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SUMMARY

The small guanine nucleotide binding potein p21Ra8splays  Rasl in Draf activation is not limited o the translocation
an important role in the activation of the Raf kinase. of Draf to the membrane through a Rasl-Draf association.
However, the precise mechanism by which Raf is aislated  In addition, Rasl is essentialfor the activation of an
remains unclea. It has been poposed that the sole function additional factor which in turn activates Drd.

of p21Rasin Raf activation is to recruit Raf to the plasma

membrane. We have usedDrosophila embryos to examine

the mechanism of Raf (Draf) activation in the complete Key words Ras, Raf, Receptdyrosinekinase Drosophila
absence of p2Ras (Ras1).We demonstrate that therole of  melanogaster

INTRODUCTION 1993) and a&ysteine-rich domain (CRD; Hu et al., 1995; Mott
et al., 1996). The RBD associates with the Riestr domain
Signaling through theevolutionarily consered cassette of with high dfinity, and Ag89 located in the RBD of Raf-1 is a
molecules including pZ®s (Ras), Raf and the mitogen- key residue that mediates this interaction (Block et al., 1996).
actvated protein kinase (MAPK) plays an essential role irPA mutation in this residue, R89L, abolishes the association
mediating proliferation andedelopment in may organisms between Ras and Raf-1, as well as Ras-dependératamt of
(reviewed byAvruch et al., 1994; Marshall, 1994; Moodie and Raf-1 (Fabian et al., 1994). The CRD also associates with Ras
Wolfman, 1994). Although Raf has beermwsh to be essential through residues fferent from those that contact the RBD (Hu
for transducing signalsonstream of adtated Ras, it is not et al., 1995). Interestingl it was demonstrated that the
known precisely bw Raf is advated (eviewed by Morrison CRD:Ras interaction only occurs once the association of RBD
and Cutle, 1997). The current model states that the solevith Ras has occurred (Drugan et al., 1996).
function of Ras in Raf aistation is to translocate Raf to the  The Drosophik Draf protein is structurally and functionally
plasma membrane, where Rafieation is egulated by an homologous to mammalian Raf-1. Human RAF-1 is 46%
unknown factor(s) (Levers et al., 1994; Skoe et al., 1994). identical in amino acid sequence to Draf, and is able to
Two basic obsemtions constitute the basis of this model.substitute inDrosophib for Draf for viability and signal
First, purified Raf-1 cannot be acted by Ras-GTP in vitro transduction (Ambrosio et al., 1989; Camamet al., 1994; A.
(Moodie et al., 1993Vvojtek et al., 1993). Second, in cultured Brand, X. Lu, and N. Perrimon, unpublished data). A
cells, Raf-1 can be duvtted by being tgeted to the Drosophik mutation Drafc110 associated with a reducestél
membrane without co-transfection of i@ated Ras. This of Draf actvity, has been isolated that cannot support the
actvation of membrane-tgeted Raf cannot be inhibited by a sunival of the animal (Melnick et al., 1993). This mutation is
dominant rgaive form of Ras (Levers et al., 1994; Stokoe an amino acid change inrg217, eqivalent to Ag89 of Raf-
et al., 1994). 1. The Drafc110 R217L mutation pevents the Draf:Rasl
All Raf proteins share threeo@seved Regions, CR1, CR2, interaction, suggesting that likerg89 in Raf-1, Ag217 is
and CR3 (Daum et al., 1994). CR1 and CR2 are located in tlessential for Rasl:Draf interaction (Hou et al., 1995).
N-terminal egulatory kgion, which acts to suppress the Dominant intragenic suppressors @&frafc110 have been
catalytic adtity of the C-terminal CR3 kinase domain. identified that restore viability t®rafc110 flies (Lu et al.,
Renoval of the N terminus (including CR1 and CR2) results1994). Two of these suppressor§W2 and Su3 identify
in constituive acivation of Raf-1 in mammalian cells mutations P308L and F290I in the CRD of Draf, respebt
(Heidecker et al., 1990; Stanton et al., 1989). Thieatan of  When the analogouBrafc11°mutation along with either of its
Raf requires its direct interaction with Ras in its\aded GTP-  intragenic suppressors were introduced into mammalian Raf-
bound form, and twoegions within CR1 kve been identified 1, it was sbwn that the suppressors do not function to restore
that bind Ras: the Ras-binding domain (RBD; Gorman et althe lost Ras:Raf association. Rathibey increase the basal
1996; Nassar et al., 1995; Stiter et al., 1994Vojtek et al.,  level actvity of Raf-1 (Cutler and Morrison, 1997).
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To further understand the mechanism of Raf activation bMATERIALS AND METHODS
Ras, we decided to examine the activity of a number of Raf
mutations in the complete absence of Ras activity. Theddy stocks and production of germline clone embryos
experiments are feasible Drosophilabecause it is possible tor null mutant embryos were collected from females homozygous for
to generate eggs completely devoid of Ras1 or Draf activit{pr®*, a protein null allele ofor (Sprenger et al., 1993). The ‘FLP-
using the mosaic ‘FLP-DFS’ technique (Chou and Perrimo OFS’ technique (Chou and Perrimon, 1992, 1996) was used to
1996). This is achieved following generation of germlineprof?l‘f'zcge emb?’qs de'lrl"’el(lj {rongsrTlge clones ?OTO%%%”@‘COB
mosaics that allow production of eggs derived from germlin :Spciog grgri'{;iﬂunuﬁ‘aﬁ.gfoéailﬁHgﬁere]?Zﬁ e1519%) e
cells homozygous for either Rasl or Draf protein null Embryo,s derived from germ cells doubl;} homozygous for
mutations. The embryos derived from females that laclyraf(R217L F290)andtor were derived from females homozygous for
maternalDraf or Raslactivities are referred to d3raf or  Draf(R217L F290)andtor¥RL, To generate embryos derived from germ
Raslembryos, respectively. In the absenceRaklor Draf  cells doubly homozygous fobraf(R217L. F290) and RasBC408
gene activity, receptor tyrosine kinase (RTK) signalingDraf(R?17t F2%0hy DrafR217L, F290) FRT828 Ras¥C40HTM3, Sb
pathways in the embryo are not able to signal. In particulafémales were crossed Braf(R217L, F290)y; hsp70-FIB%+; FRTS2B
the Torso (Tor) RTK signaling pathway, which is responsibl [ovdPLwt]/+ males. Following heat-shock induction of the

