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We identify Kette, a key regulator of actin polymerization, as a substrate for Drosophila protein tyrosine
phosphatase PTP61F, as well as for dAbl tyrosine kinase. We further show that dAbl is a direct substrate for
PTP61F. Therefore, Kette phosphotyrosine levels are regulated both directly and indirectly by PTP61F. Kette
and PTP61F genetically interact in the regulation of F-actin organization in pupal eye discs, suggesting that
tyrosine phosphorylation is essential for the proper regulation of Kette-mediated actin dynamics. This hy-
pothesis was confirmed by demonstrating the loss of Kette-mediated F-actin organization and lamella forma-
tion in S2 cells in a Kette Y482F mutant in which the dAbl phosphorylation site was eliminated. Our results
establish for the first time that PTP61F and dAbl ensure proper actin organization through the coordinated
and reversible tyrosine phosphorylation of Kette.

The actin cytoskeleton is regulated as a function of devel-
opment, cell motility, intracellular transport, and the cell cycle
by the polymerization of G-actin to F-actin (34). Correct reg-
ulation of actin cytoskeletal dynamics is essential to numerous
differentiating and cellular processes in the nervous system (9)
and musculature (42), among others. Actin polymerization is
regulated by a number of proteins, among which is human
NCK-associated protein 1 (NAP-1 [3, 4, 45]). It and its Dro-
sophila orthologue, Kette (Hem in FlyBase), are critical com-
ponents in both SCAR/WAVE and WASP complexes, which
play essential roles in transducing Rac1 signals to initiate Arp2/
3-dependent actin polymerization (6, 25, 40, 48). Murine
NAP-1 interacts with NCK, an SH2-SH3 adaptor protein (4),
and is essential for proper neuronal differentiation in the cor-
tex (53). Neuronal differentiation and neural tube defects are
observed in NAP-1 mutant mice, apparently due to reduced
localization of WAVE1 to the cell membrane (53).

In Drosophila, loss of kette activity specifically results in the
accumulation of cytosolic F-actin (6). Kette protein associates
with F-actin in the cytosol, but also at focal contact sites, where
it apparently antagonizes SCAR/WAVE function and activates
WASP-dependent actin polymerization (6). Despite its role in
repressing SCAR/WAVE function, Kette serves to protect the
complex from proteosome-mediated degradation and is critical
to its intracellular localization (25). At the level of the organ-
ism, kette alleles affect axonal growth and pathfinding due to

aberrant actin cytoskeleton formation, for example, altering
crossing of the embryonic ventral midline by VUM neuron
axons, as well as generating aberrant axonal projections in both
motor and sensory neurons (21). Like mammalian NAP-1,
Drosophila kette also interacts with the fly NCK orthologue,
dreadlocks (dock) (21). Other evidence for the conserved in-
teraction of Kette with signaling cascades is provided by the
observation that kette mutant phenotypes are partially rescu-
able by overexpression of the small G protein Rac1 (21). The
interaction of kette with dock suggests the possibility of tyrosine
phosphorylation in the regulation of Kette activity, but no
evidence supporting this hypothesis has been reported.

Signaling by tyrosine phosphorylation in various metazoans
controls numerous processes involved in cellular differentia-
tion and proliferation. Many of the components regulating
tyrosine phosphorylation have been identified and character-
ized using genetic, biochemical, molecular, and genomic
sequence analyses (31). However, in contrast to the very well-
characterized regulation of cellular processes by kinase-medi-
ated tyrosine phosphorylation (15, 52), their regulation by de-
phosphorylation by protein tyrosine phosphatases (PTPs) has
generally lagged behind. Although the functions of several
receptor PTPs have been clearly defined as playing essential
roles in axon guidance in both Drosophila (12, 23, 41, 47, 50)
and mammals (44, 49), our understanding of nontransmem-
brane PTPs (NT-PTPs) is more limited. Only three of the eight
putative Drosophila NT-PTPs have been characterized geneti-
cally. Corkscrew (Csw) acts as a downstream effector of various
receptor protein tyrosine kinases (PTKs) and is essential for
R7 photoreceptor development (35). PTP-enhancer of Ras1
has been characterized as an essential regulator antagonizing
signaling mediated by Ras1, possibly through tyrosine dephos-
phorylation of mitogen-activated protein kinase (24, 36). More
recently, it has been shown that PTP-meg participates in the
establishment and maintenance of axon projections in the Dro-
sophila brain (51). Other than these, the functions of Drosoph-
ila NT-PTPs remain largely unknown.
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PTP61F was originally identified as an NT-PTP that contains
one phosphatase domain in the N-terminal region and five
proline-rich motifs in the C-terminal tail (29). It is the Dro-
sophila orthologue of mammalian PTP1B and T-cell PTP (TC-
PTP) (1), which have been implicated in the regulation of
signaling by both insulin (39) and JAK/STAT (33). Two
PTP61F isoforms due to alternative splicing possess unique
sequences at the C terminus, which determine either internal
membrane-association (PTP61Fm) or nuclear localization
(PTP61Fn) (29). To date, limited data suggest that PTP61F
may participate in the downregulation of JAK/STAT signaling
(2, 32), although the underlying mechanism remains unex-
plored. While PTP61F may recognize the adaptor proteins
DOCK (10) and Abi (20) as potential substrates, the signaling
pathways involving these interactions have not been clearly
defined. In this study, we demonstrate for the first time that the
regulation of Kette, and hence the localization and polymer-
ization of the actin cytoskeleton, is achieved by reversible ty-
rosine phosphorylation under the control of both PTP61F and
the PTK dAbl.

