereby preventing 
substrate binding (Bilwes et al, 1996). The cysteine of the membrane distal domain (RPTP-
D2) acts as a redox sensor since mutating this residue into a serine prevents the forma-
tion of stable dimers and renders the phosphatase active after oxidation (Blanchetot et 
al, 2002). In chapter II an antibody is described that specifically recognizes oxidized cys-
teines in the PTP-loop. We found that the cysteine of RPTPα-D2 is indeed more suscep-
tible to oxidation than the cysteine of RPTPα-D1. In chapter III we investigated whether 
differential oxidation is a common theme in RPTPs. The guanidinium group of a nearby 
serine appears to define the susceptibility of the catalytic site cysteine. Chapter IV shows 
the crystal structure of oxidized RPTPα-D2 in which a sulphenamide form was identified 
just as was found in the crystal structure of PTP1B. This form appeared to be reversible 
and stable up to 24 hours. Whether dimerization induced inhibition could be a general 
regulatory mechanism for RPTPs was investigated in chapter V. The intracellular do-
mains of RPTPα, RPTPμ, LAR and CD45 all formed stable dimers upon oxidation. Besides 
they all showed profound conformational changes in response to oxidation. These find-
ings will be further discussed and be placed in broader perspective in this discussion.

Speculation whether oxidation is truly a general regulatory mechanism for PTPs. 
It is generally accepted by now that Reactive Oxygen Species have two effects: a) damage 
to cell components, depending on the concentration and the location in the cell and b) 
an essential role in signal transduction. Damage to cell components like DNA, proteins 
and lipids is a logical consequence of aerobic life. Therefore, the cell has evolved different 
control mechanisms that decrease oxidative stress and protect it from irreversible dam-
age possibly leading to disease. The fact that ROS act as bona fide second messengers in 
the regulation of specific cellular signaling processes has become more clear in the recent 
years. This is underlined by the fact that a separate protein complex exists, NADPH oxidase, 
whose sole function is to produce second messenger ROS. There are criteria that have to 
be met in order to use ROS in signal transduction without harming or influencing other 
parts/components of the cell. First of all, the production of ROS must be local. Reynolds et 
al. showed that ROS produced upon growth factor stimulation are spatially constrained to 
a layer below the plasma membrane and don’t spread throughout the cell (Reynolds et al, 
2003). Second, signalling via oxidation should be a sensitive system, not dependent on high 
concentration of ROS to be functional. Indeed, Chapter III shows, among others, that 100 
μM of H2O2 is already enough for RPTPs to be oxidized and inhibited. Third, oxidation must 
be reversible which is shown by oxidation of e.g. PTP1B (Salmeen et al, 2003) and RPTPα 
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(Blanchetot et al, 2002). Finally, the system must be reset in order to prevent other non-
specific targets from oxidation and allow the oxidized components to be reduced again. 
Catalase and glutathione are examples of such ROS scavengers that control this system.

Oxidation and PTPs
Evidence is building up that oxidation is essential for downstream signaling by inhibiting 
the PTPs. EGF and PDGF stimulation of different cell types showed oxidation and sub-
sequent inhibition of PTEN (Kwon et al, 2004). Insulin-stimulation of hepatoma and adi-
pose cells caused a 62% reduction of total phosphatase activity and even a 88% decrease 
of PTP1B activity, a phosphatase implicated in regulation of insulin signaling. Treatment 
with catalase, a H2O2 scavenger, abolished this effect (Mahadev et al, 2001). Yet, evidence 
for a direct link between growth factor stimulation, production of ROS, the inhibition of 
a specific PTP and hyperphosphorylation of a down stream target, is scarce. Yet, PDGF 
produces ROS that blocks Shp2 activity upon which an increase in phosphorylated MAPK 
occurs. This increase in phosphorylation disappears in the presence of N-acetyl cysteine, 
a ROS scavenger, underlining that the effect was dependent on ROS (Meng et al, 2002). 
For RPTPs so far no direct biological stimulus was found that oxidizes RPTPs, inhibits 
their activity and subsequently shows increased phosphorylation of (a) down stream 
target(s). An in vivo test is needed to prove that regulation by oxidation is a truly regu-
latory and essential mechanism for signal transduction via RPTPs. This task is going to 
be challenging because it is difficult to pinpoint the observed dephosphorylation event 
to a specific (R)PTP. It would be helpful to develop RPTP domains based on the crystal 
structures which are not oxidizable anymore due to (a) specific mutation(s). These “oxi-
dation-dead” mutants may provide evidence that oxidation is needed for downstream 
signalling and will indicate which PTPs act in the signaling pathway; if downstream tar-
geting is not abolished in the presence of ROS then the specific (R)PTP plays a role in the 
oxidation induced inhibition. A cellular system as read-out could provide more definitive 
proof that oxidation plays an important role in cellular signaling via RPTPs. RPTPμ has 
an important function in cell adhesion (Brady-Kalnay et al, 1993; Gebbink et al, 1993), 
RPTPα plays a role in the development of the neural system (den Hertog et al, 1993)  
and RPTPσ (Elchebly et al, 1999; Wallace et al, 1999) and LAR (Clandinin et al, 2001) have 
a function in neural pathfinding. It would be tempting to develop a cellular system in 
which these phenotypes are used as a read-out of oxidation induced inhibition of RPTPs. 