N i . . arvae, W; Shbt females of the genotypew Draf(R217L, F2900y
for determination of embryonic terminal cell fates (reviewe rafR2L7L F290)  hsp7QFLP3Y+: FRTS28  RasACAOHERTE2S

by Duffy and Perrimon, 1994), is the first RTK pathway toP[ovoDl, w], were collected and their eggs which were derived from
be affected. In the absence of Tor RTK activity, downstreanpaf(R217L, F290)and Ras2C40B germ cells, examined.

target genes such &alless(tll) andhuckebeirn(hkb) are not To determine the effect of DA overexpression otli expression,
activated.tll (Pignoni et al., 1990, 1992) is an excellentone copy of théisp70DrafAN transgene (Brand and Perrimon, 1994)
molecular ‘read-out’ of Tor signaling because both thewas introduced from the father by crossing females of the appropriate
domain and level ofil expression in the posterior region of genotypes with males homozygous for bsp70DrafAN transgene.

the embryo reflect the strength of Tor activation. At thed- t0 1-hour-old embryos were collected on agar plates and allowed
posterior terminus in wild-type embryot| is expressed to develop for an additional hour at'25 They were heat-shocked by

between 0 to 15% egg length (EL). If Tor signaling isfloatlng the plates in a 3Z water bath for 50 minutes, cooled {€4

. A then fixed for in situ hybridization usingtla probe.
decreased the domainttifexpression is reduced (<15% EL),
and an increase in Tor signaling activity expands tthe Production of Draf AN®©r4021 mRNA and microinjection
expression domain towards the middle of the embryo (>15% pGEM7 plasmid vector containing Drsfi©4021 sequence
EL). Draf plays a central role in Tor signal transduction(Dickson et al., 1992; gift from Dr L. Ambrosio) was linearized with
because embryos lacking materaaf gene activity have ECORI and used to produce D02l mRNA using the
phenotypes identical to those wf null embryos, resulting MMESSAGE mMACHINE SP6 RNA polymerase kit from Ambion
in the complete absence of posterilbrexpression. Weaker (Austin. TX). Synthetic mRNAs were dissolved in nuclease-free
L . - distilled water and the concentration determined by UV absorption

Draf alleles exhibit reduced levels 8f expression (Melnick 566 nm.
etal., 1993). Therefore, visualizationtbfexpression allows  gor microinjection, 0- to 1-hour-old embryos were collected and
one to determine the level of activity of Tor, Draf, or itsdechorionated with 50% bleach. Early syncytial blastoderm stage
dowsntream signal transducer (see Hou et al., 1995; Li et abmbryos were injected at the posterior pole using a pulled glass needle
1997). filled with synthetic DrafiN©r4021 mRNA. Injection was carried out

Previously, it has been proposed that N-terminal truncatioft 18C. Injected embryos were allowed to develop for more than 48
or membrane targeting of Raf results in Ras-independer'i'f’”rs at 18 under halocarbon oil. After cuticle development,

‘ P ot . embryos were washed with heptane, transferred to distilled water
constitutive activation’ of Raf (Leevers et al., 1994; Stokoe ontaining 0.1% Triton X-100, and then to glycerol:acetic acid (1:3)

et al., 199.4)' We have reexamined the S'g,na“ng activity o olution and incubated for 1 hour af @0 Cuticle preparations were

an N-terminally truncated Draf (Dral) mutation expressed yone according to the method of van der Meer (1977).