MATERIALS AND METHODS

Plasmid constructs and purification of recombinant dPTP61F. cDNA se-
quences corresponding to amino acids 1 to 339 of dPTP61F, or the trapping
mutant D203A, were constructed with a hemagglutinin (HA) tag or a Myc tag at
the N terminus and cloned into a pET-28a (for protein expression in Escherichia
coli) or a pAc5.1A (for protein expression in S2 cells) vector. Protein purification
from E. coli extracts was described previously (8). cDNA sequences correspond-
ing to the full-length Kette (cytosolic) or KetteMyr (6) were constructed with a
Flag tag at the N terminus and C terminus, respectively, and cloned into the
pAc5.1A vector. The KetteMyr-Y180F, KetteMyr-Y482F, KetteMyr-Y180F�
Y482F, and Kette (cytosolic)-Y482F mutant constructs were generated by site-
directed mutagenesis following a standard procedure. The pAc5.1-HA-dAbl
construct was a gift provided by J.-L. Juang (National Health Research Insti-
tutes, Taiwan). All cDNAs were confirmed by sequencing.

Genetics. All crosses were performed at 25°C unless otherwise indicated. The
following strains were obtained from various sources: upstream activation se-
quence (UAS)-ketteMyr/TM6B (6), UAS-dAbl/CyO (14), and UAS-dAblK417N/
CyO (14). To generate the PTP61F-RNA interference (RNAi) construct, the
PTP61F DNA (coding sequence �901 to �1415) was cloned as an inverted
repeat into the pWIZ vector (28). To generate UAS-PTP61Fm, full-length
cDNA encoding PTP61Fm was subcloned into the pUAST P-element vector and
subsequently injected into Drosophila embryos. To generate progeny expressing
the target gene in a tissue-specific pattern, we used the GAL4-UAS system (7).

In vitro substrate-trapping and MS-based analysis. The detailed procedure
for in vitro substrate-trapping and mass spectrometry (MS)-based analysis has
been described recently (8), with some modifications applied in this study.
Briefly, the HA-tagged wild-type (WT) or D203A (DA) mutant form of C-
terminally truncated PTP61F recombinant protein was incubated with an aliquot
of total lysate prepared from S2 cells that were stimulated with 100 �M per-
vanadate for 30 min. After incubation at 4°C for 30 min, an aliquot of immobi-
lized anti-HA antibody–agarose beads was added for an additional 3 h of incu-
bation. After extensive washes, the beads were either boiled in sodium dodecyl
sulfate (SDS) sample buffer (for immunoblotting) or incubated with 500 mM
NaCl at room temperature for 10 min (for substrate identification). The eluted
proteins were analyzed by immunoblotting them with antiphosphotyrosine (anti-
pTyr) antibody or were subjected to SDS-polyacrylamide gel electrophoresis
(PAGE) and visualized by silver staining or Sypro Ruby staining for in-gel trypsin
digestion (27), followed by liquid chromatography–tandem-MS analysis (27).

Cell culture, transient transfection, immunoprecipitation, and immunoblot-
ting. Drosophila S2 cells were maintained in 1� Schneider medium (Gibco)
supplemented with 10% fetal bovine serum at 24°C. For transient transfection
with plasmid, Lipofectamine 2000 (Invitrogen) was used as a vehicle, following
the manufacturer’s directions. For RNAi-mediated knockdown experiments,
double-stranded RNA (dsRNA) was added to serum-free culture medium im-
mediately after synthesis, according to the established protocol (11). After 2 h of
treatment with dsRNA, the cells were incubated in complete medium for 24 or
48 h and then lysed for immunoprecipitation or immunoblotting analysis. For in

vivo substrate-trapping assays, S2 cells were subjected to transient transfection
with the WT (PTP61F�C-WT) or the substrate-trapping mutant (Asp2033
Ala203; dPTP61�C-DA) (DA) form of HA-tagged PTP61Fm. The cells were
harvested in the substrate-trapping buffer (20 mM Tris, pH 7.5, 100 mM NaCl,
1% Triton X-100, 10% glycerol, 5 mM iodoacetic acid, and proteases inhibitors)
and incubated at 4°C for 30 min in darkness. Immunoprecipitation was per-
formed using anti-HA tag antibody. Proteins associated with the trapping mutant
form of PTP61F were visualized by immunoblotting.

Immunofluorescence staining. S2 cells were plated and transfected as de-
scribed above. After 48 h of incubation, the cells were suspended and replated on
concanavalin A (ConA) (0.5 mg/ml; C2010; Sigma)-coated glass coverslips for 7
min and then fixed, permeabilized, and stained with either anti-Flag antibody
(rabbit polyclonal; F7425; Sigma) or anti-HA antibody HA-7 (mouse monoclo-
nal; H9658; Sigma), followed by Cy2-conjugated goat anti-rabbit immunoglob-
ulin G (IgG) antibody or Cy5-conjugated goat anti-mouse IgG antibody (Jack-
son). For F-actin staining, cells were prepared as described above and stained
with tetramethyl rhodamine isocyanate-conjugated phalloidin (Jackson). The
samples were visualized using a Zeiss LSM 510 confocal microscope. Pupal
imaginal discs isolated from pupae at the 40-h stage were fixed, permeabilized,
and stained with anti-ELAV antibody (Developmental Studies Hybridoma Bank
[DSHB]), followed by Cy3-conjugated goat anti-mouse IgG antibody (Jackson).
For F-actin staining, discs were reacted with tetramethyl rhodamine isocyanate-
conjugated phalloidin (Sigma). The samples were visualized using a Zeiss LSM
510 confocal microscope.

