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Abstract PTP69D is a receptor protein tyrosine phosphatase thatwas identified as a key regulator of neuromuscular
axon guidance in Drosophila, and has subsequently been shown to play a similar role in the central nervous system and
retina. Three Ptp69D alleles withmutations involving catalytically important residues exhibit a high degree of phenotypic
variation with viability of mutant adult flies ranging from 0 to 96%, and ISNbmotor nerve defects ranging from 11 to 57%
[Desai and Purdy, 2003]. To determine whether mutations in Ptp69D affecting axon guidance and viability demonstrate
losses of phosphatase activity andwhether differences in catalytic potential underlie phenotypic variability, we expressed
full-length wild-type and mutant PTP69D protein in Schneider 2 cells, and assessed phosphatase activity using the
fluorogenic substrate 6,8-difluoro-4-methylumbelliferone phosphate (DiFMUP). Detailed biochemical characterization
ofwild-typePTP69D, including an examination of sensitivity to various inhibitors, in vitro catalytic efficiency, and the pH-
kcat profile of the enzyme, suggests a common tyrosine phosphatase reaction mechanism despite lack of sequence
conservation in theWPD loop. Analysis ofmutant proteins revealed that everymutant had less than 1% activity relative to
thewild-type enzyme, and these rates did not differ significantly fromone another. These results indicate thatmutations in
Ptp69D resulting in axon guidance defects and lethality significantly compromise catalytic activity, yet the range of
biological activity exhibited byPtp69Dmutants cannot be explained by differences in catalytic activity, as gaugedby their
ability to hydrolyze the substrate DiFMUP. J. Cell. Biochem. 98: 1296–1307, 2006. � 2006 Wiley-Liss, Inc.
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Conserved from invertebrates to mammals,
receptor protein tyrosine phosphatases (RPTPs)
are expressed on the growth cones and axons of
outgrowing neurons where they are poised to

couple extracellular guidance cues to intracellu-
lar effectors that mediate cytoskeletal rearran-
gement [Desai et al., 1997b; Stoker, 2001;
Johnson and Van Vactor, 2003; Ensslen-Craig
and Brady-Kalnay, 2004]. Genetic studies in
Drosophila have indicated broad functions for
PTP69D, a type IIa receptor phosphatase, in
guiding axon trajectories in the central and
peripheral nervous system and in the retina.
Mutations in this essential gene cause embryo-
nic and larval lethality, partially penetrant
defects in guidance of ISNb motor nerve axons,
and highly penetrant defects in the guidance of
R1-R6 photoreceptor axons [Desai et al., 1996,
1997a;Garrity et al., 1999;Newsome et al., 2000;
Sun et al., 2000a, 2001].

Consistent with functions in signaling, a large
extracellular domain (ECD) and tandem intra-
cellular phosphatase domains characterize most
classical tyrosine-specific RPTPs (Fig. 1).Within
the intracellular domain (ICD), the membrane-
proximal (D1) phosphatase domain possesses
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most or all of the in vitro catalytic activity of
RPTP protein, while the distal (D2) domain is
thought to regulate activity, substrate specifi-
city, or localization.
Genetic structure-function studies have

shown that extracellular and intracellular
mutations in RPTPs can independently disrupt
their functions, suggesting that signals
initiated by the ECD are converted into intra-
cellular signals by the ICD [Garrity et al.,
1999; Newsome et al., 2000; Maurel-Zaffran
et al., 2001; Sun et al., 2001; Desai and Purdy,
2003; Krueger et al., 2003]. Several lines of
evidence have suggested that the catalytic
activity of RPTPs is required for at least some
of their in vivo functions. Inhibition of RPTPs by
classical inhibitors, by oxidation, or by forced
dimerization, abrogates certain PTP-mediated
responses. For example, steering of chick fore-
brain growth cones mediated by PTPd can be
disrupted using the classical PTP inhibitor
vanadate [Sun et al., 2000b]. Inhibition of PTP
activity in B cells, by the generation of reactive
oxygen species, appears to relieve tonic negative
regulation of the antigenic response [Singh

et al., 2005; Tonks, 2005]. Moreover, forced
dimerization of PTPa decreases its ability to
dephosphorylate and activate c-Src in fibro-
blasts [Jiang et al., 1999]. Further evidence for
the role of catalytic activity in PTP signaling
comes from the observation that mutations in
highly conserved active-site residues are asso-
ciated with strong loss of function phenotypes.
InC. elegans Clr-1, a RPTP gene closely related
to Ptp69D, three alleles perturbing the active
site confer severe defects in body morphology.
Finally, catalytically inactive forms of PTPs fail
to rescue some, though not all, mutant pheno-
types of Clr-1, Dlar, and Ptp69D in transgene
rescue experiments [Kokel et al., 1998; Garrity
et al., 1999; Newsome et al., 2000; Sun et al.,
2001; Krueger et al., 2003].