Mechanism of PTP oxidation
Recently, direct evidence about the underlying mechanism of PTP oxidation became avaible. 
Simultaneously, Salmeen et al and van Montfort et al showed the crystal structure of oxidized 
PTP1B (Salmeen et al, 2003; van Montfort et al, 2003). From this structure it became clear that 
1) the catalytic site cysteine becomes oxidized, 2) the catalytic site cysteine forms a sulphen-
amide structure upon oxidation, 3) the oxidation to sulphenamide is reversible and 4) the 
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           111Fig.1. Rotational coupling of RPTP dimers. See text for details

sulphenamide structure is stable and is not further oxidized to irreversible sulphinic 
(double) or sulphonic (triple) oxidation forms. In chapter IV it is shown that the crystal 
structure of oxidized RPTPα-D2 also contains a sulphenamide form, suggesting that this 
might be a common structure for many oxidized PTPs. The oxPTP antibody proved that 
the sulphenamide form in RPTPα-D2 is stable and is not further oxidized up to incubation 
periods of 24 hours. Upon oxidation with low concentrations of H2O2 (0.1 mM) the sin-
gly oxidized form was by far the most abundant, which was verified by MS experiments. 

In chapter II the oxPTP antibody was described that specifically bound to the triply oxi-
dized form of the catalytic site cysteines of multiple (R)PTPs. The sequence of the PTP-
loop was important for antibody recognition. By using the method described in chapter 
II, the amount of triply oxidized cysteines was an indirect representation of the amount 
of singly oxidized cysteines upon oxidation. A striking result observed by using the ox-
PTP antibody is the differential oxidation of the two PTP domains of RPTPα; RPTPα-D2 
is much more susceptible to oxidation (oxidized at lower concentration of H2O2) than 
RPTPα-D1. In chapter III it is suggested that it is the conserved PTP loop arginine, whose 
orientation differs in RPTPα-D2 compared to RPTPα-D1, that defines the oxidizability of 
the PTP domain. LAR-D1 and LAR-D2 which have the conserved arginine residue ori-
ented comparable to RPTPα-D2 are indeed easily oxidized whereas RPTPμ-D1 which 
has the arginine oriented comparable to RPTPα-D1, is less sensitive to oxidation. Taken 
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together these data suggest that RPTP-D2s function as redox sensors. This is supported 
by RPTPα mutants that lack the catalytic cysteine in D2 which are not completely inac-
tivated upon oxidation in an in vitro PTP assay (Blanchetot et al, 2002). Measuring the 
oxidizability of multiple RPTP domains will  give more information about their suscepti-
bilities to oxidation and subsequently will give an indication whether all RPTP domains 
are reversibly oxidized upon oxidation and whether this oxidation is stable in time. 

RPTPs and Dimerization
Evidence is accumulating that RPTPs dimerize in cells. RPTPα was shown to dimerize con-
stitutively by using the chemical crosslinker BS3 (Jiang et al, 2000). CD45 was shown to 
constitutively dimerize in T-cells (Takeda, et al, 1992) and in chapter V we show that LAR 
and RPTPμ also constitutively dimerize in COS-1 cells, shown by co-immunoprecipitation 
experiments. However, whether oxidation induced inhibition by dimerization is a general 
regulatory mechanism of RPTPs is still subject of debate. The crystal structure of RPTPα-
D1 shows a dimer in which the wedge of one catalytic domain inserts into the catalyt-
ic cleft of the other subunit thereby occluding substrate binding (Bilwes et al, 1996). In 
parallel with these results, RPTPα showed stable dimerization by immunoprecipitation 
(Blanchetot et al, 2002) and rotational coupling (van der Wijk et al, 2003) upon oxidation. 
In chapter V, chimeras were made consisting of the extracellular domain of RPTPα and the 
intracellular domain of RPTPμ, LAR or CD45 to exclude the influence of the large extracel-
lular domains on dimerization. The intracellular domains of RPTPμ, LAR and CD45 all show 
oxidation induced stable dimer formation which makes it tempting to speculate that all 
RPTPs are regulated by oxidation comparable to RPTPα. It is noteworthy that the wedge-
like structure is conserved in every RPTP crystal solved to-date, including RPTPμ-D1, LAR 
and CD45. However, crystal structures of RPTPμ-D1, LAR and CD45 (Hoffmann et al, 1997; 
Nam et al, 1999; Nam et al, 2005) indicate that dimerization is impossible due to a steric 
clash. These apparent controversy results may however be explained if oxidation leads 
to major conformational changes of the intracellular domain that subsequently inhibit 
the activity of RPTPs. The crystal structure of PTP1B indeed shows a large conformational 
change by oxidation (Salmeen et al, 2003). However, the oxidized crystal of RPTPα-D2 
shown in chapter IV, shows only marginal differences in conformation and the observed 
differences did not take place at the D1-D2 interface. An explanation for this is that the 
crystal lattice doesn’t allow tertiairy conformation differences and/or that these changes 
are only promoted in the context of the entire RPTPα cytoplasmic region. For RPTPα there 
is convincing evidence for a conformational change after an oxidative stimulus. Blanchet-
ot et al (2002) described for RPTPα-D2 a conformational change upon oxidation shown by 
FRET analysis. Upon oxidation rotational coupling was seen in the extracellular domain 
of RPTPα (van der Wijk T. et al, 2003) and in chapter V a conformational change of the in-
tracellular domain of RPTPα was shown by limited tryptic digestion. In chapter V we also 
show a conformational change upon oxidation of the intracellular domains of RPTPμ, LAR 
and CD45 by limited tryptic digestion and rotational coupling indicating that a change in 
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conformation is common for RPTPs. Rotational coupling of the extracellular domains sug-
gests that inside-out signaling is a way of signaling by RPTPs. For RPTPμ the extracellular 
domain is involved in cell signaling and a rotational coupling can therefore have a physi-
ological effect. However, so far no evidence was found in vivo that support this way of 
signal transduction via RPTPμ, nor is this the case for other RPTPs. Scarce evidence exists 
for the reverse way, outside-in signaling; only one ligand was found to date that changed 
the intracellular activity. Pleiotrophin binding to RPTPβ/ζ affects the PTP activity, suggest-
ing a direct role of ligands on regulation of RPTP activity (Weng et al., 1999). Homophilic 
binding of the extracellular domain of RPTPμ which was involved in cell-cell adhesion was 
independent of the intracellular domain. The cell adhesion properties of cells in the pres-
ence of enzymatically inactive or truncated forms lacking the entire cytoplasmic region of 
RPTPμ, were indistinguishable from cells in the presence of wild type RPTPμ. Also for other 
RPTPs no evidence exists that homophilic binding affects the activity of the intracellular 
domain. In spite of this lack of evidence, inside-out and outside-in signaling for which 
we provide clear evidence in chapter V, remains an intriguing way of signaling via RPTPs.