Immunolabeling of Drosophila embryos. To examine the central nervous sys-
tem, stage 16 to 17 embryos were dechorionated, fixed, rehydrated, and perme-
abilized. The embryos were then stained with anti-central nervous system axon
antibody (BP102; DSHB) as previously described (19). Cy3-conjugated goat
anti-mouse IgG (Jackson) was used as a secondary antibody. The samples were
visualized using an Olympus BX51 microscope.

SEM. The external morphology of adult compound eyes was visualized by
scanning electron microscopy (SEM). Whole adult flies were subjected to gra-
dient dehydration and critical-point drying using a Hitachi HCP-2 critical-point
dryer. After being coated (with a Hitachi H-1010 ion sputter), samples were
viewed and photographed using an FEI Quanta 200 scanning electron micro-
scope at 20 kV.

RESULTS

Kette is a substrate of PTP61F. We identified Kette as a
protein interacting with PTP61F using a substrate-trapping
approach (13). Substrate trapping has been extensively used
for revealing the physiological roles of PTPs across species
(13). In substrate trapping, a mutant form of the PTP is gen-
erated and captures its cognate substrates for later identifica-
tion. The C-terminally truncated variants (amino acids 1 to
339) of the WT form and the substrate-trapping DA mutant
form of PTP61F, in which four proline-rich domains in the
C-terminal region were removed to prevent protein associa-
tion, were expressed in E. coli and then purified by affinity
chromatography. Both the WT and the DA mutant forms of
PTP61F�C were incubated with total lysates prepared from S2
cells, which had been treated with pervanadate to activate pTyr
signaling prior to lysis. After immunoprecipitation of
PTP61F�C, the associated proteins were eluted by a high-salt
buffer (500 mM NaCl) from the immunocomplexes and then
subjected to either immunoblotting with anti-pTyr antibody or
SDS-PAGE for silver staining and for Sypro Ruby staining.
The results from immunoblotting showed PTP61F�C-DA to
be associated with significantly more pTyr proteins than
PTP61F�C-WT (Fig. 1A). Consistently, under the same exper-
imental conditions, multiple proteins were eluted from the DA
mutant, whereas only a limited number of nonsubstrate pro-
teins were dissociated from the WT form of PTP61F, as re-
vealed by silver staining of SDS gels (Fig. 1A). Subsequent
MS-based analysis identified several proteins associated spe-
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FIG. 1. PTP61F recognizes Kette as a substrate. (A) S2 cells were treated with 100 mM pervanadate for 30 min. An aliquot of total lysate
was incubated with either the WT or the D203A trapping mutant (DA) form of HA-tagged, affinity-purified PTP61F�C protein. After
immunoprecipitation (IP), PTP61F�C and its associated proteins were subjected to SDS-PAGE for immunoblotting (IB) (left) or silver
staining (right) and Sypro Ruby staining (data not shown). The proteins associated with the DA mutant, but not the WT, form of PTP61F�C
were excised from the gel stained with Sypro Ruby, digested with trypsin, and subsequently analyzed by MS. The identities of these proteins,
as indicated by arrows, were revealed by tandem-MS sequencing (data not shown). (B) Flag-tagged cytosolic Kette-transfected S2 cells were
either left untreated or stimulated with pervanadate. Immunoprecipitated Kette or an aliquot of total lysates was subjected to immuno-
blotting. (C) Flag-tagged cytosolic Kette or KetteMyr was ectopically expressed in S2 cells. Immunoprecipitated Kette or an aliquot of total
lysates was subjected to immunoblotting. (D) Flag-tagged KetteMyr was ectopically coexpressed with the HA-tagged WT form or the DA
mutant form of full-length PTP61Fm in S2 cells. After immunoprecipitation, PTP61Fm-associated proteins were analyzed by immunoblot-
ting. An aliquot of total lysates was subjected to immunoblotting. (E) Endogenous PTP61F was ablated by treating S2 cells with specific
dsRNA. As a control, S2 cells were treated with dsRNA for green fluorescent protein (GFP). The dsRNA-treated S2 cells were then
transfected with Flag-tagged KetteMyr. Immunoprecipitated KetteMyr, or an aliquot of total lysates, was analyzed by immunoblotting.
(F) Flag-tagged KetteMyr was ectopically coexpressed with various doses of the HA-tagged WT form of PTP61Fm in S2 cells. Immunopre-
cipitated KetteMyr and an aliquot of total lysates were analyzed by immunoblotting.

VOL. 29, 2009 F-ACTIN DYNAMICS REGULATED BY pTyr OF Kette 3625



cifically with the DA mutant (Fig. 1A). One in particular was
the 120-kDa protein Kette. To further test whether Kette is
tyrosine phosphorylated, the ectopically expressed full-length
form of the protein was immunoprecipitated from S2 cells
treated with pervanadate. The immunoblots were then probed
with anti-pTyr antibody. As shown in Fig. 1B, a robust increase
in pTyr levels was detected following treatment, indicating that
the suppression of cellular PTP activity by pervanadate led to
increased Kette tyrosine phosphorylation.

