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SUMMARY

We have analyzed the mechanism of activation of the which is consistent with the observed cleavage of Grk in
Epidermal growth factor receptor (Egfr) by the  vivo. We find that the two transmembrane proteins Star
transforming growth factor (TGF) a-like molecule, and Brho potentiate the activity of mbGrk. These two
Gurken (Grk). Grk is expressed in the oocyte and activates proteins collaborate to promote an activating proteolytic
the Egfr in the surrounding follicle cells during oogenesis. cleavage and release of Grk. After cleavage, the
We show that expression of either a membrane bound form extracellular domain of Grk is secreted from the oocyte to
of Grk (mbGrk), or a secreted form of Grk (secGrk), in  activate the Egfr in the follicular epithelium.

either the follicle cells or in the germline, activates the Egfr.

In tissue culture cells, both forms can bind to the Egfr; Key words: gurken, Star, rhomboid-1, brother of rhomboid
however, only the soluble form can trigger Egfr signaling, Oogenesis, Drosophila, Egfr

INTRODUCTION neuregulin ligand, which possesses an immunoglobulin (Ig)-
like domain in addition to the core EGF domain. Vn has a
The mammalian epidermal growth factor receptor (EGFR) ispatially regulated expression pattern and is required for
a member of the ErbB family of receptor tyrosine kinasegell proliferation during embryogenesis and for cell fate
(RTKs) that has been implicated in cellular proliferation,determination in the embryo and wing (Schnepp et al., 1996;
migration and differentiation, as well as the generation an&imcox et al., 1996; Yarnitzky et al., 1997). As it is a soluble,
progression of tumors (Moghal and Sternberg, 1999)secreted protein, it may not need processing for its activation.
Although there has been a great deal of progress towardsSpi is required in many developmental processes
understanding how signal transduction through these receptqiSchweitzer and Shilo, 1997; Wasserman and Freeman, 1998).
is regulated, less is known about the mechanisms that contiake the Egfritself, spiexpression is temporally and spatially
production of active forms of their ligands. broad, raising the question of how the precise activation of the

Like its vertebrate homologs, tlizrosophilaEGFR (Egfr)  Egfr is achieved. The mechanism that underlies this regulation
mediates various inductive signaling events in several tissueslies in tightly controlled post-translational activation of Spi.
to regulate normal embryonic and adult development (Ray aridke its mammalian counterpart TGF&pi is expressed as a
Schipbach, 1996; Perrimon and Perkins, 1997; Schweitzer afuhctionally inactive transmembrane protein with the active
Shilo, 1997). The Egfr is involved in many different aspects oEGF domain outside the cell. Subsequent proteolytic cleavage
development and its signaling activity is precisely controlledf the extracellular portion of the molecule generates a soluble
by both activating and inhibiting ligands (Perrimon andand potent Egfr ligand (Freeman, 1994; Schweitzer et al.,
McMahon, 1999; Freeman, 2000). 1995a; Golembo et al., 1996).

The multiple tissue-specific activities of the Egfr are The activation of Spi requires two additional proteins
regulated in part by three activating ligands: Vein (Vn)(Schweitzer et al., 1995a; Guichard et al., 1999), Rhomboid-1
(Schnepp et al., 1996), Spitz (Spi) (Rutledge et al., 1992) an@®ho-1), a predicted seven transmembrane domains protein
Gurken (Grk) (Neuman-Silberberg and Schipbach, 1993)Bier et al., 1990), and Star (S), a single-pass transmembrane
Each of these ligands contains an EGF repeat similar to that pfotein (Kolodkin et al., 1994). Consistent with this view,
transforming growth factor dTGFa), a known ligand of the rho-1, S and spi mutants have nearly identical embryonic
vertebrate EGFR. Vn is most similar to the mammaliarphenotypes (Bier et al., 1990; Mayer and Nusslein-Volhard,
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1988; Rutledge et al., 1992). In contrastSgspi and Egfr,  Michelson. UAST-brhoand the Salleles ('8 and 9) were a gift

which are expressed ubiquitously in most tissuhe;1 is  from A. Guichard (Guichard et al., 2000). Deficiencies lfono:

expressed in a spatially restricted and dynamic pattern (Bier Bf(3L)5411, Df(3L)5412, Df(3L)4214, Df(3L)2399 and Df(3L)57,

al., 1990). Localized expression io-1 correlates with cells ~Were obtained from the Bloomington stock center. _

having an elevated activity of Egfr activity, as revealed by higl']__ F mltotlc clones in the follicle cells were generated usw;g the

levels of MAPK activation detected in vivo (Gabay et al., RT4|.O‘ T%SS'UASFLP chromzsome (D“ﬁyl ecti al.,_blggséh q

1997a; Gabay et al., 1997b; Guichard et al., 1999). The%m-l ne clones were generated as previously describe ,( ou an

- . . rrimon, 1996). Wings and eggs were mounted in Hoyer’s medium

observations suggest that Rho-1 provides the spatial a microscopic examination.

temporal clues necessary for restricting Egfr activation to the

appropriate cells during development. More recently, Bang an@donstruction of plasmids and generation of transgenic

Kintner (Bang and Kintner, 2000) have used a heterologouies

assay system in Xenopws demonstrate that the primary Cloning details for making these constructs are available by request.

function of Rho-1 and S may not be to promote mbSpihe coding regions aho-1(Bier et al., 1990), brh¢Guichard et al.,

cleavage, but rather to modify its presentation, which in somg%?ko(ol\)lésupr;g“gﬁggfbgﬁgaghj %ﬁﬁ?&h%@gggﬂ ?rt]ti;'r?m}%%)’

cases may also lead to ligand processing. mb rm19mycwere subcloned into thé P-elemer’1t vector pUAST
Grk encodes an_other TGFId(e ligand of the ngr. Grk is (Brgnd and Perrimon, 1993) and/or pUASP (Rorth, 19%er|[‘)“>’°

e>.<pressed exclusnlllely in the female germiine (Neulm.ané dmbgrikA19AA™ were made by cloning six consecutive Myc tags

Silberberg and Schiipbach, 1993), and regulates the activity §fhe C terminus. The coding regionsSindbrho were subcloned

the Egfr which is expressed in the surrounding follicle cellsn reverse orientation into pUASP to give antisense UASp. The UAS

(Price et al., 1989; Sapir et al., 1998). DuriDgosophila  constructs were then introduced into flies by standard methods of P-

oogenesis, several intercellular communication eventglement-mediated germline transformatiomé¥8 embryos.

involving the Grk/Egfr pathway, occur between the germline _

and the follicle cells (Nilson and Schiipbach, 1999). These celf?Sect cell experiments

cell communication events are required to establish both thaf® cell experiments

anteroposterior (AP) and the dorsoventral (DV) axes of the eggecombinant baculoviruses encoding Egfr and Kek1 were described

chamber, thus defining the polarity of both the egg and thereviously (Ghiglione et al., 1999). Baculovirus encoding Aos was

future embryo (Morasito and Anderson, 1995: Ray and©M M. Freeman (Schweitzer et al., 1995b). For recombinant viruses

