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Protein tyrosine phosphatases (PTPs) participate in
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The receptor-like protein tyrosine phosphatase
PTPm contains three intracellular domains: the

uxtamembrane (JM) and two phosphatase domains
D1 and D2). D1 is catalytically active in vitro. The
unctional roles of JM and D2 are still unclear. To
nd out whether and how they modulate the phos-
hatase activity of D1, we compared the enzymatic
haracteristics of two constructs, containing a trun-
ated JM and either D1 or both phosphatase do-
ains. p-Nitrophenyl phosphate and two peptide

ubstrates were efficiently dephosphorylated by
oth constructs. The specificity constant of D1 alone
as up to 50% higher. D2 induces (a) decreased Km

alues for peptide substrates, (b) decreased catalytic
fficiency for these substrates, (c) shifting of the
ptimal pH to slightly lower values, and (d) looser
inding of competitive inhibitors. These data sug-
est that the phosphatase activity of D1 is negatively
odulated and its ligand binding capacity is sensi-

ly modified by domain D2, having possible func-
ional significance. © 2001 Academic Press
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hate.
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he regulation of cell growth, differentiation and inter-
ellular communication. This family of enzymes is di-
ided into two groups: receptor-like (RPTPs) and non-
eceptor PTPs (for review, see Refs. 1 and 2). The
ntracellular regions of RPTPs are similar for the great

ajority of representatives, whereas the extracellular
omains exhibit a large variability. Most RPTPs have
wo phosphatase domains in their cytoplasmic regions:
he membrane proximal domain D1 and the membrane
istal, D2. Despite the sequence homology of D1 and
2, frequently only D1 is catalytically active in vitro.
ccasionally, D2 may display weak enzyme activity as

n the case of RPTPa (3, 4), CD45 (5), or RPTP-LAR (6).
n important question in this respect is whether do-
ain D2, albeit catalytically inactive, modulates the

ubstrate specificity of D1 or plays a regulatory role in
ts catalytic activity. Although this question is still
ontroversial, there are several reports supporting
he involvement of domain D2 in modulatory inter-
ctions. Thus, domain D2 of RPTPd was proved to
ind to and inhibit the enzyme activity of domain D1
f RPTPs (7). Intramolecular interactions are also
ossible, as demonstrated in the case of domains D1
nd D2 of CD45 (8).
RPTPm is an interesting representative of RPTPs

ince its ectodomain promotes cell-to-cell adhesion in a
omophilic, Ca21 independent manner (9). Similar ho-
otypic adhesion has also been demonstrated for two
PTPs homologous to RPTPm: RPTPk (10) and RPTPl

11). Another common characteristic of RPTPm (12), k
13) and l (11) seems to be their specific association
ith the catenin/cadherin complex. The putative site of

his interaction is the juxtamembrane (JM) domain.
his segment of 158 amino acids (aa 765–923), about
wice longer in RPTPm than in other PTPs, has notable
equence similarity with members of the cadherin fam-
ly (14).
0006-291X/01 $35.00
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Previous studies indicate that the JM segment also
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nfluences the PTPase activity of the intracellular re-
ion, whereby removal of the first 53 aa of the JM
egion of RPTPm produced a 2-fold decrease of activity
15). In the same report it was shown that D2 has no
nzymatic activity. It might be inferred that domain
2 has no contribution to the overall PTPase activity of

he intracellular region. Surprisingly, the construct
acking D2 but having the intact JM segment, dis-
layed a 10-fold lower enzyme activity compared to the
ctivity of the whole intracellular region (15). These
xperiments suggest that D2 modulates the activity of
1; at the same time, D2 might interfere with the JM

egion in influencing the enzymatic activity of D1. In-
eed, a recent report (16) demonstrates, using the
east two-hybrid system, that a part of the JM domain
f RPTPm can interact with both D1 and D2 domains in
n intramolecular fashion. In addition, a fragment of
M (aa 814–922) was found to be essential for D1 to be
atalytically active.