Recent studies have suggested that the activity of Kette in
facilitating actin polymerization is correlated with its plasma
membrane localization (6). We therefore examined whether
the membrane-localized, potentially active form of Kette was
also tyrosine phosphorylated. A fusion form of Kette
(KetteMyr) containing the first 88 amino acid residues of Dro-
sophila Src kinase in the N-terminal region, and therefore
capable of being myristoylated and hence membrane localized
(6), was ectopically expressed in S2 cells. As demonstrated in
Fig. 1C, membrane-tethered KetteMyr was tyrosine phosphor-
ylated. To further test whether PTP61F recognized Kette as a
substrate in vivo, the full-length WT or DA mutant form of
PTP61Fm (the membrane-associated variant) was coexpressed
with KetteMyr in S2 cells for substrate trapping. As expected, a
substantial quantity of KetteMyr was associated with the DA
mutant, but not with the WT form of PTP61Fm (Fig. 1D).
Moreover, the tyrosine phosphorylation level of KetteMyr was
robustly increased in S2 cells treated with dsRNA knocking
down PTP61F (Fig. 1E). Additional evidence further demon-
strated that the greater the amount of PTP61Fm ectopically
expressed in S2 cells, the greater the loss of tyrosine phosphor-
ylation in KetteMyr (Fig. 1F). Taken together, our findings
suggest that PTP61F plays a critical role in regulating Kette
activity through direct tyrosine dephosphorylation.

The organization of F-actin in eye imaginal discs is regu-
lated by Kette and PTP61F. We next investigated whether the
interaction between PTP61F and Kette was of biological rele-
vance. To examine this possibility in vivo, we established mul-
tiple lines of PTP61F RNAi transgenic flies, which carry an
inverted repeat driven by the UAS regulatory sequence. After
extensive screening, the PTP61F-RNAi-i2-5 line (referred to as
the i2-5 line hereafter) (see Fig S1 in the supplemental mate-
rial) was selected for further analysis. Additional transgenic
flies were also used in genetic studies. As shown in Fig. 2A,
ectopic expression of KetteMyr led to a rough-eye phenotype.
The severities of eye phenotypes were used as biological read-
outs to examine further genetic interactions between Kette and
PTP61F. We observed that the eye roughness generated by the
ectopic expression of KetteMyr was significantly increased when
endogenous PTP61F was ablated, as demonstrated by the ob-
vious loss of hexagonal ommatidia (Fig. 2A). Moreover, the
rough-eye phenotype revealed in KetteMyr transgenic flies
could be rescued completely through the ectopic expression of
PTP61Fm (line m2-2, shown in Fig. 2A), demonstrating a clear
antagonistic interaction between these gene products.

Kette is regarded as a key regulator in the proper control of
actin polymerization in the WASP- and SCAR/WAVE-medi-
ated signaling pathways (5, 6, 25). Therefore, we hypothesized
that abnormal Kette activity might affect F-actin organization
in photoreceptor cells, resulting in developmental defects, such
as the eye roughness we observed in adult flies (Fig. 2A). To

test this hypothesis, we examined the F-actin organization in
40-h pupal eye imaginal discs isolated from WT or various
transgenic flies. As shown in Fig. 2B, F-actin in WT pupal eye
discs was found to have a star-like pattern at the center of each
ommatidium, consistent with previously reported observations
(30). In contrast, in ommatidia isolated from eye imaginal discs
of KetteMyr-overexpressing flies, the pattern of F-actin became
irregular. The condensed and star-like distribution shown in

FIG. 2. The actin cytoskeleton in eye imaginal discs is regulated by
Kette and PTP61F. All transgenic constructs were driven by GMR-
GAL4 and maintained at 25°C. (A) The phenotype of adult compound
eyes was examined by SEM. Ectopic expression of KetteMyr resulted in
a rough-eye phenotype. The roughness was enhanced upon RNAi-
mediated knockdown of endogenous PTP61F in combination with
KetteMyr (i2-5; KetteMyr). In contrast, forced expression of PTP61Fm
rescued the KetteMyr-induced eye defect (m2-2; KetteMyr). (B) All im-
ages were prepared from the 40-h pupal eye imaginal discs stained with
rhodamine-phalloidin (top row and second row from top) and anti-
ELAV antibody (third row from top). F-actin organization is shown at
both apical (top row) and basal (second row from top) levels, whereas
the neuronal pattern of photoreceptor cells is shown at the basal level
(third row from top). Merged images of F-actin and photoreceptor
cells at the basal level are shown in the bottom row. The staining of
F-actin (images 1 and 5) and photoreceptor cells (images 9 and 13) in
the WT pupal eye discs reveals the organized pattern of ommatidia.
This pattern became disorganized in response to ectopic expression of
KetteMyr (images 3, 7, 11, and 15). In GMR-Gal4-driven i2-5; KetteMyr

flies, severe defects in the F-actin organization (images 4, 8, and 16)
and disturbed localization of photoreceptor cells (images 12 and 16)
were observed.
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WT ommatidia (Fig. 2B, 1 and 5) was converted to a more
diffused and irregular staining pattern (Fig. 2B, 3 and 7).
RNAi-mediated knockdown of PTP61F, however, did not lead
to significant abnormal phenotypes in ommatidia at this devel-
opmental stage (Fig. 2B, 2 and 6). Importantly, the defects in
F-actin organization were increased significantly when overex-
pressed KetteMyr was combined with suppressed endogenous
PTP61F (Fig. 2B, 4 and 8). F-actin was no longer confined to
the center of each ommatidium but was distributed chaotically
among adjacent ommatidia (Fig. 2B, 4 and 8), concomitant
with the appearance of disorganized photoreceptor cells (Fig.
2B, 12 and 16). These results demonstrate that Kette and its
interactions with PTP61F regulate F-actin organization.