Schiipbach, 1996). During early oogenesis, Grk induce ncoding the mbGrk, secGrk, coding regions were subcloned into the

. . AW . sect cell expression vectors pVL1392 or pVL1393 (Invitrogen).
posterior follicle cell fates, thus establishing the AP axis. A‘?ecombinant viruses were produced in Sf9 insect cells using the Bac-

later stages, when the oocyte has grown and the nucleus hag|,e transfection kit (Invitrogen) and were plaque purified before
moved to the anterior-dorsal corner of the oocyte ngRNA e,

and protein become asymmetrically localized. Grk then Forthe aggregation experiments, populations of Sf9 cells in Grace’s
activates the Egfr in overlying follicle cells and induces thentomplete media were independently infected with wild-type
to adopt a dorsal cell fate (Nilson and Schiipbach, 1999; Varculovirus, or virus encoding Egfr, mbGrk, secGrk, Aos or Kek1 for
Buskirk and Schiipbach, 1999). Properly patterned follicld2 hou_rs. Cells were harvested, pelleted and the conditioned media
cells then secrete a polarized eggshell and regulate tf#@m wild-type, secGrk or Aos cells was saved. Cell pellets were

production of a new signal that establishes DV polarity in théesuspended at 2€° cells/ml in fresh media or for blocking
embryo (Nilson and Schiipbach, 1999). experiments cells were resuspended in conditioned media from wild-

Despite the critical role of the Grk/Egfr pathway duringtype, secGrk or Aos-expressing cells. Resuspended cells were mixed

A, . | : ta 1:1 ratio and incubated for 1 hour with gentle agitation. Cells were
oogenesis, little is known about the mechanism by which Grife, examined for aggregation.

activates the Egfr. For example, it is not known whether Grk o

is cleaved, as proposed for Spi, or whether it acts as Egfr activation assay

membrane-bound ligand. In this report, we show thab2:Egfr cells were maintained in culture as previously described
overexpression of both mbGrk and secreted Grk in somat@cth‘;‘l’et'az_er _Et(Met‘;-’E %9|95a);d Thste fcells stably. 9xdpres§ bthe
tissues and in the oocyte can activate the Egfr pathwaf €t othionen giplasmid, and EgIr expression IS INauced by
However biochemical an?illyses reveal that Wheregs bgth for dition of CuS@to the cells (Schweitzer et al., 1995a). S2:Egfr cells

. x10f)were incubated for 3 hours with M CuSO4 to induce
of Grk can bind to the receptor, only the soluble form ca oderate levels of Egfr expression. The cells were harvested by

activate the Egfr pathway. In addition, we show that Grk iscraping and transferred into 1.5 ml microfuge tubes. The cells were
cleaved in the oocyte and that S and Brho, a recently identifieggmulated in a total volume of 1 ml for 30 minutes with serum-free
Rho-related protein (Guichard et al., 2000), collaborate tenedia (SFM), or with mbGrk, secGrk or secSpi, all made in
promote this processing. Altogether, our results reveal that Gikaculovirus. Cells were pelleted by centrifugation and immediately
is activated by a mechanism similar to that for Spi. lysed for 10 minutes at 4°C in lysis buffer (150 mM NaCl; 50 mM
Tris pH 7.5; 1% Triton X-100; with inhibitors 1 mM PMSF, 1 mM
EDTA, 1 mM EGTA, 5mM lodoacetatimide, 10 mg/ml aprotinin and
leupeptin and 1mM NaOV). Lysates were fractionated by
centrifugation at 1000@ for 10 minutes at 4°C. The supernatants
were transferred to new 1.5 ml microfuge tubes. For
Fly stocks immunoprecipitation of Egfr, 0.5/pof rabbit anti-Egfr (a kind gift

The following Gal4 lines were used: CY2-Gal4d (Queenan et alfrom N. Baker) was added and the lysates were incubated on a rotary
1997), 55B-Gal4 (Brand and Perrimon, 1994), MS1096-Galdvheel at 4°C for 45 minutes. Washed Protein A-Sepharosgl}30
(Capdevila and Guerrero, 1994), nos-Gal4 and pCOG-Gal4 (Rorthyas then added to each lysates for 45 minutes at 4°C on a rotary
1998). UAST-mbSpi, UAST-8nd UAST-rho-1were a gift from A.  wheel. The immunoprecipitates were washed with i3l lysis buffer.

MATERIALS AND METHODS
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2x Laemmli buffer was then added and the precipitates heated at 70@ution of Alex Fluor 568 Phalloidin for BritP samples or Alex

for 5 minutes. The precipitates were resolved by SDS-PAGE on a 6%uor 488 Phalloidin for St&Y°¢ samples (both from Molecular

gel under reducing conditions, and the gel was blotted ont®robes), which stains F-actin, for 20 minutes at room temperature.
Immobilon membrane. The membrane was blocked for 45 minutes ifihe stained cells were visualized using a Leica confocal microscope.
phosphate-buffered saline (PBS) with 0.5% Tween 20 and 3% bovine )

serum albumin (BSA). Egfr tyrosine phosphorylation was examinedmmunoblot analysis

by Western blotting (at 1:5000) with mAb RC-20 (TransductionFor preparation of ovarian extracts, 10 ovaries were dissected in ice-
Laboratories). The blot was then stripped and reprobed with rabbitld PBS. The PBS was removed and replaced with loading buffer.
anti-Egfr polyclonal sera (a kind gift from M. Freeman), usedOvaries were homogenized using a pestle, then centrifuged briefly to
at 1:1000, followed by HRP-Donkey anti-rabbit (Jacksonpellet debris. An equivalent of two ovaries per lane was loaded on a
ImmunoResearch Laboratories). Western blots were developed wit0% SDS-PAGE gel under reducing conditions. The mouse

enhanced chemiluminescence (ECL, Amersham). monoclonal anti-Myc antibody 9E10 (Ab-1, Calbiochem) was used at
] 1:1000 and the HRP-conjugated secondary antibody (Vector) at
Grk cleavage in S2 cells 1:2000. The bands were visualized using ECL (Amersham).