Conclusion
Taken together, we propose that the activity of RPTPs is regulated by an oxidation-in-
duced dimerization mechanism. This model is shown in fig. 1. In this model RPTPs ex-
ist on the cell membrane as preformed active dimers. In the presence of ROS, the 
conserved second, membrane distal catalytic domain functions as a redox sen-
sor, transducing the oxidation information to the first, membrane proximal catalyti-
cally active domain. The inhibitory wedge of one subunit will subsequently occlude 
the catalytic cleft of the other, thereby preventing substrate binding, rendering the 
RPTP inactive. Since the oxidation of the cysteines is reversible, reduction of the cys-
teine of the second catalytic domain will reform the RPTPs to an active dimeric state. 
Results that underline this model are 1) D1s are less sensitive to oxidation; RPTPα-D2 is 
needed for full inhibition of activity upon oxidation. 2) Several results show that there is 
constitutive dimerization of RPTPs and that dimerization is stabilized after oxidation. 3) 
All crystal structures solved to date contain a wedge-like structure. The fact that the CD45 
and LAR crystal structures do not show dimers involving the wedge may be due to the 
rigidity of these proteins in those particular crystal structures; these crystal structures rep-
resent the reduced forms of CD45 and LAR. It will be interesting to see if the wedge has a 
role in crystal structures of oxidized CD45 and LAR. 4) In all RPTPs investigated so far a con-
formational change is observed upon oxidation. 5) Oxidation of dimeric RPTP constructs 
results in rotational coupling of these RPTPs, indicating that the conformational change 
in the cytoplasmic domain affects the quaternary structure of the full length molecule. 

The question that remains is how the oxidation sensor in RPTP-D2 transduces this forma-
tion to RPTP-D1. Although a definite clear answer does not exist, limited tryptic digestion 
shows several conformational changes at the surface of the protein after oxidative stimuli. 
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These superficial changes after the oxidation of CysD2 may lead to allosteric transitions 
that in turn lead to larger conformational changes in the cytoplasmic domains of RPTPs.

In conclusion, here we provide evidence that regulation of activity by di-
merization is a common mechanism for receptor tyrosine phosphatases. 
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Samenvatting