Kette is regulated by dAbl. Our result suggests that a cellular
PTK phosphorylates Kette (Fig. 1E). We investigated whether
the cytosolic PTK dAbl, which is the orthologue of human
c-Abl and has been proposed to regulate the SCAR/WAVE
complex during actin polymerization (18, 22), is responsible for
phosphorylating Kette. Accordingly, KetteMyr was ectopically
expressed, alone or in combination with WT dAbl, in S2 cells
and immunoprecipitated for analysis. As shown in Fig. 3A, the
tyrosine phosphorylation levels of KetteMyr were increased in
cells coexpressing dAbl. To further test the hypothesis that
dAbl phosphorylates KetteMyr, its tyrosine phosphorylation

levels were examined in S2 cells in which endogenous dAbl was
ablated. Under these conditions, KetteMyr became unphosphor-
ylated (Fig. 3B; see Fig. S2 in the supplemental material).
Thus, our data demonstrate that dAbl functions in S2 cells as
a predominant upstream PTK controlling the tyrosine phos-
phorylation levels of Kette.

We further investigated the regulatory role of dAbl in Kette
signaling in vivo. As shown in Fig. 3C, ectopically expressed
WT dAbl dramatically increased the eye roughness generated
by KetteMyr. On the other hand, overexpression of the kinase-
deficient mutant form of dAbl, dAblK417N, which did not cause
an obvious phenotype when expressed on its own (Fig. 3C),
suppressed the KetteMyr-induced rough-eye phenotype (Fig.
3C) and thus appeared to reduce signaling by Kette. This
evidence suggests that Kette is indeed regulated by dAbl.

dAbl is a PTP61F substrate. We also used the substrate-
trapping technique to investigate whether the kinase dAbl was
also regulated by PTP61F. As shown in Fig. 4A, dAbl was
associated with the DA mutant form of membrane-associated
PTP61Fm when both proteins were ectopically expressed in S2
cells. Consistent with this observation, incubation of the
PTP61Fm immunocomplex with vanadate, which binds to the
active pocket of PTPs, thus serving as a competitive inhibitor
of PTPs in general, led to dissociation of dAbl from the trap-
ping mutant form of the phosphatase (Fig. 4A). Furthermore,
when endogenous PTP61F was ablated by RNAi, autophos-
phorylation levels of dAbl were increased significantly (Fig.
4B). dAbl and KetteMyr did not complex under the same ex-
perimental conditions (see Fig. S3 in the supplemental mate-
rial), indicating that the association between dAbl and the DA
mutant form of PTP61F was not mediated by Kette.

The role of PTP61F in regulating dAbl was further examined
in vivo. As shown in Fig. 4C, the fused ommatidial phenotype
resulting from overexpression of dAbl was strongly enhanced
in response to ablation of endogenous PTP61F but reverted to
the normal hexagonal formation when combined with overex-
pressed PTP61Fm, consistent with our observation that dAbl is
a substrate of PTP61F (Fig. 4A and B). Taken together, our
data not only demonstrate the opposing roles of PTP61F and
dAbl in the regulation of Kette signaling in vivo (Fig. 1 to 3; see
Fig. S4 in the supplemental material), but also reveal that
dAbl-mediated signal transduction is directly negatively regu-
lated by PTP61F (Fig. 4).

Identification of Kette Y482 as the primary phosphorylation
site regulated by PTP61F and dAbl. The tyrosine phosphory-
lation of a specific residue(s) in Kette, which is regulated by
PTP61F and dAbl, must be critically important to determine
signaling outputs, such as the phenotypes we observed in eye
development (Fig. 2 to 4). We therefore focused on identifi-
cation of any phosphorylated tyrosine residues in Kette. Since
Kette has not previously been shown to be a phosphoprotein,
potential phosphorylation sites were identified based on con-
served motif sequences. The YXXP motif has been proposed
as a consensus phosphorylation site for mammalian Abl (17).
There are two such YXXP motifs in Kette, located at tyrosine
180 and tyrosine 482, which might be phosphorylated by dAbl
and dephosphorylated by PTP61F. To test this hypothesis, we
examined the tyrosine phosphorylation levels of KetteMyr ec-
topically expressed in S2 cells in its WT and various mutant
forms. As shown in Fig. 5A, there were no obvious differences

FIG. 3. dAbl regulates Kette. (A) Flag-tagged KetteMyr was ectopi-
cally expressed in the absence or presence of HA-tagged dAbl in S2
cells. Immunoprecipitated (IP) KetteMyr or an aliquot of total lysates
was subjected to immunoblotting (IB). (B) S2 cells were treated with
dsRNA for dAbl or green fluorescent protein (GFP). dsRNA-treated
S2 cells were transfected with Flag-tagged KetteMyr. Immunoprecipi-
tated KetteMyr or an aliquot of total lysates was subjected to immuno-
blotting. (C) Ectopic expression of dAbl resulted in eye roughness.
Coexpression of dAbl and KetteMyr (dAbl; KetteMyr) significantly en-
hanced the defect. On the other hand, expression of the catalytically
inactive mutant form of dAbl (dAblK417N) rescued the rough-eye phe-
notype induced by KetteMyr (dAblKN; KetteMyr).
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in pTyr phosphorylation levels between the WT and the Y180F
mutant form of KetteMyr, indicating that Y180 is not a major
phosphorylation site. In contrast, KetteMyr-Y482F showed a
dramatic decrease in tyrosine phosphorylation, similar to that
found in the Y180F/Y482F double mutant (Fig. 5A). These
observations suggest that Y482 plays a critical role in KetteMyr