S2 cells were transiently transfected with constructs under the control o

of Ac5c promoter using a calcium phosphate transfection kifAntibody staining

following the manufacturer’s instructions (Invitrogen). Seventy-twoThe Grk monoclonal antibody, 1D12, was raised against amino acids
hours after transfection, the cells and their conditioned media werg3-185 from the Grk extracellular domain. Fixation and staining
harvested by aspiration, collected and centrifuged at 1500 rpm forptotocols are described elsewhere (Queenan et al., 1999). The
minutes. The supernatants were transferred to new tubes amtbnoclonal mouse anti-Myc antibody (Ab-1, Calbiochem) was used
centrifuged again at 2000 rpm for 10 minutes to pellet any cells anat 1:500, followed by FITC anti-mouse (Vector) at 1:500. Then,
cellular debris. Grk molecules in the conditioned media werevaries were washed, counterstained with phalloidin TRITC (Sigma)
immunoprecipitated by incubation with 30 of mouse anti-Grk and and mounted in Citifluor. Confocal images were collected on a Leica
50 pl of Protein G-Sepharose. The precipitates were washkdr8x TCS confocal microscope.

of ice-cold lysis buffer.

The transfected cells were lysed for 10 minutes in ice-cold lysis
buffer. The lysates were centrifuged at 10000rdLO minutes at 4°C. RESULTS
The soluble fractions containing the cytosolic and plasma membrane
components were transferred to new microfuge tubes. ; ; ; ;

Laemmli buffer (2% was added to the lysates and to theoﬁgrigﬂriizl\?:t: L,? étréerfr mbGrk or secGrk in follicle
immunoprecipitates. The samples were heated at 70°C for 5 minutgg ) .g . .
then resolved by SDS-PAGE on 10% gel under reducing condition¥Ve noticed that Grk, like TGFand Spi, possess a putative
Grk was immunoblotted by incubation using a 1:50 dilution of thedibasic signal (B0 and Kp41) that resembles a potential
anti-Grk antibody and detected using a HRP-conjugated anti-mous#eavage site (Brachmann et al., 1989; Wong et al., 1989;
antibody (1:10000) from Amersham. The western blots wereéSchweitzer et al.,, 1995a) between the EGF and the
developed with ECL. Immunoblotting for various proteins wastransmembrane (TM) domains. To determine whether the
performed as described abov€¥Swas detected using a mouse anti- gxtracellular domain of Grk alone is able to activate the Egfr,
Myc monoclonal antibody 9E10 (Calbiochem, 1:500) or a rabbit antiy, e generated a secreted form of Grk (secGrk) by inserting a

Myc polyclonal sera (Santa Cruz, 1:200); BfhBwas detected using L . . .
a rabbit anti-GFP (Molecular Probes, 1:400); Rho-1 was detect op codon after the dibasic putative cleavage site (Fig. 1A).

using a rabbit anti-Rho-1 (a kind gift from B. Shilo, 1:1000). The his mutation leads to the deletion of both the TM and

mouse anti-Grk (1D12) monoclonal antibody was a kind gift from TCYtoplasmic domains. After transient expression in S2 cells,
Schiipbach and was also obtained from the Developmental Studigignificant amount of secGrk was detected in the tissue culture

Hybridoma Bank. medium (see below). To test the activity of these different
o forms of Grk, we analyzed the effect of overexpressing them
Intracellular S and Brho localization using the UAS/Gal4 system (Brand and Perrimon, 1993).

Forty-eight hours after transfection, S2 cells were harvested, alloweGeveral transgenic fly lines for UAS-wild-type GribGrk)

to adhere for 30 minutes to Lab-Tek 8-well chambered coverglassng UAS-secGrikvere generated and crossed to various Gal4
slides (Nalge Nunc International, Naperville, IL) that were coateqines_

with Poly-L-Lysine (Sigma Diagnostics, St Louis, MO). The cells ~q, a1y nression of UAS-mbGik the ovarian follicle cells,

were then fixed for 10 minutes with 4% formaldehyde in PBS, and . . N
permeabilized for 15 minutes in 0.1% Triton x-1y00. Cells wereUsing the CY2-Gal4 driver, leads to a weak dorsalization of the

blocked with PBT containing 3% BSA for 10 minutes and €99shell, as shown by the thickened dorsal appendages (Fig.
subsequently stained for 1 hour at room temperature with th&C), which are spread further apart than in the wild-type
following antibodies diluted in PBT/3% BSA: rabbit anti-Myc (Santa controls (Fig. 1B). Examination of the cuticles reveals that
Cruz) (1:200); mouse anti-Drosophikolgi (Calbiochem) (1:30); and the resulting embryos are also dorsalized (Fig. 1F). When
mouse anti-Rat KDEL (ER) (Calbiochem) (1:30). The cells with theoverexpressed in the wing disc, using the MS1096-Gal4, UAS-
Golgi- and ER-specific antibodies were then stained for 1 hour ahpGrk induces ectopic wing veins (Fig. 11) that resemble
room temperature in PBT containing 3% BSA with a 1.:200 d”Utionmoderatdngr gain-of-function phenotypes. Our results are in
of biotinylated goat anti-mouse (Vector). The cells stained by MYCtontrast to previous reports (Queenan et al., 1999; Guichard et

specific antibody were then stained for 1 hour at room temperature . ;
PBT/3% BSA with a 1:400 dilution of Cy5 donkey anti-Rabbit 5]_, 2000)_and_suggest that. mbGrk IS a_lble to activate weakly
the Egfr signaling pathway in somatic tissues.

(Jackson). The cells with biotinylated goat anti-mouse were the . .
stained for 1 hour at room temperature in PBT/3% BSA with a 1:400 !N contrast to the weak activation observed with UAS-
dilution of FITC-avidin (Vector) for St&¥¢ samples or with a 1:500 MbGrk, overexpression of UASecGrk, using the same Gal4
dilution of streptavidin Alexa Fluor 660 conjugate (Molecular Probes)ines, causes very strong gain-of-function phenotypes similar
for Brhd®FP samples. The cell outline was detected using a 1:5@0 those obtained when UABep, a constitutively activated
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mbGrk - l
A Sp

EGF ™ C Fig. 1.mbGrk and secGrk overexpression
in somatic tissues lead to Egfr activation.
secGrk - | . (A) Structure of mbGrk and secGrk. SP,
SP EGF : signal peptide; EGF, EGF motif; TM,

transmembrane domain; C, cytoplasmic
domain. The arrow represents the site
where the stop codon was introduced to
generate secGrk. (B-J) Phenotypes
observed after UAS-mbGdnd UAS-
secGrkectopic expression in somatic
tissues. (B) Wild-type egg with its two
dorsal appendages. (C) UAS-mbGrk/CY2:
overexpression of mbGik all the
follicular epithelium leads to a weak
eggshell dorsalization (78% of the eggs,
n=352). (D) UAS-secGrk/CY2:
overexpression of secGrk leads to a very
strong dorsalized eggshell phenotype (85%
of the eggsn=244). (E-G) Embryonic
cuticles from: wild-type (E), UAS-
mbGrk/CY2 (F) and UAS-secGrk/CY2 (G)
females. (H) Wild-type wing with five
longitudinal veins and two crossveins.
(1,J) Weak and strong wing vein
phenotypes associated with UAS-
H mbGrk/MS1096 (I) and UAS-
secGrk/MS1096 wings (J).

