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Two tyrosine kinases, Src64 and Tec29, regulate the

growth of actin rich-ring canals in the Drosophila ovary.

We have shown previously that Src64 directs the localiza-

tion of Tec29 to ring canals, but the mechanism underlying

this process was unknown. Here, we show that Tec29

localizes to ring canals via its Src homology 3 (SH3) and

Src homology 2 (SH2) domains. Tec29 activity is required

for its own ring canal localization, suggesting that a

phosphotyrosine ligand for the SH2 domain is generated

by Tec29 itself. Src64 regulates this process by phosphory-

lating Y677 within the kinase domain of Tec29, an event

required for Tec29 activation. We also show that the

pleckstrin homology (PH) domain of Tec29 has dual func-

tions in mediating Src64 regulation. In the absence of

Src64, the PH domain prevents Tec29 ring canal localiza-

tion. In the presence of Src64, it enhances membrane

targeting of Tec29 by a PI(3,4,5)P3-mediated mechanism.

In the absence of its PH domain, Tec29 constitutively

localizes to ring canals, but still requires Src64 for full

activation.
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Introduction

Modulation of the actin cytoskeleton is essential to cell shape

change and cell movement. Misregulation of these funda-

mental processes can contribute to cellular transformation.

Members of the Src family of nonreceptor tyrosine kinases

(SFKs) have been shown to regulate the stability and remo-

deling of actin structures by both loss-of-function (Boyce et al,

1992) and gain-of-function (Boschek et al, 1981) studies. As a

result of of their potential roles in oncogenesis, signaling by

SFKs has been carefully examined, and a number of cellular

substrates have been identified (Martin, 2001). Despite these

efforts, the pathways and mechanisms utilized by SFKs in

vivo are still not well understood. This is due, at least in part,

to a high degree of redundancy of SFKs in mammalian

systems (Brown and Cooper, 1996; Thomas and Brugge,

1997).

The fruit fly Drosophila melanogaster has two SFKs: Src64

and Src42 (Simon et al, 1985; Takahashi et al, 1996).

Mutations in Src64 lead to a reduction in female fertility

(Dodson et al, 1998). In wild-type ovaries, a germline cysto-

blast undergoes four rounds of mitosis, thus generating a 16-

germ cell cyst. These four rounds of cell divisions are

characterized by incomplete cytokinesis, and actin-rich struc-

tures called ring canals form on the arrested cleavage fur-

rows. Ring canals are stabilized by proteins such as HTS-RC

and kelch, and become intercellular bridges that connect all

16 germ cells (Robinson and Cooley, 1997). Interestingly,

phosphotyrosine-containing proteins appear on ring canals

at an early stage during their formation, and persist through-

out oogenesis (Cooley, 1998). We have shown that, compared

to wild-type ring canals, Src64 mutant rings are smaller and

lack the characteristic phosphotyrosine content, suggesting

that Src64 activity is required for the growth of ring canals

(Dodson et al, 1998). Recently, ring canal protein kelch was

shown to be phosphorylated in an Src64-dependent manner

(Kelso et al, 2002). This phosphorylation event affects kelch

binding to F-actin in vitro, and is thought to play a role in

regulating actin crosslinking and ring canal growth.

A second tyrosine kinase, Tec29, was also demonstrated to

be a key downstream effector of Src64 during ring canal

growth (Guarnieri et al, 1998; Roulier et al, 1998). Mutations

in Tec29 enhance the ring canal size defect seen in animals

with reduced Src64 expression. Src64 and Tec29 mutants also

share similar phenotypes: both have small ring canals that

lack phosphotyrosine content. Importantly, we showed that

Tec29 protein is localized to ring canals in an Src64-depen-

dent manner, implying that Src64 activity leads to the recruit-

ment of Tec29 to ring canals, which may then mediate the

function of Src64 by phosphorylating target proteins on ring

canals. Therefore, elucidating the mechanism by which Tec29

localizes to ring canals, and demonstrating how Src64 regu-

lates this localization, are essential for understanding how

Src64 and Tec29 coordinate to regulate actin networks in

Drosophila.

Tec29 belongs to the Tec family of tyrosine kinases (TFKs),

which also include mammalian Btk, Itk, Tec, Etk/Bmx and

Txk (Qiu and Kung, 2000; Smith et al, 2001). Mutations in Btk

cause X-linked agammaglobulinemia (XLA) in humans and

X-linked immunodeficiency (Xid) in mice, each characterized

by the arrest of B-cell development at an early stage and the

lack of mature B cells in adults (Satterthwaite and Witte,

2000; Maas and Hendriks, 2001). Interestingly, recent studies

in these systems have demonstrated that, similar to Tec29,

mammalian TFKs also play important roles in cytoskeletal

regulation. For instance, activation of b-integrins following T-

cell stimulation requires Itk, as the expression of a dominant-

negative Itk specifically blocked that process (Woods et al,

2001). Also, Etk/Bmx and focal adhesion kinase (FAK) as-

sociate with each other in vivo, an interaction that is required
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for Etk activation, as well as for host cell migration (Chen

et al, 2001). TFKs have also been shown to bind to Vav and

WASP, both of which are involved in actin polymerization

(Machide et al, 1995; Bunnell et al, 1996). However, it is not

clear how the activity and localization of TFKs are regulated

in this capacity, nor is it known whether the lack of actin

regulation in the absence of TFK genes contributes to the

failure in lymphocyte development.