Interestingly, some PTP-mediated effects
may be activity-independent; for example,
althoughmany of the functions of CD45 require
its phosphatase activity, crosslinking of either
wild-type or inactive CD45 with monoclonal
antibodies triggers apoptotic cell death inT cells
[Fortin et al., 2002]. Similarly, transgene rescue
experiments have suggested that the catalytic

Fig. 1. Schematic of PTP69D, showing regions of the protein
affected by mutations. Circles represent immunoglobulin (Ig)
domains, squares represent fibronectin (Fn) type III repeats, and
octagons represent tandem phosphatase domains (D1 and D2).
The extracellular domain (ECD), intracellular domain (ICD),
transmembrane domain (TM), and site of cleavage in the ECDare
labeled for orientation. Ptp69DY100 and Ptp69DY98 encode early
C-terminal truncation products (Y100 and Y98). Consensus
sequences of the WPD loop and active site (signature motif) are
shown, and wild-type PTP69D amino acids are numbered.
Amino acids with 90% or greater conservation among PTPs in

consensus sequences are in bold type, and underscored amino
acids are invariant [Andersen et al., 2001]. Interestingly,
PTP69DWT differs from the PTP consensus sequence of the
WPD loop. The Ptp69D7 allele has a deletion removing amino
acids 1065–1067 (DFM) in theWPD loop. Ptp69D20, Ptp69D21,
and Ptp69DY125 all containmissensemutations in the active site,
which are also in bold type. To the right of PTP69D amino acid
sequences is phenotypic data from [Desai and Purdy, 2003]
showing viability rates (in percent of expected pupa) and the
severity of axon guidance defects using the ISNbmotor nerve as a
marker for PTP69D activity.
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activity of PTP69Dmay not be required for all of
its in vivo functions in Drosophila. The D2
domain alone, which in most RPTPs is cataly-
tically inactive, can rescuemost neuromuscular
and retinal axon guidance defects of Ptp69D
mutants [Garrity et al., 1999; Sun et al., 2001].
In contrast, Newsome et al. [2000] found that a
point mutation in the active site of the D1
domain of PTP69D caused defects in the
guidance of R1-R6 photoreceptor axons, sug-
gesting that the D2 domain may not be able to
compensate in this genetic background. Thus,
the role of catalytic activity in PTP69D signal-
ing in vivo remains unresolved.

In a previous study, we evaluated the physio-
logical activity of four Ptp69D active-site
mutants [Desai and Purdy, 2003]; three of these
mutant alleles affected conserved residues of
the PTP loop, and one consisted of a small
deletion in the WPD loop, which functions in
intermediate formation and release of substrate
from the catalytic site of PTPs (Fig. 1) [Zhang
et al., 1994; Jia et al., 1995; Denu et al., 1996;
Flint et al., 1997; Desai and Purdy, 2003].
Given the location of these mutations, each
mutation could impact the catalytic activity of
PTP69D. In addition, we hypothesized that the
broad range of phenotypic variation in axon
guidance and viability of these mutants might
reflect differences in the phosphatase activity of
mutantproteins.Toaddress these questions,we
transfected full-length Ptp69D cDNA encoding
wild-type and mutant proteins into Schneider
2 (S2) cells, and assessed catalytic activity by
monitoring the hydrolysis of the fluorogenic
substrate DiFMUP. In the first detailed bio-
chemical characterization of PTP69D, we show
that the wild-type enzyme exhibits character-
istic features of PTP-mediated hydrolysis of
small molecule substrates in vitro. We find that
alleles of Ptp69D that disrupt axon guidance
have a marked effect on phosphatase activity
monitored in vitro. Furthermore, we provide
evidence to suggest that phosphatase-indepen-
dent actions of these alleles may explain vari-
able guidance phenotypes.

MATERIALS AND METHODS

Materials

The pRmHa3 vector and Ptp69D cDNA were
generous gifts from Dr. Kai Zinn (California
Institute of Technology). Restriction enzymes
and BSA were purchased from NEB (Ipswich,

MA). The QuikChange mutagenesis kit was
from Stratagene (La Jolla, CA). Cell culture
items including Schneider 2 (S2) cells, media,
and pluronic acid, and products used to gen-
erate stable cell lines including the selection
vector pCoBlast, blasticidin, and a Ca2PO4

transfection kit were obtained from Invitrogen
(Carlsbad, CA). Other items from Invitrogen
included EDTA, TEV protease for tandem
affinity purification and the Colloidal Blue
Stain Kit for protein quantification. Fetal
bovine serum came from Atlas Biologicals (Fort
Collins, CO). NP-40 was purchased from Roche
Diagnostics (Indianapolis, IN). IgG Sepharose
was from Amersham Biosciences (Piscataway,
NJ). Amicon concentrators were obtained from
Millipore (Bedford, MA). The Developmental
Studies Hybridoma Bank at the University of
Iowa provided 5A6, a monoclonal antibody
against PTP69D. Rabbit Ig for immunoblotting
was from Jackson Immunoresearch (West
Grove, PA). AlexaFluor1 680 secondary anti-
bodies were obtained from Molecular Probes,
now Invitrogen. The enzymes CD45 and LAR
were from Calbiochem-EMD Biosciences (San
Diego, CA). PTP assay materials included 96-
well Corning/Costar plates (#3631) from
Krackeler Scientific, Inc. (Albany NY), FlexSta-
tion 96-well pipet tips from Molecular Devices
(Sunnyvale, CA), the FlexStation monochroma-
tor from Molecular Devices (used in the Center
for Molecular Neuroscience Neurochemistry
Core, Vanderbilt University), and substrate
6,8-difluoro-4-methylumbelliferone (DiFMUP)
and DiFMU standard from Invitrogen (Carls-
bad, CA). Phosphatase inhibitors sodium ortho-
vanadate, zinc chloride and sodium fluoride
were from Sigma-Aldrich (St. Louis, MO).
Magnesium chloride was purchased from
Fisher Scientific (Pittsburgh, PA). PP2A
holoenzyme and okadaic acid were kindly
provided by Dr. Brian Wadzinski (Vanderbilt
University).