Egfr, is misexpressed (Queenan et al., 1997). A strongf transgenic lines giving Egffain-of-function phenotypes is

dorsalization of the eggshell is clearly visible by the presencalso reversed: whereas all the UASp-mb@nles strongly

of a mass of dorsal appendage material around the entiaetivate the Egfr pathway, only two out of 12 UASgEGrk

anterior circumference of the egg (Queenan et al., 1999) (Fifines were associated with a weakly dorsalized phenotype. This

1D). The cuticle of these embryos is also very stronglys in contrast to a report by Queenan et al. (Queenan et al.,

dorsalized (Fig. 1G). In addition, a very strong wing vein1999), who described that after expression in the oocyte using

phenotype is observed after overexpression in the wing disbe endogenougrk promoter, secGrk was not able to activate

(Queenan et al., 1999) (Fig. 1J). the Egfr. This difference is probably due to a higher expression
Altogether, these results indicate that mbé&mkl secGrlare  level of UASp-secGrk.

able to activate the Egfr when overexpressed in follicle cells. ] o

However, the strength of their activation differs: while mbGrksecGrk triggers Egfr autophosphorylation in vitro,

triggers weakly activation of Egfr, secGrk does it strongly. Wedut not mbGrk

also noticed a difference in the frequency of transgenic lineSeveral membrane-bound ligands, such as proill @SF-1,

giving phenotypes: whereas all 12 UA8eGrklines trigger proEGF and Kit ligand, need to be processed from a

Egfr signaling, only two out of 20 UABWGrk lines were membrane-bound to a soluble form to activate their respective

associated with a weak dorsalization phenotype. receptors; however, uncleaved membrane-bound ligands are
also known to have signaling activity (Massague and Pandiella,

Overexpression of either mbGrk or secGrk in the 1993). Because both mbGrk and secGrk activate the Egfr, we

germline can activate the Egfr performed tissue culture and biochemical experiments to

Next we tested the activity of the different Grk forms in thedetermine the mechanism by which Grk activates the Egfr.
oocyte where Grk is normally expressed. However, because theFirst, using an aggregation assay in Sf9 cells, we examined
original UAS/Gal4 system does not work in the femalewhether Grk binds to the Egfr. Cells expressing either mbGrk
germline (Brand and Perrimon, 1993; Manseau et al., 1997)r the Egfr do not aggregate with themselves, or with cells
mbGrk and secGrkwere subcloned into pUASp, a modified infected with wild-type baculovirus (data not shown).
pPUAST vector (Rorth, 1998). Subsequently, UABpGrkand  However, when mbGrk-expressing cells are mixed with Egfr-
UASp-secGrkwere overexpressed using the germline-specifiexpressing cells, these two kinds of cells strongly aggregate
Gal4 lines pCOG-Gal4 and/or nanos-Gal4 (nos-Gal4) (Rorthi(Fig. 3A). mbGrk appears to bind selectively to the Egfr
1998). because there is no aggregation between mbGrk-expressing
Overexpression of mbGrk and sec@rkhe oocyte leads to cells and cells expressing Kekl, a transmembrane protein that
activation of the Egfr pathway, as demonstrated by thés able to bind and inhibit the Egfr (Ghiglione et al., 1999) (Fig.
dorsalization of the resulting eggs (Fig. 2A,B). In contrast t@B). Furthermore, aggregation between mbGrk and Egfr-
what we observed in somatic tissueshGrk gives a fully  expressing cells could be fully and selectively blocked using
penetrant and stronger phenotype teaoGrk. The frequency conditioned media from cells expressing either secGrk (Fig.
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baculovirus-membranes expressing mbGrk to S2:Egfr cells,
did not affect the level of phosphotyrosine residues on the Egfr.
However, addition of baculovirus-generated secGrk or secSpi
to the same cells results in a dramatic increase in the
phosphotyrosine content of Egfr (Fig. 3D).

The tissue culture experiments described above confirm that
Grk is a ligand of Egfr. Moreover, we have shown that mbGrk
and secGrk can bind to the receptor, but only secGrk triggers
Egfr autophosphorylation.

Fig. 2. UAS-mbGrkand UAS-secGrloverexpression in the oocyte . . :
Iegds to Egfr activation. (A) 100% (n:122)pof the eggs derivercgl from Grk is cleaved in the gerr.nllne .
UASp-mbGrk/pCOG females exhibit a strong dorsalized eggshell. As mbGrk does not activate the Egfr in tissue culture, we
(B) On|y 11% (n:44]_) of the eggs derived from UASp- presumed that Grk must be cleaved to trigger ngr signaling in
secGrk/pCOG females exhibit a weak dorsalized eggshell. vivo. To follow the cleavage of Grk in vivo, we generated a
form of Grk that contains six Myc epitope tags at the C
terminus (MbGrikY®) (Fig. 4A). mbGrkWYc¢ is fully active, as
3C) or Aos, a secreted Egfr inhibitor (Schweitzer et al., 1995hjemonstrated by its ability to strongly dorsalize the egg after
(data not shown). These results indicate that mbGrk, expressederexpression in the germline (Fig. 4B). The intracellular
in one cell, is capable of interacting with the Egfr on andomain of Grk was then detected with an antibody against
adjacent cell. Myc, and compared with the overall distribution of Grk, which
The initial event after activation of the EGFR is was detected using an antibody against the extracellular region
autophosphorylation of tyrosine residues on the C-terminal ta{Peri et al., 1999; Queenan et al., 1999).
(Ullrich and Schlessinger, 1990). Biochemical analysis in vitro In the wild-type ovary, after expression of mb®fkin the
showed that Spi activates Egfr signaling: the addition obocyte, the cytoplasmic portion of the mb@¥k protein
secreted Spi (secSpi), but not the membrane-associated foramains confined to the oocyte (Fig. 4D). By contrast, the Grk
(mbSpi), to cultured cells expressing the Egfr is associateantibody labels both in the oocyte and large dot-like structures
with a rapid autophosphorylation of Egfr on tyrosine residueg follicle cells. These structures presumably correspond to
(Schweitzer et al., 1995a). To test whether mbGrk and secGryesicular compartments, such as endosomes or lysosomes, that
activate the Egfr, we used S2 cells stably transfected with tteontain the extracellular domain of Grk (Peri et al., 1999;
Egfr under the control of the metallothionein promoter. AfterQueenan et al., 1999) (Fig. 4C).
induction with CuS@(see Materials and Methods), a minimal Comparison of protein lysates from ovaries overexpressing
level of spontaneous tyrosine phosphorylation was observadbGrk"¢in the oocyte and from wild-type, using an anti-Myc
on the Egfr (data not shown), probably owing to overcrowdin@ntibody, reveals the appearance of two bands in the lane
of Egfr molecules on the cell surface, which leads tccorresponding to the protein lysates from ovaries
spontaneous dimerization of receptor molecules (Schweitzer everexpressing mbGfK¢ (Fig. 4E). The band around 70 kDa
al., 1995a). Addition of serum-free medium (SFM), or ofcorresponds to the full-length mb@p€ protein, whereas the