To better understand the signaling components and path-

ways employed by Src64 and Tec29 to regulate the growth of

actin-rich ring canals, we have undertaken an analysis of the

molecular mechanism by which Src64 regulates Tec29 loca-

lization and activation. Our results reveal a novel aspect of

the pleckstrin homology (PH) domain function, and identify

the Src homology 3 (SH3) and Src homology 2 (SH2) domains

as essential regions for directly mediating the localization of

Tec29 to ring canals. Furthermore, we show that Src64-

dependent phosphorylation stimulates Tec29’s activity,

which, in turn, is essential for the localization and function

of Tec29 at ring canals.

Results

Ring canal localization of type 2 Tec29, the major

ovarian form, is regulated by Src64

Most TFKs share a primary structure that consists of a PH

domain at the amino terminus, followed by a Tec homology

(TH) domain, an SH3, an SH2 and a protein tyrosine kinase

domain. The PH domain is the most distinguishing feature of

the TFK family when compared to other tyrosine kinases.

Due to alternative splicing, two types of proteins are encoded

by the Tec29 gene in Drosophila (Figure 1B): type 1 Tec29

lacks a PH domain, whereas type 2 Tec29 contains a PH

domain and is thus more similar to canonical TFKs (Baba

et al, 1999). The two types of Tec29 proteins also have minor

differences at the beginning of their TH domains, but are

otherwise identical.

To study the localization of Tec29 to ring canals, it was

necessary to determine the relative expression of type 1 and

type 2 Tec29 in germline-derived nurse cells. We first ana-

lyzed their expression in whole ovaries by immunoblotting

with an antibody that recognizes both forms. Although both

types of Tec29 are found in wild-type ovaries, type 2 protein is

expressed at much higher levels than type 1 protein

(Figure 1A, first lane). As somatically derived follicle cells

may also contribute to this expression pattern, we generated

ovaries whose germ cells are mutant for Tec29, using a loss-

of-function allele Tec29l(2)k05610 and the FLP-DFS technique

(Chou and Perrimon, 1996). Expression of both types of

protein in these ovaries is greatly reduced, indicating that

germline expression contributes to the majority of the Tec29

protein found in ovaries (Figure 1A, second lane). Therefore,

type 2 Tec29 is the predominant form expressed in nurse

cells, and type 1 Tec29 is expressed at a low level.

We have previously shown that Src64 promotes the loca-

lization of endogenous Tec29 to ring canals, as determined by

immunostaining with an antibody that recognized both forms

of Tec29 (Guarnieri et al, 1998). To investigate whether the

localization of both types of Tec29 is regulated by Src64, we

tagged each at the carboxyl terminus with GFP and examined

their localization in wild-type and Src64D17 mutant ovaries.

Each tagged protein can rescue Tec29l(2)k05610 mutant pheno-

types, indicating that either form can substitute for endogen-

ous Tec29 function when overexpressed (data not shown and

Figure 5A). Expression of the transgenes was not affected by

the presence or absence of Src64 (Figure 1B). In wild-type egg

chambers, both proteins localized to ring canals equally well

(Figure 1C, upper panels). In Src64 mutant egg chambers,

ring canal localization of type 2 Tec29 was dramatically

reduced. Surprisingly, type 1 localization was not affected

by the absence of Src64 (Figure 1C, lower panels). Given that

type 1 Tec29 only constitutes a small fraction of the total

endogenous Tec29 protein in germ cells (Figure 1A), it is most

likely below the detection limit of anti-Tec29 immunostaining

in our initial experiment (Guarnieri et al, 1998). We conclude

that the localization of type 2, but not type 1 Tec29, is

regulated by Src64. Therefore, the PH domain is necessary

to mediate Src64 regulation, and its presence can inhibit type

2 Tec29 ring canal localization in the absence of Src64. This is

in contrast to the function of PH domains of other TFKs,

which have only been shown to play a positive role in

mediating host protein localization to membranes (Varnai

et al, 1999; Nore et al, 2000).

SH3þSH2 domains are sufficient to direct ring canal

localization

To map the minimal region with Tec29 that is sufficient

for ring canal localization in a wild-type background, we

constructed a series of GFP-tagged truncation mutants

(Figure 2A). The corresponding proteins were expressed in

Drosophila ovaries under the Tub67C promoter, which con-

fers high levels of expression (Guarnieri et al, 1998).

Localization of these proteins to ring canals in a wild-type

background was visualized in vivo by GFP fluorescence. We

have shown that GFP-tagged full-length type 1 and type 2

Tec29 localized to ring canals (Figure 1B). A truncated

Tec29 lacking the kinase domain (DKinase) localized to ring

canals to the same extent as full-length proteins (Figures 2A

and 3A), indicating that the TH, SH3 or the SH2 domain

might mediate Tec29 localization. Importantly, a construct

containing only the SH3 and SH2 domains is sufficient to

direct ring canal localization in a wild-type ovary (Figure 2B).

The PH, TH or the kinase domains by themselves were

unable to localize to ring canals, confirming that the Tec29

localizes to ring canals through its SH3 and SH2 domains

(Figure 2A and data not shown).

To assess whether the SH3 or SH2 domain was responsible

for ring canal localization of the minimal region SH3SH2–

GFP, we introduced point mutations at key conserved resi-

dues within each domain. A tryptophan (W379, type 2

amino-acid number) and an arginine (R436) residue have

been shown to be required for the function of SH3 and SH2

domains, respectively (Moran et al, 1990; Noble et al, 1993).

Disruption of either the SH3 domain (W379A) or the SH2

domain (R436K) function in the context of the SH3SH2–GFP

fusion protein caused a drastic reduction in ring canal

localization, although low levels of localization were still

detectable (Figure 2B, insets). When both mutations were

introduced, however, the SH3þ SH2 double mutant protein

failed to localize to ring canals. Therefore, while either the

SH3 or the SH2 domain contains residual ability to direct ring

canal localization, both domains together are required to

achieve maximal localization. These results represent the

Tec29 localizes to ring canals via its SH2 and SH3 domains
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first demonstration of a role for the SH3 and SH2 domains in

directing subcellular localization of TFKs.