Een goede communicatie kan het leven heel wat aangenamer maken. Luchthavens  zijn 
minder chaotisch bij goede communicatie, hier en daar zal er een conflictje minder zijn 
op aarde en ook menselijke relaties zullen ongetwijfeld soepeler verlopen en een wat 
langer leven gegund zijn als er af en toe gecommuniceerd wordt; het is geen overbodige 
luxe. Hetzelfde geldt voor biologische organismen. Om te kunnen ontstaan en bestaan 
moeten organismen, van eencelligen tot meercelligen, communiceren met hun om-
geving. Cellen in meercellige organismen (zoals de mens) staan continu in contact met 
elkaar en informeren elkaar over de stand van zaken. De afstand van de communicatie 
kan variëren van direct cel-cel contact tot een enorme afstand waarover de communi-
catie plaats moet vinden. Het hormoon insuline wordt gemaakt in de alvleesklier en zet 
vervolgens spier en levercellen in het lichaam aan tot het opslaan van glucose. Informatie 
moet door de cel goed begrepen worden en worden verwerkt tot een passende reac-
tie. Zo’n reactie kan variëren van niets doen, tot een celdeling of het aanmaken van een 
bepaald product dat ervoor zorgt dat de cel kan voldoen aan de eisen die op dat moment 
aan hem gesteld worden. Het opvangen van signalen van buiten en het verwerken er-
van door de cel wordt signaaltransductie genoemd. Signaaltransductie wordt uitgevoerd 
door de moleculen die in de cel aanwezig zijn. Moleculen in een cel “praten” met elkaar 
waarbij sommige positieve (activerende) signalen afgeven en andere negatieve (inhibe-
rende) signalen afgeven afhankelijk van wat er gebeuren moet. Op deze manier wordt 
een route gevolgd van met elkaar communicerende moleculen waaruit de cel de ba-
lans moet opmaken dat uiteindelijk leidt tot een beslissing over het uit te voeren beleid. 
De signaaltransductie verloopt uiteraard niet vanzelf; hier is energie voor no-
dig. Voedsel wordt door het lichaam in verschillende stappen verwerkt tot glu-
cose. Dit wordt weer door een aparte structuur in de cel (de mitochondriën) ver-
werkt tot kleine energiepakketjes, ATP (Adenosine Tri Phosphate) geheten. Dit zijn 
hapklare energiebrokken die direct door moleculen gebruikt kunnen worden om bi-
jvoorbeeld van vorm te veranderen en zo een signaaltransductieroute in gang te zetten.
Gedurende de evolutie zijn er verschillende manieren ontstaan waarop moleculen in de 
cel met elkaar kunnen communiceren. Bijvoorbeeld door aan elkaar te binden kunnen ze 
elkaars structuur veranderen (conformatieverandering) waardoor ze andere eigenschap-
pen krijgen. Hierdoor zijn ze niet meer in staat (of juist wel!) om een ander molecuul te ac-
tiveren of te inactiveren. Een voor het begrip van dit verhaal belangrijke manier van com-
municeren is het toevoegen van een fosfaat groep aan een ander molecuul (fosforylering). 
Fosforylering heeft veelal grote gevolgen voor de activiteit van het eiwit. De omgekeerde 
weg, het afkoppelen van een fosfaat groep (defosforylering) evenzo. Of een molecuul 
geinhibeerd (activiteit verliest) dan wel geactiveerd wordt is afhankelijk van het molecuul. 
Dimerisatie is een tweede manier waarop moleculen met elkaar kunnen communice-
ren. Een dimeer is een combinatie van twee dezelfde moleculen die aan elkaar grijpen 
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en op deze manier elkaars gedrag beïnvloeden. Een klassiek voorbeeld van dimeri-
satie is de dimerisatie van de Epidermal Growth Factor Receptor (EGFR) waarbij twee 
EGFR moleculen na dimerisatie elkaar activeren dat leidt tot verdere signaaltransductie. 
Recentelijk is oxidatie ontdekt als manier van communicatie. De definitie van oxidatie is 
in algemene zin de reactie van een stof met zuurstof. Het meest bekende voorbeeld van 
oxidatie is roesten waarbij ijzer met zuurstof uit de lucht reageert. Chemisch gezien hoeft 
voor oxidatie een stof niet altijd met zuurstof te reageren maar moet het electronen afsta-
an aan een andere stof (de oxidator). De stof (die de electronen heeft afgestaan) heet dan 
geoxideerd dat kan leiden tot een verandering van haar eigenschappen. Dit wordt in bi-
ologische processen ook gebruikt als communicatie. Door verschillende groeifactoren die 
de cel aanzetten tot een bepaalde respons, is bewezen dat ze indirect ook oxidanten pro-
duceren. Er is gebleken dat deze productie essentieel is voor het krijgen van een passende 
reactie van de cel na stimulatie met deze groeifactoren. De drie genoemde voorbeelden 
van communicatie, fosforylering, dimerisatie en oxidatie, zijn van belang voor deze studie. 

DNA/ RNA/ Eiwitten/ Fosfatases
Eiwitten doen het meeste werk in cellen. Eiwitten worden door de cel zelf gemaakt. De 
informatie voor het maken van eiwitten ligt op het DNA. De gecodeerde informatie voor 
een eiwit op het DNA wordt een gen genoemd. Een gen kan afgelezen worden waar-
door er RNA van wordt gemaakt dat codeert voor het corresponderende eiwit. Door 
deze code te vertalen wordt het eiwit gemaakt. Eiwitten bestaan uit reeksen van ami-
nozuren waarvan er 20 verschillende soorten bestaan. De volgorde van deze amino-
zuren bepalen de eigenschappen van het eiwit. Eiwitten worden ingedeeld in families 
op basis van overeenkomst en vergelijkbare functie. In deze studie staat een familie van 
eiwitten centraal die in staat zijn om van andere moleculen een fosfaat groep los te kop-
pelen; zij heten daarom fosfatases. Zij zijn de tegenhanger van de eiwitten die juist fos-
faat groepen proberen aan te koppelen: de kinases. De familie van de fosfatases is op 
haar beurt weer ingedeeld in subfamilies. De subfamilie hier van belang zijn de fosfatases 
die enkel een aminozuur genaamd tyrosine defosforyleren (tyrosine fosfatases). Zij kun-
nen voorkomen  in de cel of aan het oppervlak van de cel. Deze laatste groep heet dan 
weer de receptor tyrosine fosfatases en zij zijn de eiwitten waarop deze studie zich richt. 
De meeste receptor tyrosine fosfatases bestaan uit een extracellulair domein (dat zich 
aan de buitenkant van de cel bevindt) en een intracellulair domein (dat zich aan de bin-
nenkant van de cel bevindt). Het intracellulaire domein bestaat uit twee domeinen die 
veel op elkaar lijken. Vreemd genoeg is alleen het eerste domein daadwerkelijk in sta-
at substraat te defosforyleren terwijl het tweede domein hier nauwelijks toe in staat is. 
Een goede balans tussen de activiteit van fosfatases en kinases is zeer belangri-
jk voor de cel en dus ook voor het organisme als geheel. Een inbalans kan leiden 
tot miscommunicatie waardoor signalen verkeerd geïnterpreteerd worden. Daar-
om is het noodzakelijk dat tyrosine fosfatases op hun beurt ook weer geregu-
leerd worden door ander moleculen om te voorkomen dat ze altijd actief of in-
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actief zijn. Hoe de activiteit van deze fosfatases gereguleerd wordt is al lange tijd 
onderwerp van discussie. In dit proefschrift wordt de aandacht gevestigd op wat de 
invloed is van oxidatie en dimerisatie op de activiteit van (receptor) tyrosine fosfatases. 