Fig. 3.mbGrk and secGrk bind Egfr, but only
secGrk triggers signaling. (A-C) Aggregatior
of mbGrk-expressing cells with Egfr cells. S
insect cells were independently infected witl
wild-type baculovirus, or virus encoding Egf
mbGrk or Kekl1. The two populations of cells
were mixed and incubated together for 1 ho
and then examined. (A) Cells expressing
mbGrk strongly aggregate to cells expressir
Egfr. (B) Cells expressing mbGrk and cells
expressing Kekl do not aggregate. (C) Cell:
expressing mbGrk and cells expressing Egf
presence of conditioned medium from cells
expressing secGrk, no longer aggregate.
(D) secGrk but not mbGrk activates Egfr in
vitro. S2:Egfr cells (2¥0°) were incubated fol
3 hours with 6uM CuSQ; to induce moderat -
levels of Egfr expression (Schweitzer et al., JARG e '

1995a). The cells were then stimulated for & 5 SRR 6 5 ES r' "'"" ' | ! { ngl‘
minutes with serum free media (SFM), mbG = - e &R ' r !

secGrk or secSpi. Egfr precipitates were . )
prepared using rabbit anti-Egfr polyclonal se Stimulus: SFM mbGrk secGrk secSpi
Top: the level of tyrosine phosphorylation of D IP: ngr

the Egfr was assessed by western blotting v.....

mAb RC-20 (PY). Bottom: Egfr expression was then assessed by western blotting with rabbit anti-Egfr polyclonal sera. The lower amounts of
Egfr in secGrk and secSpi lanes are most probably due to incomplete stripping of the RC-20 antibody.
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Fig. 4. The extracellular domain of Grk dibasic site

released from the oocyte and internaliz v

in follicle cells. (A) Structure of mbGrkmye

mbGrk™We, (B) All eggs laid by UASp- - L S E | =
mbGrk"™9nos-Gal4 females have a A SP EGF M C 6Xmyc

strongly dorsalized eggshell. (C,D)
Confocal sections showing UASp-
mbGrk™W9nos-Gal4 egg chambers stain
with an anti-Grk antibody that detects t
N-terminal region of the protein (C), or
with an anti-Myc antibody that recogniz
the intracellular region of the protein (D
While the uptake of the extracellular
domain of Grk is clearly visible in follicl
cells (C), the intracellular domain of Grl
remains confined to the oocyte (D). Grl B
and Myc are in green, and actin is in re
(E) Western blot probed with anti-Myc
antibody reveals a cleavage of mb®fk Lane 2 is a protein lysate fror
UASp-mbGrikWY9nos-Gal4 ovaries in which two new bands are detec
(arrows). The higher band corresponds to the full-length miBGrk
protein whereas the lower one corresponds to a cleaved form. Thes
bands are absent in extracts from wild-type ovaries (lane 1).

band around 32 kDa corresponds to a cleaved form. Strikingly, Altogether, our results indicate that the putative dibasic
the majority of the mbGRC protein is cleaved, after signal is not the cleavage site. However, we show that the 19
overexpression in the oocyte, as shown by the relative smamino acid sequence located between the EGF and TM
amount of the higher band compared with the lower one. domains is important for Grk activity and cleavage.

Altogether, these results indicate that Grk is cleaved in th®verexpression of mbGri®AA™C in the oocyte weakly
oocyte. The Grk extracellular domain is taken up by follicleventralizes the eggshell, presumably by acting as a dominant-
cells, while the intracellular domain remains confined to thenegative molecule.

oocyte. . ) o
Star and Brho are involved in the activation of Grk
Deletion of the region between the EGF and the TM during oogenesis
domains creates a dominant-negative Grk protein Activation of the Egfr by the transmembrane ligand Spi,

To determine whether mbGrk processing is required for Egfrequires two transmembrane proteins, Rho-1 and Star (S).
activation, we mutated the putative dibasic cleavage sigpal (R These proteins have been proposed to promote presentation
and Kps1) of Grk. This mutation does not affect the ability of and/or processing of mbSpi to generate an active diffusible
this mutant form of Grk to be cleaved and to activate the Egfiorm of the ligand (secSpi) (Schweitzer et al., 1995a; Pickup
after overexpression in the oocyte (data not shown). Next, wend Banerjee, 1999; Guichard et al., 1999; Bang and Kintner,
deleted the sequence encoding 19 amino acigs (Y V242) 2000). Although S and Rho-1 act together at many
located between the EGF and TM domains that contains tltevelopmental stages (Mayer and Nusslein-Volhard, 1988;
putative dibasic cleavage site (mbGHIMA™C, Fig. 5A).  Schweitzer et al., 1995a; Guichard et al., 1999), this is not the
When overexpressed in the oocyte, m3&KAA™Cdoes not case during oogenesis. Inde&lseems to be expressed
activate the Egfr. By contrast, the eggs laid by these females haseclusively in the germline (Pickup and Banerjee, 1999),
fused dorsal appendages (Fig. 5B). The fusion of the dorsalhereasrho-1 is expressed in the somatic follicle cells
appendages reflects a weak ventralization of the eggshell,(Ruohola-Baker et al., 1993). However, a nherrelated gene
phenotype associated witlEgfr or grk loss-of-function  calledbrother of rhomboidbrho) has been identified recently
mutations (Schipbach, 1987; Price et al., 1989). Western bl@Buichard et al., 2000). In contrasttm-1, which is expressed
analysis of the protein lysates from ovaries expressingn complex patterns during many stages of development (Bier
mbGrikA19AA™C in the oocyte reveals that only the non-et al.,, 1990; Ruohola-Baker et al., 1998)ho is expressed
processed form of GFR¢ can be detected (Fig. 5C). The lower only in the early oocyte between stage 5 and 8 and in cells that
band described above, which corresponds to a processed foatnut the posterior follicle cells (Guichard et al., 2000). Thus,
of Grk™e¢ (Fig. 4E), was never detected. The abolition of thisve were interested in examining the role of S and Rho family
cleavage also results in absence of uptake of the extracellul@members in Grk activation.

