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Introduction

Receptor protein-tyrosine phosphatases (RPTPs), like

their cytoplasmic relatives, counteract the activity of

tyrosine kinases by dephosphorylating phosphotyrosine

residues. Based on the structure of their extracellular

domain, the RPTPs are classified into eight subtypes

[1–3]. The ectodomains may play an important role in

the regulation of the RPTPs following cell–cell or cell–

matrix contacts, or upon interaction with specific extra-

cellular ligands [4,5]. Besides the extracellular domain,

the majority of the RPTPs present another interesting

feature: tandem catalytic domains. The membrane-

proximal catalytic domain (D1) and the membrane-

distal phosphatase domain (D2) of RPTPs are highly

conserved, in that the D2 domains contain a protein-

tyrosine phosphatase (PTP) signature motif, similarly

to the D1 domains [6]. In addition, the 3D structures

are conserved between D1 and D2 domains [7–9]. How-

ever, most RPTP-D2 domains have very low or no cata-

lytic activity [10–12]. In the case of LAR and RPTPa
the absence of two residues in the D2 domain– the

Keywords

kinase activity; protein-tyrosine

phosphatase; receptor protein-tyrosine

phosphatase a (RPTPa); regulation; Src

Correspondence

J. den Hertog, Uppsalalaan 8, 3584 CT

Utrecht, the Netherlands

Fax: +31 30 2516464

Tel: +31 30 2121800

E-mail: j.denhertog@hubrecht.eu

(Received 16 October 2009, revised

30 December 2009, accepted 18 January

2010)

doi:10.1111/j.1742-4658.2010.07584.x

Receptor protein-tyrosine phosphatase a (RPTPa) is a transmembrane pro-

tein with tandem cytoplasmic phosphatase domains. Most of the catalytic

activity is contained by the membrane-proximal catalytic domain (D1). We

found a spontaneous Arg554 to His mutation in the pTyr recognition loop

of the membrane-distal phosphatase domain (D2) of a human patient. This

mutation was not linked to the disease. Here, we report that the R554H

mutation abolished RPTPa-D2 catalytic activity. The R554H mutation

impaired Src binding to RPTPa. RPTPa, with a catalytic site cysteine to

serine mutation in D2, also displayed diminished binding to Src. Concomi-

tant with decreased Src binding of the R554H and C723S mutants com-

pared with wild-type RPTPa, enhanced phosphorylation of the inhibitory

Src Tyr527 site was observed, as well as reduced Src activation. To confirm

that catalytic activity of RPTPa-D2 was required for these effects, we ana-

lyzed a third mutant, RPTPa-R729K, which had an inactive D2. Again,

Src binding was reduced and Tyr527 phosphorylation was enhanced. Our

results suggest that a catalytically active D2 is required for RPTPa to bind

and dephosphorylate its well-characterized substrate, Src.
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tyrosine from the pTyr recognition loop (also known

as the KNRY motif) and the aspartic acid from the

WPD loop – was shown to be responsible for

decreased catalytic activity. Upon substitution of these

two residues, the catalytic activity of the D2 domains

was greatly increased [7,13,14]. RPTPe-D2, but not

CD45-D2, regained catalytic activity upon changing

the two amino acids mentioned above [15].

The biological function of these membrane-distal

domains is not completely understood. Soon after they

were discovered, the RPTP-D2s were suggested to alter

the substrate specificity of D1 in vitro [10,11]. In addi-

tion, the D2 domains were shown to be involved in

intermolecular and intramolecular interactions, as well

as in homodimerization and oligomerization of RPTPs

[9,16–21]. Based on the crystal structures of LAR and

CD45, another role of the D2 domain was proposed:

stabilization of the D1 domain [7,22]. These interactions

suggest that the D2 domains function as regulators of

the activity of the D1 domains. LAR-D2 was shown to

be important for the interaction with downstream effec-

tors, including Trio [23], Abl kinase and Enabled [24],

b-catenin [25] and Liprin-a [26]. Another study indi-

cated that an acidic region from CD45-D2 is required

for the regulation of TCR-mediated calcium-signaling

pathways [27]. The involvement of D2 domains in sub-

strate recognition was observed for CD45-D2, which

seems to mediate the interaction with Lck [28].