Oxidatie van protein tyrosine phosphatases
Al langere tijd was bekend dat oxidatie de activiteit van fosfatases vermindert. Een be-
langrijk aminozuur voor de defosforyleringsreactie, cysteine, raakt namelijk geoxideerd 
in de nabijheid van oxidanten zoals bijvoorbeeld waterstofperoxide (H2O2). Door deze 
oxidatie is de fosfatase inactief. Deze oxidatie is reversibel, hetgeen wil zeggen dat de 
cysteine ook weer gedeoxideerd (gereduceerd) kan worden waarna de fosfatase haar 
activiteit terugkrijgt. In hoofdstuk II wordt beschreven dat er een antilichaam is ontwik-
keld waarmee de geoxideerde staat van de cysteines onderzocht kan worden. Antilicha-
men zijn ook eiwitten, die geproduceerd worden door het immuunsysteem om indring-
ers te herkennen, waardoor deze daarna onschadelijk gemaakt kunnen worden. Om de 
geoxideerde cysteines te kunnen waarnemen hebben we zelf een antilichaam gemaakt 
die in dit specifieke geval geoxideerde cysteines herkent. Door de fosfatases 30 minuten 
met verschillende concentraties van waterstofperoxide te behandelen konden we een-
voudig zien of ze geoxideerd werden en welke concentratie van peroxide voldoende 
was om de cysteines te oxideren.  Deze methode werkte helaas niet voor alle fosfatases 
maar wel voor o.a. Receptor Proteine Tyrosine Phosphatase α (RPTPα). Belangrijke con-
clusie van hoofdstuk II was dat het tweede niet actieve domein van RPTPα gevoeliger 
was voor oxidatie (al bij lagere concentratie waterstofperoxide werd geoxideerd) dan 
het actieve domein. Dit onderstreepte het al bestaande idee dat het tweede domein een 
functie heeft in de regulatie van activiteit van de fosfatase en niet zozeer in het defos-
foryleren zelf. In hoofdstuk III wordt dit idee verder onderzocht om na te gaan of deze 
zogenaamde differentiële oxidatie een algemeen mechanisme is voor receptor tyro-
sine fosfatases. De eerste conclusie van dit hoofdstuk is dat de directe omgeving van de 
cysteine van de fosfatase bepaalt of deze meer of minder gevoelig is voor oxidatie. De 
tweede conclusie is dat de cysteines van het tweede domein, zover hier onderzocht, al-
tijd gevoeliger of op zijn minst even gevoelig waren voor oxidatie als het eerste domein. 

Massa spectrometrie
Een andere methode om de oxidatie van receptor tyrosine fosfatases te bekijken was 
met behulp van Massa Spectrometrie (MS). Met deze methode wordt een eiwit eerst op 
specifieke plaatsen geknipt en in kleine stukje gehakt (peptiden). Deze kleine stukjes 
eiwit worden in de massa spectrometer geplaatst en krijgen hier een bepaalde lading. 
Vervolgens worden ze op basis van massa en lading gescheiden door een sterk op-
gewekt spanningsverschil en het patroon dat ontstaat wordt door een computer ver-
werkt. Het verkregen patroon is specifiek voor een eiwit of, zoals in dit geval, specifiek 
voor een geoxideerd eiwit. Een geoxideerde cysteïne is namelijk zwaarder dan een ge-
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reduceerde cysteïne, zo ook de peptide waar de cysteïne deel van uit maakt. De ver-
houding gereduceerde cysteïnes versus geoxideerde cysteïnes is een maat voor de 
gevoeligheid voor oxidatie. Hoe meer geoxideerde cysteïnes aanwezig waren bij een 
lage concentratie waterstof peroxide vergeleken met het aantal gereduceerde cys-
teïnes, hoe hoger de gevoeligheid voor oxidanten. Op deze manier konden we veri-
fiëren dat RPTPα-D2 zeer gevoelig was voor oxidatie zoals het antilichaam ook bepaalde. 

Kristal structuren
Tegenwoordig worden er veel kristal structuren van eiwitten gemaakt om een goed beeld 
te krijgen van de ruimtelijke vouwing van een eiwit. Een eiwit (dit kan ook een ander soort 
molecuul zijn) wordt enkele dagen of weken tot maanden in een bepaalde oplossing 
gelegd waarin het langzaam een kristal vormt. Door het kristal met behulp van X-ray te 
bestralen ontstaat er een (eiwitspecifiek) patroon waaruit de ruimtelijke vouwing van het 
eiwit berekend kan worden. Zo kan veel over de eigenschappen van een molecuul gel-
eerd worden. Op deze manier is ook de 3D structuur van de DNA dubbele helix bepaald. 
PTP1B is een tyrosine fosfatase die zich in de cel bevindt en het is de eerste fosfatase waar-
van een geoxideerde vorm werd gekristalliseerd. Het domein van de tyrosine fosfatases 
zijn behoorlijk geconserveerd gebleven gedurende de evolutie waardoor in redelijke 
mate conclusies doorgetrokken kunnen worden over de werking en structuur van andere 
tyrosine fosfatases. De geoxideerde PTP1B structuur laat zoals verwacht een geoxideerde 
cysteïne zien, maar met een nieuwe chemische structuur die sulphenylamide of sulphen-
amide werd genoemd. Bijzondere van deze nieuwe structuur is ten eerste dat het sta-
biel is; het wordt niet verder geoxideerd naar irreversibele oxidatie vormen. Ten tweede 
is deze oxidatiestap reversibel zodat de fosfatase weer actief kan worden na reductie. Ten 
derde leidt deze oxidatie tot conformationele veranderingen die een verklaring kunnen 
geven hoe oxidatie van het tweede domein leidt tot inactivatie van de gehele fosfatase. 
In hoofdstuk IV wordt er gekeken naar de kristal structuur van de geoxideerde vorm van 
RPTPα-D2. Dit is de eerste keer dat er een kristal gemaakt wordt van een geoxideerd do-
mein van een receptor tyrosine fosfatase. Deze structuur laat zien dat hier precies dezelfde 
sulphenamide vorm ontstaat als in PTP1B. Bovendien is met het in Hoofdstuk II beschreven 
antilichaam en via massa spectrometrie gecontroleerd of deze vorm van oxidatie reversi-
bel en stabiel is. Inderdaad blijkt dat dit het geval is. Dit vormt een belangrijke indicatie dat 
deze oxidatievorm representatief is voor (receptor) tyrosine fosfatases in het algemeen. 