Tec29 activity is required for its localization to ring

canals

The SH3 and SH2 domains are well-documented protein–

protein interaction modules. The requirement for the SH2

domain in ring canal localization suggests that Tec29 docking

sites contain phosphotyrosine residues (Anderson et al, 1990;

Moran et al, 1990). As the localization of type 1 Tec29 is

Src64 independent, phosphotyrosine residues within another

ring canal protein, rather than Src64 itself, are likely to serve

as Tec29 docking sites. Loss of either Src64 or Tec29 results in

the loss of phosphotyrosine content on ring canals; therefore,

either kinase might phosphorylate substrates on ring canals

and generate ligands for Tec29’s SH2 domain. To test which

kinase is responsible, we used DKinase (THþ SH3þ SH2) as

a reporter for the presence of Tec29 ring canal docking sites.

Src64 localization is independent of Tec29 (Guarnieri et al,

1998; Roulier et al, 1998). Therefore, if Src64 is responsible

for generating Tec29’s docking sites, one would expect

DKinase to localize to ring canals in a Tec29 mutant egg

chamber. However, we observed that DKinase failed to loca-

lize to ring canals in a Tec29 mutant egg chamber (compare

Figure 3A and C), indicating that endogenous Tec29 is

required to provide docking sites for DKinase, and suggesting

that Src64 plays an indirect role by stimulating Tec29

(Figure 3B). Expression of a type 1 Tec29 transgene in

Tec29 mutant rescued DKinase localization, thereby confirm-

ing our hypothesis (Figure 3F).

To further demonstrate the importance of Tec29 activity

in its localization, we examined the effect of increasing
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Figure 1 Src64 regulates the localization of type 2, but not type 1 Tec29, to ring canals. (A) Type 2 Tec29 is the predominant form expressed in
female germ line. Ovary lysates from FRT40A control and Tec29l(2)K05610 germline mutants were assayed for the amount of type 1 and type 2
expression by Western blotting and probing with an anti-Tec29 antibody. Total cellular protein (50mg) was loaded in each lane. See Materials
and methods for details. (B) Expression of GFP-tagged type 1 and type 2 Tec29 is not affected by Src64. Ovary lysates from wild-type or Src64D17

homozygous mutants carrying one copy of a type 1 Tec29–GFP or type 2 Tec29–GFP transgene were assayed by immunoblotting. (C) Ring canal
localization of GFP-tagged type 1 (left) or type 2 (right) Tec29 in a wild-type (upper) or Src64D17 (lower) background was visualized. All images
were taken under the same confocal imaging conditions. The genotypes of the flies in (A) from left to right are (1) hsFLP/þ ; [OVOD2La],
[OVOD2Lb], FRT40A/FRT40A, (2) hsFLP/þ ; [OVOD2La], [OVOD2Lb], FRT40A/ Tecl(2)k05610, FRT40A. The genotypes of the flies in (C) are
[Tec29 type 1/2-GFP]/þ (upper panels) and [Tec29 type 1/2-GFP]/þ , Src64D17/Src64D17 (lower panels).
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Tec29 expression on DKinase localization to ring canals.

Overexpression of a full-length type 1 Tec29 protein enhanced

DKinase localization in a wild-type background (Figure 3D),

while expression of a mutant form of Tec29 protein that lacks

kinase activity (K356M) failed to do the same (Figure 3G).

Taken together, these results strongly suggest that Tec29

kinase activity is directly involved in generating ring canal

binding sites for other undocked Tec29 protein molecules. A

prediction of this argument is that in the absence of endo-

genous Tec29, kinase-inactive Tec29 expressed from a trans-

gene, similar to DKinase, would not localize to ring canals.

We observed that this was indeed the case (Figure 3I).

Earlier we showed that type 1 Tec29 was able to localize to

ring canals independently of Src64 (Figure 1). This suggests

that type 1 Tec29 is somewhat activated in the absence of

Src64 and can generate its own binding sites on ring canals.

However, ring-canal-localized type 1 Tec29 may still need

Src64 for full activation. As the activity of type 1 Tec29 is

reflected in the number of additional docking sites for

DKinase it can generate (Figure 3A, D and G), we examined

the ability of type 1 Tec29 to enhance DKinase localization in

a Src64D17 mutant egg chamber. In this egg chamber, type 1

Tec29 is localized to ring canals (Figure 1B). However, it did

not enhance DKinase ring canal localization (Figure 3E),

suggesting that Src64 is necessary to further stimulate and

fully activate ring-canal-localized type 1 Tec29. As expected,

a kinase-inactive type 1 Tec29 also failed to rescue DKinase

localization in an Src64D17 mutant egg chamber (Figure 3H).

We concluded that fully active Tec29 is necessary for gene-

rating ring canal ligands for its own SH2 domain, as well as

for other cytoplasmic Tec29 proteins to be targeted to ring

canals.

