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The receptor protein tyrosine phosphatase (PTPase) Dlar has an ectodomain consisting of three immuno-
globulin (Ig)-like domains and nine fibronectin type III (FnlIIl) repeats and a cytoplasmic domain consisting
of two PTPase domains, membrane-proximal PTP-D1 and C-terminal PTP-D2. A series of mutant Diar trans-
genes were introduced into the Drosophila genome via P-element transformation and were then assayed for
their capacity to rescue phenotypes caused by homozygous loss-of-function genotypes. The Ig-like domains, but
not the FnlIIl domains, are essential for survival. Conversely, the FnlIl domains, but not the Ig-like domains,
are required during oogenesis, suggesting that different domains of the Dlar ectodomain are involved in
distinct functions during Drosophila development. All detectable PTPase activity maps to PTP-D1 in vitro. The

catalytically inactive mutants of Dlar were able to rescue Dlar

~/~ lethality nearly as efficiently as wild-type Dlar

transgenes, while this ability was impaired in the PTP-D2 deletion mutants Diar APTP-D2 and Dlar®?***, Diar-

C1929S, in which PTP-D2 has been inactivated, increases the frequency of bypass phenotype observed in Diar

—f—

genotypes, but only if PTP-D1 is catalytically active in the transgene. These results indicate multiple roles for
PTP-D2, perhaps by acting as a docking domain for downstream elements and as a regulator of PTP-D1.

Protein tyrosine phosphorylation is a critically important
posttranslational modification in the eukaryotic signal trans-
duction pathways that regulate cell growth, differentiation, and
development. The phosphorylation status of a given tyrosine
residue is regulated by protein tyrosine kinases (PTKs) and
protein tyrosine phosphatases (PTPases). The essential role of
PTKs in these pathways is now well established; misregulation
of PTKs can have dire consequences, including cell death, cell
transformation, and tumorigenesis (see reference 8 for a re-
view). Far less is understood about the functions of PTPases in
signal transduction, especially for the receptor-like PTPases
(RPTPs). While individual members of RPTP signal transduc-
tion pathways, including the kinase Abl and its substrate En-
abled, have been identified genetically (50), physiologically
relevant substrates and downstream signal transduction ele-
ments of most RPTPs are unknown.

The PTPase gene family is large and varied (see reference 34
for a review). LAR, Dlar, PTP3, and PTPo comprise a sub-
family of RPTPs that have ectodomains consisting of N-termi-
nal immunoglobulin (Ig)-like domains and membrane-proxi-
mal fibronectin type III (FnIlI) repeat motifs and cytoplasmic
regions consisting of two tandemly repeated PTPase-like do-
mains (29, 37, 38, 42, 44). One of the Fnlll repeat units of
human LAR has been implicated in binding to the extracellular
matrix (ECM) complex of laminin and nidogen (36), and Dlar
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ence, University of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo 108-
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H-saito@ims.u-tokyo.ac.jp.
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cooperates with integrins to regulate actin polymerization dur-
ing oogenesis by integrating signals from the ECM (3). So far,
no physiologically relevant ligand has been found that binds to
the Ig-like domains of mammalian LAR family members, de-
spite the fact that Ig-like domains are typically ligand binding
domains. Chicken PTPo has recently been shown to bind to
heparan sulfates in vitro (2), an interaction that requires both
Ig-like domains and FnlII domains, but that finding has not yet
been extended to mammalian LAR family members, and it is
uncertain whether these proteoglycans are themselves ligands
or function in a support role in ligand presentation (2). Known
ligands of RPTPs outside of the LAR subfamily are only
slightly better understood. RPTPp. and RPTP«k have been im-
plicated in homotypic adhesion events (9, 20, 51), and RPTP{
has been shown to bind the cytokine pleiotropin, an interaction
that is inhibitory to RPTP{ catalytic activity (33). It is likely
that other physiologically relevant ligands for all of these
RPTPs still remain to be discovered.

The PTPase domains of the LAR subfamily are extremely
well conserved; the PTPase domains of Drosophila Dlar and
human LAR share 74% amino acid sequence identity (44). We
and others have previously reported that only the membrane-
proximal PTPase-like domain (PTP-D1) of mammalian RPTPs
has a physiologically significant amount of catalytic activity in
vitro (28, 29, 43, 49), and that observation is extended to Dro-
sophila PTPases in this report: all detectable in vitro PTPase
catalytic activity of Dlar resides in PTP-D1.

It has been proposed that the PTPase activity of RPTPs
is regulated by homodimerization, based on the finding that
RPTPa-D1 crystallizes as a homodimer (5). The demonstra-
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tion that RPTPa homodimerizes in vivo (24), and that
RPTPa catalytic activity is inhibited in the dimeric state (25)
lends support to this hypothesis. On the other hand, crys-
tallization of the two-domain protein LAR PTP-D1D2 (35)
argues against the LAR subfamily being regulated in a sim-
ilar manner. The LAR-D1D2 protein is a monomer in so-
lution (35), and the structures of LAR PTP-D1 and PTP-D2
are stabilized by a series of hydrogen-mediated interactions
that make PTP-D1 and PTP-D2 quite inflexible in relation
to each other, making homodimer formation very unlikely
(35). The available data suggest that the LAR and RPTP«
subfamilies may be regulated by distinct mechanisms.

Despite the lack of detectable PTPase catalytic activity from
the C-terminal PTPase-like domain, PTP-D2, it is apparent
that PTP-D2 has important functions. PTP-D2 of LAR family
members interacts with and tightly binds to several cytosolic
proteins, including the liprin family of coiled-coil cytoskeletal
proteins, the multifunctional protein kinase/guanine nucleo-
tide exchange factor Trio, and the Abl tyrosine kinase and its
substrate Enabled (4, 13, 26, 39, 40, 50). In addition to linking
RPTPs to downstream signal transduction elements, there is a
growing body of evidence that PTP-D2 of LAR family mem-
bers regulates the catalytic activity of PTP-D1 in vitro. For
example, PTP-D2 of PTPo binds and regulates the activity of
PTP-D1 of PTP3 (47), and the PTPase domains of RPTP« and
LAR can bind to each other if they are expressed as truncated
fusion proteins, an interaction that appears to be regulated by
oxidative stress (6, 7), although the consequence of this inter-
action for the PTPase catalytic activity of either RPTP is un-
known.

We have previously reported that stimulation of increased
catalytic activity of PTP-D1 by basic, positively charged pro-
teins and peptides can be induced only if PTP-D2 is intact (23)
and that truncation or swapping of PTP-D2 of LAR and CD45
causes changes in the substrate preference of PTP-D1 (18, 43;
N. X. Krueger and H. Saito, unpublished observations). In
addition, truncation of LAR PTP-D2 increases the catalytic
activity of PTP-D1 (43). In this report, we demonstrate that
PTP-D2 of Drosophila Dlar also regulates the catalytic activity
of PTP-D1 in vitro, and we provide the first evidence that
PTP-D2 may regulate PTP-D1 in vivo. Mutation of PTP-D2
has a deleterious effect on Drosophila embryonic neural devel-
opment if PTP-D1 is active, but the identical mutation in
PTP-D2 has no in vivo effect if PTP-D1 is mutationally inac-
tivated.