Despite the important features of RPTPm, system-
tic studies concerning the enzymatic characteristics of
his receptor enzyme have not yet been reported. Here
e investigate the stability and kinetic behavior of two

onstructs, containing the JM fragment essential for
atalytic activity plus either D1 or both D1 and D2. We
resent kinetic evidence that the phosphatase activity
f D1 is modulated by D2, alone or in conjunction with
he JM domain.

ATERIALS AND METHODS

Materials. Restriction endonucleases, glutathione-Sepharose
B and thrombin were purchased from Amersham Pharmacia
iotech. p-Nitrophenyl phosphate (pNPP) and p-nitrophenol, van-
date and common use chemicals were from Sigma. Phosphoty-
osine containing peptides P1: DGDFEEIPEEpYLQ (hirudine 53–
5) and P2: EGPWLEEEEEApYGWMDF (human gastrin 1–17)
ere kindly provided by Dr. H. Voss. They yielded single peaks on
nalytical HPLC.

Constructs and protein expression. A BglII–EcoRI fragment (bp
450–3565) from pB5 [kindly provided by Dr. M. F. G. B. Gebbink
15)] was subcloned into pGEX-KT plasmid (17), between BamHI
nd EcoRI sites, resulting in pDJM-D1 (RPTPm aa 818–1190). The
82-bp EcoRI (bp 3566–4347) insert of pB5, encoding the D2 domain,
as subcloned into pDJM-D1, resulting in pDJM-D1D2 (RPTPm aa
18–1452). The DJM-D1– and DJM-D1D2–glutathione S-trans-
erase fusion protein constructs were expressed in E. coli DH5a. The
ultures were grown in LB medium with 100 mg/ml ampicillin, until
he OD600 reached 0.5–0.6. Expression of fusion proteins was induced
y adding 100 mM IPTG. Cells were allowed to grow overnight at
6°C.

Protein purification. The harvested cells were resuspended in
BST buffer (137 mM NaCl, 3 mM KCl, 8.1 mM Na2HPO4, 1.5 mM
H2PO4, 1% Triton X-100, 0.4 mM PMSF, pH 7.4) and disrupted
y sonication (5 pulses of 15 s). The fusion proteins were purified
n glutathione–Sepharose 4B, then digested with thrombin ac-
ording to the manufacturer’s protocol; SDS–PAGE revealed ap-
roximately 90% purity. Further purification was performed by
on-exchange chromatography on Mono Q (Amersham Pharmacia
iotech), using for equilibration 20 mM Tris–HCl, pH 8.0, 10 mM
320
lute the proteins adsorbed on the column a 0 – 0.5 M NaCl gra-
ient was applied. The peaks having the highest specific activity
ere collected and pooled. Finally, the buffer was changed and the
ure enzyme solution was concentrated on Centricon-10 (Amicon).
here not specified otherwise, the pure enzyme was stored at 4°C

n buffer PCB (see below).

Enzyme stability tests. The specific activities toward pNPP of the
urified DJM-D1 and DJM-D1D2, kept at 4 or 22°C in four buffers
PBSA: 140 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4, 1.8 mM
H2PO4, 0.02% NaN3, 10% glycerol added after thrombin cleavage,
H 7.5; PBSG: same buffer but glycerol added before thrombin cleav-
ge; PCB: 20 mM Tris–HCl, 10 mM Na2HPO4, 1 mM DTT, 1 mM
DTA, 10% glycerol, 0.02% NaN3, pH 8.0; PCBI: 25 mM imidazole, 2
M DTT, 1 mM EDTA, 10% glycerol, 0.02% NaN3, pH 7.2) were
easured at various storage times. Selwyn’s test of the enzyme

tability (18) was performed at 37°C in the assay buffer described
elow, using 10 mM pNPP as substrate.

Phosphatase assays. The PTPase activity of DJM-D1 and DJM-
1D2 was assayed at 37°C in a 1-ml reaction mixture containing
ppropriate substrate concentrations and 25 mM imidazole, pH
.4, 2 mM DTT, 5 mM EDTA (assay buffer). When pNPP was used
s substrate, the absorbance increase at 405 nm was continuously
ecorded and the initial rate calculated using the UV-KinLab
oftware (Perkin–Elmer). Correction was made for the nonenzy-
atic hydrolysis of the substrate. The steady-state parameters
ere determined from a direct fit of v 5 f[S] data to the
ichaelis–Menten equation using the program EZ-FIT (19). Sim-

lar approaches were performed using the tyrosine phosphory-
ated peptides as substrates, except that absorbance increase was
ecorded at 280 nm. The progress of reaction was followed using
he experimentally determined difference between the extinction
oefficients of phosphorylated and corresponding dephosphory-
ated peptide.