Tec29 is phosphorylated in vivo in an Src64-dependent

manner

TFKs contain a highly conserved tyrosine residue within their

kinase domains. This tyrosine resides in a region known as

the ‘activation loop’ in all tyrosine kinases, including SFKs

(Brown and Cooper, 1996). Phosphorylation of this residue

allows access of ATP and substrate to the active site, and is

crucial to kinase activation. Therefore, a possible mechanism

for the activation of Tec29 by Src64 was that Src64 might

phosphorylate Tec29 at this conserved tyrosine residue. We

began testing this possibility by first asking whether Src64

kinase activity was required for its function. The Src64D17

mutation leads to a small ring canal phenotype, as well as a
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Figure 2 Tec29 localizes to ring canals via its SH3 and SH2 domains. (A) Schematic diagram of constructs and summary of results. For deletion
mutants that failed to localize to ring canals, at least two insertions with high expression level were tested. N.D.: not determined. Boxed results:
data shown in Figure 4B. The TH-likeþ SH3þ SH2 construct is also called DKinase. ‘Rescue of Tec mut.’ refers to the rescue of ring canal
phenotypes associated with Tec29l(2)k05610. (B) Ring canal localization requires both SH3 and SH2 domains. Wild-type SH3þ SH2, SH3þ SH2
containing W379A or R436K mutations, or SH3þ SH2 containing the W379AR436K double mutation were examined for ring canal localization
in a wild-type background by GFP fluorescence. The brightness and contrast on the three images on the right were increased to visualize any
minimal localization. Insets in the middle panels: magnified view of the region inside the dotted box to show ring canal localization
(arrowheads). The intense nuclear localization is also seen with GFP alone. Scale bar, 10mm.
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dramatic reduction in ring canal localization of endogenous

Tec29 (Guarnieri et al, 1998), phenotypes that are fully

rescued by a wild-type Src64 transgene (Dodson et al, 1998

and data not shown). Expression of catalytically inactive

Src64 failed to rescue either defect (Figure 4A–F). In fact,

its expression resulted in a dominant-negative effect on ring

canal growth, leading to a further reduction of the average

ring canal size from 8.43 mm in Src64D17 mutants to 6.87 mm

in Src64D17 mutants carrying the transgene (Figure 4G). The

distribution of ring canals by size confirmed this result

(Figure 4H). Therefore, we concluded that Src64 kinase

activity is required for the localization of Tec29 and for ring

canal growth.

To examine whether Tec29 is phosphorylated in vivo,

GFP-tagged type 1 or type 2 protein was immunoprecipitated

from ovary lysates and analyzed by immunoblotting with

antiphosphotyrosine and anti-Tec29 antibodies (Figure 4I).

Both proteins are phosphorylated in a wild-type background

(Figure 4I, left lanes in each panel). To determine whether

Tec29 phosphorylation was Src64 dependent, we performed

a similar experiment in a Src64D17 mutant background,

and observed that phosphorylation of both proteins was

diminished (right lanes in each panel). Thus, type 1 and

type 2 Tec29 are phosphorylated in an Src64-dependent

manner in vivo.

Y677, a conserved Src phosphorylation site, is required

for Tec29 function in vivo

Our results above are consistent with a model in which Src64

activates both types of Tec29 by direct phosphorylation.

However, it is also possible that Src64 might also activate

Tec29 by other means, and the phosphorylated Tec29 we

detected was a result of Tec29’s own kinase activity. To test

whether this was the case, we examined the phosphotyrosine

profile of a kinase-inactive form of Tec29 (K554M).

Inactivation of Tec29 reduced its phosphorylation in a wild-

type background, indicating that Tec29’s own activity only

accounts for part of the phosphotyrosine signal we detected

(Figure 5A, lanes 1 and 5). To test whether the remaining

phosphotyrosine signal was Src64 dependent, the K554M

mutant protein was expressed in a Src64D17 ovary. We ob-

served that K554M phosphorylation is further reduced to

background level (Figure 5A, lane 6). Therefore, Tec29 is

either directly phosphorylated by Src64 or by a kinase that is

activated by Src64.

As mentioned above, the conserved tyrosine within the

activation loop of type 2 Tec29, Y677, represents the best

candidate site for Src64-dependent phosphorylation. To test

the role of Y677, we examined the phosphorylation of the

type 2 Y677F mutant protein. As shown in Figure 5A, in

wild-type ovaries, this mutant protein has reduced tyrosine

phosphorylation compared to wild-type Tec29, indicating

that Y677 is normally phosphorylated (lanes 1 and 3).

Importantly, this low level of phosphorylation remained un-

changed when type 2 Y677F protein was expressed in a

Src64D17 background (lanes 3 and 4). Therefore, Y677 is

required to mediate the effect of Src64 on Tec29 phosphory-

lation, and is most likely the site of Src64 phosphorylation.

Taken together, these results strongly suggest that Src64

activates Tec29 in vivo by phosphorylating Y677. Activated

Tec29, in turn, autophosphorylates at additional tyrosine

residues as well as target sites on ring canals, which leads

to its localization and the recruitment of additional Tec29

protein.

To examine the in vivo significance of Y677 and kinase

activity to Tec29’s role in regulating ring canal morphogene-

sis, we expressed type 2 Y677F and type 2 K554M proteins in

ovaries lacking endogenous Tec29, and tested their ability to

Figure 3 When activated by Src64, Tec29 can generate docking sites for itself. (A–H) DKinase localization to ring canals was used as a reporter
of available Tec29 docking sites in various backgrounds. (A) wild-type; (B) Tecl(2)k05610 mutant; (C) Src64D17 mutant; (D) wild-type background
with coexpression of a type 1 transgene; (E) Src64D17 mutant background with a type 1 transgene; (F) Tecl(2)k05610 mutant background with a
type 1 transgene; (G) wild-type background with coexpression of a kinase-inactive (K356M) type 1 transgene; (H) Src64D17 mutant background
with coexpression of a kinase-inactive (K356M) type 1 transgene. The same DKinase transgene on the second chromosome was used for all
except (C) and (F), in which a third chromosome transgene insert that expresses comparable levels of Dkinase was used. (I) Kinase-inactive
type 1 Tec29 failed to localize to ring canals in a Tecl(2)k05610 mutant background.