Expression, Purification, and
Detection of PTP69D

Primers were used to generate BglII and PacI
sites in wild-type Ptp69D cDNA using the
polymerase chain reaction (PCR). The product
was then subcloned into a vector containing a
tandem affinity purification (TAP) tag (pUAS-
frazzledTAP, courtesy of Dr. Peter Kolodziej,
Vanderbilt University). Using SacI and NotI
sites, TAP-tagged Ptp69D cDNAwas subcloned
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into a metallothionine-inducible S2 cell expres-
sion vector, pRmHa3. Following introduction of
active sitemutations using theQuikChange kit,
constructs (pRmHa3-69DTAP) were sequenced
to verify that only the intended mutations were
incorporated.
S2 cells were stably transfected with

pRmHa3-69DTAP constructs using a Ca2PO4

transfection kit and selection vector pCoBlast
(Invitrogen), as described by the manufacturer.
Protein expression was induced in spin flask
cultureswith 1mMCuSO4at roomtemperature
overnight. Cells were collected by centrifuga-
tion, washed with 1� PBS, and resuspended in
lysis buffer (1% NP-40, 10% glycerol, 50 mM
Tris HCl pH 7.5, 1 mM DTT, 5 mM EDTA,
150 mM NaCl, 0.1 mg/ml PMSF, 2 ng/ml
Leupeptin, 0.02% NaN3). Lysate was incubated
overnight at 48C and cleared at 12,000g. TAP-
tagged protein was bound to IgG Sepharose,
washed, and released with TEV protease essen-
tially as described [Gould et al., 2004], with the
following modification: lysate was incubated
with IgG beads for 24–48 h, and detergent was
added to buffers to a concentration between 0.1
and 1.0% NP-40. Purified protein was concen-
trated using Amicon concentrators, aliquotted,
and stored at �808C. Under these conditions,
activity was stable for at least 2 months.
Silver staining of purified protein in 10%

polyacrylamidegelswasperformedasdescribed
(H. Blum et al., Electrophoresis 8:93–99) or by
using a Colloidal Blue Stain Kit (Invitrogen).

PTPase Assays

Continuous fluorescent reactions were gen-
erally initiated by adding 20 mL of enzyme
diluted in 1� reaction buffer (50 mM MES,
pH6.0, 5mMDTT, 2mMEDTA, 10 mg/ml BSA),
to 80 ml of 1� reaction buffer containing the
appropriate substrate concentration. A 100mM
stock solution of DiFMUP inDMSOwas diluted
in 1� reaction buffer to give a range of final
substrate concentrations from 2 to 1,500 mM
DiFMUP (6,8-difluoro-4-methylumbelliferone
phosphate). Except when varying specific assay
conditions, reactions were performed at 258C,
pH 6.0, and the ionic strength of 0.15 M was
maintained with NaCl. Reaction progress was
monitored using a FlexStation monochromator
(Molecular Devices), with 358 nm excitation,
455 nm emission, and 435 nm cut-off wave-
lengths. Arbitrary fluorescence units generated
were calibrated using a DiFMU standard under

assay conditions identical to those of enzyme
samples.

Specific activity rates were determined by
subtracting the background activity of mock-
purified samples run in parallel, then adjusted
to enzyme concentration. Enzyme concentra-
tions or relative concentrations were obtained
using Odyssey (LI-COR) or NIH Imaging soft-
ware to quantify the density of silver-stained or
colloidal coomassie-stained bands of purified
enzyme relative to BSA standards. Criteria
used for the collection of kinetic data included
enzyme concentration in its linear range, with
[E]� [DiFMUP], a substrate concentration
range of 0.25–5�Km, a substrate consumption
of <5%, and a standard deviation �10%, except
in extreme conditions, such as pH 9.0. Data
wereanalyzedusingPrism4.0 software (Graph-
Pad Software, Inc.). Kinetic datawere generally
derived from three separate experiments using
a pooled preparation of purified enzyme. Varia-
bility in the kinetic properties of enzyme from
assay to assay was similar in magnitude to
variability between different preparations of
enzyme.

pH- Response Assays

The following buffers were used to determine
pH optima and pH-dependent kinetic para-
meters: Acetate (pH 4.0–5.5), MES (pH 5.5–
6.5), Bis-Tris (pH 6.5–7.4), and TAPS (pH 7.5–
9.0). Turnover rates were determined at each
pH as above, taking into account the pH-
sensitivity of DiFMU fluorescence. Kinetic pH-
response data were fitted to the following
equation:

kcat ¼
klim
cat

1þ ðH=Kapp
1 Þ þ ðKapp

2 =HÞ ð1Þ

The term kcat
lim represents pH-independent

turnover, K1
app and K2

app correspond to appar-
ent ionization constants of the enzyme-sub-
strate (ES) complex, and H is �log pH.

Activity of PTP69D Mutants

Sample purified from mock-transfected cells
was used as a negative control for activity: a
standard curve relating the concentration of
this preparation to activity was used to deter-
mine background rates of DiFMUP hydrolysis.
Odyssey Imaging software was used to normal-
ize the concentration of wild-type and mutant
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PTP69D ICDs. Equal amounts of enzyme were
used in PTPase assays as described above.