The pH dependence of the PTPase activity was studied using the
ollowing buffers: pH 3.4–5.4, 50 mM acetate; pH 5.6–6.4, 50 mM
itrate; pH 6.8–7.4, 25 mM imidazole; pH 7.8–8.6, 50 mM Tris; all
he buffers contained 2 mM DTT and 5 mM EDTA. For each pH
alue, the extinction coefficients of p-nitrophenol (product of pNPP
ubstrate hydrolysis, absorbing at 405 nm) was initially determined.
n case of peptide substrates, the pH dependence study was carried
ut without correction of the extinction coefficients for different pH
alues (see Refs. 20 and 21).

Inhibition experiments. The inhibition patterns and constants for
he reaction products, vanadate and Zn21 ions, were determined
sing pNPP as substrate. Initially, vanadate and Zn21 were incu-
ated with the enzyme in absence of substrate, and the reaction was
tarted by pNPP addition. The initial rate data obtained for different
ubstrate and inhibitor concentrations were considered in order to
btain the inhibition constants, by using the program EZ-FIT (19). If
he inhibition constant Kiu—responsible for the uncompetitive bind-
ng of inhibitor to the reaction intermediate—was much higher than

ic—responsible for the competitive binding of inhibitor to the
nzyme—then the regression procedure was repeated for the case of
competitive inhibitor.

ESULTS

loning, Expression, and Purification
of RPTPm Constructs

To study the influence of D2 on the kinetic prop-
rties of domain D1 we cloned and expressed in
. coli, as glutathione S-transferase (GST) fusion
roteins, domain D1 (DJM-D1) and the intracellular
egion containing D1 and D2 (DJM-D1D2), both lack-
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ng the initial 53 amino acids of the JM region. The
usion proteins were purified first on glutathione–
epharose 4B, then GST was removed by thrombin
leavage and the RPTPm fragments were further
urified on a MonoQ column. SDS–PAGE of purified
JM-D1 and DJM-D1D2 proteins showed that both
rotein preparations were electrophoretically homo-
eneous (Fig. 1).

FIG. 1. SDS–PAGE analysis of the purified DJM-D1 and DJM-
1D2 proteins. The recombinant GST fusion proteins were ex-
ressed in E. coli, purified on glutathione–Sepharose 4B and GST
as cleaved off by thrombin digestion. The RPTPm constructs were

urther purified on Mono Q and eluted with a 0–0.5 M NaCl gradi-
nt. Fractions of the major peak eluted from the Mono Q column,
aving the highest specific activity, were concentrated and analyzed
y SDS–PAGE, after reduction by 2-mercaptoethanol. Lane 1, DJM-
1; lane 2, DJM-D1D2.

TAB

Stability of Purified Proteins un

Construct Buffer a

DJM-D1 PBSA 1.37
PBSG 1.58
PCB 1.28
PCBI 1.27

DJM-D1D2 PBSA 0.52
PBSG 0.5
PCB 0.5
PCBI 0.56

Note. Specific activities (mmol/min/mg enzyme) of purified proteins
he purified proteins were stored at (a) 270°C (initial values); (b) 4°C
uffers: PBSA, PBSG, PCB, and PCBI (see Materials and Methods)
nitial values) are given.
321
on the Specific Activity

To explore the effect of D2 on the stability of the
ctivity of DJM-D1 under various storage conditions,
e used four buffers: PBSA, PBSG, PCB, and PCBI