Tec29 localizes to ring canals via its SH2 and SH3 domains
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Figure 4 Both types of Tec29 are phosphorylated in an Src64-dependent manner. (A–F) Src64 kinase activity is required for Tec29 localization
and ring canal growth. (A, C, E) Immunostain with anti-Tec29. (B, D, F) Immunostain with anti-HTS. HTS is the Drosophila homolog of
adducin and a ring canal component (Yue and Spradling, 1992). (G) Average ring canal size of Src64D17/Src64D17 and [Src64KD]/þ ; Src64D17/
Src64D17 ovaries. Images of 10 stage-10A egg chambers stained with anti-HTS (such as the ones in (D) and (E)) were taken and ring canals sizes
were measured according to Materials and methods. (H) Size distribution of ring canals in (G). (I) Both types of Tec29 are phosphorylated in an
Src64-dependent manner. GFP-tagged type 1 (left panels) or type 2 (right panels) Tec29 was immunoprecipitated from a wild-type or Src64D17/
Src64D17 background and analyzed by Western blotting and probing with anti-pY (bottom panels), then stripped and reprobed with anti-Tec29
antibodies (top panels).

Tec29 localizes to ring canals via its SH2 and SH3 domains
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localize to ring canals and substitute for endogenous Tec29.

In Tec29l(2)k05610 mutant ovaries, type 2 Y677F has minimal

localization to ring canals compared to wild-type protein

(Figure 5B and C). Importantly, it failed to rescue the loss

of phosphotyrosine content on ring canals (Figure 5E and F)

in Tec29l(2)k05610 mutants. The kinase-inactive Tec29 (type 2

K554M) behaved similarly (Figure 5D and G). Moreover, both

Y677 and Tec29 kinase activity are also required for ring

canal growth. Expression of a wild-type type 2 Tec29 trans-

gene in Tec29l(2)k05610 mutant ovaries rescued the ring canal

size defect, resulting in an average ring canal diameter of

9.49 mm (Figure 5H). In contrast, the average ring canal

diameter from Tec29l(2)k05610 mutant ovaries expressing the

type 2 Y677F protein is 6.88 mm, which is similar to ring canal

sizes from Tec29l(2)k05610 mutants (Guarnieri et al, 1998;

Figure 5H; also see Materials and methods). The distribution

of ring canals by size again confirmed this result (Figure 5I).

The kinase-inactive type 2 K554M protein also failed to

rescue ring canal size defects associated with Tec29l(2)k05610

mutants (Figure 5H and I). Taken together, these experiments

Figure 5 Y677 is required for Tec29 function in vivo. (A) Src64-dependent tyrosine phosphorylation in vivo at Y677. GFP-tagged wild-type
(WT) and Y677F (YF), K554M (KM) type 2 proteins were immunoprecipitated from ovary lysates and probed for phosphotyrosine (upper
panel), and then stripped and reprobed for Tec29 (lower panel). (B–G) Y677 and Tec29 kinase activity is required for its function at ring canals.
Full-length type 2 Tec29 (B, E), type 2 Y677F (C, F) or type 2 K554M (D, G) that are tagged with GFP are examined for their ability to rescue
Tecl(2)k05610 mutant phenotypes at ring canals. (B–D) GFP fluorescence. (E–G) Antiphosphotyrosine staining. The genotypes are as follows: (B,
E) hsFLP/þ ; [OVOD 2La], [OVOD2Lb], FRT40A/ Tecl(2)k05610, FRT40A; [Tec29type2GFP]/þ ; (C, F) hsFLP/þ ; [OVOD 2La], [OVOD2Lb],
FRT40A/ Tecl(2)k05610, FRT40A; [Tec29type2Y677FGFP]/þ ; (D, G) hsFLP/þ ; [OVOD 2La], [OVOD 2Lb], FRT40A/ Tecl(2)k05610, FRT40A;
[Tec29type2K554MGFP]/þ . (H) Average sizes of ring canals in Tecl(2)k05610 germline clones expressing wild-type or mutant type 2 proteins.
At least 10 stage-10A egg chambers were measured for each genotype. (I) Size distribution of ring canals in (H).
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provide in vivo evidence that the Src64 phosphorylation site

Y677, as well as Tec29’s own kinase activity, is required for

Tec29 to localize to ring canals and regulate their growth.

DPTEN antagonizes the localization of type 2 Tec29

Our results indicate that the PH domain of type 2 Tec29

mediates one of the effects of Src64 by preventing ring canal

localization of type 2 Tec29 in the absence of Src64 (Figure 1).

However, the PH domain may also play additional positive

roles during Src64-dependent activation of type 2 Tec29. For

instance, PH domains of other TFKs have been shown to have

in vitro specificity for phosphatidylinositol-3,4,5-triphosphate

(PtdIns(3,4,5)P3, or PIP3), a lipid molecule on cell mem-

branes generated by phosphatidylinositol 3-kinase (PI 3-K)

(Salim et al, 1996; Rameh et al, 1997). As SFKs can activate PI

3-K (Pleiman et al, 1994), it is possible that Src64 activity can

indirectly lead to an increase in PIP3 levels. This would result

in the recruitment of more type 2 Tec29 molecules via its PH

domain to the cortical membrane, where Src64 resides.