RESULTS

Expression and Purification of PTP69D
From S2 Cells

To assess the enzymatic activity of wild-type
and mutant PTP69D proteins, we expressed
and purified recombinant protein from S2 cells.
As determined by Western blotting analysis,
exogenous expression of PTP69Dwas relatively
low, comparable to that of the endogenous
protein (data not shown). Affinity purification
achieved a 60-fold increase in specific activity
above that of lysate, with approximately 13%
recovery of PTP69D protein. The major con-
taminantswere IgGandTEVprotease, proteins
involved in the purification (Fig. 2A). Purified

PTP69D is stable for at least 2months in storage
at �808C, and has a specific activity toward
DiFMUP of 745 nmol/min/mg. Full-length pre-
cursor protein was detected as a band of
approximately 200 kDa on an SDS polyacryla-
mide gel (Fig. 2A). Post-translational cleavage
yielded mature extracellular and intracellular
products with apparent molecular masses of
116 and 99 kDa, respectively. Besides proteo-
lysis, further indication that exogenously
expressed protein is subject to normal post-
translational modifications in this cell type
came from the observation that catalytically
inactive PTP69D was tyrosine-phosphorylated,
as observed with other RPTPs (data not shown)
[Petrone and Sap, 2000; Alonso et al., 2004].

PTP69D Activity: Specificity and Modulators

The specificity of purified PTP69D was
addressed by measuring its activity toward
DiFMUP in the presence of the classical
tyrosine phosphatase inhibitor, vanadate, in
EDTA-free buffer (Fig. 2B). A low concentration
of vanadate (10 mM) inhibited a majority of
PTP69D activity toward DiFMUP (Table I).
Hundred-micromolar vanadate inhibited over
90% of PTP69D activity, even at substrate
concentrations approximately 7.5 times greater
than the Km (1.5 mM final DiFMUP). The PTP
LAR was also completely inhibited under these
conditions. On the other hand, inhibitors of Ser/
Thr phosphatases such as okadaic acid, EDTA,

Fig. 2. Expression and specificity of PTP69D. A: Representative
silver stain of Ig eluates from mock-transfected (M) or Ptp69DWT-
transfected (69D) cells. (L) is the molecular mass marker.
Arrowheads indicate immature full-length PTP69D (�200 kDa),
extracellular (�120 kDa, ECD), and intracellular (�100 kDa, ICD)
domains, and IgG (�55kDa).B: Activity ofphosphatases PTP69D,
LAR, and PP2A toward DiFMUP (1.5 mM). Control, no additions;
Van, sodium orthovanadate (0.1 mM); EDTA and Ok Acid
(Okadaic acid) (1mMand 1 mM, respectively); Mg2þ, magnesium
(1 mM). Data is expressed as mean relative activity� SD, from
three enzyme preparations.

TABLE I. Effect of Various Modulators on
PTP69D Activity

Effector Concentration
Relative

activity (%)

Vanadate 10 mM 29� 3
100 mM 7� 3
1,000 mM 2� 3

ZnCl2 10 mM 78� 2
100 mM 48� 4
1,000 mM 43� 5

MgCl2 1 mM 96� 4
10 mM 97� 5
10 mM Lysate: 85� 4

EDTA/NaF 1 mM/50 mM 77� 9
1 mM/50 mM Lysate: 39� 1

EDTA/Okadaic acid 1 mM/1 mM 109� 4
1 mM/1 mM PP2A: 1� 1

The standard reaction buffer consisted of 50 mM MES, pH 6.0,
150 mM NaCl, 5 mM DTT, 2 mM EDTA, and 10 mg/ml BSA.
Substrate was added to a concentration equivalent to the Km

value, 180 mM. Activity is expressed as a percentage of
control�SEM that is enzyme activity in the absence of other
additions. The enzyme concentration was approximately
0.1 nM. Enzyme is wild-type PTP69D except where otherwise
noted. Values are the mean of single measurements from three
independent assays.
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and sodium fluoride, had minimal effects on
PTP69D (Fig. 2B and Table I). The addition of
up to 10mMMgCl2 in the absence of EDTA had
no effect on the activity of PTP69D, suggesting
that the preparationwasnot contaminatedwith
PP2C, which is dependent upon the presence of
Mg2þ ions for activity [Ingebritsen et al., 1983].
Mutation of theD1domain catalyticCys residue
(PTP69DD1) completely abolished specific activ-
ity toward DiFMUP (Fig. 6). Taken together,
these data indicate that all detectable in vitro
catalytic activity of PTP69D toward DiFMUP
resides in the D1 domain, and that PTP69D
demonstrates biochemical behavior character-
istic of other tyrosine phosphatases.