In Drosophila, Dlar and several other RPTPs have been
implicated in regulating the development of the embryonic
central nervous system (CNS), axon guidance, and develop-
ment of the optic lobe (12, 14, 15, 26, 30). In developing fly
embryos, Dlar mRNA is supplied to the syncytial blastoderm
by maternal expression that disappears around the cellulariza-
tion stage. Dlar then reappears late in embryogenesis, specif-
ically in the CNS at 12 to 16 h postfertilization (30, 45). Dlar
transcripts are also expressed in adult flies during oogenesis
(16). Loss-of-function mutations of the Dlar gene are lethal
when homozygous (30) and cause multiple neuronal defects,
including breaking and thinning of the CNS; aberrant, failed,
or ectopic muscle-motoneuron synapse formation; and defec-
tive visual cognition (12, 15, 26, 30). In Dlar loss-of-function
mutants, intersegmental nerve b (ISNb) and ISNd fail to
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properly innervate their target muscles, a phenotype that is
exacerbated if other RPTP genes, including RPTP99A4 and
RPTPIOD, are simultaneously disrupted (15, 30). Nonneuronal
phenotypes are also seen in Dlar loss-of-function genotypes:
defects in oogenesis are observed in germ line Dlar~’'~ clones,
and mutant embryos exhibit a loss of cell polarity, resulting in
a round egg that is not oviposited (3, 17). The implication of
the phenotype is that Dlar present in the follicular epithelium
surrounding the oocyte collaborates with integrin receptors to
organize actin polymer arrays and cell polarity in the develop-

ing egg.

In order to better understand the function of RPTPs in vivo,
we have constructed a series of point mutant and deletion
mutant Dlar transgenes and introduced them into the Drosoph-
ila genome. These mutant transgenes were expressed by using
the bipartite GAL4-UAS transcription system, which allows
tissue-specific expression of transgenes (10). We designed the
transgenes to probe several unanswered questions about RPTP
structure, including which portions of the complex Dlar ecto-
domain are required for PTPase function and which of the
cytoplasmic PTPase-like domains are required for in vivo func-
tion. We report here that both the Ig-like domains and FnlIII
domains of the Dlar ectodomain serve important, nonredun-
dant functions. The Ig-like domains are required for embry-
onic neural development, and the FnIII domains are essential
during oogenesis. Surprisingly, we found that Dlar transgenes
that have been mutated to inactivate the catalytic activity of
PTP-D1 were able to rescue the lethality of Diar~'~ genotypes
just as well as wild-type Dlar transgenes.

MATERIALS AND METHODS

Rescue of Dlar~'~ lethality. The Dlar deletion mutant constructs prepared in
the plasmid pCasper were used for P-element-mediated germ line transforma-
tion of yw flies as described previously (30). These Dlarl3.2/CyO; UAS-Dlar*
females (where Diar* represents either a wild-type or mutated Dlar cDNA) were
mated to CI155; Dlar5.5/CyO males that direct GAL4 expression to embryonic
neurons. The rescue percentages were calculated as described previously (30).
The male progeny do not receive the GAL4 driver in these matings.

Rescue of oocyte phenotypes. Dlar5.5/CyO; T155-GAL4 females were mated to
Dlar13.2/CyO; UAS-Dlar* males to generate Dlarl3.2/Dlar5.5; T155-GAL4/
UAS-Dlar* progeny. Zero- to 2-day-old females of this genotype were mated to
wild-type males, fed on yeast paste for 2 days, and then dissected in phosphate-
buffered saline to access their ovaries. Stage 14 oocytes were examined for egg
shape defects and scored either as wild type (elongated, with long dorsal ap-
pendages) or as rounded (significantly shorter and thicker, with reduced dorsal
appendages) as described previously (3). All genotypes were scored blind.

Immunoblotting. The lysates prepared from wild-type embryos (yw) or trans-
genic embryos (expressing Dlar transgenes under control of the C155 promoter)
were immunoprecipitated with affinity-purified anti-Dlar (FnIII 1 + 2) poly-
clonal antibodies and subjected to sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis on a 7% gel. Following electrophoresis, the gels were blotted
to nitrocellulose membranes and probed with anti-Dlar (FnIII 1 + 2) monoclo-
nal antibody 108.3C.

PTPase assays. Glutathione S-transferase (GST)-Dlar fusion proteins were
constructed by using pGEX plasmids (Amersham Pharmacia, Piscataway, N.J.)
and purified by using glutathione beads to apparent homogeneity as assessed by
bromophenol blue staining of SDS-polyacrylamide gels. PTPase assays were
performed with the peptide substrate Raytide, and enzyme activity was calcu-
lated, as described previously (44).

Embryonic neural histology and phenotyping. Embryonic neural pathways
were visualized by staining with anti-fasciclin II monoclonal antibody as de-
scribed previously (46). Phenotypic frequencies of bypass were determined as
described previously (30). Embryo staining with polyclonal anti-Dlar antibodies
was performed as described for staining with anti-fasciclin II antibodies (46).

Germ line mutation detection. Single-stranded conformational polymorphism
(SSCP) electrophoresis was performed as described previously (30).
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FIG. 1. In vitro PTPase assay of GST-Dlar fusion proteins. (A)
Constructs used for PTPase assay. (B) Time course of Dlar phosphor-
ylation by GST-Dlar fusion proteins. The fusion proteins were purified
to apparent homogeneity as assessed by bromophenol blue staining of
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RESULTS

All detectable PTPase catalytic activity maps to PTP-D1 in
vitro. The existence of two repeated PTPase-like domains in
the cytoplasmic regions of most RPTPs is one of the most
puzzling aspects of RPTP structure. Assays of in vitro PTPase
activity of human RPTPs LAR, CD45, PTPa, PTPg, PTPS, and
PTP( indicate that all physiologically relevant PTPase activity
maps to membrane-proximal PTP-D1; C-terminal PTP-D2 has
little or no detectable activity (28, 29, 43, 49). To determine
whether the PTPase activity of Drosophila RPTPs maps to
PTP-D1 in the same manner as that of their mammalian coun-
terparts, we constructed a series of GST-Dlar fusion proteins,
in which the Dlar cytoplasmic region, with or without specific
point mutations, was fused to GST (Fig. 1A). The enzyme
mechanism of dephosphorylation by PTPases is known to pro-
ceed through a thiophosphate intermediate, in which a specific
cysteine residue provides a sulfhydryl that covalently binds to
orthophosphate before releasing it (11, 21). Mutation of this
catalytically obligatory cysteine to a serine residue eliminates
all PTPase activity from the mutated PTPase domain (11, 21,
28,29, 43). We took advantage of this finding to make cysteine-
to-serine point mutations in PTP-D1 and PTP-D2 in order to
determine which PTPase domains were active in vitro. Figure
1B and C show the results of this analysis. Figure 1B shows a
time course plot of Dlar dephosphorylation, and the data from
Fig. 1B were used to calculate the specific enzyme activity
shown in Fig. 1C. Mutation of Cys1638, the catalytically
obligatory cysteine residue in PTP-D1, completely elimi-
nates PTPase activity, whereas mutation of the analogous cys-
teine residue in PTP-D2, Cys1929, has little effect on activity.
If PTP-D2 is truncated from the fusion protein, the activity is
actually higher than that of the wild-type construct, which is
consistent with previous data showing that PTP-D2 regulates
the PTPase activity of PTP-D1 in vitro. However, the activity of
the PTPase domains of Dlar, and of PTPase family members in
general, varies greatly depending on the substrate assayed and
stimulatory cofactors used. Determination of whether PTP-D2
regulates PTP-D1 catalytic activity against physiologically rel-
evant substrates must await their identification.