Membrane PIP3 level is determined by the balance

between PI 3-K and the tumor suppressor protein PTEN,

a dual-specificity phosphatase (Toker and Cantley, 1997;

Vanhaesebroeck et al, 2001). We coexpressed the Drosophila

homolog of PTEN (DPTEN) with GFP-tagged type 1 or type 2

Tec29 in Tec29l(2)k05610 mutant ovaries (Goberdhan et al,

1999). The ability of type 1 Tec29 to localize to ring canals

and rescue the small ring canal phenotype of Tec29l(2)k05610

was unaffected by DPTEN expression (Figure 6). In contrast,

reduction of PIP3 level by DPTEN overexpression blocked the

localization of type 2 Tec29 and prevented the rescue of

Tec29l(2)k05610 mutant phenotypes. The average ring canal

diameter in stage-10A egg chambers coexpressing a type 2

Tec29 transgene and DPTEN is 7.5970.40 mm, significantly

smaller than those expressing only the type 2 transgene

(9.4470.88 mm) (Figure 6A and B). The size distribution of

stage-10A ring canals within these four groups of egg cham-

bers showed similar results (Figure 6C). As DPTEN can

also act as a protein phosphatase, we conducted a similar

experiment in which GFP-tagged type 1 or type 2 Tec29

was coexpressed with a dominant-negative form of PI-3K,

Dp110D954A (Leevers et al, 1996). Very similar effects on

type 2 Tec29 localization and function were observed by

coexpressing Dp110D954A (data not shown), confirming

that opposing activities of PI 3-K and DPTEN regulate PIP3

levels, which in turn influence Tec29 ring canal localization.

To determine whether raising PIP3 level is sufficient to

enhance ring canal localization of type 2 Tec29, we compared

endogenous Tec29 localization in a DPTEN mutant egg

chamber to that in a control egg chamber (Figure 6D, top

panels). As the majority of endogenous Tec29 is the type 2

form, our observation would likely reflect its behavior.

Mutation in DPTEN enhanced the membrane localization of

endogenous Tec29 (arrowheads). Interestingly, localization

of Tec29 to ring canals is not affected. Therefore, localization

of type 2 Tec29 seems to contain two discrete stages: localiza-

tion to the cortical membrane and localization to ring canals.

PIP3 level regulates membrane localization, and is required

for ring canal localization. Increasing PIP3 level alone,

however, is not sufficient to drive ring canal localization of

type 2 Tec29, which is likely limited by activation by Src64

(Figure 5). To confirm this model and to test whether Src64-

dependent activation of Tec29 also participates in membrane

localization, we examined the localization of type 2 Y677F

in wild-type and DPTEN1 mutant egg chambers. Similar

to endogenous Tec29, the localization of type 2 Y677F to

membrane was dramatically increased in a DPTEN1 mutant

egg chamber, showing that Src64-dependent phosphorylation

is not required for membrane localization (Figure 6D, bottom

panels). As expected, ring canal localization of type 2 Y677F

was not affected by the DPTEN1 mutation.

Discussion

In this report, we investigated the mechanisms by which

Tec29 localizes to ring canals and demonstrated how this

process is regulated by upstream activators in vivo. Our

results show that the SH3 and SH2 protein–protein interac-

tion domains of Tec29 are necessary and sufficient for ring

canal localization. Localization of a truncated protein that

contains these two domains (DKinase), however, is depen-

dent on endogenous Tec29 activity. A likely reason for this

result is that endogenous Tec29 activity can generate ring

canal binding sites for the SH2 domain of DKinase. The fact

that Tec29 activity is directly correlated with phosphotyrosine

contents on ring canals (Figure 5) is consistent with this

model. Alternatively, endogenous Tec29 may phosphorylate

DKinase, thus allowing it to bind to an SH2-domain-contain-

ing protein on the ring canal. A tyrosine residue within the

SH3 domain of Btk has been shown to be a major autophos-

phorylation site (Rawlings et al, 1996). When the corre-

sponding tyrosine was mutated in Tec29, however, the

mutant protein localized to ring canals and fully rescued all

defects associated with Tec29 mutants (data not shown),

indicating that this residue is not important for the function

of Tec29 on ring canals. In addition, we detected no phos-

photyrosine content within the DKinase protein by immuno-

blotting with an antiphosphotyrosine antibody (data not

shown). Therefore, the most likely scenario is that Tec29

phosphorylates a ring canal protein, thus generating binding

sites for its own SH2 domain.

As Src64 protein is localized to nurse cell cortical mem-

brane, as well as ring canals (Dodson et al, 1998), it is

interesting to consider why localization of Tec29, a process

regulated by Src64, is directed to ring canals. One possible

explanation is that Src64 activates Tec29 everywhere on the

membrane, but the substrate (and therefore binding partner)

of Tec29 is only present on ring canals. Alternatively, Tec29’s

substrate may be present on membranes and ring canals, but

Src64 may only be activated at ring canals to ensure local

activation of Tec29. A third possibility is that activation of

Src64 and Tec29’s substrates are both restricted to ring

canals. Our data that overexpressed type 1 Tec29 localizes

to ring canals in the absence of Src64 are consistent with its

substrates being on ring canals only (Figure 1C). We therefore

propose a model for how type 2 Tec29 may localize to ring

canals (Figure 7). Interactions between the PH domain and

PIP3 can target type 2 Tec29 to the cortical membrane, thus

allowing it to be phosphorylated and activated by Src64. Once

activated, the Tec29 protein that is localized to the membrane

region adjacent to ring canals might access and phosphory-

late substrate proteins, and bind to them via its SH3 and SH2

domains. In addition, ring-canal-localized Tec29 can phos-

phorylate additional substrate proteins, thus generating

ring canal binding sites and directly recruit undocked Tec29
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protein from the cytoplasm through a positive feedback

mechanism (Figure 7).