The D2 domain of RPTPa is the only known mem-

brane-distal domain with considerable catalytic activity

[10,14,29]. It was shown that its activity is comparable

to, or even higher than, the activity towards para-nitro-

phenylphosphate (pNPP) of dual-specificity phosphata-

ses such as cdc25, VH1 and YPTP1 [14]. One of the main

roles identified to date for RPTPa-D2 is that of a redox

sensor. This function is dependent on its catalytic cyste-

ine (Cys723). Following hydrogen peroxide-induced oxi-

dation, this cysteine mediates the stabilization of RPTPa
dimers followed by complete inactivation of the enzyme

and rotational coupling of the extracellular domain

[30,31]. RPTPa-D2 is essential for RPTPa homodimer-

ization in the absence of oxidizing reagents [32] and has

a role in pervanadate-induced tyrosine phosphorylation

of RPTPa [33], showing that D2 is involved in protein–

protein interactions. Besides the interaction with other

phosphatase domains, RPTPa-D2 binds to calmodulin,

leading to the inactivation of the D2 domain [34].

We discovered an R554H mutation in the KNRY

motif of RPTPa-D2 in a screen for disease-related muta-

tions in RPTPs. Whereas this mutation appears not to

be linked to disease, we observed that this mutation in

the pTyr recognition loop of RPTPa-D2 completely

abolished catalytic activity. Furthermore, we observed

decreased binding of Src, a well-known RPTPa sub-

strate, to RPTPa-R554H and to RPTPa-C723S, another
mutant with an inactive D2 domain. Src Tyr527 dephos-

phorylation and activation was also reduced in response

to these mutations, compared with wild-type RPTPa.
A third mutant, RPTPa-R729K, with impaired catalytic

activity in the D2 domain, confirmed that a catalytically

active D2 domain appears to be required for Src binding

and Tyr527 dephosphorylation.

Results

Identification of a naturally occurring mutation in

RPTPa

We hypothesized that mutations in RPTPa might be

linked to Noonan syndrome, a dominantly inherited

human syndrome. Several genes have been identified

that are associated with Noonan syndrome, most

prominently PTPN11, encoding the cytoplasmic PTP,

Shp2. Approximately 50% of all patients with Noonan

syndrome contain dominant activating mutations in

PTPN11 [35]. Other genes that are associated with

Noonan syndrome encode factors in the Ras–mitogen-

activated protein kinase (MAPK) pathway: SOS1,

KRAS, BRAF and RAF1 [36–39]. To assess whether

RPTPa is also involved in Noonan syndrome, we

sequenced all 22 exons of PTPRA in a panel of 46

patients with Noonan syndrome who did not contain

mutations in genes that are known to be associated

with Noonan syndrome. We identified a heterozygous

point mutation in exon 16 in a single patient, resulting

in a missense mutation, R554H, in the absolutely con-

served Arg residue of the KNRY motif or pTyr loop

of RPTPa-D2. Subsequently, PTPRA was sequenced

in the unaffected parents of this de novo patient and it

was found that the mother carried the same mutation,

making a causal role for the R554H mutation in

RPTPa in Noonan syndrome unlikely. Subsequently, a

mutation was identified in SOS1, resulting in the mis-

sense mutation T266K in the Sos1 protein. This muta-

tion has also been identified in other Noonan patients

and we therefore concluded that Noonan syndrome in

this patient was probably caused by the missense

mutation in SOS1, not by a mutation in PTPRA.

Nevertheless, biochemically, RPTPa–R554H behaved

differently from wild-type RPTPa.