tyrosine phosphorylation. KetteMyr-Y482F was then coex-
pressed with dAbl in S2 cells. As anticipated, WT KetteMyr was
robustly tyrosine phosphorylated in the presence of dAbl,
while the Y482F mutant was not (Fig. 5B). Thus, Y482 is the
primary dAbl phosphorylation site. We further examined
whether the same tyrosine residue is also targeted by PTP61F.
For this, KetteMyr-Y482F was ectopically expressed in S2 cells
in which endogenous PTP61F was ablated by RNAi. In re-
sponse to the depletion of PTP61F, KetteMyr-Y482F was not
tyrosine phosphorylated (Fig. 5C), whereas its WT form
showed upregulation of tyrosine phosphorylation (Fig. 1E).
Additional substrate-trapping experiments illustrated the ne-

cessity of Y482 as the recognition site of PTP61F. As expected,
the WT form of KetteMyr was associated with the trapping
mutant form (DA) of PTP61F when coexpressed in S2 cells
(Fig. 5D). However, KetteMyr-Y482F was absent from the im-
munocomplex of the PTP61F DA mutant (Fig. 5D), indicating
that PTP61F could no longer recognize the mutant KetteMyr as
a substrate. We also examined the role of Y482 in the cytosolic
form of Kette involved in dAbl- and PTP61F-regulated ty-
rosine phosphorylation signaling. Consistent with the observa-
tion for KetteMyr, the Y482F mutant of cytosolic Kette was not
tyrosine phosphorylated when coexpressed with dAbl in S2
cells (Fig. 5E). Moreover, the Y482F mutant form of cytosolic
Kette remained unphosphorylated in S2 cells when endoge-
nous PTP61F was ablated (Fig. 5F), in contrast to an increase

FIG. 4. dAbl is a substrate of PTP61Fm. (A) HA-tagged dAbl was
ectopically coexpressed with the Myc-tagged DA mutant form of
PTP61Fm in S2 cells. Exogenous PTP61Fm was immunoprecipitated
(IP) in the absence or presence of the substrate competitor sodium
orthovanadate (Na3VO4; 10 mM). The immunocomplex or an aliquot
of total lysates was analyzed by immunoblotting (IB). (B) S2 cells were
treated with dsRNA for PTP61F or green fluorescent protein (GFP).
dsRNA-treated S2 cells were then transfected with HA-tagged dAbl.
Immunoprecipitated dAbl or an aliquot of total lysates was analyzed by
immunoblotting. (C) The rough-eye phenotype caused by dAbl was
enhanced in response to RNAi-mediated knockdown of PTP61F (i2-5,
dAbl), whereas dAbl-induced eye roughness was rescued by cooverex-
pression of PTP61Fm (m2-2, dAbl). A magnified view of each genotype
is shown to highlight the change in the organization of the ommatidial
facets.

FIG. 5. Kette Tyr482 is the primary regulatory site for dAbl and
PTP61F. (A) The WT and various mutant forms of Flag-tagged
KetteMyr were ectopically expressed in S2 cells. Immunoprecipitated
(IP) KetteMyr or an aliquot of total lysates was analyzed by immuno-
blotting (IB). (B) The WT or Y482F mutant form of Flag-tagged
KetteMyr was coexpressed with dAbl in S2 cells. Immunoprecipitated
KetteMyr or an aliquot of total lysates was analyzed by immuoblotting.
(C) S2 cells were treated with dsRNA for PTP61F or green fluorescent
protein (GFP). The dsRNA-treated cells were then transfected with
the Y482F mutant form of Flag-tagged KetteMyr. Immunoprecipitated
KetteMyr or an aliquot of total lysates was analyzed by immunoblotting.
(D) Both WT and Y482F mutant forms of Flag-tagged KetteMyr were
coexpressed with either the WT or DA mutant form of HA-tagged
PTP61Fm in S2 cells. PTP61Fm was immunoprecipitated with anti-HA
antibody. The immunocomplex or an aliquot of total lysates was ana-
lyzed by immunoblotting. (E) All experimental procedures were as
described for panel B with the exception of ectopic expression of
Flag-tagged cytosolic Kette instead of KetteMyr. (F) All experimental
procedures were as described for panel C with the exception of ectopic
expression of Flag-tagged cytosolic Kette instead of KetteMyr.
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of phosphorylation levels in the WT form of cytosolic Kette
under the same conditions (Fig. 5F). Together, our data sug-
gest that dAbl and PTP61F regulate Kette-mediated signal
transduction primarily through the control of tyrosine 482
phosphorylation.

PTP61F and dAbl control Kette-mediated actin organiza-
tion and lamella formation in spreading S2 cells through a
Tyr482 phosphorylation-dependent mechanism. To determine
whether tyrosine phosphorylation of Y482 controls the func-
tion of Kette in regulating actin dynamics, we examined the
process of lamella formation in S2 cells. When plated on glass
coverslips coated with the lectin ConA, S2 cells attach to the
ConA substrate within 10 min and to begin to form actin-based
lamella structures �30 min after being plated (37, 38). We
observed that S2 cells ectopically expressing KetteMyr spread
on a ConA-coated coverslip 7 min after being plated, concom-
itant with actin assembly at the cell periphery (Fig. 6A). Mock-
transfected control S2 cells showed only normal cortical actin
structure within this short time, as anticipated (Fig. 6A). These
results suggested that the early-spreading assay in S2 cells
might provide some insight into Kette-mediated actin organi-
zation and lamella formation. We therefore examined actin
cytoskeleton morphology at 7 min post-cell plating in all sub-
sequent experiments. As shown in Fig. 6A, cytosolic WT or
Y482F mutant Kette was distributed evenly in the cytoplasm
without any detectable effects on the actin cytoskeleton when
ectopically expressed in S2 cells, consistent with its low tyrosine
phosphorylation levels (Fig. 5).