Creation of mutated Dlar transgenes. The ability of wild-
type Dlar (Dlar-WT) transgenes to rescue the lethality of Dlar
loss-of-function mutations gives us the opportunity to assay the
roles of Dlar protein modules in vivo. A series of cytoplasmic
domain (Fig. 2A) and ectodomain (Fig. 2B) constructs were
made in order to characterize the in vivo function of these
domains. The cytoplasmic domain constructs contain muta-
tions similar to those used in the in vitro PTPase assays (Fig. 1)
and were designed to allow us to examine the in vivo require-
ment for PTPase catalytic activity derived from PTP-D1 and
PTP-D2. Dlar-C1638S and Dlar-C1929S mutate the catalyt-
ically obligatory cysteine residues in PTP-D1 and PTP-D2,
respectively; Dlar-CSX2 is a double mutant in which both

SDS-polyacrylamide gels, and the purified proteins were assayed at
various time points for their ability to dephosphorylate the [**P]tyro-
sine-phosphorylated peptide substrate Raytide. (C) The time course
data from panel B were used to calculate specific enzyme activity. The
data are represented as means * standard errors of the means.
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PTP-D1 and PTP-D2 are mutated; and DlarAPTP-D2 deletes
PTP-D2 from the transgene (residues 1778 to 1992 are deleted;
the natural C terminus of the wild-type sequence, residues
1993 to 1997, remain intact).

We also made a series of deletions in the Dlar ectodomain
in order to map the portions of the ectodomain that are im-
portant in ligand-receptor interactions (Fig. 2B). DlarAlgl23
deletes the three amino-terminal Ig domains (residues 33 to
317); DlarAFn123 deletes FnlIIl domains 1, 2, and 3 (residues
318 to 608); DlarAFn456 deletes Fnlll domains 4, 5, and 6
(residues 609 to 907); DlarAFn789 deletes FnlIIl domains 7, 8,
and 9 (residues 908 to 1193); and DlarAFn2-9 deletes FnlIII
domains 2 through 9 (residues 421 to 1349).

Expression of Dlar transgenes. These mutant transgenes
were then introduced into the Drosophila genome by using
P-element transformation, and their ability to rescue lethality
was tested. The constructs were made by using the GAL4-UAS
transcription system (10), in which a GAL4-inducible pro-
moter is placed upstream of the Dlar cDNAs. Since a wide
variety of tissue-specific GAL4 source strains are available, this
allows tissue-specific expression of Dlar transgenes in essen-
tially any tissue of interest simply by mating the appropriate fly
strains.

In order to examine the expression of Dlar transgene prod-
ucts, we generated rabbit polyclonal and mouse monoclonal
antibodies by using GST-FnlIII 1 + 2 fusion proteins expressed
in bacteria as antigens. Both polyclonal (affinity-purified) an-
tibody and the monoclonal antibody 108.3C detected a poly-
peptide of ~230 kDa on immunoblots of extracts prepared
from wild-type fly embryos (Fig. 2C, lane 1). Both antibodies
showed no staining in clones of Dlar '~ tissue, confirming their
specificity (3). The 230-kDa band corresponds to the predicted
molecular mass of Dlar based on its amino acid sequence. In
addition, a smaller polypeptide of about 150 to 160 kDa is also
detected. This smaller polypeptide could be the processed ex-
tracellular domain of Dlar, whose predicted size is about 150
kDa. The processing and shedding of the extracellular domains
of mammalian LAR family RPTPs (38, 41) and a Drosophila
RPTP (19) have been extensively studied. Immunoblotting of
protein extracts prepared from transgenic embryos expressing

the amino terminus (left). The missing domains in these mutants are
shown by dotted lines. (C) Expression of Dlar transgenes. Extracts
from wild-type embryos or embryos expressing Dlar transgenes under
control of the C155 driver were immunoprecipitated (IP) with affinity-
purified anti-Dlar polyclonal antibodies directed toward FnllI repeats
1 + 2 and immunoblotted with anti-Dlar monoclonal antibody
(108.3C), also directed toward FnlII repeats 1 + 2. Lane 1, nontrans-
genic wild-type embryo (yw); lanes 2 and 3, extracts from two inde-
pendent DlarAlg123 transgenic lines; lanes 4 and 5, extracts from two
independent DIlarAFn456 transgenic lines. The asterisk marks a pro-
tein isoform likely to be the proteolytically processed extracellular
domain of Dlar. All transgenic embryos shown express Dlar transgenes
in a wild type background. The bands corresponding to endogenous
Dlar and transgenic Dlar are indicated at the left. (D) Embryo staining
with anti-Dlar antibodies. (Top panel) Lateral view of a wild-type (yw)
embryo stained with anti-Dlar antibodies. (Middle panel) Lateral view
of a transgenic embryo expressing DlarAPTP-D2 under control of the
C155 driver. Note the characteristic salivary gland expression induced
by C155. (Bottom panel) Ventral view of a transgenic embryo express-
ing DlarAlg123 under C155 control. In this view, the cell bodies of ISN
motoneurons can be easily visualized in the neuropils.
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the DlarAlgl23 and DlarAFn456 transgenes revealed that the
transgenes are expressed at their predicted size: proteins of 200
kDa, or ~33 kDa smaller than the full-length Dlar (Fig. 2C,
lanes 2 to 5).

To drive the expression of recombinant Dlar transgenes in
all postmitotic neurons, we used the GAL4 driver C155 or one
of its derivatives, elav-GAL4 (27, 31, 50); C155 is an enhancer-
trap insertion into the elav locus on the X chromosome, which
directs GAL4 expression to postmitotic CNS neurons and neu-
rons of the peripheral nervous system in the developing em-
bryo. C155/elav also induces expression in the salivary gland.
elav-GAL4 has the same tissue distribution as CI155; it is a
version of the elav promoter that has been cloned, directly
fused to GALA4, and inserted onto chromosome 3 by P-element
transformation. elav-GAL4 has the same tissue distribution as
C155 but expresses more stably during long-term insect culture
(27, 31, 50; our unpublished observations).

The amounts of protein made by all of the Dlar transgene
constructs used in this report were assessed by immunoblot-
ting. Representative protein expression levels of selected trans-
genic lines are shown in Fig. 2C. Each lane in Fig. 2C shows the
protein expression levels of an independently isolated Dlar
transgenic line. The experiment in Fig. 2C uses embryos that
express both endogenous and transgenic Dlar, which allows
direct comparison of expression levels. The intensity of the
230-kDa band shows the expression level of endogenous Dlar
protein, and that of the 200-kDa band shows the expression
level of transgenic Dlar deletion mutant protein. In almost all
cases, transgene expression levels were virtually indistinguish-
able from that shown for the DlarAFn456 constructs in Fig. 2C,
lanes 4 and 5. The only transgenic strain that expressed Dlar at
levels that were higher than the endogenous level of expression
was the DIlarAlgl123 construct shown in lane 3. The expression
levels of other isolated DlarAIgl23 transgenic lines are very
similar to the expression level of the DlarAlg123 strain shown
in lane 2, which is virtually indistinguishable from the expres-
sion level of endogenous Dlar.