R554H mutation abolished catalytic activity of

RPTPa-D2

RPTPa Arg554 is an absolutely conserved residue in

the pTyr recognition loop (the KNRY motif). This
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Arg residue is important for electrostatic attraction of

ligands and is a putative substrate-binding site [6]. We

tested whether the R554H mutation had an influence

on the catalytic activity of RPTPa-D2 in vitro by using

glutathione S-transferase (GST)-fusion proteins and

pNPP as a substrate. The phosphatase activity of

D2-R554H was compared with that of wild-type

(WT)-D2 and with that of D2-C723S, a catalytically

dead mutant with a mutation in the essential catalytic

site cysteine. The catalytic activity of D2-R554H was

dramatically reduced compared with that of WT-D2

and only slightly higher than the activity of D2-C723S,

the inactive mutant (Fig. 1). These results show that

the Arg554 residue is essential for the catalytic activity

of RPTPa-D2.

Catalytic activity of the RPTPa D2 domain is

required for Src binding and activation

It is well known that the membrane distal domains of

RPTPs are involved in protein–protein interactions

[16–18,20,28]. We investigated whether the introduc-

tion of inactivating mutations in RPTPa-D2 (R554H

and C723S) affected the interaction with Src, the well-

established substrate of RPTPa. For this purpose,

SYF cells that lack endogenous Src, Fyn and Yes were

transiently cotransfected with constructs encoding Src

and hemagglutinin (HA)-tagged RPTPa WT, RPTPa-
R554H or RPTPa-C723S. Src was immunoprecipitated

from the SYF lysates and the samples were probed for

co-immunoprecipitated (mutant) RPTPa. HA-RPTPa-
R554H binding to Src was substantially reduced (by

approximately 50%) when compared with the binding

of WT RPTPa to Src (Fig. 2A). The interaction of Src

with the RPTPa-C723S mutant was decreased to a

similar extent. The interaction between RPTPa and

Src may be mediated by pTyr789. Therefore, we tested

whether the phosphorylation of Tyr789 was affected in

R554H and C723S mutants and no significant differ-

ences in the pTyr789 levels were observed. Tyr789

phosphorylation of endogenous RPTPa was not

detected (Fig. 2A, bottom panel, lane 2), because

expression of endogenous RPTPa is relatively low in

SYF cells and only approximately 10% of the cells are

transfected with Src, which induces phosphorylation of

RPTPa Tyr789. These results indicate a role for

RPTPa-D2 in the interaction with Src, which is sepa-

rate from the phosphorylation of Tyr789.

Next, we analyzed the ability of RPTPa and

mutants to activate Src. Fractions of the same lysates

used for Src immunoprecipitation were tested for Src

Tyr416 and Tyr527 phosphorylation, indicators of Src

activation. When cotransfected with wild-type RPTPa,
phosphorylation of the inhibitory pTyr527 was

reduced (Fig. 2B; see also Fig. 4B, cf. lanes 2 and 3).

The effects of cotransfection of mutant RPTPa-R554H

on Src phosphorylation were less pronounced than of

wild-type RPTPa. Src pTyr527 dephosphorylation in

RPTPa-R554H transfected cells was approximately

65% of pTyr527 dephosphorylation in wild-type

RPTPa cotransfected cells. Cotransfection of RPTPa-
C723S with Src also led to a significant decrease in Src

pTyr527 (approximately 46% of wild-type RPTPa).
Src Tyr416 autophosphorylation was reduced in

R554H and C723S transfected cells, to 83% and 59%,

respectively, compared with wild-type cotransfected

cells (Fig. 2B). These results suggest that RPTPa-medi-

ated Src dephosphorylation was impaired in RPTPa
mutants with inactive D2 domains.

To establish the ability of RPTPa-D2 mutants to

activate Src, we tested the in vitro kinase activity of

Src immunoprecipitated from SYF cells cotransfected

with Src and RPTPa WT, R554H or C723S. The

activity of Src in the presence of RPTPa R554H was

clearly reduced compared with the activity of Src

cotransfected with WT RPTPa. RPTPa-C723S acti-

vated Src only minimally under these experimental

conditions (Fig. 3A). Three independent experiments

Fig. 1. The R554H mutation abolished

RPTPa-D2 catalytic activity. The catalytic

activity of GST-fusion proteins containing

the D2 domain of RPTPa WT, R554H or

C723S was tested in vitro using pNPP as

the substrate. The error bars represent

± SD of three independent phosphatase

activity determinations. Equal amounts of

protein were used in the PTP experiment,

as indicated in the inset, showing

Coomassie Brilliant Blue-stained fusion

proteins on an SDS-polyacrylamide gel.
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were quantified and the results indicated that WT

RPTPa activated Src 2.2-fold. RPTPa-R554H acti-

vated Src 1.7-fold and RPTPa-C723S did not activate

Src significantly (1.1-fold) (Fig. 3B). These results indi-

cate that the catalytic activity of RPTPa-D2 plays an

important role in Src activation.