PTP69D Activity: Optimal Conditions

The pH-rate profiles of phosphatases may
vary depending on the substrate utilized, how-
ever, a common feature of PTPs is acidic optima
for small molecule aryl phosphates. pH optima
for dephosphorylation of DiFMUP by PTP69D,
CD45, and LARwere determined by measuring
relative rates of PTP activity in reaction buffers
of graded pH and constant ionic strength. The
pH optimum for PTP69D-catalyzed hydrolysis
of DiFMUP was pH 6.0, slightly higher than
that of CD45 and LAR, which exhibit optima at
pH 5.4 and pH 5.5, respectively (Fig. 3A and
data not shown). No obvious buffer-specific
effects were detected, despite the fact that the
buffer MES inhibits at least one tyrosine
phosphatase, Yop51 [Zhang et al., 1992; Mon-
talibet et al., 2005].
A plot of the relative activity of PTP69D

versus temperature revealed that this enzyme
is stable over a range of temperatures from20 to
458C (Fig. 3B).Ahigher yield of PTP69Dprotein
was obtained when S2 cells were induced at
room temperature (�228C) as opposed to 278C.
This may signify that conditions for protein
folding are improved at the lower temperature,
since there was no indication of thermal
denaturation below 428C. Since Drosophila is
a poikilothermic organism, subsequent assays
were performed at 258C to reproduce in vivo
conditions.

Comparison of Kinetic Parameters of PTP69D,
CD45, and LAR

The catalytic efficiency (kcat/Km) of PTP69D is
comparable within one order of magnitude to
values determined for CD45 and LAR using the
same conditions (Table II). At approximately

200 mM, the Km for PTP69D-catalyzed hydro-
lysis of DiFMUP is similar to published
values for CD45 (156 mM), SHP2 (104 mM), and
Cdc25 (420 mM) [Montalibet et al., 2005;
Welte et al., 2005]. Like other tyrosine-specific

Fig. 3. Optimal conditions for PTP69D activity. A: pH
dependence of the activity of PTP69D (* and solid line), and
CD45 (~ and dashed line) phosphatases, using DiFMUP as a
substrate at concentrations of 1.2 mM and 226 mM, respectively,
in buffers adjusted to various pH values (see Methods). B:
Temperature dependence of PTP69D-mediated hydrolysis of
DiFMUP (166mM). Relative activity is expressed as%maximum,
the mean� SD, of three independent experiments.

TABLE II. Kinetic Constants for the
Hydrolysis of DiFMUP by PTP69D, CD45,

and LAR*

kcat (/s) Km (mM) kcat/Km (/M/s)

PTP69D 80 198 4.0�105

CD45 94 86 1.1� 106

214a 26a 8.2� 106a

72b 156b 4.6� 105b

LAR 48 17 2.8� 106

19b 39b 4.9� 105b

*Reaction buffer was MES pH 6.0 for PTP69D, CD45, and LAR
in this study.
aData published previously byMontalibet et al. [2005]. (Bis-Tris
buffer, pH 6.0)
bData published previously by Welte et al. [2005]. (HEPES
buffer, pH 6.9)
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phosphatases, and unlike the dual specificity
phosphatase Cdc25 that has a kcat of 0.032/s
[Montalibet et al., 2005], PTP69D efficiently
catalyzes hydrolysis of this substrate with a kcat
value of 80/s. Kinetic parameters obtained here
for CD45 (kcat of 94/s and Km of 86 mM) and LAR
(kcat of 48/s and Km of 17 mM) agree well with
those reported previously [Montalibet et al.,
2005; Welte et al., 2005].

Effect of pH on Activity of PTP69D

As opposed to a majority of PTPs, wild-type
PTP69D has a Lys residue in place of the
conserved hinge-region Pro in the WPD loop
(Fig. 1). This substitution might alter flexibility
of the loop and positioning of the conserved Asp,
which acts as a general base during intermedi-
ate (E-P) hydrolysis (reviewed in: [Kolmodin
and Aqvist, 2001]). Since E-P hydrolysis is the
rate-limiting step of the reaction catalyzed by
tyrosine-specific PTPs when small substrates
are used, these differences would be reflected
in the kcat parameter. The typical pH-kcat profile
for a PTP consists of overlapping ionization
curves with ascending and descending slopes
of þ1 and �1, respectively, reflecting the
involvement of a general acid and base in E-P
hydrolysis. As seen in Figure 4, the pH-kcat

profile of PTP69D is consistent with the con-
served reaction mechanism of the PTP family,
despite sequence differences in the WPD loop.
The pH-independent kcat value of 80� 2/s at

approximately pH6.5was derived byfitting pH-
response data to Eq. (1) (see Methods). Appar-
ent ionization constants were also derived:
pK1

app (4.8� 0.1) designates the pKa of a group
that must be deprotonated in PTP69D for
catalysis to occur, and pK2

app (8.2� 0.1) repre-
sents a group that must be protonated for
catalysis to occur (e.g., a general acid).

Effect of Temperature on Activity of PTP69D

The Arrhenius plot of PTP69D activity
versus temperature was linear and continuous
between the temperatures of 208 and 458C
(Fig. 5). The lack of discontinuity indicates that
there was no change in the rate-limiting step of
catalysis over this temperature range. Linear-
ity reflects the absence of significant denatura-
tion of PTP69D protein at these temperatures
within the time-course of the experiment. The
slope of the line yielded an energy of activation,
Eact, of 33.2� 1.3 kJ/mol which is similar to
corresponding values reported for other PTPs
such as PTP1B (18.4� 3.0 kJ/mol) and TCPTP
(25.3� 1.2 kJ/mol) [Romsicki et al., 2003].