in embryos completely devoid oRasl activity. We o

demonstrate, contrary to the current model, that Rasl fxamination of embryos

necessary for the activation of DAM. Further, we show that Digoxigenin-labeled antisense RNA probes were generated utiing a
the activity of membrane-targeted Di&f is still sensitive to  CDNA plasmid (Pignoni et al., 1990, 1992). Whole-mount in situ
the presence of Ras1. Finally, we examined the role of Ra bridizations were performed according to the method of Tautz and
. - - -0 - . : ifle (1989). Embryos were mounted in Euparal (Carolina
in Draf activation using point mutations in Draf that disrupty, -, . A I, ;

its association ith gF\?asl We find tharafCcllo in P Biological Supply) following in situ staining or Hoyer’'s mount (for

! >sociation  wi o I . cuticle preparations).

combination with one of its intragenic suppress&s3 is

still regulated by Ras1 and Tor, although3does not restore  Physical interactions between Ras1 and Draf or Draf

the Draf110Rasl molecular interaction. The unregulatedmutants

enzymatic activity of Raf-1, due to tlBu3mutation (Cutler The Rasl-Draf interaction_was examined using the yeast tw_o—_hybrid
and Morrison, 1997), is not sufficient for the mutant Draf toSystem described by Gyuris et al. (1993). The plasmid containing the
transduce Tor signals, suggesting that Rasl, which is nésion of Rasl sequence encoding amino acid 1 to 185 and the B42
physically interacting ,With the mutant Draf, protein, is activation domain used in the assay was as described by Hou et al.

; L9 1995). The Draf CR1 domain (amino acid 176 to 316) was PCR
required for the activation of the mutant Draf. Taken togethelgimplified and fused in frame to LexA in pEG202 vector (Hou et al.,

these results suggest that Ras has an essential function1bs). praf mutant CR1 domains were amplified from genomic DNA
Raf activation beyond translocating Raf to the plasmasolated from pupae dbrafc110 SyDrafC192, andSyDrafcl193,

membrane. respectively.
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CR1 CR2 CR3 78|2

N | [ B [ e
Fig. 1. Schematic representations of
wild-type and mutant Draf proteins. | |
The three conserved regions (CR) are R217L  F2901 Point mutations
shown. The Ras-binding domain (Drafc110)  (Su3) in Draf alleles
(RBD) and cysteine-rich domain
(CRD) are located in CR1. CR2 is rich 432

in serine and threonine residues. CR3

contains the serine/threonine kinase _ DrafAN
domain. The fusion protein

DrafANtr4021contains Tor Torso sequences 371

extracellular (open bar) and
transmembrane (filled bar) domains. _ DrafANtoré0zt

RESULTS

N-terminally truncated Draf requires Rasl to activate

tl Control Heat-shock induction
Previous data have suggested that N-terminally truncs of DrafAN

forms of Raf are ‘constitutively active’ due to the relief of tr

N-terminal inhibitory domain (Heidecker et al., 1990; Stant A - 5 8

et al., 1989). However, none of these data were obtained in h t’ Wildtype
complete absence of Ras activity (see Introduction). e 2= ’
examine the effects of total elimination of Rasl on tl

signaling properties of ‘activated Draf’, we expressed

truncated form of Draf (Dr&fN) in embryos entirely lacking c D

maternaRaslactivity. DrafAN encodes a protein in which the ' { ﬁ Draf null
N-terminal region (amino acids 2-431), including both the CI j <

and CR2 domains, has been deleted (Fig. 1) ANabr an N- e

terminally truncated human RAF-1, when introduced into fli
as a transgene, has been shown to exhibit activated |

E F - ﬁ.
activities; i.e., heat-shock overexpression of Bifin wild- 5 .
type animals generates phenotypes reminiscent of gain (x_ . ) A tor null
function Rasl/Draf mediated pathways (Brand and Perrim > —

1994; Casanova et al., 1994; A. Brand, X. Lu and N. Perrim

unpublished data). G H
We expressed DrAN by heat-shock induction of one cop

of a hsp70 promoter-controlled transgeresp/GDrafAN; ‘ ) ‘

Brand and Perrimon, 1994) in embryos of different gene

backgrounds. This construct was provided paternally to e

of different maternal genotypes. In wild-type embryos, tI . .

posterior domain ofil expression extends from the posterior Fig- 2. The biological activity of DraiN depends on Ras1. The

tip to approx. 15% of the egg length anteriorly (Fig. 2A;ef'fects of expression of DiAN ontll expression levels in early

- - - embryos of different genetic backgrounds are shown. Draf
Pignoni et al., 1992). WhilPraf or tor null embryos show no activities are reflected by the extent of postettioexpression.