To confirm that the catalytic activity of RPTPa-D2 is

required for Src binding and activation, we used an

RPTPa-D2 mutant (RPTPa-R729K) with an Arg to

Lys mutation in the PTPase signature motif in the D2

domain. This Arg residue has an essential role in cata-

lysis in PTPs, and mutation of this residue in PTPs

results in the inactivation of catalytic activity, but does

not result in substrate-trapping mutants. Likewise,

mutant RPTPa-D2-R729K has no catalytic activity in

the D2 domain [33]. Src was co-expressed in SYF cells

with RPTPa-R729K and Src was immunoprecipitated.

The RPTPa-R729K mutant showed a reduction in Src

binding of approximately 75% compared with RPTPa
WT (Fig. 4A). In the presence of RPTPa-R729K, Src

pTyr527 dephosphorylation was strongly decreased to

20% of the wild-type RPTPa cotransfected response,

and Tyr416 was only mildly affected (Fig. 4B), sugges-

ting that RPTPa-R729K is not able to dephosphorylate

Src pTyr527 and activate Src. Taken together, these

results indicate that catalytically active RPTPa-D2 is

required for binding and activation of Src.

Discussion

Here we report that inactivating mutations in the

membrane-distal domain of RPTPa affected the bio-

logical function of RPTPa, impairing Src binding and

its ability to activate Src. Our results indicate that a

catalytically active D2 domain is required for RPTPa-
mediated Src binding and activation.

We identified a heterozygous mutation in RPTPa in

a patient with de novo Noonan syndrome and we

found the same heterozygous mutation in one of the

unaffected parents, indicating that this mutation was

not causally linked to Noonan syndrome. We demon-

strate here that RPTPa-R554H was functionally

impaired. Apparently, a single wild-type allele of

RPTPa is sufficient for human life and the R554H

Src WT + + +

IP: Src
IB: RPTPαα

% 100 65 46

WCLs
IB: npY527

Src WT– + – + + + + +

10092

IP: Src
IB: Src

% 100 45n.d. n.d. 55

WCLs
IB: Src

WCLs
IB: pY416

% 100 83 59100192

WCLs
IB: HA

WCLs
IB: pY789

A B

Fig. 2. Src association with RPTPa-R554H and RPTPa-C723S mutants is reduced. (A) SYF cells were cotransfected with Src and HA-RPTPa

WT, R554H or C723S, lysed and Src was immunoprecipitated with cross-linked Src mAbs. The samples were fractionated on a 7.5% SDS-

polyacrylamide gel, transferred to poly(vinylidene difluoride) (PVDF) membranes and immunoblotted with anti-RPTPa serum and with the Src

mAb 327. Whole-cell lysates were probed with the HA mAb 12CA5 to monitor HA-RPTPa expression and with anti-pY789 to assess Tyr789

phosphorylation. The amount of co-immunoprecipitated RPTPa was quantified and normalized for total pTyr789 levels. The samples with no

transfected RPTPa were not determined (n.d.). (B) A fraction of the lysates used for Src immunoprecipitation was boiled in SDS sample

buffer and the samples were run on a 7.5% SDS-polyacrylamide gel. The proteins were transferred to PVDF membranes, which were then

probed with anti-npY527 Ig and subsequently, after stripping, with anti-pY416 and anti-Src Igs, as indicated. Src phosphorylation was quanti-

fied and the values were normalized for the total amounts of Src. The quantification results are presented under the corresponding panels.