We next asked whether tyrosine-phosphorylated Kette could
promote actin polymerization near the plasma membrane. To
do this, cytosolic Kette was either ectopically expressed to-
gether with dAbl or in combination with knockdown of
PTP61F. Under the condition of dAbl coexpression, tyrosine-
phosphorylated WT Kette (Fig. 5E) was translocated and con-
centrated at the cell periphery (Fig. 6B), concomitant with a
rearranged actin cytoskeleton and lamella formation (Fig. 6B).
In contrast, coexpression of dAbl was unable to promote ty-
rosine phosphorylation (Fig. 5E) and plasma membrane local-
ization (Fig. 6B) of Kette-Y482F and showed no effect on actin
assembly and lamella formation in early-spreading S2 transfec-
tants (Fig. 6B). Moreover, in response to RNAi-mediated ab-
lation of endogenous PTP61F, WT Kette was tyrosine phos-
phorylated (Fig. 5F) and translocated to the proximity of the
plasma membrane (Fig. 6C). The translocation of WT Kette
was concurrent with actin assembly and lamella formation at
the cell periphery (Fig. 6C). Importantly, ablation of PTP61F
by RNAi failed to induce tyrosine phosphorylation of Kette-
Y482F (Fig. 5F) and its localization to the cell periphery (Fig.
6C). Consistently, knockdown of PTP61F showed no effect on
actin rearrangement (Fig. 6C) and lamella formation (Fig. 6C)
in cells expressing Y482F mutant Kette. Together, these data
demonstrate that tyrosine phosphorylation at Y482 determines
Kette’s subcellular localization and its functions in actin orga-
nization.

DISCUSSION

PTP61F was identified 15 years ago as an active tyrosine
phosphatase with a typical signature motif of the PTP super-
family (29), but to date, our understanding of the function and

FIG. 6. Subcellular localization of Kette, actin organization, and
lamella formation in S2 cells on ConA. Transfected S2 cells were
replated on ConA-coated coverslips for 7 min and then subjected to
immunofluorescent staining. The images were obtained by confocal
microscopy. (A) The cortical F-actin pattern was observed in mock
transfectants attached on ConA (images 1 to 3). Ectopically expressed
KetteMyr that was localized to the plasma membrane (image 4) led to
reorganization of F-actin and formation of lamella (image 5). Upon
cell spreading, KetteMyr and F-actin were colocalized near the plasma
membrane (image 6). Ectopically expressed cytosolic Kette was dis-
tributed evenly in cells (image 7) without effects on the organization of
F-actin or the formation of lamella (images 8 and 9). Similar results
were observed when cytosolic Kette-Y482F was expressed in S2 cells
(images 10 to 12). (B) In response to ectopic expression of dAbl (image
1), cytosolic Kette was localized to the plasma membrane (image 2),
concomitant with F-actin reorganization and lamella formation (im-
ages 3 and 4). Upon cell spreading, dAbl, Kette, and F-actin were
colocalized near the plasma membrane (image 4). In contrast, the
cytosolic Kette-Y482F mutant was distributed evenly in cells when
dAbl was coexpressed (images 5 and 6). The cortical F-actin was
observed in transfectants expressing Y482F-Kette, independently of
the levels of dAbl in cells (images 11 and 12). (C) dsRNA for green
fluorescent protein (GFP) (images 1 to 3) or PTP61F (images 5 to 9)
was used to treat S2 transfectants expressing cytosolic Kette or Kette-
Y482F. In response to knockdown of PTP61F, cytosolic Kette was
localized to the plasma membrane (image 4), concomitant with reor-
ganization of F-actin and formation of lamella (images 5 and 6). When
PTP61F was ablated, cytosolic Kette-Y482F was distributed evenly in
cells (image 7) and F-actin remained in its cortical pattern (images 8
and 9). Under these conditions, S2 transfectants were unable to form
lamella (images 7 and 9). Bars, 5 �M. The images are representative of
multiple independent experiments with similar results. Under the ex-
perimental conditions applied, we routinely observed �90%, 50 to
60%, or 70 to 80% Flag-positive cells with the phenotype of lamella
formation in response to KetteMyr overexpression, Kette overexpres-
sion combined with PTP61F knockdown, or Kette and dAbl coover-
expression, respectively.
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regulation of PTP61F is surprisingly limited. In the present
study, we identified two novel substrates (Kette and dAbl) of
PTP61F. We further showed that tyrosine dephosphorylation
activity of PTP61F in Kette and dAbl plays an important role
in controlling developmental processes. Moreover, we demon-
strated the molecular basis for the interactions among
PTP61F, Kette, and dAbl, which coordinate to regulate actin
dynamics. To the best of our knowledge, this is the first report
delineating the role of a PTP in regulating the actin cytoskel-
eton in Drosophila.

The most significant finding of this study is that there is a
reversible tyrosine phosphorylation network that controls
Kette’s regulation of actin organization (Fig. 7). Kette was
initially identified as a key regulator of cytoskeletal dynamics
during axon pathfinding (21). Despite the accumulated data
revealing the critical role of Kette in promoting actin organi-
zation in proximity to the plasma membrane, the underlying
mechanism for controlling this process remained unclear.
Here, we have provided direct evidence that an increased ty-
rosine-phosphorylated level of Kette through either activation
of dAbl or ablation of PTP61F is concomitant with plasma
membrane association of Kette, F-actin assembly, and lamella
formation at the cell periphery. Our data also demonstrate that
the phosphorylation of Tyr482 is a critical step in Kette’s trans-
location from the cytoplasm to the cell periphery, where Kette
facilitates actin polymerization.