tll expres.sio.n in the posterior region (Fig. 2C, E; Melnick e{yea¢_shock induction of a DiaN transgene, provided paternally,
al, 1993, P|gn0n| et al, 1992), heat-ShOCk Induced[ﬂ)"af was able to exparnu expression in 230/01@100) of W||d_type

was able to expantl expression in wild-type embryos (Fig. embryos (B). Expression of Desifl was able to activate posterior
2B; A. Brand, X. Lu and N. Perrimon, unpublished data; seé@l expression to a significant level in 24%-86) of Draf null

also Casanova et al., 1994), and to rescue to significant levelmbryos (D), while there was an additional 10% that showed
the posteriortll expression irDraf null embryos (Fig. 2D). residual posteriotil expression (not shown). tor null embryos
Consistent with previous observations (Casanova et al., 199ure effect of expressing DzalN by the same heat-shock treatment
Li et al., 1997), posteridt expression is more sensitive to the Was only marginal, such that following heat-shock induction of
level of activated Draf such that ubiquitous expression Oposteriortll expression similar to that shown in F, 1.5% (two

activated Draf p.referentla_lly activatdsin the pOSte.r lor. embryos) showed posteritk expression levels comparable to

If the posterior domain ofll expression, activated by ,,ce shown in D. When expresseds1null embryos, no
_DrafAN in Draf nu_II embryc_)s_, was the result of a Rasl-giscemible effects otil expression were seen (G andri73).tll
independent constitutive activity of DA, we would expect  staining in the anterior region, which is controlled by both Tor and
that DrafAN should function similarly ilRaslnull embryos. Bicoid pathways (Pignoni et al., 1992), was used as a positive
Loss of Raslgene activity causes similar but less severeontrol.

‘ Rasl null

PrafAN, 31% 6=134) oftor null embryos showed residual
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phenotypes than loss dbraf activity. Most Rasl null  once DrafN is targeted to the plasma membrane, we used a
embryos are either identical to those @faf or tor null chimeric protein, DrafN©r4021 that is artificially targeted to
embryos, or retain residual levels of postetlbexpression the membrane through Tor N-terminal sequences.
in about 20% of them (Fig. 2G; Hou et al., 1995), presumablprafAN©r402ljs a fusion of the signal sequence, extracellular
due to a Rasl-independent pathway that is able to weakind trans-membrane domains of Tor and a truncated Draf in
activate Draf in the absence of Rasl (Hou et al., 1995Wwhich the CR1 and part of the CR2 have been removed (Fig.
Significantly, when DrafN was induced irRaslembryos 1; Dickson et al., 1992). The Tor sequence in DIfr4021
under the same conditions as those used to reBcak contains the point mutation, Y327C, in the extracellular
embryos,tll expression was not expanded (Fig. 2H). Theselomain that renders the T8¢! protein constitutively active,
results suggest that Rasl is required for the function gfresumably through ligand-independent dimerization
DrafAN. In tor null embryos, however, the same level of heat{Sprenger and Niisslein-Volhard, 1992). Fusion wittf‘Cfér
shock induced Dra&N resulted in only residual posteridk  sequences in such a fashion has proved to activate heterologous
expression (Fig. 2F), and only occasiondlly expression kinases (Dickson et al., 1992; Groshans et al., 1994), and the
levels similar to those induced iPraf embryos were same DrafN©r4021 fysion protein has been shown to be a
observed (not shown). Because Tor is the upstream RTK thpbtent activator of the Tor as well as Sevenless pathways (Baek
activates Rasl in terminal development, the differentiakt al., 1996; Dickson et al., 1992).
ability of DrafAN to activatetll expression irDraf and tor It has been demonstrated that different concentrations of
null embryos is consistent with a requirement for activated®rafAN®©r4021 mRNA, when injected into earl§prosophila
Rasl in the signaling potential of DAM. However, since embryos, can direct the synthesis of proportionally different
induction of DrafN is associated with low levels of posterior amounts of the DraN®©r4021 fysion protein. At an mRNA
tll expression irtor but notRas1null embryos, we propose concentration as low as 0.00lg/ul, over 50% of the
that it reflects the presencetor mutants of a small amount posteriorly injectedDraf null embryos can be rescued, as
of Ras1-GTP (see Discussion). assayed by their abilities to differentiate Filzkérper material
In summary, when we express Dihf at a moderate level, (Baek et al., 1996). When we injected 2xsior4021 mRNA
that is nearly sufficient to substitute for the endogenous Drahto early embryos of different mutant backgrounds, markedly
(Fig. 2D), DrafAN requires activated-Rasl to induce thedifferent rescuing abilities were observed. When injected into
expression of the downstream target gtine the posterior oDraf null embryos, DrakN®©r4021was highly
. ] efficient in rescuing the posterior cuticular structures including
Membrane-targeted Draf AN requires Ras1 to activate the A8 and the Filzkorper (Fig. 3C,D; Baek et al., 1996). In
tl contrast, at each concentration injected, the /ANEF4021
To investigate whether Rasl is still required for Draf activatiormRNA was much less effective in rescuRgs1null embryos.
Thus no rescue was observed at 0.01 anqu@/ll, while at
these concentrations about 50% of injeddedf null embryos
developed Filzkorper (Fig. 3D). At higher concentrations,
however, some rescue Baslnull embryos was seen, though
Wildtype the frequencies were lower thdbraf null embryos. For
’ example, at a concentration ofufy/ul DrafAN©"4021 mRNA,

o 100 D
i
Draf null x
S 75 4
—| |— Draf null
50 ...O... tor null
— >_ Rasl null
Draf null 25
+
mRNA
Injection A=~ “——O
0 = ' '
0.01 0.1 05 1.0 mRNA Concentration