domain of this truncated protein in follicle cells (Fig. 5D). As germline clones of S mutations do not develop beyond
Finally, to test whether the absence of processing is the reasstage 1 of oogenesis (Nusslein-Volhard et al., 1984) (this study,
why mbGrkAL9AA™YCis not associated with signaling activity, data not shown), and mutations litho have not yet been
we generated another form of secGrk in which the stop codddentified (Guichard et al., 2000), we could not test directly the
was introduced immediately after the last amino acigffof  function of these two genes in the germline. Thus, we
the EGF domain. Overexpression of secGpkgAin somatic  expressed antisense constructs of either UASp-brho or UASp-
tissues does not lead to any phenotype (data not shown).  Sin the germline. Interestingly, UASp-S antisense caused a



Fig. 5.Importance of the 19 amino acid:
located between the EGF and TM dom:
for Grk activity. (A) Structure of
mbGrkAL9AA™YE, (B) 7% (n=334) of the
eggs laid by UASpnbGrid19AAYYnos-
Gal4 females present a ventralized
eggshell phenotype as shown by the fu
of the dorsal appendages. (C) Western
probed with anti-Myc antibody reveals
that, unlike mbGrieY¢, mbGrkAL9AAMYC
is not cleaved when overexpressed in tl
oocyte (compare with Fig. 4E). Lane 2 i
protein lysate from UASp-
mbGrkA19AAYYnos-Gal4 ovaries. Only
the higher band around 68 kDa that
corresponds to the full-length
mbGrkALOAAMYC, is detected (arrow).

This band is absent in wild-type ovaries (lane 1). (D) Confocal section showing
reduction of the uptake of extracellular Grk in follicle cells after overexpression «
UASp-mbGrid19AA™Cin the oocyte (compare with Fig. 4C). Staining was carrie!

using an anti-Grk antibody.
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ventralization of the eggshell, as shown by a complete fusiodetect any significant synergy after co-expressing mbGrk with
or disappearance of the dorsal appendages (Fig. 6A). In themch of these proteins, or after overexpressing mbGrk in flies
assay, we did not obtain any significant phenotype aftdneterozygous for either & a deficiency of brhddata not
expressing a UASp-brhantisense construct (data not shown).shown).

To further examine the function of these genes in the germline, To further examine the function of S and Rho-1/Brho in Grk

we overexpressed #)o-1 or brho using UASp, but did not

activation, we turned to the follicle cell epithelium, where we

detect any phenotypes. In addition, we were also unable teave shown that ectopic expression of either mbGrk or secGrk

is able to activate the Egfr (Fig. 1). Although Grk is not
expressed in follicle cells, the presence of the Egfr and all the
downstream components of the pathway allows us to test the
synergy between Grk, S and Brho in this tissue. In follicle cells,
there is a low level of rho-(Ruohola-Baker et al., 1993) and
no expression obrho (Guichard et al., 2000). Despite the
recent evidence suggesting thaisShot expressed in follicle
cells (Pickup and Banerjee, 1999), we analyzed wh&lhgr
required for Egfr signaling in these cells. Interestingly, we
found that Smutant follicle cell clones are associated with a
weak ventralization of the eggshell, ranging from partially
fused dorsal appendages to complete fusion (Fig. 6B). The
phenotypes caused by lossSih follicle cells resemble those
caused by loss ofrho-1 (Ruohola-Baker et al., 1993;
Wasserman and Freeman, 1998), and reflect the requirement of
Sandrho-1in the Spi-dependent activation of the Egfr.

To examine the relationship between S and Grk, we tested

Fig. 6. Synergy between mbGrk, Star and Rho-related proteins
during oogenesis. (A) Reduction by expressing an antisense
UASp-Sin the germline causes the ventralization of the eggshell
(88%, n=225). (B) Dorsal appendages are fus&mutant follicle

cell clones. (C) Misexpression of UAS-mbGnkS/+ follicle cells
results in a complete suppression ofifteGrkphenotype (compare
with Fig. 1C). (D) Co-expression of UASand UAS-mbGrhkvith
CY2-Gal4 causes a strong eggshell dorsalization phenotype.

(E) Ectopic expression of UAS-brho the follicle cells using CY2-
Gal4 causes a weak dorsalized eggshell phenotype. (F) Co-
expression of UAS-mbGrénd UAS-brhan follicle cells induces a
strong dorsalization of the eggshell. (G) Strong dorsalization of the
eggshell after overexpression of mbigghe oocyte using pCOG-
Gal4. (H) Ectopic expression of sec8pthe oocyte using the same
driver causes a weaker dorsalized eggshell phenotype (33% of the
eggs, n=167).
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Fig. 7.S and Rho-1/Brho in S2 cells. S2 ce
were transiently transfected with actin5c A
(Ac5c) driving expression of the indicated
constructs. 72 hours after transfection,

cellular lysates and conditioned media wer secGrk
analyzed by western blot with antibody rait . s
against Grk extracellular domain. mb@¥k

was used to distinguish easily the membra

bound Grk and cleaved Grk forms. (A) Cel AcSc secGrk mbGrk mbGrkmbGrk mbGrk mbGrk mbGrk
lysates: secGrk proteins exhibited & about Rho-l Brho Rhol Brho §
40-45 kDa (lane 2), while mbGe¢ s s

displayed Mr around 70 kDa (lane 3). Lysa

from S2 cells expressing mb@# with Rho- B 82 -

1 or Brh&FP(lanes 6 and 7); or mbGrke , E

Pk

|"~
[

mbGrk
with Rho-1 or (Brh6FP) and SV¢ (Janes 4 £2 =
and 5) contained both the mb@¥k form and 47 pa— — — ‘it'_ftifk
also a cleaved form of Grk that migrated w .
the secGrk species (lane 2). Lysates from 32
expressing mbGR= with S“Y?contalned AcSe secGrk mbGrk secGrk mbGrk mbGrk mbGrk mbGrk mbGrk mbGrk
only the larger mbGfRY® species and not th Rhol Brhe Rhol Brho §
cleaved form of Grk (lane 8). —lysates — § s
(B) Immunoprecipitates of conditioned me
from the transfections described in A: no C
was detected in media from cells expressi
empty vector (lane 1), mbGrCalone (lane C
5), mbGrikWewith Rho-1 or Brh§FP (lanes 8
and 9, respectively), mbGPKCwith Smye
(lane 10). The co-expression of mb@Yk
with both S and Rho-1/Bri%F (lanes 6 and
7, respectively) leads to the accumulation
soluble cleaved form of Grk in the medium
that migrates with secGrk (lane 4). As
control, secGrk and mbGm¢ lysates were
loaded on the same gel (lanes 2 and 3,
respectively). We note that cleaved Grk
released in the medium is slightly higher tt
the engineered secGrk. (C) S and Brho
intracellular localization: S2 cells were
transfected with Ac5c-BrifgP(C1-3) or
Ac5c¢c-SW¢ (C4-6), both shown in green. The cells were also stained (all shown in red) with phalloidin to mark the plasma membrane (C1 and
C4), anti-DrosophilaGolgi mAb (C2 and C5) or anti-KDEL to mark the ER (C3 and C6). Brho is localized in discrete vesicles that colocalize
with the Golgi apparatus (C2) and not the ER (C3). S is mostly expressed in a peri-plasma membrane pattern (C4). We note that some of S
colocalizes with the ER (C6), however, none co-localizes with the Golgi (C5).