Effect of Active Site Mutations on PTP69D Activity

The allelic series of Ptp69D mutants we
isolated in a previous genetic screen displays
striking diversity with respect to viability and
axon guidance phenotypes [Desai and Purdy,
2003]. Ptp69D1/Df(3L)8ex34 is a combination of
deletion alleles that represents complete loss of
PTP69D function; only 8% of mutants of this

Fig. 4. Effects of pH on PTP69D-catalyzed hydrolysis of
DiFMUP. Kinetic parameters were determined using assay
buffers of varying pH, and data were fitted to Eq. (1) (see
Methods). Data points indicate the mean� SD from three
independent experiments. Error bars, where not visible, are
within the data symbols.

Fig. 5. Arrhenius plot of PTP69D activity versus temperature.
Log Vmax versus temperature (/K) is plotted (mean� SD from
three independent experiments). The solid line indicates thebest-
fit line derived from linear regression analysis. Energy of
activation (inset) was calculated from the slope of this plot. *
Values for PTP1B and TCPTP, previously published, are listed for
comparison [Romsicki et al., 2003].
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genotype survive to the pupal stage, and 26% of
their ISNb motor nerves show guidance errors.
Phenotypically, Ptp69D20 is a hypomorphic
allele with a Ser substitution for the second
invariant Gly in the ‘GxGxxG’ motif in the
PTP-loop (Fig. 1). This mutant is almost 100%
viable, and has very low penetrance defects in
guidance of the ISNbmotor nerve; only 8%were
severe. In contrast, Ptp69D7, which has a three
aminoaciddeletion removing the conservedAsp
of the WPD loop along with the two consecutive
residues, is completely lethal prior to pupation,
and has highly penetrant axon guidance defects
(Fig. 1). In this case, 57% of ISNb motor nerves
are affected, with 44% showing severe defects
including bypass of target muscles, aberrant
pathfinding within the target muscle field,
and other abnormalities. On the other hand,
Ptp69D21, which has a Tyr in place of the
catalytic Cys, has an intermediate phenotype
with about 11% of larvae surviving to
the pupal stage, and 32% total defects in ISNb
guidance [Desai and Purdy, 2003]. Although
Ptp69DY125 has not been characterized with
respect to motor axon guidance, this mutant
manifests lethality and retinal axon guidance
defects similar in penetrance toPtp69DY100 and
Ptp69DY98, truncation alleles with early non-
sense mutations, [Newsome et al., 2000; Desai
and Purdy, 2003] (Fig. 1). Interestingly,mutant
alleles bearing the samemutations asPtp69D21

and Ptp69DY125 were recovered in the closely
related C. elegans RPTP, Clr-1 (alleles gm30
and n1660, respectively). Both Clr-1 alleles are
classified as strong loss of function alleles
according to phenotypic criteria, though the
biochemical activity of these mutant proteins
is unknown [Kokel et al., 1998]. Whereas
Ptp69DY125 showed somewhat reduced protein
staining by immunohistochemistry, Ptp69D20,
Ptp69D21, and Ptp69D7 all expressed wild-type
levels of protein, suggesting that some other
biochemical property of these proteins explains
these differing phenotypes [Desai and Purdy,
2003].
To test the biochemical function of mutant

proteins and to determine whether differences
in catalytic activity could account for their
varying phenotypes, we expressed wild-type
and mutant Ptp69D cDNA in S2 cells. Equal
amounts of mutant ICDs were tested for enzy-
matic activity in an in vitro reaction with
DiFMUP as a substrate, and rates of turnover
were normalized to that of an equivalent

amount of wild-type ICD (Fig. 6A). Mutants
with inactivatingCys to Ser substitutions in the
‘‘catalytic’’ residue of one or both PTP domains
(PTP69DD1 and PTP69DD1D2) were included
as negative controls. Turnover of DiFMUP was
reduced to near-background levels for every
mutant, evenwhen the concentration ofmutant
ICD was 15 times that of the wild-type protein
(Fig. 6B). Rates of DiFMUP hydrolysis were
less than 0.6% that of wild-type PTP69D for all
mutants. The difference in activity between
wild-type enzyme and all mutants was statisti-
cally significant (P< 0.001), whereas the differ-
ence in activity between mutants was not
(P> 0.05). Due to low activity of the mutants,
even at high substrate concentrations, we were
unable to determine kinetic parameters for
turnover of DiFMUP.

Since the in vivo phenotypes of Ptp69D20 are
temperature-sensitive [Desai and Purdy, 2003],
with greater viability and lower axon guidance

Fig. 6. Biochemical activity of PTP69D mutant proteins. A:
Representative gel showing equal loading of wild-type and
mutant PTP69D ICD, visualized with colloidal coomassie. L,
molecular mass marker; M, mock-transfected; Wt, wild-type
PTP69D; 20, PTP69D20; 21, PTP69D21; Y, PTP69DY125; 7,
PTP69D7; D1, PTP69DD1; DD, PTP69DD1D2; ECD, extracellular
domain; ICD, intracellular domain. B: Rates of DiFMUP hydro-
lysis expressed as mean� SD of three independent experiments.
In this assay, enzyme concentrations were approximately
0.15 nM for wild-type PTP69D and 2.2 nM for mutants—rates
were normalized accordingly. A substrate concentration of
1.5 mM DiFMUP was used. Mutant activity rates were never
more than twofold above background, and rates for PTP69D21

and PTP69DY125 were not reliably above background (see inset).
Inset: mutant data plotted on an expanded y axis. Data were
analyzed using one-way ANOVA followed by a Bonferroni
post-test.
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defects exhibited at the permissive temperature
(188C), we explored the possibility that activity
of the enzyme might be higher at reduced
temperature. While we found that inducing
protein expression at 188C increased enzyme
activity about two-fold, the temperature of the
enzyme assay had little effect on the activity of
PTP69D20. The activity of PTP69D20 was never
raised relative to the control D1-inactive
mutant, suggesting that temperature-sensitiv-
ity may be related to differences in protein
folding (data not shown). Taken together, these
data indicate that mutations that eliminate the
activity of PTP69D have an impact on its
function in axon guidance and viability; how-
ever, the phenotypic variability of Ptp69D
mutants is unrelated to the in vitro efficiency
of the enzyme.