Table 1). PBSA differs from PBSG with respect to
lycerol, which was added before (PBSA) or after
PBSG) the thrombin cleavage from the glutathione–
epharose beads of DJM-D1 or DJM-D1D2, respec-
ively. The specific activity of both proteins was mea-
ured immediately after preparation, after 28 days of
torage at 4°C, after 7 days at 22°C and after 28 days
f storage at 22°C. In some cases, minor amounts of
recipitated protein were formed; the precipitate was
lways removed by centrifugation before measuring
he specific activity. The small increase of the specific
ctivity under certain situations might be caused by
he precipitation of otherwise enzymatically inactive
orms, which occurred during the storage time. The
resence of D2 did not influence the enzyme stability
nder the conditions tested.

elwyn’s Test of Enzyme Inactivation

It is more relevant for the physiological stability of
n enzyme to check whether the enzyme activity re-
ains constant in the presence of substrate, in a buffer

imulating physiological conditions. For this purpose,
elwyn’s test (18) is an important tool. It is based on
he fact that, as long as the rate equation correspond-
ng to the enzymatic reaction is linear in enzyme con-
entration, the product concentration is determined
olely by the product of time and enzyme concentra-
ion. In other words, when representing the progress
urves—where the abscissa corresponds to the time
ultiplied by the enzyme concentration—at different

nzyme concentrations, all the points should fall on a
ingle curve, providing that the enzyme concentration
uring the reaction does not vary with time.

1

r Different Storage Conditions

b c d

1.42 (103) 1.6 (116) 1.27 (93)
1.43 (90) 1.8 (131) 1.31 (83)
0.93 (73) 1.35 (105) 1.2 (94)
1.45 (114) 1.59 (125) 1.32 (104)
0.43 (83) 0.53 (101) 0.52 (100)
0.43 (86) 0.53 (101) 0.51 (99)
0.44 (88) 0.54 (104) 0.56 (108)
0.41 (73) 0.59 (113) 0.47 (84)

ing pNPP as substrate were determined. Before the activity assay,
8 days; (c) 22°C (RT), 7 days; and (d) 22°C, 28 days, in the following

parentheses, the relative activities (percentages, compared to the
de

us
, 2
. In
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Applying Selwyn’s test in case of both DJM-D1 and
JM-D1D2 (Fig. 2), it can be seen that both enzymes
re stable in presence of pNPP as substrate, at 37°C in
.1 M imidazole buffer at pH 7.4, for at least 15 min.
uperimposition of the experimental progress curves,
hen enzyme concentration varies in a 4-fold range,

uggests the lack of enzyme dimerization or other oligo-
erizations associated with changes in the specific

nzyme activity.

inetic Parameters for Different Substrates

pNPP and two tyrosine phosphorylated peptides (P1
nd P2) were tested as substrates of DJM-D1 and DJM-
1D2. The pH of the assay buffer for all kinetic mea-

urements was 7.4. Although nonoptimal, this value
as preferred in order to have the kinetic parameters
etermined at the physiological pH. In this way, it has
een also possible to compare our results to those re-
orted in Ref. 15. To establish whether peptides P1 and
2 are substrates or not for RPTPm, the absorption
pectra of peptides were recorded before and after in-

FIG. 2. Selwyn’s test of enzyme inactivation for (A) DJM-D1 and
B) DJM-D1D2. Selwyn’s test was performed at 37°C in assay buffer,
sing 10 mM pNPP and the enzymes at the concentrations men-
ioned in the insets.
322
hat both peptides are substrates of DJM-D1D2. Simi-
ar determinations showed that peptides P1 and P2 are
lso substrates of DJM-D1 (data not shown). The max-
mal decrease of absorbance is at 280 nm; therefore,
his wavelength was selected to record the progress of
nzyme catalyzed dephosphorylation of peptides P1
nd P2. As expected, the Km for pNPP was one order of
agnitude higher than that for the peptide substrates

Table 2). For DJM-D1, the Km was twofold lower than
or DJM-D1D2 when pNPP was used as substrate,
hile for the peptide substrates, DJM-D1 had an ap-
roximately twofold higher Km than DJM-D1D2. As the
cat values were about twice higher for DJM-D1 than for
JM-D1D2, the specificity constants were of the same
rder of magnitude for both enzyme forms. Neverthe-
ess, the specificity constant of DJM-D1 was slightly
ifferent in the case of P2, being approximately 50%
igher than that of DJM-D1D2. The non-peptide sub-
trate, pNPP, also gave a 50% higher kcat/Km value for
JM-D1 compared to the corresponding value of DJM-
1D2. The specificity constant for the peptide sub-

trate was much higher (about 3 orders of magnitude)
han for the nonpeptide substrate pNPP.