This experiment was carried out three times and the results of one representative experiment are depicted here.
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mutation does not have a dominant effect over the

wild-type RPTPa allele. It is noteworthy that heterozy-

gous RPTPa knockout mice are indistinguishable from

wild-type siblings [40,41], corroborating the conclusion

that a single RPTPa allele is sufficient for mammalian

life.

Mutant RPTPa-D2-R554H was almost completely

inactive compared with WT RPTPa-D2. Arg554 is

located in the pTyr recognition loop (the so-called

KNRY motif) next to Val555, one of the amino acids

responsible for decreased catalytic activity of RPTPa-
D2 [13]. The conserved arginine residue was proposed

to be involved in the electrostatic attraction of the sub-

strate [6], and mutation of the corresponding arginine

(Arg45) to Ala in PTP1B led to very low catalytic

activity, probably as a result of structural perturbation

of the catalytic site [42]. As seen from the crystal struc-

ture of RPTPa-D2 [8], Arg554 is positioned very close

to Cys723, and mutation of this amino acid could

indeed disturb the architecture of the catalytic site.

The in vitro catalytic activity of the entire cytoplasmic

domain of RPTPa was not significantly affected by the

R554H mutation (data not shown) but this is not

unexpected because the D2 domain only marginally

contributes to the overall catalytic activity of RPTPa
[10,14,29].

Src binding to three different RPTPa-D2 inactive

mutants was impaired. Moreover, the ability of these

mutants to activate Src was reduced when compared

with WT RPTPa. According to the current model, Src

binds to phosphorylated Tyr789 of RPTPa via its SH2

Src WT

IP: Src
IB: RPTPα

% 100 25n.d. n.d.
100 20

Src WT

WCLs
IB: npY527

%

WCLs

IP: Src
IB: Src

%

WCLs
IB: Src

WCLs
IB: pY416

%

– + + + – + + +

100 91

n.d n.d

n.d. n.d.

IB: HA

WCLs
IB: pY789

A B

Fig. 4. Impaired Src binding to the inert RPTPa-R729K mutant. (A)

SYF cells cotransfected with Src and empty vector, HA-RPTPa WT

or HA-RPTPa-R729K were lysed and Src was immunoprecipitated.

The samples obtained were run on 7.5% SDS-polyacrylamide gels,

transferred to poly(vinylidene difluoride) (PVDF) membranes and

probed for co-immunoprecipitated RPTPa and total Src. Lysates

were probed for the amount of RPTPa and for pTyr789. (B) A frac-

tion of the cell lysates used for Src immunoprecipitation was pro-

cessed and tested for Src pTyr416 and npTyr527. Quantification of

the blots was performed as described in Fig. 2. This experiment

was carried out three times and a representative result is depicted

here.

Src – + + + +

Autoradiograph
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2

Fig. 3. Reduced activation of Src by RPTPa-R554H and RPTPa-

C723S. (A) Src was immunoprecipitated from SYF cells cotransfect-

ed with Src and RPTPa constructs. Half of the immunoprecipitate

was subjected to an in vitro kinase assay, using enolase as a sub-

strate, and the amount of incorporated phosphate was visualized

by autoradiography (top panel). The positions of enolase and Src

are indicated. The other half of the immunoprecipitate was fraction-

ated by electrophoresis on a 7.5% SDS-polyacrylamide gel, blotted,

probed with anti-Src Ig and developed with enhanced chemilumi-

nescence (ECL) (middle panel). Part of the lysate was resolved on

a 7.5% SDS-polyacrylamide gel, transferred to poly(vinylidene diflu-

oride) (PVDF) membrane and probed for total RPTPa expression

(bottom panel). (B) Relative Src kinase activity. Each bar represents

the average of three independent experiments ± SD, relative to

Src immunoprecipitated from cells cotransfected with the empty

vector, which was set to one.
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domain [43]. We did not observe significant changes in

Tyr789 phosphorylation of the D2 domain-inactive

mutants compared with WT RPTPa (Figs 2A and 4A)

that would account for reduced Src binding to these

RPTPa mutants. In contrast to the current model, we

have evidence that Tyr789 is not required for Src bind-

ing, in that mutation of Tyr789 in RPTPa did not

abolish Src binding to RPTPa (AV, JdH, submitted),

suggesting the presence of other Src-binding sites in

RPTPa. Taken together, phosphorylation of Tyr789 is

not the only determinant in Src binding. Instead, we

provide evidence that other features of RPTPa-D2

mediate Src binding. In addition, we cannot exclude

the possibility that the Src-binding site is not located

in RPTPa-D2.