DISCUSSION

We have demonstrated for the first time that
Drosophila PTP69D is a tyrosine phosphatase
with a catalytic efficiency comparable to that of
other tyrosine-specific phosphatases. This is
notable because the sequence of the catalyti-
cally important WPD loop is divergent in
PTP69D. In place of the first Pro, conserved
in over 90% of PTPs [Andersen et al., 2001],
PTP69D has a Lys residue (see Fig. 1 for
conserved motif). Interestingly, in a recent
study investigating the role of various amino
acids in theWPD loop of SHP-1, the authors did
not mutate the first conserved Pro because they
assumed that it would disrupt the activity of the
enzyme [Yang et al., 2001]. Even the Yersinia
PTP, which has a WPD loop that diverges
significantly in sequence from other organisms,
retains the first conserved Pro (WPDQTAV).
Nevertheless, the response of PTP69D to mod-
ulators of activity, its catalytic efficiency, and
its pH-kcat profile all suggest that PTP69D
shares a common tyrosine phosphatase reaction
mechanism, likely conserving the role of theAsp
of the WPD loop in intermediate formation and
hydrolysis. In short, our biochemical character-
ization shows that the kinetic properties of
PTP69D are consistent with those of other
PTPs.

A number of studies evaluate the effects of
chemical or site-directed mutagenesis on the
activity of PTPs [Streuli et al., 1990; Andersen
et al., 2001]. Amino acids in the active site of
PTPs are variably sensitive to substitution;

some mutations eliminate catalytic activity
completely, while others retain up to 10–25%
ofwild-type activity in vitro [Streuli et al., 1990;
Johnson et al., 1992]. The impact of these
mutations on the in vivo function of the PTP is
difficult to address, however. The advantage of
using EMS-induced alleles of Ptp69D as tools
is that one can directly test the assumption
that the enzymatic activity of PTP69D is
required for its functions in viability and axon
guidance.

Based on previous in vitro work, the effect of
mutating the catalytic Cys1097 is predictable;
we expected this mutation to completely elim-
inate the tyrosine phosphatase activity of
PTP69D21, as is invariably seen with PTPs
[Guan and Dixon, 1991; Barford et al., 1998].
Mutations in the WPD loop, as seen with
PTP69D7 (Fig. 1) were also expected to decrease
activity significantly, since the conserved Asp
implicated in both intermediate formation and
hydrolysis is missing. Even a conservative
mutation of Asp to Asn in the WPD loop of the
dual specificity phosphatase VHR resulted in a
100-fold decrease in activity, and the same
substitution resulted in a decrease of similar
magnitude in the kcat of tyrosine-specific PTP1B
[Denuet al., 1995; Lohse et al., 1997]. Predicting
the catalytic consequences of Gly1102Ser and
Gly1105Arg mutations is less obvious. No
specific function has been described for the
second Gly (1102) in the GxGxxG motif except
for hydrophobic interaction with the pTyr of the
substrate. However, this interaction involves
main-chain amide groups in this amino acid, not
the side chain [Andersen et al., 2001]. Mutation
of the equivalent residue to an Ala in CD45
results in a fivefold reduction of activity toward
a peptide substrate, suggesting that substitu-
tionwithabulkier aminoacidmighthave subtle
effects on the structure or conformational flexi-
bility of the PTP-loop [Johnson et al., 1992].
These results suggested that this position is
somewhat tolerant to substitution, and there-
fore PTP69D20 might have residual activity.
The thirdGly in theGXGXXGmotif,mutated in
PTP69DY125, may bemore sensitive to substitu-
tion, as mutation of this residue to an Ala has
been shown to decrease the catalytic activity of
CD45 10-fold [Johnson et al., 1992]. Since this
residue is also part of a predicted helical
secondary structure, it is possible that the
nonconservative substitution of Arg may desta-
bilize the PTP-loop. Thus, it seemed likely that
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PTP69DY125, if it retained any catalytic activity
at all, would be less active than PTP69D20.
Based upon the severity of axon guidance

defects and lethality, one might have predicted
the rank order of phosphatase activity to
be PTP69DWT>PTP69D20>PTP69DY125&
PTP69D21>PTP69D7. Our finding that
PTP69D mutants were equally inactive toward
the substrate DiFMUP suggests that catalytic
activity does not contribute to the phenotypic
variation displayed by these mutants. It would
appear, then, that a phosphatase-independent
action of PTP69D is required for its in vivo roles
in promoting normal viability and axon gui-
dance. This conclusion is supported by the fact
that Ptp69D20, which is unable to hydrolyze
DiFMUP at a rate significantly above back-
ground, is almost completely viable, andhas few
axon guidance defects [Desai and Purdy, 2003].
It also explains the observation that a transgene
rescue construct bearing a D1-inactivating
point mutation is able to rescue retinal axon
guidance defects of Ptp69D mutants [Garrity
et al., 1999].
A model of PTP69D signaling in which the