H Dependence of Enzyme Activity
for Different Substrates

As shown in Fig. 4, the optimal pH for pNPP hydro-
ysis is 4.8, while for the peptide substrates it was 5.4
nd respectively 5.8 [much lower than those reported
n (15) and (22)]. In the case of pNPP and P1, the
ptimal pH values are respectively the same for
JM-D1 and DJM-D1D2. However, when P2 was used
s substrate, the optimal pH was shifted from 5.8 for
JM-D1 to 5.4 for DJM-D1D2. Both DJM-D1 and DJM-
1D2 display tyrosine phosphatase activity over a
road pH interval: 3.4–8.6. Excepting some extreme
H values, the activity of DJM-D1 was higher than
hat of DJM-D1D2 over the whole pH range mentioned,
rrespective of the substrate used. The maximal activ-
ty of DJM-D1 was higher than that of DJM-D1D2 with
pproximately the same percentage of 50–60% for all
hree substrates considered (50% for P1 and around
3% for pNPP and P2).

nhibition by Phosphate, p-Nitrophenol,
Vanadate, and Zn21

There is considerable evidence supporting the idea
hat PTPs and dual-specific phosphatases have a com-
on catalytic mechanism, employing a thiol-phosphate

nzyme-intermediate and two transition states (23).
roduct inhibition studies may be used to confirm a
uggested mechanism while the inhibition with specific
nhibitors may provide information about the transi-
ion state geometry.
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Product inhibition studies on catalytically active PT-
ase domains support the substituted-enzyme mecha-
ism (4, 24). To examine the influence of D2 on the
roduct inhibition pattern of RPTPm, both reaction
roducts of the pNPP substrate (i.e., phosphate and
-nitrophenol) were tested as inhibitors of DJM-D1 and
JM-D1D2. Table 3 shows that phosphate is a compet-

FIG. 3. Absorption spectra of tyrosine phosphorylated peptides P
—) and after (. . .) 10 min treatment with purified DJM-D1D2. The c
oncentration of 0.28 mM in assay buffer.
323
tive inhibitor while p-nitrophenol is a mixed type in-
ibitor of DJM-D1 and DJM-D1D2. Although the inhi-
ition patterns relative to both constructs were
nchanged, there are some differences in the inhibition
onstants. Thus, phosphate binds more than 3-fold
tronger to the DJM-D1D2 construct than to DJM-D1.
n contrast, p-nitrophenol binds 3.3-fold stronger to the

) and P2 (B). UV spectra of tyrosine phosphorylated peptides, before
entration of peptides was 250 mM and enzyme was added to a final
1 (A
onc
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eaction intermediate of DJM-D1D2 than that of
JM-D1 while the competitive inhibitory effect is com-
arable in both situations.
The affinity toward phosphate is relatively low com-

ared to other PTPs but similar to RPTPa (4). The
nhibition pattern of p-nitrophenol found for DJM-D1
nd DJM-D1D2 (mixed type) is in agreement with the-
retical expectations (25) but differs from that found by
u et al. (4) and Zhang (24) (noncompetitive type). It is
orth mentioning that noncompetitive inhibition is an
nlikely particular case of mixed type inhibition (25).
Vanadate and Zn21 were also tested as inhibitors of

JM-D1 and DJM-D1D2. Vanadate, the most potent
nhibitor of PTPs, was found to behave as a competitive
nhibitor with an inhibition constant in the micromolar
ange. However, differences were observed in its effi-
iency toward the inhibition of the RPTPm constructs
onsidered. Vanadate anion binds almost 3 fold more
ightly to DJM-D1 than to DJM-D1D2, while, surpris-
ngly, Zn21 was found to be an inhibitor of DJM-D1 as
otent as vanadate. Moreover, the difference between
he Zn21 inhibition of DJM-D1 and DJM-D1D2 is still
igher in this case, the inhibition constant of DJM-
1D2 being 17-fold higher than the inhibition constant
f DJM-D1.
Some of our preliminary results concerning the inhi-

ition of both RPTPm constructs suggest that vanadate
nd Zn21 act as slow-binding inhibitors. Further exper-
ments must be performed in order to determine accu-
ately all inhibition parameters corresponding to this
articular type of enzyme inhibition (26, 27).