(Hg/pl)

Fig. 3. Membrane-targeted DiAN requires Ras1 for activity. mMRNA from the fusion gene Diif™4021 (see text for details) was injected at
different concentrations into early embryos of different genetic backgrounds. Rescuing ability of injeadieBPatwas scored by the
appearance of Filzkérper material (shown by arrowhead in A and C). Embryos muiafdrave collapsed head skeletons (arrow) and are
missing all structures posterior to A7, including the Filzkérper (B). Whrafinull embryos were rescued by injection of IMafer402ImRNA
into the posterior, the Filzkorper developed, whereas the head skeletons, serving as an internal control, remained tdbagisadyC
percentage rescue of embryos of different genetic background following injection ANBF22mRNA at different concentrations. Without
injection, Filzkérper were never observediraf or tor null embryos, but were found in about 1%Ras1null embryos. Usually 200 embryos
were injected in each case. Each data point was calculated from at least 50 embryos that had developed cuticles.
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26% and 84% of injecte®as1null and Draf null embryos that effectively rescues the lethality associated Witafc110
were rescued, respectively (Fig. 3D). We reason thad/{l (Lu et al., 1994).

of DrafAN©°r4021 mRNA is probably too high a concentration Two dominant, intragenic suppressorsdwafc110 Su2and

to reflect physiological conditions of the embryo. That is, whileSu3 are caused by second site mutations, P308L and F290lI,
injection of 1pg/ul DrafAN©r4021 mRNA solution results in  respectively, located within the CRD Ras binding domain
expression of the fusion protein at levels similar to those of theithin the CR1 region (Fig. 1; Lu et al., 1994). Animals doubly
endogenous Draf (Baek et al., 1996), all the protein isnutant forDraf¢119and Su3or Su2are 98% and 18% viable
membrane localized and concentrated in the posterior regioayer Drafc110 respectively (Lu et al., 1994). When mutations
whereas under wild-type conditions only a small amount of Radquivalent to Drafc110 and either one of its intragenic
becomes membrane localized following RTK activationsuppressors were introduced into the human RAF-1 protein, it
(Hallberg et al., 1994). was found that the intragenic suppressor mutations do not

When DrafN®©r4021 mRNA was injected intotorXRl  restore the Raf:Ras interaction or increase the affinity of Raf-
embryos (XR1 is a protein null allele), about 5% of injectedl to Ras (Cutler and Morrison, 1997). We used the yeast two-
embryos were rescued at each concentration except at 0.ybrid system (Fields and Song, 1989; Gyruis et al., 1993) to
ug/ul, where no rescue was observed. Interestingly, unlike igonfirm that this is also true when tBeafc110 along with
Rasl null embryos, the rescuing ability of Dadd©or4021  eijther Su3 or Su2 were introduced into theédrosophila
mRNA intor*R1 embryos was not significantly increased whenproteins. While we were able to detect interaction between the
the injection concentration was raised joglul (Fig. 3D). The  wild-type CR1 fragment of Draf with Rasl (Fig. 4; also Hou
simplest explanation to accommodate these results is that tee al., 1995), the mutant CR1 fragment fr@mafCcl10 was
activity of the fusion protein DralN®©r4021requires Ras1 in its unable to interact with Ras1, as measure@gpalactosidase
GTP-bound state, which is abundant at the termiBiraf null
embryos due to the presence of the activated Tor, whil
possibly the presence of only a small amount of Ras1-GTP
tor null embryos allows occasional activation of sifor4021 14
(see Discussion).

Therefore, contrary to previous models, the membrane
targeted DrakN®©r4021 requires Rasl for its activity. We
envision two alternative models to account for this observatior
First, in addition to recruiting Draf to the membrane, Rasl i
also required for Draf activation. This second Rasl1-depende
requirement cannot be bypassed by simply placing Draf at tt
membrane. Second, the different effects of exogenousl
expressed modified forms of Draf iraf, tor and Rasl
embryos could reflect the absence of wild-type Draf protein ii
Draf, but nottor and Ras1null embryos. Possibly, inactive,
endogenous wild-type Draf could act as a dominant-negativ 4 -
inhibitor of the chimeric Draf protein by competing for a factor
that is limiting in amount. >

[-galactosidase activity

Intragenic suppressors of  Drafc110 do not restore
Ras1:Draf interaction 0 -

To distinguish between the two models discussed above, v WTCRL  CLI0CRL  S2CL100  SugClidy
examined the signaling activity of a mutant Draf protein tha Rasl CR1 CR1