whether hyperactivation of the Egfr, after overexpressior2000) (Fig. 6E), co-expression with UABBGrk leads to a
of UAS-mbGrk in follicle cells, requires Sactivity. We  strong dorsalization phenotype (Fig. 6F), thus revealing an
overexpressed UAS-mbGrk, using CY2-Gal4, in S&+  interaction similar to what has been previously reported in the
heterozygous background. Reducing by half the dose afing (Guichard et al., 2000). We also observed similar synergy
endogenous leads to a complete suppression of the eggshedifter co-expressing mbGrk and Rho-1 in the follicle cells (data
dorsalization phenotype (Fig. 6C; compare with Fig. 1C). Anot shown). Finally, co-expression of mbGrk with S and Brho
similar suppression was also observed in the wing (data nasing CY2-Gal4 leads to lethality (data not shown).
shown). Furthermore, we co-expressed S and mbGrk in follicle In light of our results obtained in the follicle cells and to
cells using CY2-Gal4. When this driver was used toexplain our observations in the germline, we propose that the
overexpress S alone, no phenotype was observed (data waicyte contains high levels of both S and Brho. Additional
shown). However, co-expression of mbGrk and S caused saupport for this model was obtained from misexpression
strong eggshell dorsalization phenotype (Fig. 6D), thugxperiments with Spi. First, unlike secSpi, mbSpi has been
revealing a potent synergism between these two proteins, asown to be able to trigger Egfr activation following
has been previously seen in the wing (Guichard et al., 200Q)verexpression in somatic tissues only when simultaneously
These results indicate that, in the follicular epithelium, S caexpressed with S and/or Rho-1 (Pickup and Banerjee, 1999;
activate mbGrk. Guichard et al., 1999). Second, we observed a similar synergy
In addition, we co-expressed mbGrk and Brho with CY2-between mbSpi, S and Rho-1/Brho in follicle cells (data not
Gal4 to test for synergy between these two proteins in thehown). Third, overexpression of UASmbSpi alone in the
follicle cells. Whereas ectopic expression of UAS-bchases germline is associated with a strong dorsalized phenotype (Fig.
only a weak dorsalized eggshell phenotype (Guichard et abG), and the average UASp-sec8psexpression phenotype
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is similar — although weaker — to the one induced by ectopim the oocyte and activates the Egfr in the surrounding follicle

mbSpi in the oocyte (Fig. 6H). cells. We demonstrate that the two transmembrane proteins
Altogether, our results are consistent with the model that 8rho and S potentiate the activity of mbGrk. These two

and Brho, which are expressed highly in the germlineproteins collaborate to promote the proteolytic cleavage and

collaborate to activate mbGrk in the oocyte. secretion of the soluble extracellular domain of Grk. We
) present direct evidence supporting a proteolytic role for Rho-
Grk cleavage in S2 cells related proteins. Altogether, our results present the first direct

As S and Rho-1/Brho activate mbGrk when co-expressed ievidence for Grk cleavage and have further provided insights
flies, we tested whether S and/or Rho-1/Brho are involved imto the function of both S and Rho proteins in this process.
Grk cleavage. To analyze this processing in detail, we used S2 .
cells that do not express either S or Rho-1/Brho (Schweitzer &tk processing
al., 1995a; Guichard et al., 2000). S2 cells were transientl@ur in vivo and in vitro results clearly indicate that Grk is
transfected with constructs encoding either secGrk or mbGrkJeaved in the germline (see Fig. 4). An important question is
in absence or presence of S or Rho-1/Brho, or S and Rhatere exactly the cleavage of the Grk precursor occurs? Bang
1/Brho. The mature Grk proteins of about 70 and 45 kDa couldnd Kintner (Bang and Kintner, 2000) concluded that the
be detected in lysates from cells expressing mbGrk and secGdteavage of Spi occurs in the TM and depends on the 15 amino
respectively (Fig. 7A). In addition, several secGrk intermediatacid stretch located between the EGF and TM domains. Our
forms ranging from 40 to 45 kDa, which probably representesults show that the Grk dibasic signat4gand Koa1) is not
glycosylation intermediates of the mature secGrk protein, werthe cleavage site because its mutation does not abolish this
detected in cell extracts. Such intermediates have also beewent. However, mbGrkEIOAA™C, in which the 19 amino acid
described for secSpi (Schweitzer et al., 1995a). Analysis dlY224t0 V24)) located between the EGF and TM domains have
conditioned media from transfected cells reveals that mbGrkeen deleted, is no longer cleaved, suggesting that this
cannot be detected in the medium and that mbGrk is neitheequence is directly or indirectly involved in the processing.
cleaved nor secreted in S2 cells. However, by contrast, Our results do not rule out the hypothesis that Grk cleavage
significant amounts of only the mature form of secGrk can beccurs in the TM domain as proposed for Spi (Bang and
detected in the conditioned medium (Fig. 7B). Kintner, 2000). The high conservation between the Spi and Grk
Analysis of the conditioned media from different co- TM domains (Neuman-Silberberg and Schiipbach, 1993), in
transfection experiments support the model that Rho-1/Brhaddition to aberrant Grk localization observed with different
are required for the cleavage of Grk and that the cleaved forgrk alleles affecting this TM domain (Queenan et al., 1999),
of Grk is detected in the conditioned medium only when S iseveal its importance. Moreover, the cleaved product of
also present in these cells. First, lysates prepared from celzk that is released in the medium, after co-expressing
that co-expressed mbGrk with Rho-1/Brho or with Rho-1/BrhanbGrk+S+Rho-1/Brho in S2 cells, has a slightly higher
and S, contained both mbGrk and a cleaved form that migratesobility that the engineered secGrk (Fig. 7B). Thus, it is
around the mature secGrk species. Second, only the mbGpkssible that mbGrk is cleaved within the TM domain and that
form can be detected in lysates from cells expressing mbGgkroteolysis depends on the 19 amino acid interval.
and S (Fig. 7A). Third, in cells expressing Rho-1/Brho and Our results reflect the importance of the Grk TM domain for
mbGrk, Grk is cleaved. However, in the absence of S, thiproper processing and routing through the secretory pathway.
cleaved Grk is not secreted in the medium (Fig. 7B). mbGrk processing is probably tightly regulated and leads to
To determine the subcellular localization of Brho and S, wefficient Grk secretion, contrary to engineered secGrk that
transiently transfected S2 cells with constructs containings poorly secreted from the oocyte and that acts mainly
either Brho or S. We also stained these cells with phalloidirintracellularly (Queenan et al., 1999) (this study).
to label filamentous actin and hence the plasma membrane, ) ) )
with an antibody specific for tHerosophilaGolgi, and with a  Brho and S act in the germline to promote secretion
pan-ER antibody. Brho is expressed discretely in cytoplasmief active Grk
vesicles (Fig. 7C1) that co-localize with the Golgi (Fig. 7C2)The recent findings that S and Brho, a Rho-related protein, are
and not the ER (Fig. 7C3). S is expressed in a diffuse patteaxpressed in the oocyte led us to investigate whether they
in the cytoplasm, primarily in a peri-plasma membrane patterare involved in Grk activation during oogenesis. S and Rho
(Fig. 7C4). Some of S colocalizes with the ER (Fig. 7C6) buproteins have been proposed previously to be involved in the
none with the Golgi (Fig. 7C5). processing and activation of Spi (Klambt, 2000); however,
Altogether, our results suggest that Rho-1/Brho ardecause they have no obvious motifs that predict their
sufficient to catalyze Grk cleavage, and that S is involved in hiochemical functions, their roles in ligand maturation and/or
trafficking/secretion process. The intracellular localization ofsecretion has remained obscure.
S is also consistent with a role for S at a step that follows the The analysis of these proteins in the context of Grk signaling
Brho-dependent cleavage, as S is predominantly very close bas provided numerous insights into the relationships between
the plasma membrane, while Brho localizes to the Golgi. these transmembrane proteins. Our in vivo data strongly
suggest that the expression level of S and Brho is very high in
the oocyte, thus leading to an efficient cleavage and secretion
DISCUSSION of Grk. However, S and Rho-1 are probably expressed at low
level in the follicle cells. Indeed, Pickup and Banerjee (Pickup
We have analyzed the mechanism of activation of theand Banerjee, 1999) were unable to detect the presence of S in
DrosophilaEgfr by the TGFohomolog Grk. Grk is expressed this epithelium using an anti-S antibody, whereas they clearly
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showed a strong staining in the germline. The presence of boftGFo-like ligands. As RTKs have not been found in plants
endogenous S and Rho-1 in follicle cells explains whySatterlee and Sussman, 1998), yeast or bacteriaththe
overexpression of mbGrk in this epithelium leads to a weakelated genes in these organisms presumably serve other
dorsalization of the eggs. Nevertheless removing one copy @inctions. It will be interesting to determine whether the
S is sufficient to completely suppress this phenotype. Thiactivities of these Rho-related proteins are similar to those of
confirms the observation that overexpression of mbGrk on itRho-1 and Brho, such as promoting the processing of proteins.
own is not able to activate the Egfr in vivo (Fig. 6C), as _