Dimerisatie
RPTPα dimeriseert constitutief (altijd). Na behandeling met waterstofperoxide gebeurden 
er drie opmerkelijk dingen. a) het tweede domein onderging een conformatieverander-
ing, b) de al bestaande dimeren werden stabieler en c) het extracellulaire domein liet een 
rotatie zien. De kristalstructuur van RPTPα-D1 toonde nog iets opmerkelijks. Er werden 
dimeren gevormd en het kristal liet een wig-achtige structuur zien die de toegang tot de 
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actieve cysteïne blokkeerde. Aangezien alle kristalstructuren die zover opgelost zijn voor 
receptor tyrosine fosfatases deze structuur laten zien, is het verleidelijk om dit als een 
algemeen mechanisme voor inactivatie te zien; oxidatie zorgt voor een ruimtelijke veran-
dering die de wig zo positioneert dat de toegang tot de cysteïne wordt geblokkeerd. In 
hoofdstuk V werd de vraag gesteld of dit een algemeen principe is voor alle receptor tyro-
sine fosfatases. We hebben onderzoek gedaan naar RPTPα, RPTPμ, CD45 en LAR die alle-
maal tot een verschillend subtype behoren van de familie van receptor tyrosine fosfatases. 
We laten zien dat LAR en RPTPμ altijd dimeriseren (voor CD45 was dat al bewezen) op ba-
sis van hun extracellulaire domein. Het intracellulaire domein vormde volgens onze meth-
ode alleen maar stabiele dimeren na oxidatie met peroxide, zoals we eerder ook al gezien 
hadden voor RPTPα. Dit lijkt volkomen eenduidig maar de controverse zit hem in het feit 
dat voor CD45 en LAR kristal structuren bestaan die het bestaan van een dimeer onmo-
gelijk achten. Een kanttekening hierbij is wel dat een kristal structuur op zich zeer rigide 
is waardoor eventuele flexibiliteit in het molecuul nauwelijks nog mogelijk is. Bovendien 
zijn de kristal structuren van CD45 en LAR gebaseerd op niet-geoxideerde vormen. Een 
ruimtelijke verandering van het eiwit na oxidatie zou de op het eerste oog tegenstrijdige 
data kunnen verklaren. In hoofdstuk V laten we via verschillende methoden zien dat er 
inderdaad veranderingen optreden in de vouwing van het eiwit na oxidatie in alle fosfa-
tases hier onderzocht. Waarschijnlijk leidt oxidatie tot een ruimtelijke verandering van het 
eiwit als gevolg waarvan de intracellulaire domeinen stabiele dimeren kunnen vormen. 

Algemene Conclusie
In dit proefschrift is getracht opheldering te geven over de manier waarop de activit-
eit van receptor tyrosine fosfatases gereguleerd wordt. De vraag rest hoe de bovensta-
ande resultaten tot een model kunnen leiden dat dit beschrijft. Allereerst dimeriseren 
volgens ons model receptor tyrosine fosfatases altijd (constitutief ) en zijn ze actief. 
Oxidatie heeft tot gevolg dat er een ruimtelijke verandering optreedt in het intracel-
lulaire domein. De gevoeligheid voor deze door oxidatie gestuurde ruimtelijke veran-
dering ligt in de cysteïne van het tweede niet-actieve domein. Door deze verandering 
blokkeert de wig-achtige structuur van het ene deel van de dimeer de ingang tot de 
actieve zijde van het andere deel van de dimeer en andersom. Door deze verander-
ing kan een substraat niet meer gedefosforyleerd worden en zijn de fosfatases dus in-
actief. Deze inactivatie is reversibel, hetgeen betekent dat, na reductie, de ruimteli-
jke verandering wordt teruggedraaid dat weer leidt tot een actieve dimeer. Voor dit 
model zijn bewijzen gevonden in meerdere receptor tyrosine fosfatases en dus lijkt 
dit een universeel regulatoir mechanisme te zijn voor de activiteit van deze familie. 
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Summary