The GAL4-induced expression level of Dlar protein was also
assessed in situ by staining with the anti-Dlar antibodies (see
Fig. 2D). Embryos expressing the Dlar transgenes under GAL4
control were stained with anti-Dlar antibodies and examined
histologically. The embryos displayed the characteristic C155/
elav-induced nervous system tissue distribution. The top em-
bryo in Fig. 2D shows the endogenous Dlar expression pattern.
The embryo in the middle shows expression of the Dlar-
APTP-D2 transgene, and the embryo on the bottom shows the
expression of the same DlarAlgl23 transgenic line blotted in
lane 3 of Fig. 2C. The ventral view of the Algl23 embryo
permits easy visualization of the CNS connectives where the
ISN cell bodies reside. The staining intensities of the other
transgenic lines were very similar to that of the DlarAPTP-D2
embryo (and equivalent to the levels seen in the DlarAFn456
embryos in the blots in Fig. 2C, lanes 4 and 5). The DlarAlg123
embryo in Fig. 2D shows the highest level of protein expression
seen in any of the transgenic lines. It should be noted that we
have found no correlation between the transgene expression
level of a given strain and the behavior of the transgenic line in
any of the experiments described below. Thus, it is unlikely
that our data can be explained simply by the level of protein
produced by a given transgenic strain.
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Rescue of Diar~'~ lethality by using cytoplasmic domain
mutant transgenes. The results of matings with the Dlar cyto-
plasmic domain constructs are shown in Table 1 and summa-
rized in Fig. 3. At least two independently integrated P-ele-
ment insertions were tested for each construct. In all of these
matings, the C155 driver was used as a source of GAL4 (31). In
Table 1, males bearing the C155 driver on the X chromosome
were mated to females bearing the UAS-Dlar transgenes on
chromosome 3, so only female offspring received both a source
of GAL4 and a UAS-Dlar transgene. This provides an internal
control (rescue level of male offspring) for endogenous,
GAL4-independent expression of the Dlar transgene. GAL4-
independent rescue was also monitored by matings 3 to 7, 15,
16, and 21 to 28 in Table 1. The reciprocal experiment, using
C155 females and Dlar transgene-bearing males, generated the
same amount of GAL4-dependent and GAL4-independent
rescue as shown in Table 1; there is no maternal effect (data
not shown). The (very low) level of GAL4-independent trans-
gene expression is specific to the locus of insertion of each
individual transgene; transgenes that are inserted into tran-
scriptionally active loci have higher endogenous expression
levels than transgenes inserted into transcriptionally quieter
areas. Flies rescued by GAL4-independent Dlar transgene ex-
pression are always very small and quite sick; freshly eclosed
adults usually die within 24 h. This is in clear contrast to
GALA-driven rescue, which generates fertile, healthy adults.

Table 1, matings 8, 17, and 29, show that C155-GAL4-in-
duced expression of Dlar-WT efficiently rescues the lethality
of all Diar~'~ genotypes tested, i.e., Dlar’?/Dlar’>, Dlar'>’/
Dlar’>, and Dlar'3?/Dlar’-. Since the results are equivalent for
all Dlar~'~ genotypes, we have conducted the bulk of our
experiments with the alleles Dlar™” and Dlar'>2, both of which
contain nonsense mutations that have been sequenced; they
encode Dlar proteins truncated in the extracellular domain
(30) (Fig. 4C). Surprisingly, the Dlar-C1638S transgene, which
inactivates PTP-D1, the PTPase domain in which all detectable
in vitro PTPase activity resides, rescues Dlar '~ lethality nearly
as well as Dilar-WT (Table 1, matings 9, 10, 18, 30, and 31).
Similarly, Dlar-C1929S, which would inactivate PTPase activity
of PTP-D2, if any exists, also rescues lethality as well as
Dlar-WT (Table 1, matings 11 and 32, and Fig. 3).

In order to address the possibility that PTPase activity from
either PTP-D1 or PTP-D2 is sufficient to restore Dlar function
in vivo, we constructed Dlar-CSX2, which incorporates both
the C1638S and C1929S mutations into a single transgene.
Table 1, matings 33 and 34, and Fig. 3 show that Dlar-CSX2
also rescues lethality quite efficiently, indicating that a catalyt-
ically active Dlar PTPase domain is not required for survival.
Interestingly, despite the fact that inactivation of catalytic ac-
tivity from PTP-D2 has no effect on rescue, the PTP-D2 trun-
cation mutant, DlarAPTP-D2, is significantly impaired in its
ability to substitute for Dlar-WT, rescuing only about half as
efficiently as Dlar-C1929S (Table 1, matings 12, 35, and 36).
This suggests that PTP-D2 serves an important function inde-
pendent of PTPase catalysis. The results of all of our experi-
ments rescuing Dlar~/~ genotypes with the cytoplasmic do-
main constructs are summarized in Fig. 3, which shows that all
of the cytoplasmic domain point mutant transgenes tested ef-
ficiently rescue lethality; only DlarAPTP-D2 is impaired in its
rescue capacity.
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TABLE 1. Rescue of Dlar~'~ lethality by mutated Dlar transgenes

MoL. CELL. BIOL.

% of expected progeny = SD (n)?

Dlar Genotype Mating GALA4 driver” Dlar transgene
Females Males
Dlar’?/Dlar> 1 - None 8.3 =2.1(302) 7.9 = 2.0 (396)
2 + None 52 +1.9(276) 10.8 = 2.2 (367)
3 - P2, Dlar-WT 22.4 *+3.1(507) 22.8 = 3.2 (488)
4 - P17, Dlar-C1638S 12.9 = 2.5 (446) 14.7 = 2.7 (438)
5 - P18, Dlar-C1638S 20.2 = 3.2 (447) 12.2 = 2.4 (470)
6 - P13, Dlar-C1929S 17.2 = 3.6 (290) 20.2 = 4.1 (262)
7 - P19, DlarAPTP-D2 23.4 = 3.8(353) 28.6 = 3.9 (431)
8 + P2, Dlar-WT 73.6 = 5.9 (580) 21.5 £33 (412)
9 + P17, Dlar-C1638S 78.6 = 6.4 (539) 12.7 = 2.5 (435)
10 + P18, Dlar-C1638S 75.7 £ 6.7 (459) 13.3 = 2.7 (431)
11 + P13, Dlar-C1929S 76.3 = 8.2 (315) 20.7 = 4.1 (267)
12 + P19, DlarAPTP-D2 53.6 £ 5.9 (388) 17.9 = 3.3 (365)
Dlar?!/Dlar’> 13 - None 3.5+ 1.6 (289) 2.0 = 1.2(297)
14 + None 0 (262) 0.9 0.9 (232)
15 - P4B, Dlar-WT 8.9 = 2.0 (448) 8.4 = 2.0 (445)
16 - P17, Dlar-C1638S 9.9 = 2.1 (489) 3.6 = 1.3 (456)
17 + P4B, Dlar-WT 67.1 = 5.6 (581) 5.1 £1.5(479)
18 + P17, Dlar-C1638S 74.9 = 6.0 (569) 6.0 = 1.7 (415)
Dlar??/Dlar’> 19 - None 2.8 = 1.0 (511) 1.7 £ 0.8 (515)
20 + None 1.8 £ 1.0 (344) 25*13(322)
21 - P2, Dlar-WT 21.1 £ 2.5 (764) 21.2 £ 2.4 (782)
22 - P17, Dlar-C1638S 5.3 £1.5(499) 4.1 £ 1.3(503)
23 - P18, Dlar-C1638S 11.5 = 2.7 (330) 11.5 = 2.6 (350)
24 - P13, Dlar-C1929S 9.0 = 3.7 (139) 3.3 =23 (125)
25 - P28, Dlar-CSX2 36.1 = 5.8 (255) 8.8 = 2.8 (236)
26 - P29, Dlar-CSX2 12.6 = 4.8 (118) 9.5 3.9 (132)
27 - P20, DlarAPTP-D2 11.7 = 2.7 (344) 18.0 = 3.3 (363)
28 - P21, DlarAPTP-D2 17.4 = 3.5 (300) 15.2 =32 (312)
29 + P2, Dlar-WT 90.9 += 5.2 (989) 18.5 = 2.3 (743)
30 + P17, Dlar-C1638S 66.2 = 5.4 (595) 2.5 £ 1.0 (479)
31 + P18, Dlar-C1638S 63.2 * 6.3 (425) 10.0 = 2.3 (400)
32 + P13, Dlar-C1929S 88.0 = 9.8 (265) 16.0 = 4.3 (189)
33 + P28, Dlar-CSX2 68.9 = 9.6 (203) 10.5 = 3.7 (160)
34 + P29, Dlar-CSX2 68.8 £ 9.4 (211) 6.5 =29 (158)
35 + P20, DlarAPTP-D2 41.2 = 4.6 (474) 14.8 = 2.8 (407)
36 + P21, DlarAPTP-D2 53.8 £ 5.7 (420) 15.1 =3.0(357)