In addition to participating in the WASP-mediated signaling
pathway, Kette also regulates SCAR/WAVE-dependent actin
nucleation (25). Interestingly, a recent investigation has dem-
onstrated that ConA-stimulated spreading and lamella forma-
tion of S2 cells, the same experimental conditions used in our
current study, is a SCAR/WAVE-dependent, not a WASP-
mediated, process (38). Based on those findings (5, 38) and
ours (Fig. 6), we hypothesize a possible mechanism that may
illustrate the functional role of Kette in regulating SCAR/
WAVE signaling. In the resting state, SCAR/WAVE forms a
complex with Kette, Abi, Sra-1, and HSP300 in the cytoplasm,
where the activity of SCAR/WAVE is suppressed (16, 22).
Studies have suggested that there may be two possible extra-
cellularly stimulated signaling events that could activate
SCAR/WAVE (16, 22). In the first model, SCAR/WAVE is

dissociated from the complex if other components of the com-
plex function as inhibitors. In this case, the free form of SCAR/
WAVE may translocate to the cell periphery, where it facili-
tates Arp2/3-mediated actin polymerization. A second
possibility is that the pentameric complex is recruited to the
proximity of the plasma membrane, where SCAR/WAVE
present in the complex may gain access to Arp2/3 for activating
the formation of actin filaments. In the present study, we ob-
served that the translocation of WT Kette to the plasma mem-
brane occurred concomitantly with F-actin assembly and la-
mella formation in S2 cells once they had spread on a ConA-
coated surface, whereas the mutant form of Kette without the
capability for membrane translocation was unable to activate
actin organization. Thus, we propose that tyrosine-phosphory-
lated Kette may be recruited, together with SCAR/WAVE, to
the proximity of the plasma membrane in response to ConA
stimulation. This step seems to be critically important for ac-
tivating subsequent actin assembly and lamella formation.
Taken collectively, our data suggest that the second model
proposed above may be more likely to explain the regulation of
the SCAR/WAVE complex.

The identification of dAbl as a substrate of PTP61F is a
surprising and interesting result. As illustrated in Fig. 7,
PTP61F may dephosphorylate both dAbl and Kette upon ter-
mination of the signaling event, thus halting actin polymeriza-
tion. Thus, a phosphatase is capable of controlling the extent
and duration of signaling events via synergistic dephosphory-
lation of a kinase and its substrate. It is also important to note
that, in addition to the direct regulation of Kette, PTP61F may
participate in control of the actin cytoskeleton indirectly
through inactivation of dAbl, which may phosphorylate SCAR/
WAVE for regulation of cell spreading, lamellipodium forma-
tion, and cell migration, as evidenced in mammals (43, 46). If
this is the case, to terminate such signaling cascades, PTP61F
may simply dephosphorylate dAbl, thus downregulating the
activity of SCAR/WAVE indirectly. More studies at the bio-
chemical and genetic levels are required to clarify the under-
lying mechanism that controls SCAR/WAVE-dependent actin
dynamics through the interaction between PTP61F and dAbl.

The role of PTP61F in regulating the actin cytoskeleton may
not be confined to tyrosine dephosphorylation of Kette and
dAbl. There is biochemical evidence suggesting that PTP61F-
dependent dephosphorylation of Abi may play a role in actin
organization in S2 cells (20). In addition to Kette, dAbl, and
Abi, we have recently identified many other potential sub-
strates of PTP61F through a large-scale MS-based analysis of
PTP61F-associated proteins (8). Importantly, a number of
components of the SCAR/WAVE complex, including Kette
and Abi, as well as Sra-1 and SCAR/WAVE itself, are among
the substrates of PTP61F (8). By combining these approaches
with the use of cell-based and genetic analyses, it should be
possible to characterize specific interactions between PTP61F
and its substrates and to gain insight into their physiological
roles in regulating the actin cytoskeleton.

The data provided by the present study open a new avenue
for understanding of the roles of human PTP1B and TC-PTP
in controlling important biological processes through the reg-
ulation of actin dynamics. Based on our results, it is tempting
to hypothesize that PTP1B or TC-PTP may recognize NAP-1,
the mammalian orthologue of Kette (3), as a potential sub-

FIG. 7. Proposed model for the organization of F-actin via con-
certed regulation of Kette by PTP61F and dAbl. Y482 phosphorylation
(P) of Kette by dAbl kinase promotes F-actin assembly and lamella
formation. This signaling event is negatively regulated by PTP61F,
which dephosphorylates Y482 of Kette. Alternatively, PTP61F may
downregulate the kinase activity of dAbl, resulting in lower phosphor-
ylation of Kette.
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strate. We propose that tyrosine dephosphorylation of NAP-1
by PTP1B or TC-PTP might lead to a change in WAVE activ-
ity, further affecting Arp2/3-mediated actin polymerization. Al-
ternatively, PTP1B or TC-PTP may participate in the control
of actin cytoskeleton dynamics through an indirect route by
tyrosine dephosphorylation and inactivation of c-Abl, an up-
stream kinase promoting WAVE activity. It has been shown
that the oncogenic form of the Bcr-Abl chimeric protein is a
substrate of PTP1B (26). Therefore, it is also possible that
PTP1B may recognize c-Abl as a substrate. Through tyrosine
dephosphorylation and inactivation of c-Abl, the activities of
WAVE and other components of the WAVE complex, such as
NAP-1, may be downregulated, thus affecting actin organiza-
tion. Although more experiments are needed to support this
hypothesis, using Drosophila as a model organism, our study
has already shed some light on a pivotal role that PTPs may
play in controlling the actin cytoskeleton through tyrosine
phosphorylation-dependent signal transduction.
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