+

has lost its Ras1-binding ability but yet retained the ability tc Rasl Rasl Rast Rasl

mediate Tor signaling. Previously, we isolated a hypomorphiEig. 4. Effect of theDraf¢119mutation and its intragenic suppressors

i C110 its bindi
mutationDraf=% R217L, that prevented its binding to Rasl on binding of Ras1 to Draf. The yeast two hybrid system (Gyuris et

(Perrimon et al., 1985; Hou et al., 1995; Melnick et al., 1993)al., 1993) was used to demonstrate the affinity of Rasl for the Draf

The Draf!1% mutant allele, associated with reduced Drafcri domain, and the disruption of this interaction wherDiadC110
activity, is still able to mediate normal Tor signaliigaf©11®  mnytation (R217L) was introduced. Affinity between the proteins is
animals die before emerging from their pupal cases probablgflected in the transcription Bfgalactosidase, whose activity is
due to insufficient zygotic Draf activity during larval given in units as defined by Rose et al. (1990). WheDthg110
development. Indeed these animals develop eye defeowutation is introduc_:eq3-galactosid_ase activity is reduced to a
reminiscent of a loss of RTK activity in the eye (Melnick et al.,packground level similar to that with Ras1 alone. When CR1
1993: Lu et al., 1994), and this phenotype is more severe ovipgments doubly mutant for tiizraf!*®mutation and its intragenic
a deficiency of the region. Although the CHRasl suppressors;u2andSu3 respectively, were used in this assay, no
interaction is abolished, we wanted to determine whether Ra evation of3-galactosidase activity was detected, indicating that

h - . 10 - ese suppressors do not restore the Ras1-Draf association. The
still plays a role in the function of Df&f°. To test this would expression levels of Ras1 and the Draf CR1 fragment were equal in

require examining embryos fm@raf(_:llo' Rasl double  these experiments, as measured by western blotting (data not shown).
mutant germ lines, which is not technically feasible becausgrror bars indicate the standard deviations between the results of a
the mutations are on different chromosomes. To overcome thisinimum of four independent yeast colonies assayed for each
problem, we used an intragenic suppressddmaff©110 Su3  experiment and control.
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activity, which was at a similar level to control cells transfect
with Rasl alone (Fig. 4, see also Hou et al., 1995). Wt ' | M

ERTTRELN

mutant CR1 fragments harboring the originBrafc110 Sud

mutation in combination witBu2or Su3 respectively, was co-
transfected with Rasl into yeast cells, no increase in
Rasl:CR1%u) or Rasl:CR1%u3 interactions were detectec
(Fig. 4). Therefore, consistent with the results obtained w
the human RAF-1 protein, twadDrosophila intragenic
suppressorsSu2and Su3 in combination with theDrafc110
mutation were unable to physically interact with Ras1. The
results suggest that the restoration of Draf function to !
Draf€110 mutant by these suppressors is due to mechani
that do not involve the physical interaction between Rasl
the mutant Draf. The viability of th®rafc119Su3 double
mutation allowed us to evaluate the in vivo regulation of
mutant Draf protein, Dré#217L. F290)) that does not bind to
Rasl.

tor

tor +Su3

Rasl

Draf (R217L, F2901) j5 regulated by Ras1

Studies with mutations in the human RAF-1 have shown t
the intragenic suppressor mutations, including those equiva
to theDrosophila SuzandSu3 in combination with the human
DRAF-110 gquivalent mutation, R89L, have increased ba:x
biological, as well as enzymatic activities that are not affec.c.
by exogenously introduced Ras. Cutler and Morrison (1997ig. 5. Draf(R217L, F290Njs requlated by Ras1 and Ttt.expression
have suggested that the suppressors confer constitutilevels (A,C,E,G and I) and larval cuticles (B,D,F,H and J) are shown.
activities on the original mutant Raf protein which couldEmbryos derived from female germ lines homozygous for both
explain the viability of theDrosophila double mutants. To Draf(®217t F290andRasC408 (] and J) are more similar to those
investigate whether DrR17L F290) is aple to function in omozygous foRasPC40Balone (G and H) than raf(R217L, F2901)

embryos lacking maternal Ras1, we examined embryos fro mozygotes (A and B), which are indistinguishable from wild type.
homoyzygous D?af(R217L, F290) females bearing m{)sai c Embryos from females doubly mutant oraf(R217L, F290Nand

i lis h f in reéslailel torXR1 (E and F) showetll expression and cuticles identical to those
germline cells homozygous for a protein rikdslallele. from females homozygous fterXR1 alone (C and D), except that