ISCUSSION

Gebbink et al. (15) reported that mutation of Cys-
095 to Ser in domain D1 of RPTPm abolishes the
nzymatic activity of the whole intracellular region.
his suggests that D2 is an inert and catalytically
eutral segment of RPTPm. The stability tests at dif-
erent temperatures in the presence or absence of sub-
trate, which show a high stability both of DJM-D1 and
JM-D1D2, are in agreement with this hypothesis.
evertheless, the other results obtained here support a

Steady-State Kinetic Constan

Construct

DJM-D1

kcat (s21) Km (mM) kcat/Km (s21 M

NPP 0.54 6 0.015 1796.64 6 126 300.67 6 12
eptide P1 33.31 6 1.59 184.81 6 21.1 0.18 6 0.023
eptide P2 37.69 6 2.65 187.02 6 20.5 0.21 6 0.018

Note. The kinetic parameters kcat, Km, and kcat/Km were determined
t of v 5 f [S] data to the Michaelis–Menten equation using the non
324
odulatory effect of D2 on the enzymatically active
omain D1 rather than the non-involvement of D2.
hus, DJM-D1 is more active than DJM-D1D2, as re-
ected by the turnover number and specificity con-
tants for both peptide and nonpeptide substrates. The
ecrease of DJM-D1D2 activity compared to DJM-D1 is
pproximately 50%. Both constructs display a specific-
ty constant 3 orders of magnitude higher for peptide
ubstrates than those for pNPP. This preference of
PTPm for peptide substrates is much more pro-
ounced than in the case of other RPTPs. For instance,
he specificity constant of RPTPa for pNPP is only
.5-fold lower than for the peptide substrate RR-src
28). It is worth mentioning that both tyrosine phos-
horylated peptides tested in this study proved to be
xcellent synthetic substrates for RPTPm, so far not
eported in the literature as substrates of RPTPs. Par-
icularly, the assay in the presence of P1 is very simple,
ue to the relatively large increase of absorbance after
ephosphorylation.
The pH-dependence study showed that the activity

t the optimal pH value of DJM-D1 was again 50–60%
igher than the corresponding activity of DJM-D1D2

or all tested substrates. Interestingly, in the case of P2
ut not in the case of P1, the presence of D2 shifted the
ptimal pH from 5.8 to 5.4. This may be attributed to
he contribution of D2 to the overall substrate specific-
ty of DJM-D1D2.

The optimal pH values reported here are different
rom the values (7.4–7.5) found by Gebbink et al. (15)
nd Brady-Kalnay and Tonks (22). This may be ex-
lained by the influence of the initial 53 aa which are
issing in our constructs but present in that used in

15) and (22).
The inhibition experiments demonstrate that strong

ompetitive inhibitors such as vanadate and Zn21 have
igher affinity for domain D1 when the non-catalytic
omain D2 is absent. The slightly distorted trigonal
ipyramidal geometry of the vanadate complex mimics
he transition state for the hydrolysis of the thiophos-
hate enzyme intermediate (23), explaining the high
ffinity of vanadate to the active site of phosphatases.
s D2 is devoid of enzymatic activity, it may be sup-

for DJM-D1 and DJM-D1D2

DJM-D1D2

) kcat (s21) Km (mM) kcat/Km (s21 M21)

0.69 6 0.03 3502.35 6 370 197.01 6 11
106 14.67 6 1 95.38 6 9.75 0.15 6 0.011 3 106