Our results suggest that Tec29’s binding partner on the

ring canal is one of its substrates. This substrate may be a

scaffolding protein, on which a signaling complex can

assemble, or it may be an effector that is directly involved

in the formation and rearrangement of actin networks on ring

canals. Several proteins that interact with either the SH3

Figure 6 PI(3,4,5)P3-mediated membrane targeting of type 2 Tec29 is necessary, but not sufficient for ring canal localization. (A) DPTEN
expression reduces the localization of type 2, but not type 1, Tec29 to ring canals in a Tecl(2)k05610 mutant background. The genotypes of the
animals are as follows: for type 1, hsFLP/þ ; Tecl(2)k05610, FRT40A/[OVOD 2La], [OVOD 2Lb], FRT40A; [type1Tec29GFP]/TM2 and hsFLP/þ ;
Tecl(2)k05610, FRT40A/[OVOD 2La], [OVOD 2Lb], FRT40A; [type1Tec29GFP]/[DPTEN]; and for type 2, hsFLP/þ ; Tecl(2)k05610, FRT40A/[OVOD
2La], [OVOD 2Lb], FRT40A; [type2Tec29GFP]/TM2 and hsFLP/þ ; Tecl(2)k05610, FRT40A/[OVOD 2La], [OVOD 2Lb], FRT40A; [type2Tec29GFP]/
[DPTEN]. (B) DPTEN expression interferes with the ability of type 2 Tec29 to rescue the ring canal size defect in Tecl(2)k05610 mutants. At least 10
stage-10A egg chambers were imaged for each genotype in (A), and ring canal sizes were measured and processed according to Materials and
methods. (C) Size distribution of ring canals. (D) Deficiency in DPTEN enhances type 2 Tec29 membrane localization independently of
phosphorylation by Src64. (Top) Mutation in DPTEN enhances membrane localization of endogenous type 2 Tec29 (arrowheads) but does not
affect ring canal localization. (Bottom) Membrane localization of type 2 Y677F is clearly enhanced by DPTEN mutation. Type 2 Y677F localized
to ring canals in both egg chambers because there was endogenous Tec29 to provide docking sites. More than 15 ring canals and nurse cells are
visible in the right panel. This could be due to an effect DPTEN1 has on growth, or a nonspecific effect, because control FRT40A germline clones
occasionally exhibit a similar phenotype.
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(hnRNP-K, Vav, WASp, etc) or the SH2 domain (BLNK,

BRDG-1, SLP-76) of other TFKs have been identified (Smith

et al, 2001). Although none of these proteins has been shown

to be a direct substrate of TFKs, their Drosophila homologs

remain attractive candidates for downstream effectors of

Tec29. For example, the SCAR protein, which has functions

similar to WASp in promoting actin polymerization, has been

shown to localize to actin-rich structures during Drosophila

development. SCAR mutant ring canals have abnormal mor-

phology and exhibit growth defects (Zallen et al, 2002).

Analysis of the phosphorylation of these and other candidate

proteins, including kelch, in response to Tec29, their mutant

phenotypes in the ovary and the functional consequences of

their potential association with Tec29 may lead to the identi-

fication of Tec29’s ring canal binding partner.

TFKs are the only group of nonreceptor protein tyrosine

kinases that contain PH domains. The existence of Tec29

splicing variants that differ in this domain provided an

opportunity to analyze the in vivo significance of its function

and how it affects Tec29 localization. Our results show that

the PH domain can accentuate Src64 regulation of Tec29 by

inhibiting Src64-independent ring canal localization of Tec29.

Interestingly, a recent study showed that truncation of the PH

domain increased the basal activity of Btk in vitro, but

eliminated PIP3-dependent regulation (Saito et al, 2001).

This suggests that an inhibitory function by the PH domain

may be more universal among other TFKs, perhaps to confer

a more stringent regulatory mechanism by activators such as

SFKs. However, these results also raised questions as to the

biological significance of type 1 Tec29. The fact that type 1

Tec29 lacks a PH domain dictates that it can be regulated by

Src64 but not PIP3. This may be important in other tissues

and developmental processes, where temporal and spatial

coordination of multiple signaling pathways may be critical.

Interestingly, Tec29 has been shown to be involved in dorsal

closure and male genital formation (Baba et al, 1999; Tateno

et al, 2000). Type 1 or type 2 Tec29-specific expression in the

CNS has also been described (Baba et al, 1999). Further

experiments will be necessary to address the physiological

importance of type 1 and type 2 Tec29 proteins in these tissues.

Materials and methods

Fly strains
w1118 is used for all P-element-mediated transformation experiments.
Tecl(2)k05610/Cyo was obtained from the BDGP. Src64D17 is maintained

Figure 7 Schematic diagram of a model for the activation and ring canal localization of type 2 Tec29. ‘1’, Type 2 Tec29 is targeted to the
membrane by PIP3, which is generated by PI 3-K. As SFKs have been known to activate PI-3K in other systems (Pleiman et al, 1994), Src64 can
potentially enhance this first step (dotted arrow). ‘2’, Tec29 is phosphorylated on Y677 by Src64, which resides on the membrane. This
phosphorylation activates Tec29. ‘3’, Activated type 2 Tec29 phosphorylates target protein(s) and localizes to ring canals via its SH2 and SH3
domains. In addition, activated Tec29 can generate docking sites for more Tec29 molecules, creating a positive feedback mechanism for
localization. X: Tec29’s ring-canal-binding partner.
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as homozygotes (Dodson et al, 1998). ficP/Cyo was obtained from
D Yamamoto (1999). DPTEN1,FRT40A/Cyo was provided by C Wilson
(Goberdhan et al, 1999). To generate germline mutant clones,
the FLP/DFS method was used and the necessary strains were
obtained from Bloomington Stock Center. All genotypes are in w1118

background unless noted.

Antibodies and cDNAs
Monoclonal anti-Tec29 antibody (clone I19) was provided by
S Wadsworth (Vincent et al, 1989). Monoclonal anti-HTS antibody
was provided by L Cooley. Monoclonal anti-GFP antibody (clone
3E6) from Molecular Probes, Inc. (A-11120) was used for all
immunoprecipitation experiments.