active site functions as an adapter or phospho-
tyrosine-binding domain could be evoked to
account for phenotypic differences in these
mutants. Active site mutations would disrupt
signaling or localization of PTP69D by affecting
its ability to bind tyrosine-phosphorylated
effectors or scaffolding proteins. Thus, the
higher phenotypic severity of Ptp69D21 relative
to Ptp69D20 may be due to the addition of
a bulky tyrosyl group to the active site, a
perturbation that might be anticipated to alter
binding of target proteins. If the introduction of
an Arg to the helix adjacent to the active site
either eliminates target binding or destabilizes
PTP69DY125 protein, this may explain why this
mutant approximates the null phenotype in
Newsome’s study [Newsomeet al., 2000].On the
other hand, the high penetrance defects of
Ptp69D7 could be attributed to enhanced bind-
ing of this mutant to downstream targets.
Mutation of the catalytically important Asp in
the WPD loop results in an enzyme that can
stably associate with its substrate without
efficient hydrolysis [Flint et al., 1997]. There-
fore, PTP69D7 may act as a ‘substrate-trap,’
competing with other RPTPs for shared effec-
tors. This is supported by the fact that the
phenotype of Ptp69D7 resembles that of a
double mutant of Ptp69D and Dlar in severity,

and implies that the ability of PTP69D protein
to interact with downstream targets with
appropriate kinetics is critical for its in vivo
function [Desai and Purdy, 2003]. Another
possibility is that shortening of the WPD loop
in PTP69D7 exposes the active site, leading to
indiscriminate interactions with downstream
targets of other RPTPs. However, because we
cannot determine kinetic parameters for hydro-
lysis of DiFMUP by PTP69D7 we are unable to
test these hypotheses directly.

Although we endeavored to mimic in vivo
conditions in our enzyme assays, we cannot
exclude the possibility that our results do not
accurately reflect the in vivo biochemical activ-
ity of the mutants. Important modifications of
PTP69D protein may not occur in S2 cells. For
example, if alternative splicing is necessary to
produce the biologically relevant form of
PTP69D, our expression of the full-length cDNA
construct would be problematic [Charbonneau
and Tonks, 1992; Alonso et al., 2004]. In
addition, conditions ideal for purifying wild-
type enzyme and measuring its activity may be
suboptimal for use with the mutant enzyme.
Alternatively, our in vitro assays might
lack an essential cofactor that would enhance
activity of the mutants relative to wild-type.
Finally, our choice of substrate might mask the
activity of the mutants. Since amino acids
external to the active site may support binding
of legitimate substrates, the use of the small
molecule substrate DiFMUP could exaggerate
the differences in activity between wild-type
and mutant PTP69D. Indeed, one previous
study showed that a PTP mutant inactive
toward the small molecule substrate pNPP
had only slightly less activity than wild-type
enzyme when the protein substrate RCML was
used [Muise et al., 1996]. Since studies are
currently limited to the use of artificial sub-
strates, the hypothesis that catalytic activity is
required for the function of PTP69D should be
retested when in vivo targets are identified.

Our study predicts that some property of
PTP69D mutant proteins other than catalytic
activity, possibly related to binding of target
proteins, may explain their biological diversity
and be utilized in the future to verify the
identity of downstream targets. These mutants
may also be useful in further structure-function
studies, and/or to dissect different PTP69D-
mediated signaling pathways. For example,
Garrity et al. [1999] find that a D2-inactive
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transgene construct can rescue retinal axon
guidance defects, but cannot rescue viability of
Ptp69D mutants. Since D1-inactivating muta-
tions affect retinal guidance [Newsome et al.,
2000], this suggests that the function of the D2
domain is partially dependent upon the D1
domain, and might explain why no one has
recovered a D2 domain mutation in genetic
screens for loss of PTP69D function. Thus, a
mutant likePtp69D20 could beused to screen for
second-sitemutations that decrease viability, in
order to uncover the role of the D2 domain in
vivo. The fact that deliveringPTP69Dprotein to
neurons can restore viability ofPtp69Dmutants
suggests that its function in promoting normal
axon guidance is linked to its requirement for
viability. However, it remains possible that
these functions reflect divergent signalingpath-
ways in neurons. Mutants like Ptp69D20 and
Ptp69D10, which are almost completely viable
but have axon guidance phenotypes of differing
severity, could be used to distinguish between
these pathways [Desai and Purdy, 2003]. It is
clear that elucidation of the function of PTP69D
and other receptor tyrosine phosphatases
awaits identification of legitimate in vivo
ligands and binding partners. Combining bio-
chemical and genetic methodology, Fox and
Zinn [2005] performed a deficiency screen
together with immunohistochemical analysis
to identify a heparan sulfate proteoglycan as an
in vivo ligand for RPTP family member DLAR
[Fox and Zinn, 2005]. Although ligands of this
class may not bind PTP69D, since it lacks
heparin-binding motifs, the approach taken to
identify this ligand is feasible for PTP69D.
When ligands and downstream targets of
PTP69D are identified, a model for signaling
can be tested by examining the effects of
ligand binding on interaction with downstream
targets.
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