106 15.09 6 0.97 102.12 6 13.03 0.14 6 0.023 3 106

en pNPP, peptide P1, or peptide P2 was used as substrate, by direct
ar regression program EZ-FIT (19).
ts
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3
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o D2. Thus, the difference in the affinity of vanadate
or DJM-D1 compared to DJM-D1D2 may be attributed
o the involvement of D2 in modulation of the confor-
ation of D1 at the active site. The same modulatory

ffect of D2 on D1 may be responsible for the different
m values of DJM-D1 and DJM-D1D2 for pNPP, pep-

ide P1 and peptide P2, respectively.
To explore the possibility that domain D2 influences

he relative ratio between the rates of formation and of
reakdown of the reaction intermediate, fast kinetic
easurements were also performed (data not shown).
t a pNPP concentration of 5 mM, both for DJM-D1
nd DJM-D1D2 no “burst” was detected at enzyme
oncentrations as high as 40 mM. Thus, in both cases,
he rate-limiting step appears to be the formation of
he covalent cysteinylphosphate intermediate.

The results reported in (15) suggest a modulatory
ole of D2 and of the JM region on the catalytic activity
f D1. Supposing that D2 and the initial 53 aa (of the
M region) exert their influence independently of each
ther, in the case of our constructs DJM-D1D2 should
ave had a much higher activity than DJM-D1. Our
esults clearly contradict this expectation, DJM-D1D2
eing catalytically less active than DJM-D1. A possible
xplanation for this fact is that D2 and the initial
egment of the JM region influence the catalytic prop-
rties of D1 in a synergistic manner. Thus, it might be
magined that D2 alone diminishes the activity of D1
ut when interacting with the initial JM region, the
ffect is converted to the activation of the catalytic
unction of D1. Indeed, this type of interaction was
emonstrated for another RPTPase, CD45, whereby a
oncovalent association takes place between the
-terminal 27-kDa fragment and the C-terminal 53-
Da fragment of the cytoplasmic region (8).
In a recent study, Feiken et al. (16) demonstrate

sing the yeast two-hybrid system that a fragment of
he JM region of RPTPm can interact with both D1 and
2 domains and that this interaction is intramolecular

ather than intermolecular. On the other hand, Zondag
t al. (29) have recently shown that RPTPm binds and
ephosphorylates the catenin p120ctn and that both JM
nd D2 domains contain binding sites for p120ctn. The
act that JM and D2 can bind each other, and that they

ay act synergistically in binding and presenting sub-
trates to D1, is in agreement with our kinetic data
hich suggest that the phosphatase activity of D1 is
odulated by D2 and JM in a concerted manner.

FIG. 4. pH-dependence of DJM-D1 and DJM-D1D2 activity. The
TPase activity was assayed at 37°C and different pH values using

A) pNPP, (B) peptide P1, or (C) peptide P2 as substrate and the
ollowing buffers: pH 3.4-5.4, 50 mM acetate; pH 5.6-6.4, 50 mM
itrate; pH 6.8–7.4, 25 mM imidazole; pH 7.8–8.6, 50 mM Tris. All
uffers contained 2 mM DTT and 5 mM EDTA.
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The crystal structure of the D1 domain of RPTPa
hows a homodimeric organization in which part of the
M region forms a helix-turn-helix segment inserted
nto the active site of the dyad-related D1 monomer
30). The authors propose that this dimeric structure
ould result in downregulation of the catalytic activ-

ty. Our data obtained by using Selwyn’s test of enzyme
nactivation show that, under the range of enzyme
oncentrations tested, no dimerization, resulting in en-
yme inhibition, takes place. The results of Hoffmann
t al. (31) also support an absence of dimer formation or
nhibition by dimerization in the case of RPTPm do-

ain D1. On the other hand, the results of Bilwes et al.
30) show that principally, the interaction between do-
ain D2 of RPTPa (having high homology with domain
1) and the JM region is possible. The recently re-
orted crystal structure of the tandem phosphatase
omains of RPTP-LAR (32) is also in agreement with
ur results. Thus, a monomeric form was observed, in
ontrast to the dimeric blocked orientation model sug-
ested by Bilwes (30).
The data presented here suggest that domain D2 of
PTPm modulates the enzymatic activity of domain D1
ia intramolecular interactions, most probably in con-
unction with the JM domain, thus contributing to
etter understanding of the regulation of this impor-
ant family of receptor enzymes.
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