Good communication can make life more pleasant. Airports are definitely less chaotic 
when there is  good communication, there will be a few less disagreements on the planet, 
and also human relationships will no doubt have an easier course and a larger life ex-
pectancy when there is some sort of communication once in a while; it is no luxury. The 
same applies to biological organisms. To arise and to exist, organisms, from unicellular to 
multicellular, have to communicate with their surrounding. Cells in a multicellular organ-
ism (like humans) stay continuously in contact with each other and inform each other 
about the situation. The distance over which communication takes place varies from near 
cell-cell contact to very large distances. For example, insulin is made in the pancreas and 
subsequently induces glucose uptake in muscle and liver cells. Information has to be well 
interpreted and must lead to a proper reaction. Such a reaction can vary from no reac-
tion at all, to a cell division or making a special kind of product by which the cell can 
meet up to the demands of that moment. Receiving signals from outside and processing 
them is called signal transduction. Signal transduction is carried out by the molecules 
present in the cell. Molecules in a cell “talk” with each other during which some molecules 
give positive (activating) reactions whereas others give negative (inhibiting) reactions. 
Like this, a pathway exists consisting of communicating molecules as a consequence of 
which the cell eventually must come to a decision which policy is going to be carried out. 
Signal transduction does not run on itself; energy is needed for it to function. Food is pro-
cessed by the body through different steps to glucose. The glucose molecules are processed 
by a special structure in the cell (mitochondria) to small energy particles called ATP (Adenos-
ine Tri Phosphate). These ready-to-go energy particles are directly used by the molecules to 
undergo for example a conformational change that induces a signal transduction cascade. 
During the evolution several different ways have evolved by which the molecules in the 
cell can communicate. For example by binding each other, they can change each others 
conformation which leads to different qualities. As a consequence of this change they can 
or can not anymore activate or inhibit another molecule. A type of communication impor-
tant for this study is adding a phosphate group  to another molecule (phosphorylation). 
This generally has large consequences for the activity of the molecule. The same applies for 
the reverse way, i.e. the removal of a phosphate groupe (dephosphorylation). Whether the 
molecule looses activity or gains activity is dependent on the nature of the molecule itself. 
Dimerization is a second way of communicating. A dimer is a combina-
tion of two identical molecules that bind each other and, by doing so, influ-
ence each others behaviour. A classical example of dimerization is the dimer-
ization of the Epidermal Growth Factor Receptor (EGFR), in which two EGFR 
molecules activate each other upon dimerization which induces intracellular signaling. 
Recently, oxidation was discovered as a way of communication among molecules. Gener-
ally speaking, oxidation is the reaction of a substance with oxygen. A well known example 
of oxidation is rusting, a process in which iron reacts with the oxygen in the air. Chemi-
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cally speaking, a substance doesn’t have to react with oxygen to be oxidized, but it has to 
donate electrons to another substance (the oxidant). The substance (which donated the 
electrons) is oxidized that could lead to substantial changes. This is also used in biological 
processes as a way of communicating. It has been proven for several growth factors which 
induce the cells to give a certain response, that they indirectly produce oxidants. It is shown 
that the production of oxidants is essential to have a normal response by the cell upon 
stimulation by these growth factors. The three above mentioned examples of communi-
cation, i.e. phosphorylation, dimerization and oxidation are of importance to this study.

DNA/ RNA/ Proteins/ Phosphatases
Proteins do the actual work in cells. Proteins are produced by the cell itself. The infor-
mation for the production of proteins is encoded on the DNA. The information for a 
protein encoded on the DNA is called a gene. A gene can be transcribed to RNA that 
encodes the sequence of the corresponding protein. By translating RNA, a protein is 
made. Proteins consist of a chain of amino acids of which 20 different kinds exist. The 
order of the amino acids defines its specific qualities. Proteins are divided into families 
based upon their resemblance and comparable function. Central in this study are the 
proteins that are able to dephosphorylate other molecules; therefore they are called 
phosphatases. They are the opposite of proteins that add a phosphate group to mole-
cules; the kinases. The phosphatase family is itself divided into subfamilies. The subfam-
ily important for this study are phosphatases that only dephosphorylate a specific kind 
of amino acid called tyrosine (tyrosine phosphatases). They are present inside the cell 
or at the surface of a cell. This last group is called the receptor protein tyrosine phos-
phatases (RPTP) and they are the proteins on which this study is focussed. Most RPTPs 
consist of an extracellular domain (part of the protein outside the cell) and an intracel-
lular domain (part of the protein within the cell). The intracellular domain consists of 
two highly similar domains. Strikingly, only the first domain is able to dephosphorylate 
phosphoproteins whereas the second domain is not or hardly able to dephosphorylate.
A good balance between activity of phosphatases and kinases is of major importance 
of the cell and as a consequence of this also for the organism. An imbalance could 
lead to miscommunication upon which signals are misinterpreted. That is why it is ab-
solutely necessary that tyrosine phosphatases are regulated themselves by other mol-
ecules to prevent that they will be constitutively activated or inactivated. How the 
activity of RPTPs is regulated is subject of research in many labs. In this thesis the atten-
tion is directed to the influence of oxidation and dimerization on the activity of RPTPs.

Oxidation of tyrosine phosphatases  
Oxidation inhibits the activity of phosphatases. An important amino acid for the dephos-
phorylation reaction, cysteine, is oxidized in the presence of oxidants like for example 
hydrogen peroxide (H2O2). Because of this oxidation, the phosphatase becomes inactive. 



     124

                      Summary                      Summary

The oxidation is reversible, which means that the cysteine can be deoxidized (reduced) 
which renders the phosphatase active again. In chapter II it is described that an antibody 
was developed by which the oxidized state of the cysteines could be investigated. Anti-
bodies are also proteins, that are produced by the immune system to recognize intruders 
that can subsequently be eliminated. To be able to visualize the oxidized cysteines we 
developed an antibody ourselves which, in this specific case recognizes oxidized cyste-
ines. By incubating the RPTPs for 30 minutes with different concentrations of hydrogen 
peroxide, we could check whether they were oxidized and which concentrations of hy-
drogen peroxide were sufficient for oxidation to occur. Unfortunately this method did not 
work for every phosphatase, but it did work for Receptor Protein Tyrosine Phosphatase α 
(RPTPα). Important conclusion of Chapter II was that the second inactive domain of RPTPα 
appeared to be more sensitive to oxidation (was already oxidized at lower concentrations 
of hydrogen peroxide) than the active domain. This underlined the already existing idea 
that the second domain probably has some sort of function in regulating the activity of 
the phosphatase more than dephosphorylating substrates itself. This is further investi-
gated in Chapter III by checking if this so called differential oxidation happens to be a 
general regulatory mechanism for RPTPs. The first conclusion of Chapter III is that the sus-
ceptibility to oxidation of the RPTP is defined by the direct surrounding of the cysteine. 
The second conclusion was that the cysteines of the second domain, as far as they were 
investigated, were at least equally sensitive to oxidation compared to the first domain.