“ The X-linked C155 driver was used in these matings. GAL4-independent expression of the Dlar transgenes is monitored by rescue percentages of males, which do

not receive GALA in any of these matings.

 One hundred percent rescue indicates that 33% of the adult progeny were homozygous for the Dlar loss-of-function alleles. 7, total number of progeny counted.

Molecular characterization of a hypomorphic Dlar allele. In
our previous genetic analysis of Dlar, we identified a partial
loss-of-function allele (DlarP**) characterized by the same
axon guidance and synaptic phenotypes that we observed in
null mutants (27). However, this semilethal hypomorphic allele
displays phenotypic penetrance of approximately one-third to
one-half of Dlar null alleles (27), indicating that a partially
functional gene product is made from the Dlar>7** allele. To
determine the molecular lesion in the Diar”?** allele, we per-
formed SSCP analysis by electrophoresis of radiolabeled
PCR products with a series of primers that scans the entire
Dlar protein-coding region (30). One primer pair detected a
gel shift, indicating a polymorphism (Fig. 4A). Sequence anal-

ysis of the polymorphic fragments revealed a 4-bp deletion
mutation (Fig. 4B) resulting in a frameshift that truncates
the cytoplasmic domain shortly before the beginning of PTP-
D2 (Fig. 4C). Since the expression level of Dlar in Dlar”P*/
Dlar”P*s embryos is not detectably different from that in wild-
type embryos (data not shown) and the only domain affected
by the molecular lesion in Dlar”?** is PTP-D2, the pheno-
type of Dlar”P* provides more evidence that PTP-D2 per-
forms an important function despite not being a catalytical-
ly active PTPase domain. The residual function observed in
Dlar”P*s and DlarAPTP-D2 mutants indicates that while PTP-
D2 is necessary for full efficiency of Dlar activity, it is not
absolutely required. For several reasons, we speculate that one



Vor. 23, 2003

~J1
w
I

% of Expected Progeny
& 3
I I

WT C1638S C1929S CSX2 APTP-D2
Dlar Transgene

FIG. 3. Bar graph of rescue of Dlar '~ lethality by Dlar cytoplasmic
domain mutant transgenes. The bars represent the mean percentage of
expected progeny observed * standard deviation when the indicated
Dlar transgene is expressed under control of the C155-GAL4 driver in
a loss-of-function background. The results are pooled from rescue of
several different Dlar /= genotypes that were generated by using mul-
tiple combinations of Dlar loss-of-function alleles. At least two inde-
pendently inserted Dlar transgenes were tested for each mutant shown.

None

important function of PTP-D2 is to regulate the PTPase activ-
ity of PTP-D1 (see the next section of Results, and Discussion,
for the rationale).

Effect of expression of Dlar cytoplasmic domain mutant
transgenes on Dlar~'~ neural phenotypes. We attempted to
use the Dlar cytoplasmic domain mutant transgenes to rescue
the observed neural abnormalities seen in Dlar/~ embryos.
We previously reported that Dlar-WT rescues ISNb and ISNd

A 1 2 34 B
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defects in the developing Dlar~/~ mutant embryos, if embryos

that express transgenic Dlar mRNA are examined, as assessed
by in situ hybridization with Dlar cDNA probes (30). In these
experiments, when transgene-expressing embryos are selected
on the basis of Dlar mRNA expression in the peripheral ner-
vous system (where the C155/elav promoters drive expression
in addition to the CNS), we see very efficient rescue. However,
we have been unable to show statistically significant rescue of
the neural defects at the population level in every genetically
transgenic embryo, even though we attempted to do so with
several different GAL4 drivers. We found that if embryos are
examined without preselection by in situ hybridization, em-
bryos expressing Dlar-WT under control of elav-GAL4 in the
Dlar'?2/Dlar’~ background have an ISNb bypass at a fre-
quency of 34.6% = 3.1% (n = 350 A2-A7 embryonic segments
counted), compared to an ISNb bypass frequency of 32.3% =+
3.0% (n = 369) seen in Dlar’*?/Dlar’ embryos expressing no
transgene at all (Fig. 5).

There are several possible explanations for the lack of sig-
nificant rescue at the population level. (i) The GAL4 system is
well known to be subject to mosaicism, often showing incon-
sistent levels of expression from cell to cell or embryo to
embryo. The level of Dlar transgene mRNA induced by the
GALA4 system can be very heterogeneous, with some embryos
expressing much more mRNA than others. Note that despite
these high mRNA levels, we never see levels of Dlar protein
more than twofold greater than the endogenous level of wild-
type Dlar (Fig. 2C and D), indicating that expression of Dlar
protein is tightly regulated posttranscriptionally. (ii) Efficient
expression of transgenic proteins is often dependent on RNA
splicing or untranslated region sequences, both of which are
absent in the cDNA construct that we used here. Thus, normal

gtg ccg [gct cgce aat cta cac acc cac cta cag aaa cta
vV P

PTP-D1->

A RNLHTHLAO QKL
wild type

gtg ccg jgca atc tac aca ccc acc tac aga aac tat tga

VPIAITY TP TYRBRNY?"*
PTP-D1-> Dlarbypass
PTP-D1 PTP-D2
Dlarss Dlari32 Diarbypess