Due to the presence of the Rasl-independent pathway thaju, of the embryos showed residual postetiexpression (arrow
can weakly activate Draf in the absence of Rasl, residugl E) and develop cuticular structures posterior to the seventh

posteriortll expression can be detected in about 20%afl  abdominal denticle band, A7 (F). Notetiw*R! embryos A7 is at
null embryos, while the remaining 80% of the embryos shovthe posterior tip, whereas in 20%mifaf(R217L. F290) torXR1 double
notll expression (Hou et al., 1995; Li et al., 1997). Consistennutants A7 is in a more anterior position.
with theirtll expression levels, the larval cuticlesRds1null
embryos show more posterior structures than those from either
torXR1 or Draf null embryos (Hou et al., 1995). While the Therefore, Rasl1 still regulates a mutant Draf, (BeafL. F2901)
majority of Raslnull embryos have only seven abdominalthat lacks the ability to physically interact with Rasl. These
denticle bands, similar to thosetofXR1 or Draf null embryos, results favor the model that a Rasl-dependent activity is
about 20% of them retain A8, and about 1% of theseequired for Draf activation independent of its membrane
embryos have Filzkérper material. Animals homozygous fotranslocation.
Draf(R217L, F2903|one are viable, morphologically normal, and o _
their larval cuticles as well asll expression levels are The activity of Draf (R217L.F2900) s controlled by Tor
indistinguishable from those of wild-type embryos (Fig. 5A,B).To determine to what extent Df#17L. F290Dis regulated by
However, all embryos derived fromraf(R217L, F290) Ras1  Tor and to what extent its activity is constitutive, we generated
germ cells die during embryogenesis and develop cuticlesnimals doubly mutant fobraf(R217L. F290) and thetorXR1
indistinguishable from those of embryos mutantRaslalone  protein null allele. Embryos fromor*R1 females lack posterior
(Fig. 5H,J). Posteriatl expression in embryos doubly mutant til expression and the larval cuticles are missing all
for RaslandDraf(R217L, F290extends slightly more anteriorly structures posterior to the seventh abdominal segment (A7;
than those ofRaslnull embryos (Fig. 5G,l). The modest Fig. 5C,D). Embryos derived from females doubly mutant for
anterior extension ofll expression may reflect an additive Draf(R217L, F290)gndtorXR1 were completely non-viable. Their
effect of the Rasl-independent activation and the unregulatedticle phenotypes and levels df expression are almost
activities of DrafR217L. F290) a5 were detected in assays withidentical to those of embryos frotorXR1 females, although
the mutant human RAF-1. about 20% of these embryos exhibit residual postetior

In summary, the phenotypes d@raf(R217L, F290) Ras1  expression (Fig. 5E) as well as slightly more differentiated
double mutant embryos resemble those fReslalone rather cuticular structures posterior to A7 than those framR1
than wild type, suggesting that DIRFL7L. F290){s unable to  mothers (Fig. 5F). The residutll expression indicates that
mediate Tor signaling in the absenceR#s1gene activity. Draf(R217L, F290retains low level activity that is not controlled

Rasl +Sul
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by Tor, consistent with studies with human RAF-1 mutationsof Draf, resulting in a more ‘open’ configuration of the protein.
where theDraf¢110equivalent mutation, R89L, in combination Such modifications may be analogous to the conformational
with any of the suppressor mutations exhibits increased basathange that results from the binding of Ras to Raf. Therefore,
level activities. Our in vivo results iBrosophilaextend the it is possible that the Dri&?17L. F290)protein has acquired an
vertebrate results by demonstrating that the mutant$t&f:  altered conformation, which is more accessible to the ‘Raf
F2901) protein is still regulated by Tor and that its constitutiveactivator’ than the Dr&f19mutant protei.

activity is sufficiently low such that the mutant protein alone _ _ S N
is unable to effect normal Tor signa”ng_ Ras is reqwred for Raf activation in addition to

membrane translocation of Raf

Ras is located at the inner surface of the plasma membrane and
DISCUSSION cycles in two states: the active GTP-bound form and the

inactive GDP-bound form. Much of our knowledge about the
We have used the earprosophila embryo as an in vivo function of Ras in Raf activation has relied on studies using
system to investigate the requirement for Ras in Raf activatioproteins expressed in tissue culture cells. The conclusion that
Using the ‘FLP-DFS’ technique, we were able to examine théhe sole function of Ras in Raf activation is to translocate Raf
activity of various Draf proteins in embryos that completelyto the plasma membrane was mainly drawn from co-
lack Rasl activity. Such a situation has not been possible transfection experiments demonstrating that the membrane-
mammalian cell lines because Ras activity is required for cethrgeted Raf is activated and cannot be inhibited by*Ras
viability. We have found that two activated forms of Draf (onedominant-negative form of Ras that competes with wild-type
N-terminally truncated and the other N-terminally truncated aRas for binding to the guanine-nucleotide exchange factor
well as membrane targeted), when expressed at moderd@EF; Farnsworth and Feig, 1991; Leevers et al., 1994; Stokoe
levels, are not active in the absence of Rasl. Further, vt al., 1994). It is conceivable that some residual endogenous
demonstrate that a mutant Draf protein, &L F2900) that  Ras activity was still present in these experiments as the
has lost its Ras1-binding ability is functional, yet its activitydominant-negative Ras protein used may not completely
requires input from Rasl. To explain these results, we proposghibit wild-type Ras function. This possibility would be
that, in addition to translocating Raf to the plasma membranepnsistent with studies iBrosophilg which have indicated

Ras-GTP also activates an unknown ‘Raf activator’. that injection of Ra%!” into wild-type embryos is unable to
o o generate phenotypes more severe than those obserRedin

The role of Ras-Raf association in the activation of null embryos (Lu et al., 1993; Hou et al., 1995).