Mass Spectrometry
A different method to visualize the oxidation of RPTP is by Mass Spectrometry. In this 
method the protein of interest is first cut at specific places by an enzyme and chopped 
to pieces (peptides). These small protein fragments are placed in the mass spectrome-
tre and are charged. Subsequently they are seperated based on mass and charge by a 
strong applied potential difference and the obtained pattern is processed by a com-
puter. The pattern is specific for the protein or, like in this case, specific for the oxi-
dized protein. An oxidized cysteine has a higher mass than a reduced cysteine and so 
has the peptide which contains it. The ratio of reduced cysteines versus oxidized cys-
teines defines the sensitivity to oxidants. The higher the number of oxidized cyste-
ines compared to the number of reduced cysteines at low concentrations of hydro-
gen peroxide, the higher the susceptibility to oxidation. Via this method we could 
verify that RPTPα-D2 was very sensitive to oxidation as was also defined by the antibody. 

Crystal structures
Nowadays, crystal structures are often used in order to get an idea of the 3D representation 
of a protein. A protein (it does not necessarily have to be a protein) is placed in a special solu-
tion for days, weeks or even months in which slowly a crystal is formed. By an X-ray beam a 
(protein specific) pattern arise of which the conformation of the protein can be deduced. Via 
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this method a lot of information becomes avaible concerning the qualities of the molecule. 
This is also the method that was used to define the 3D structure of the DNA double helix.
PTP1B is a tyrosine phosphatase that is present inside the cell and it is the first phosphatase 
of which an oxidized crystal became avaible. The domains of the tyrosine phosphatases are 
quite well conserved during evolution as a consequence of which reasonable conclusions 
could be drawn regarding the structure and enzymatic mechanism of other tyrosine phos-
phatases. The oxidized PTP1B structure shows as expected an oxidized cysteine, but with a 
novel chemical structure which is called sulphenylamide or sulphenamide. Strikingly, this 
new form is very stable; it does not get oxidized further to irreversible oxidation forms. Sec-
ond, this oxidation step is reversible which renders it active again upon reduction. Third, 
the oxidation leads to conformational changes that could give a mechanistic explanation 
of how oxidation of the second domain leads to inhibition of the complete phosphatase.
In Chapter IV the crystal structure of oxidized RPTPα-D2 is described. It is the first 
time that an oxidized form of RPTP domain is crystallized. Strikingly, this structure 
shows the same novel sulphenamide form as observed in the PTP1B crystal. More-
over, the oxPTP antibody described in chapter II showed together with Mass Spec-
trometry data, that also in RPTPα-D2 the oxidation form is reversible and stable. These 
results indicate that this type of oxidation is representative for (R)PTPs in general. 

Dimerization
RPTPα constitutively dimerizes. Three remarkable events happened upon treatment of 
RPTPα with hydrogen peroxide. a) the second domain had a conformational change, b) the 
existing dimers stabilized and c) the extracellular domain showed a rotation. The crystal 
structure of RPTPα-D1 showed another remarkable feature. It showed dimers and a wedge-
like structure of one molecule that occluded access to the catalytic site of the other. Since 
all crystal structures solved to date have this wedge-like structure, it is tempting to specu-
late that this is a general mechanism of inactivation; oxidation induces a conformational 
change which directs the wedge in such a way that it blocks the access to the cysteine. In 
chapter V we investigate whether this is a general principle for RPTPs. We did research on 
RPTPα, RPTPμ, LAR and CD45 each belonging to a different subtype of the family of RPTPs. 
We show here that LAR and RPTPμ constitutively dimerize (this had already been proven 
for CD45) through their extracellular domain. The intracellular domain only forms stable 
dimers upon oxidation just as was already shown for RPTPα. This seems a very plausible 
mechanism but the controversy lies in the fact that the CD45 and LAR crystal structures 
show that dimer formation is sterically impossible to occur. However, a crystal structure is 
very rigid and hardly allows flexibility or conformational changes. The crystal structures of 
CD45 and LAR are based on the non-oxidized forms. A conformational change could clar-
ify the seemingly contradictory results. In chapter V we show via different methods that a 
conformational change indeed takes place after oxidation, in all RPTP investigated here. 
Probably oxidation leads to a conformational change that alters the dimer conformation.
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General conclusion
In this thesis an attempt was made to elucidate the regulatory mechanism of RPTP ac-
tivity. The question that remains is how the above mentioned results lead to a model 
that describes this. First of all, in our model RPTPs dimerize constitutively and they are 
active. Oxidation leads to a conformational change in the intracellular domain. The 
sensitivity to this oxidation induced conformational change lies in the cysteine of the 
second inactive domain. Due to the conformational change in the cytoplasmic do-
main a wedge-like structure of one subunit of the dimer blocks the entrance to the 
active site of the other subunit and vica versa. Now, substrates can not be dephos-
phorylated anymore, rendering RPTPs inactive. The inactivation is reversible, mean-
ing that upon reduction the conformational change is reversed which renders the 
RPTPs active again. This model is supported by results based on several RPTPs which 
makes it likely that this is a general regulatory mechanism for the subfamily of RPTPs. 
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