Functional analysis of the tandem PTP domains of

RPTPa indicated that mutation of the catalytic Cys723

did not affect phosphorylation of the Src family kinase

Fyn, or Fyn autophosphorylation activity [44]. The

apparent difference with our results may be caused by

differences in experimental conditions: they assessed

total Fyn phosphorylation, whereas we detected phos-

phorylation on two specific sites in Src; they deter-

mined Fyn autophosphorylation, whereas we assessed

Src kinase activity by measuring the in vitro phosphoryl-

ation of an exogenous substrate. Alternatively, the

apparent difference may reflect the fact that the effects

we observed are specific for Src.

Ever since their discovery, it has been speculated

that RPTP D2 domains may have a role in substrate

binding and substrate presentation to the catalytically

active D1 domain [45]. This hypothesis was con-

firmed in a study showing that the catalytic site of

LAR-D2 is required for binding to the insulin recep-

tor, a known LAR substrate [46]. The interaction is

decreased when the catalytic cysteine in LAR-D2 is

mutated to serine. Another example is CD45 binding

to the Src family kinase Lck, which is mediated by

a unique acidic region in CD45-D2 [28]. CD45-D2 is

also critical for substrate recruitment of TCR-zeta

in vivo, because replacement of the membrane-distal

domain of CD45 with the LAR D2 domain abo-

lishes the binding of TCR-zeta [47].

It remains to be determined definitively how the

three mutants that we analyzed affect Src binding and

activation. It is unlikely that these mutations disrupt

the structure of RPTPa-D2, because the mutations are

subtle. Moreover, Cys to Ser mutations of other PTPs

showed the expected crystal structures. In conclusion,

we demonstrate here, for the first time, that a func-

tional, catalytically active D2 is required for RPTPa to

bind to its substrate, Src, and to dephosphorylate and

activate it.

Materials and methods

Materials and antibodies

Anti-HA-tag (12CA5), anti-Src (327) Igs and anti-RPTPa
(5478AP) serum were prepared as previously described

[48,49]. Anti-Src-npY527 was from Cell Signaling and anti-

Src-pY418 was from Biosource. Horseradish peroxidase-

coupled anti-rabbit and anti-mouse secondary Igs were

from BD Biosciences. Polyethylenimine, nocodazole, paclit-

axel, glutathione–Sepharose and hydrogen peroxide were

from Sigma Life Science. FuGene6 transfection reagent was

from Roche.

DNA constructs

The constructs used for the expression of HA-RPTPa WT

[48], Src WT [49] and HA-RPTPa R729K [33] were as pre-

viously described. HA-RPTPa R554H was obtained by site-

directed mutagenesis using HA-RPTPa WT as the template

and the following forward and reverse oligonucleotides:

5¢- ATG AAG AAG AAC CAT GTT TTA CAG ATC -3¢
and 5¢ - GAT CTG TAA AAC ATG GTT CTT CTT

CAT - 3¢. The constructs encoding WT, R554H or C723S

GST-PTPalpha D2 fusion proteins were obtained by direc-

tional cloning of PCR fragments digested with NcoI and

HindIII into the pGEX-KG vector digested with the same

restriction enzymes. The PCR fragments were obtained by

amplification with 5¢ - CCC ATG GCT TCT CTA GAA

ACC - 3¢ and 5¢ - CGC AAG CTT TCA CTT GAA GTT

GGC - 3¢ oligonucleotides using pSG RPTPa WT, pSG

RPTPa R554H or pSG RPTPa C723S as templates. The

constructs were verified by sequencing.