FIG. 4. The Dlar”7** allele encodes a protein truncated after PTP-D1. (A) Autoradiograph of *?P-labled PCR products subjected to SSCP
electrophoresis. Lane 1, Wild-type parental genotype (A49/A49); Lane 2, Dlar”?**/Dlar”?**; lane 3, Dlar’>'*; lane 4, Dlar’>?*. (B) Dlar»r**s/
Dlar»7** genomic DNA from the region recognized by the primers in panel A was subcloned and sequenced. Dlar”P** has a 4-bp deletion relative
to the wild-type Dlar sequence. The location of the deletion is indicated by the open arrow. The asterisk indicates a stop codon. The end of the
coding sequence for PTP-D1 is indicated by vertical lines. (C) Proteins encoded by Dlar”?**, Dlar’>, and Dlar'>2. Arrows indicate the locations

where the alleles are truncated by mutation.
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FIG. 5. The frequency of bypass phenotypes is increased in Dlar™ /Dlar~ embryos by overexpression of Dlar-C1929S. Embryonic motoneuron
pathways were visualized in stage 16 embryos by staining with anti-fasciclin II monoclonal antibody. The numbers in panel A indicate specific
muscles within each hemisegment; ISN, ISNa, and ISNb are indicated by arrows. In all panels, asterisks indicate hemisegments with a bypass
phenotype. The frequencies of bypass phenotype observed in this experiment are 32.3% = 3.0% (n = 369 hemisegments scored) for Diar>""32
embryos expressing no transgene, 34.6% * 3.1% (n = 350) for Dlar""3? embryos expressing the Dlar-WT transgene, 38.9% = 4.9% (n = 162)
for Dlar’>"32 embryos expressing Dlar-C1638S, 54.8% * 3.6% (n = 429) for Dlar’"32? embryos expressing Dlar-C1929S, and 25.3% * 3.2% (n =
249) for Dlar>3? embryos expressing Dlar-CSX2. Expression of Dlar-WT does not generate statistically significant rescue of the bypass
phenotype, but expression of Dlar-C1929S significantly increases bypass frequency. (A) A wild-type embryo. Note the wild-type pattern of
innervation of muscles 6, 7, 12, and 13 by ISNb. (B) A Dlar’>/"*2 embryo expressing no transgenes. One hemisegment is bypass and two are wild
type in this photograph. (C) A Dlar’>'"32 embryo expressing Dlar-WT. (D) A Dlar’ 32 embryo expressing Dlar-C1929S. All three hemisegments

shown exhibit bypass phenotypes.

levels of protein may be difficult to achieve unless mRNA
levels are well above normal. This problem is notorious in
some systems (such as mouse), and this may be an issue here.
(iii) Differential splicing of LAR has been demonstrated in
vertebrates, and our unpublished data suggest that alternative
splice forms may also exist in Drosophila. Thus, the cDNAs
that we used for the rescue may not represent isoforms of Dlar
that act most efficiently for motor axon guidance. (iv) There is
a temporal discrepancy between the endogenous Dlar expres-
sion pattern and the expression induced by elav. Endogenous
Dlar is expressed early in developing CNS neurons, whereas
elav-induced expression is limited to postmitotic neurons.
Therefore, there may not be sufficient time for Dlar protein to
accumulate in bioactive concentrations.

In the course of the neural analysis, we found that elav-
GALA4-driven expression of one Dlar cytoplasmic domain mu-
tant transgene, Dlar-C1929S, causes a significant increase of
the bypass phenotype in Dlar '~ backgrounds. When Dlar-
C1929S is expressed under elav-GAL4 control in Dlar'??/
Dlar’’ embryos, an ISNb bypass frequency of 54.8% =+ 3.6%
(n = 429) is observed, which is a much higher frequency of

bypass than is ever observed in Dlar’3?/Dlar’> embryos not
expressing transgenes or in Dlar’??/Dlar’~ embryos expressing
any other Dlar transgene tested (Fig. 5). Interestingly, no sim-
ilar increase in the frequency of bypass is seen in Dlar'??/
Dlar’> embryos expressing Dlar-CSX2 (ISNb bypass frequency,
253% = 3.2%; n = 259), despite the presence of the same
C1929S mutation in this transgene. The finding that a mutation
within PTP-D2 has no detectable phenotype unless PTP-D1 is
catalytically active suggests that PTP-D2 affects neural devel-
opment indirectly via regulation of the catalytic activity of
PTP-D1. If this interpretation is correct, these data represent
the first evidence that PTP-D2 regulates the PTPase activity of
PTP-D1 in vivo.

It should be noted that there is no phenotype observed when
Dlar-C1929S is expressed in insects that have a wild-type copy
of Dlar. We have not ever observed any dominant effects from
expressing Dlar transgenes in a wild-type background in any of
the assays described in this paper. The only time a gain-of-
function phenotype is observed is in Dlar~/~ embryos, meaning
that the Dlar-C1929S gain-of-function phenotype is most ac-
curately described as recessive.
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FIG. 6. Rescue of Dlar™/~ lethality by Dlar ectodomain deletion
mutant transgenes. The ability of Diar transgenes to rescue the lethal-
ity of the genotype Dlar'>?/Dlar’> was assessed. The represent the
mean percentage of expected progeny observed * standard deviation
when the indicated Dlar transgene is expressed under control of the
C155-GAL4 driver in a Dlar'3?/Dlar’> background. The results shown
are pooled from multiple independent transgenic lines for each trans-
gene tested.

Rescue of the Diar~'~ lethal phenotype by Dlar ectodomain
mutant transgenes. The Dlar ectodomain constructs were also
assayed for their capacity to rescue Dlar~’~ lethality. The re-
sults of these experiments are summarized in Fig. 6; multiple
transgenic lines were tested for each construct. The same types
of control matings that are shown in Table 1 were performed
for the ectodomain rescue experiments, but those results are
omitted here for clarity. We found that in terms of survival, the
FnIll domains of the Dlar ectodomain are dispensable.
DlarAFn123, DlarAFn456, DlarAFn789, and DlarAFn2-9 all
rescue lethality as efficiently as Dlar-WT. On the other hand,
DlarATg123 is severely impaired in its capacity to rescue lethal-
ity despite the fact that DlarAIgl23 is expressed at higher levels
than Dlar-WT and all of the AFn transgenes (Fig. 2C and D).
These results demonstrate that while the Ig-like domains of
Dlar are necessary for efficient function in the Drosophila ner-
vous system, the FnlIl domains are dispensable in this context.

Rescue of the Diar~'~ oocyte phenotype by Diar ectodomain
mutant transgenes. We also assayed the capacity of the Dlar
ectodomain constructs to rescue the observed oocyte pheno-
type seen in Dlar~'~ embryos. Although mutations in Diar are
largely lethal, careful nurturing of crosses between the alleles
Dlar’ and Dlar'?2 can yield a small number of Dlar’>/Dlar'>?
escapers (see Table 1, matings 19 and 20, for escaper frequen-
cies). Analysis of these adults, or of homozygous mutant clones
in a wild-type background, reveals a requirement for Dlar in
the follicular epithelium surrounding the oocyte (3, 17). In this
context, Dlar collaborates with integrin receptors to orches-
trate accurate cell polarity and the organization of actin poly-
mer arrays; in the absence of Dlar, epithelial polarity fails,
resulting in a round egg that is not oviposited (3). To deter-
mine which components of the Dlar extracellular domain are
required for Dlar function in oogenesis, we tested the ability
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of the ectodomain deletion constructs to rescue the round-
egg defect of Dlar homozygous escapers. In the absence of
transgenes, Dlar’’/Dlar’>? mutants show a moderate pene-
trance of abnormally round stage 14 oocytes in dissected ova-
ries (14.7%) (Table 2). Expression of a wild-type Dlar trans-
gene in this background with the epithelial driver 7155-GAL4
(3) rescues this defect to near-wild-type levels; the data in
Table 2 represent a 91% rescue of the oocyte phenotype.
Although our analysis of Drosophila viability demonstrated a
requirement for Dlar Ig-like domains, in the follicular epithe-
lium they are dispensable; the transgene lacking all 3 Ig-like
domains, DlarAlgl23, rescued as efficiently as the wild-type
transgene. However, expression of DlarAFn2-9 in Dlar'>2/
Dlar’~ embryos not only failed to rescue egg-shape defects, it
caused nearly a fourfold increase in the penetrance of round
stage 14 oocytes observed. Analyses of the smaller FnlIII dele-
tion constructs show that sequences contained within FnIII
domains 1 to 6 are required for this function of Dlar, while
Fnlll domains 7 to 9 are dispensable (Table 2). Thus, the
Ig-like domains are required for survival, but not during oo-
genesis, and the FnlIl domains are required during oogenesis.