supported by our in vitro study (Fig. 3D). OverexpressiorA possible role for S

experiments in follicle cells indicate a strong synergy betweeNMosaic analysis of S, both in the germline (Nusslein-Volhard
mbGrk, S, and Brho, as previously observed for Spi (Guicharet al., 1984) and in follicle cells (Fig. 6B), together with ghe

et al., 1999; Guichard et al., 2000; Bang and Kintner, 200@ntisense experiment (Fig. 6A), demonstrate that S is required
(Fig. 6). Further, co-expression of S and Rho-1/Brho isn follicle cells for Spi-dependent Egfr activation, and in the
sufficient for Grk cleavage and secretion in S2 cells, stronglgermline for Grk-dependent Egfr activation. Our tissue culture
suggesting that they are the only proteins required for thisxperiments suggest that S is not involved in Grk proteolysis,
process. In addition, these tissue culture experiments revdalt instead in post-cleavage trafficking or secretion of the
that S and Rho-1/Brho are not obligate cofactors for thifigand (Fig. 7B). The intracellular localization of S is also
cleavage, because co-expression of mbGrk with Rho-1/Brho @nsistent with a role for S at a step that follows the Brho-
sufficient to catalyze this proteolytic event (Fig. 7A). S is notdependent cleavage, because we find that S is predominantly
required for Rho-1/Brho-mediated proteolytic cleavage in Sery close to, or at the plasma membrane (Fig. 7C4-C6), while
cells, but the soluble Grk extracellular domain is no longeBrho localizes to the Golgi (Fig. 7C2). The role of S, however,
detected in the medium from these cells, indicating that this not yet resolved because our results contrast with the ER
function of S is necessary for trafficking/secretion of thelocalization of S in the oocyte described by Pickup and
ligand. However, S is not able to cleave Grk in absence of Rh®&anerjee (Pickup and Banerjee, 1999). Interestingly, unlike
1/Brho (Fig. 7A,B). Altogether, our results show that theRho-1 and Brho, S is probably involved in other processes as
functions of Rho-1/Brho and S are distinct, which explain theiwell. For example, S has been identified as a suppressor of
co-dependence and synergism in vivo (Guichard et al., 199®elta (Klein and Campos-Ortega, 1992), one of the Notch

Guichard et al., 2000). ligand. Delta encodes a transmembrane protein that is cleaved
by the Kuzbanian metalloprotease, and the extracellular
How do Rho-1/Brho promote cleavage of mbGrk? fragment antagonizes the function of the membrane-bound

Rho-1/Brho may facilitate Grk proteolysis either by activatingDelta protein as an activating Notch ligand (Klueg et al., 1998;
or recruiting a yet unknown protease. By analogy to th&i et al., 1999). In the case of Notch signaling, a reduction of
processing of mammalian Egfr ligands, Grk cleavage ma$ gene activity might lead to a reduced release of the
be catalyzed by an ADAM-like metalloprotease (Black andextracellular Delta fragment, and thus enhance Delta signaling
White, 1998). Although these molecules are present iKlambt, 2000).

Drosophila (Wasserman et al., 2000), nothing is known yet Finally, understanding the function of S and Rho-1/Brho in
about their functions. An alternative hypothesis, is that despit€rk processing is relevant to studies of the mammalian ligands
the absence of known protease domains in their sequence$,the EGFR family as well, because TGk oeay also be
Rho-1 and Brho themselves may have proteolytic activity. Thprocessed in vivo before receptor binding (Peschon et al.,
subcellular localization of Brho, as observed for mature TACE998). Thus, although further work is needed to fully
(ADAM17) (Schléndorff et al., 2000), is predominantly in understand the biochemical function of S, and Rho-1/Brho, our
intracellular compartments (Fig. 7C1-3). In addition, andstudies have provided a number of insights into the mechanism
directly relevant to this hypothesis, Presenilins, which definef action of these molecules.

another subfamily of seven-pass transmembrane proteins, have

been proposed to encode proteases (Wolfe et al., 1999). InWe thank C. Arnold for generating the transgenic lines; A. J.
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; ; _ ; reeman, A. Guichard, A. Michelson, P. Rorth, B. Shilo and T.
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