Type 2 Tec29 cDNA was provided by D Yamamoto, DPTEN cDNA
was provided by C Wilson, and Dp110D954A cDNA was provided by
S Leevers.

Transgenic flies
All full-length and mutant versions of Tec29 were fused to GFP as
follows: an mGFP6 cDNA (Andrea Brand) was PCR amplified and
cloned into SpeI–NotI-digested D277Matg (Tub67C promoter;
Dodson et al, 1998), generating D277–GFPc. Tec29 cDNAs were
then amplified with 50 oligos that contain a BglII site in the
overhang, and 30 oligos that contain a SpeI site in the overhang. All
oligos contain 18–20 nt sequences to Tec29 cDNA. The PCR
fragments were digested with BglII and SpeI and cloned into
BglII–SpeI-digested D277–GFPc. The collection of deletion mutants
used in Figure 4 corresponds to Tec29 (type 2 a.a. number unless
indicated) peptide sequence as follows: PH (1–231), TH-like (1–145,
type 1 a.a. number), SH3 (344–409), SH2 (410–501), Kinase (502–
788). The DKinase construct is TH-likeþ SH3þ SH2 in type 1. For
all full-length wild-type and mutant type 2 constructs, the 50 PCR
primer has a BclI instead of BglII site in the overhang. These PCR
products were digested with BclI and SpeI, and ligated into BglII–
SpeI-digested D277–GFPc. The point mutations W379A, R436K,
K554M and Y677F were generated by oligonucleotide-directed
mutagenesis. Catalytically inactive Src64 has a K312M mutation
and is under the regulation of the Tub67C promoter (S Dodson,
unpublished results). DPTEN and Dp110D954A cDNAs were
myc-tagged and expressed from D277Matg.

Germline transformation was carried out as previously described
in w1118 hosts (Rubin and Spradling, 1982; Spradling and Rubin,
1982). Transformants were selected by orange eye color conferred
by the P[wþ ] in D277Matg. A total of 3–20 independent insertions
were identified and maintained for each transgene. When neces-
sary, more insertions were generated by mobilizing an established P
element with D2–3 transposase and selecting for flies with darker
eye colors.

GFP imaging and ring canal size measurement
Ovaries expressing GFP-tagged proteins were dissected into cold
1�PBS and carefully separated into individual egg chambers using
fine-tip forceps. For a quick assessment, egg chambers in PBS are
mounted on a glass slide, and GFP fluorescence can be directly
visualized under a Nikon Eclipse E600 fluorescence microscope
using an FITC filter set. For imaging purposes, dissected egg
chambers were fixed in 1�PBS containing 4% paraformaldehyde
for 15 min, washed three times in 1�PBS, mounted in Vectashield

(Vector Laboratories, Inc.) and sealed with nail polish. Anti-Tec29,
anti-HTS and antiphosphotyrosine staining was carried out as
described in Guarnieri et al (1998). All images were collected
using a Bio-Rad MRC 1024 confocal laser scanning microscope and
Lasersharp software (Bio-Rad Inc.). Within each figure where
comparisons of fluorescent intensities were made, the images were
taken under the same confocal imaging conditions.

To measure ring canal size, a whole Z-stack is projected using
NIH image with a ‘CLSM’ macro. The resulting image is calibrated,
and each ring canal is measured by drawing a line across the outer
diameter of the ring. The length of the line is then measured by the
software. The rest of the statistical processing and analysis is
conducted as described previously (Guarnieri et al, 1998). We found
that the internal scale factor in the CoMOS software used to
generate our previous data was not accurate. As a result, the actual
ring canal diameters should be approximately 1.34-fold the numbers
described (Guarnieri et al, 1998). The ring canal measurement in
this report is generated using the correct scale factor.

Ovary lysates and immunoprecipitation
In all, 50 3- to 5-day-old females are aged for 24–48 h in a freshly
yeasted vial with 50 males at 251C (if females are unhealthy and
have small ovaries, we used more). Ovaries are then dissected into
cold 1�PBS, washed once and homogenized in 300 ml IP buffer:
50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 0.5% NP-40
(or IGEPAL CA 630 from Sigma), protease inhibitors cocktail (Sigma
P2714, 1:100) and phosphatase inhibitors cocktail (Sigma P5726,
1:100). The debris was cleared by centrifugation in a microfuge at
14 000 rpm for 10 min at 41C. The lipid layer on top was removed
with a pipette, and then the supernatant was transferred to a fresh
vial. A small aliquot was used to measure protein concentration by
BCA assay (Pierce 23223 and 23224) and the rest of the lysate was
stored at �801C.

For immunoprecipitation, anti-GFP antibody (3E6) was coupled
to protein A–agarose gel (Bio-Rad 153-6153) using DMP (Pierce) as
per the manufacturer’s suggestions. Ovary lysates were then added
to beads and IP buffer was added to bring the final volume to 300 ml.
Fresh protease and phosphatase inhibitor cocktails were added,
incubated at 41C for 2 h with rotation, and spun at low speed to
pellet beads. The supernatant was saved. The beads were washed
4� with 0.5 ml cold IP buffer for 10 min each. They were then
boiled in 40 ml 1� SDS sample buffer and centrifuged. The
supernatants were loaded on an 8% SDS gel and separated by
electrophoresis. Proteins were transferred onto PVDF membrane by
Western blotting and probed with antibodies. For this purpose, we
used anti-pY (4G10, Upstate Biotechnology) at 1:2000 and anti-
Tec29 (I19) at 1:500. ECL plus detection system (Invitrogen) was
used to detect signals.
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