Cell culture and transfection

For the experiments described in this study we used SYF

cells. SYF cells were grown in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 7.5% fetal bovine

serum. The cells were transfected with FuGene6 according

to the protocol provided by the manufacturer. After trans-

fection the cells were grown for 16 h in complete medium,

then the medium was replaced with serum-free medium and

the cells were grown for an additional 24 h.

Recombinant proteins

The constructs encoding GST-fusion proteins were trans-

formed into BL21 bacteria. Expression of fusion proteins

was induced by incubation with 0.1 mm isopropyl thio-b-d-
galactoside (IPTG) for 5 h at 25 �C. The bacteria were har-

vested by centrifugation, resuspended in NaCl ⁄Tris solution
containing 1 lgÆmL of leupeptin, 1 lgÆmL)1 of aprotinin

and 1 mgÆmL)1 of lysozyme, and incubated for 10 min at

room temperature. The suspension was sonicated on ice,
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supplemented with 1% Triton X-100, kept for 10 min on

ice and centrifuged to collect the soluble proteins. The su-

pernatants were mixed with glutathione agarose to pull-

down the GST-fusion proteins, and incubated for 30 min at

4 �C. The beads were washed three times with ice-cold

NaCl/Tris. The GST-fusion proteins were eluted twice for

5 min at room temperature with elution buffer containing

50 mm Tris ⁄HCl, pH 8.0, 10 mm reduced glutathione and

10% glycerol. The proteins were dialyzed against NaCl/Tris

containing 10% glycerol.

Immunoprecipitation and immunoblotting

SYF cells were lysed for 20 min on ice in cell lysis buffer

(50 mm Hepes, pH 7.4, 150 mm NaCl, 1 mm EGTA,

1.5 mm MgCl2, 1% Triton X-100, 10% glycerol, 5 mm

NaF, 5 mm beta-glycerophosphate, 1 mm Na3VO4,

1 lgÆmL)1 of leupeptin and 1 lgÆmL)1 of aprotinin). The

lysates were collected using a cell scraper and centrifuged

for 10 min at 13000 rpm. Samples from the lysates were

collected and boiled after being mixed with equal volumes

of 2· SDS sample buffer (125 mm Tris ⁄HCl, pH 6.8, 20%

glycerol, 4% SDS, 2% b-mercaptoethanol and 0.04%

Bromophenol Blue) and resolved on 7.5% SDS ⁄PAGE

gels. For Src immunoprecipitation the lysates were incu-

bated for 1 h at 4 �C with the Src mAb 327 cross-linked to

Protein A–Sepharose. The immunoprecipitates were washed

four times with HNTG buffer (20 mm Hepes, pH 7.4,

150 mm NaCl, 0.1% Triton-X-100 and 10% glycerol).

In vitro Src kinase assay

Src was immunoprecipitated as described above. The immu-

noprecipitates were washed three times with HNTG buffer

and once with kinase buffer, and then divided into two

equal fractions, of which one was immunoblotted using

anti-Src Ig and the other was subjected to the kinase assay.

The reactions were performed in 40 lL of kinase reaction

buffer (50 mm Hepes, pH 7.5, 10 mm MgCl2, 5 mm NaF

and 1 mm Na3VO4), containing 10 lCi of [32P]dATP[cP]
and 3.5 lg of acid-denatured enolase. The reactions were

incubated at 30 �C for 30 min, stopped by the addition of

2· SDS sample buffer and resolved by electrophoresis on a

7.5% SDS-polyacrylamide gel. The results were visualized

by autoradiography.

Phosphatase assay

The activity of the RPTPa-D2 domain was investigated

in vitro using GST-fusion proteins and pNPP as the sub-

strate. The reaction was conducted in 200 lL of mixture

containing 20 mm Mes, pH 6.0, 150 mm NaCl, 1 mm

EDTA, 1 mm dithiothreitol and 10 mm pNPP. The reaction

was initiated by the addition of fusion protein and then

incubated at 30 �C for the times indicated. One millilitre of

1 N NaOH was added to quench the reaction, and the for-

mation of p-nitrophenol was detected at A 405 nm using a

spectrophotometer.
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