DISCUSSION

The functional mapping of multidomain proteins is impor-
tant to determine the structural basis of their interactions, and
in the present context this type of analysis has allowed us to
study one of the most striking structural features of RPTPs: the
existence of two repeated PTPase-like domains in the cytoplas-
mic region. The in vitro PTPase assay data strongly support the
idea that PTP-D1 contains all physiologically relevant PTPase
catalytic activity; no physiologically relevant PTPase catalysis
can be detected from wild-type PTP-D2 of any RPTP tested.
We have extended these findings to Dlar in this study: all
PTPase activity maps to PTP-D1 in vitro. We attempted to
demonstrate that PTPase activity from PTP-D1 is essential for
survival, but to our surprise, mutant Dlar transgenes that in-
activate catalytic activity derived from either PTP-D1, PTP-D2,
or both simultaneously are able to rescue Dlar~/~ lethality
nearly as well as the wild-type Dlar. Of the cytoplasmic do-
main constructs tested, only the PTP-D2 truncation mutant,
DIlarAPTP-D2, is significantly impaired in its rescue capacity.
The simplest explanation of these data is that the functions
of Dlar that are essential for insect survival do not require
PTPase catalytic activity. This finding is contrary to what has
been observed for another Drosophila PTPase, DPTP69D,
which has been shown to require a catalytically active PTP-D1
in order to rescue DPTP69D '~ lethality (19). Given the ex-

TABLE 2. Rescue of Dlar™'~ oocyte phenotype

% Round oocytes

Dlar transgene + SD (n)

None 14.7 = 2.2 (299)
DLAR-WT 1.0 = 0.7 (200)
DLARAIg123 0 (217)

DLARAFn2-9 57.6 £ 5.4 (198)
DLARAFn123 23.7 £2.8(299)
DLARAFn456 42.1 £3.9(271)
DLARAFn789 1.7 £ 1.0 (176)
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FIG. 7. Speculative model of the mechanism of rescue of lethality by Dlar-C1638S. The ability of Dlar-C1638S to rescue lethality nearly as well
as Dlar-WT does not necessarily mean that PTPase catalytic activity is not required for Dlar function. While they are unable to catalyze
dephosphorylation, it is possible for Cys-to-Ser PTPase domain mutants to stably bind to substrates (1, 18). If the in vivo function of Dlar is to
functionally inactivate its substrate via dephosphorylation, as diagrammed in panel A, then panel B shows that by binding and sequestering
substrate, Dlar-1638S could mimic the function of Dlar-WT without being catalytically active.

quisite conservation of LAR family PTPase domains through
evolution, the lack of an essential role for PTPase catalysis in
Dlar function is a profoundly surprising finding.

There remain other possible interpretations of these data. It
is possible that the Cys-to-Ser mutants, while unable to de-
phosphorylate, generate a PTPase domain that is still able to
recognize and bind to its substrate. Indeed, we have previously
reported the ability of the Cys-to-Ser-mutated PTP-D1 of
CD¥4S5 to tightly and stably bind the substrate CD3{ (18). If this
type of binding occurs for Dlar-C1638S, then it is possible that
by binding to substrate, Dlar-C1638S sequesters substrate and
prevents it from functioning in downstream signaling events.
Figure 7 shows a schematic of this speculative model. There is
precedence for this type of interaction to have biological ef-
fects. In the case of the Drosophila cytosolic PTPase corkscrew
(csw), it has been demonstrated genetically that csw-derived

PTPase activity is essential for proper photoreceptor develop-
ment and that a Cys-to-Ser mutant of csw has the capacity to
partially restore csw function in csw loss-of-function back-
grounds (1). If this model is correct, the implication for Dlar
signal transduction is that the in vivo effect of dephosphoryla-
tion by Dlar is the functional inactivation of its substrate. It is
also possible that a variant of this substrate sequestration
model is occurring. Genetics have already shown that both
Dlar and PTP69D are functionally redundant and that they
have interchangeable cytoplasmic domains (15, 32). It is there-
fore possible that PTP69D catalysis is sufficient in a Dlar ™/~
background, as long as substrates are recruited and bound to
the Dlar-C1638S PTPase domains.

The interpretation of these data would have been greatly
simplified by analysis of a Dlar transgene that completely
lacked a cytoplasmic domain, DlarAPTP-D1D2. However, re-
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FIG. 8. Amino acid sequence comparison in the LAR subfamily of
RPTPs. The percentages of amino acid identity between the indicated
PTPase domains are shown. Within the LAR subfamily, catalytically
inactive PTP-D2 has a greater degree of sequence conservation than
catalytically active PTP-D1.

peated and intensive efforts to express this transgene were
unsuccessful. It is possible that expression of this transgene is
deleterious for insect survival. Indeed, it has been observed
that expression of proteins similar to the DIarAPTP-D1D2
proteins that we tried to express generate dramatic dominant
gain-of-function phenotypes at neuromuscular junctions (26).

Despite the fact that PTP-D2 does not appear to be a cat-
alytically active PTPase domain, there is now a growing body of
evidence that PTP-D2 performs several vitally important func-
tions in vivo. Indeed, within the LAR PTPase subfamily, the
sequence of PTP-D2 is better conserved than that of PTP-D1
(Fig. 8), indicating a strong evolutionary pressure for conser-
vation of PTP-D2 structure and function. Our data clearly
indicate that PTP-D2 is vitally important for survival: trunca-
tion of PTP-D2 in the Dlar”?*** allele results in a semilethal
phenotype, and the DIlarAPTP-D2 transgene is impaired in its
capacity to rescue Dlar~'~ lethality. Taken in the context of the
capacity of Dlar-C1929S to efficiently rescue Dlar~'~ lethality,
the data strongly argue for the idea that PTP-D2 performs
essential functions independent of PTPase catalysis. One of
these functions is to serve as a docking domain for downstream
signal transduction elements. PTP-D2 of LAR subfamily mem-
bers interacts physically and functionally with a variety of cy-
toplasmic proteins, including several members of the liprin
family, Trio, Ena, and Abl (4, 13, 26, 39, 40, 50). Another
function of PTP-D2 appears to be regulation of the PTPase
activity of PTP-D1. Expression of the Dlar-C1929S transgene
in a Dlar~’~ background significantly increases the observed
frequency of the bypass phenotype in developing embryos (Fig.
5), but the identical C1929S mutation has no effect on neural
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development if it is expressed in tandem with the PTP-D1-
inactivating C1638S mutation in the Dlar-CSX2 transgene.
Thus, we hypothesize that PTP-D2 regulates the catalytic ac-
tivity of PTP-D1. This hypothesis is based on the reasoning
that if PTP-D2 exerts its effect on neural development indi-
rectly via regulation of PTP-D1 PTPase activity, inactivation of
PTP-D1 catalysis should abolish the phenotypic consequences
of mutations in PTP-D2. There are other possible mechanisms
for the effect of the C1929S mutation. It is also possible that
the C1929S mutation generates a PTP-D2 capable of seques-
tering a substrate in the manner that we suggest in Fig. 7,
generating a gain-of-function phenotype, or that the C1929S
mutation causes a conformational change that results in lack of
interaction with substrates or docking proteins. In any of these
cases, it seems quite likely that the C1929S mutation has an
additional effect on PTP-D2 beyond simply inactivating poten-
tial PTP-D2 catalytic activity (if, in fact, any relevant PTP-D2
catalytic activity exists at all).

In the LAR crystal structure, the overall structures of PTP-
D1 and PTP-D2 are remarkably similar (35). The main differ-
ence in the structure between the two PTPase domains is that
the phosphotyrosine binding pocket is covered in PTP-D2; the
cysteine residue analogous to Dlar Cys1929 in LAR PTP-D2 is
buried in the interior of the protein and is not accessible to the
external environment (35), which provides a structural expla-
nation for why PTP-D2 is not catalytically active. However,
we have demonstrated that LAR PTP-D2 can become a
highly active PTPase in vitro if two specific point mutations
(Leul644Tyr and Glu1779Asp) are made within PTP-D2 (35).
Thus, it is possible that if the correct substrate was assayed or
if LAR protein with the appropriate posttranslational modi-
fications was isolated, physiologically relevant amounts of
PTPase activity derived from PTP-D2 would be detected.
However, the capacity of the Dlar-C1929S transgene to fully
rescue lethality indicates that, unlike the essential docking and
regulatory functions of PTP-D2, any PTPase catalytic activity
that may be derived from PTP-D2 is nonessential for survival.

RPTPs are characterized by the structurally diverse extra-
cellular domains, including Ig-like and FnIII domains, that are
also present in several cell adhesion molecules. The combina-
tion of these cell adhesion molecule-like extracellular domains
with intracellular PTPase domains enables RPTPs to directly
couple extracellular adhesion-mediated events to intracellular
signaling to modulate phosphotyrosine levels. Identification of
physiologically relevant ligands for RPTPs has proven to be
difficult, and delineation of functional domains may help iden-
tification of RPTP ligands. The large Dlar ectodomain clearly
participates in multiple distinct interactions. The three Ig-like
domains of Dlar are required for survival, and the FnllI do-
mains are critical for regulating oogenesis, suggesting that dif-
ferent sets of receptor-ligand interactions are involved in dif-
ferent contexts. The data in this report are consistent with the
idea that the Dlar ectodomain binds to more than one indi-
vidual ligand or, at minimum, that Dlar binds to a single ligand
at multiple different sites in its ectodomain. The lethality res-
cue data show that in the absence of FnlIl domains, interaction
of ligand with the Ig-like domains alone is sufficient to com-
pletely substitute for Dlar-WT. Alternatively, it is also possible
that the Ig-like domains and/or the Fn domains participate in
the formation and stability of Dlar homodimers or in het-
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erodimer formation with other cell surface protein(s) and that
deletion of these domains prevents the assembly of a func-
tional multiprotein receptor complex.

The removal of Ig-like domains dramatically reduces sur-
vival frequency, but ~30% of adults do survive despite the lack
of Ig-like domains. There are several possible mechanisms for
the residual activity of the DlarAlg123 mutant. First, the rele-
vant ligand may bind to both Ig-like and FnlIl domains, but
with a higher affinity to Ig-like domains. In the absence of
Ig-like domains, however, low-affinity interaction of the ligand
with the FnlII domains may be sufficient to elicit low-level Dlar
function. Such differential ligand binding affinity has been ob-
served in binding of the fibroblast growth factor receptor with
its ligands (48). Second, expression of the intact cytoplasmic
PTPase domains present in these mutants may elicit low-level
Dlar function even in the absence of any extracellular ligand
binding. Third, Dlar may form a heterodimer with a corecep-
tor, and its ligand may still bind the coreceptor with a reduced
efficiency.

In contrast to the rescue-of-lethality data, rescue of the
Dlar~'~ oogenesis phenotype indicates that the Ig-like do-
mains are not required for Dlar functional regulation of oocyte
elongation, whereas the FnlIl domains play a major role. A
subset of the FnlIll domains, Fnl to Fn6, are required for
proper Dlar function in oogenesis, suggesting potential heter-
ogeneity in ligand presentation in different developmental con-
texts. The basal surface of follicle cells is closely associated
with ECM that is rich in laminin (22). Given the findings that
an FnllI domain of human LAR binds to an ECM complex of
laminin and nidogen (36) and that Dlar and integrins integrate
ECM signals to regulate actin polymerization during oogenesis
(3), it is possible that a similar interaction occurs between the
FnIII domains of Dlar and the laminin-rich ECM during oo-
genesis. Indeed, it is also plausible that the Fn domains may
function in neural growth cones as a sensor-receptor for spe-
cific elements of the ECM during axon pathfinding. Alterna-
tively, other extracellular ligands or cis-interacting proteins on
follicle cell membranes may require FnIIl domains for proper
function in this context.

Expression of the DlarAFn2-9 transgene not only failed to
rescue egg-shape defects, it also caused a dramatic increase in
the penetrance of Dlar~'~ round stage 14 oocytes observed.
We believe that DlarAFn2-9 causes this phenotype as a result
of the Dlar cytoplasmic domain titrating away downstream
factors common to multiple signaling pathways, since a trun-
cation mutant lacking all of the Dlar extracellular domain has
the same effect (3). This interpretation is consistent with ob-
servations of the embryonic nervous system, where Dlar coop-
erates with a family of RPTPs to regulate axon guidance and
outgrowth (15). Multiple RPTPs are also expressed during
oogenesis (16) and may function in parallel with Dlar to reg-
ulate follicle cell polarity. It is likely that Dlar lacking a func-
tional extracellular domain could titrate important down-
stream factors from other phosphatases, interfering with their
function.

It is clear from the data in this report that Dlar participates
in signal transduction pathways in several distinct contexts. The
Ig-like domains appear to function independently of the FnIII
domains in ligand recognition, and the PTPase domains also
perform distinct functional roles. Given the genetic and bio-
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chemical evidence that the multifunctional protein Trio, which
contains Ig-like domains, coiled-coil domains, Rac guanine
nucleotide exchange factor domains, Rho guanine nucleotide
exchange factor domains, and a serine/threonine kinase-like
domain, is part of LAR/Dlar signal transduction pathways, it is
becoming apparent that LAR subfamily RPTPs participate in
multiple and complex signal transduction pathways, making
identification of physiologically relevant substrates and ligands
all the more difficult and increasingly important.
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