Raf Without extracellular stimuli, tissue culture cells are perhaps

The finding that Rasl is required for the activation of mutananalogous taor null embryos. We found th&br null embryos
Draf proteins that do not physically interact with Rasl, doeare able to support the activation of an N-terminally truncated
not undermine the importance of the Ras-Raf association ior membrane-targeted Draf, though to levels lower th&manh
Raf activation in wild type. It has been proposed that th@ull embryos, in which the endogenous Tor is activated by its
association between Ras and Raf accomplishes two functiordigiands. We propose that the lower activity levels exhibited by
First, it facilitates Raf activation by translocating Raf to thethe modified Draf proteins itor null embryos are due to the
plasma membrane. Second, this association also relieves thieesence of only a minority of GTP-bound Rasl in the absence
inhibitory effects of the N-terminal region of Raf (Drugan etof the upstream RTK Tor, while the bulk of Ras is in its GDP-
al., 1996; Morrison and Cutler, 1997). The CRD in the CRbound form. A similar hypothesis has been proposed in the
region of Raf is the second Ras-binding domain that makesudy of the function of ®rosophila 14-3-3 protein in Tor
contact with Ras through a different set of residues than thosgnaling (Li et al., 1997). Overexpression of 14-3-3 results in
that interact with RBD, the first Ras-binding domain. CRD willactivation of Draf in wild-type, but not iRaslnull embryos,
not interact with Ras unless the RBD-Ras interaction hasuggesting that Ras1 is required for 14-3-3-induced activation
occurred (Drugan et al., 1996; Morrison and Cutler, 1997)of Draf. However, low levels of Draf activation are observed
suggesting that Ras, through sequential binding to the twia tor null mutant embryos when 14-3-3 is overexpressed. We
domains, induces a conformational change in Raf. Such groposed that the activation of Draf by 14-3-3tam null
event may cause a dissociation of the inhibitory N terminusmbryos reflects the presence of a small amount of Ras1-GTP
from the C terminus, which would be readily accessible to thpresent in the embryo, which is in equilibrium with the
‘Raf activator’. majority of Ras1-GDP (Li et al., 1997). However, if expressed
In Drosophila the Draf¢110 point mutation, R217L, at non-physiologically high levels, Dsifl is likely to exhibit
abolishes the molecular interaction between Rasl and Dradignificantly higher levels of activity, as it has previously been
and results in a defective protein that cannot support thehown that heat-shock overexpression of Dikatan rescue
survival of the animal. Because tBeafc110mutation retains the posterior defects tdr null embryos (Casanova et al., 1994;
Tor signaling activity, it suggests that recruitment of Raf to the\. Brand, X. Lu and N. Perrimon, unpublished data).
membrane by Ras is dispensable under certain circumstanceslt could be argued that the inability of truncated forms of
Perhaps Raf can reach the membrane by passive diffusion. Theaf to activate the Tor pathway iRasland tor mutant
two intragenic suppressorsu2 and Su3 which restore  backgrounds is due to competition with endogenous, inactive
sufficient Raf activity to rescue the lethality associated wittDraf that is associated with a protein present in limiting
Draf€110 are located in the CRD of Draf, yet do not restorequantity. This model is unlikely for the following reasons.
the Rasl:Draf interaction. Possibly, these suppressor mutatioRsst, in wild-type tissue culture cells, only 3% of Raf-1
disrupt the association between the N- and C-terminal halvésanslocates to the membrane and becomes activated as a result
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of RTK activation (Hallberg et al., 1994). Thus, the (Kornfeld et al., 1995; Sundaram and Han, 1995; Therrien et
overwhelming majority of Raf-1 is inactive and yet does nogl., 1995). Studies with thBrosophila14-3-3 genes indicate
compete with the activated Raf-1. Second, it could be argudtat they cannot encode the ‘Raf activator’ since these proteins
that wild-type Raf and the truncated Draf compete for a limiteére necessary, but not sufficient for Draf signaling (Chang and
pool of the Draf substrate, MEK. However, this is unlikely Rubin, 1997; Kockel et al., 1997; Li et al., 1997). The situation
since MEK is probably activated once it is bound to Rafwith KSR is less clear. KSR associates with 14-3-3 and also
(Huang et al., 1993). Finally, the requirement for Rasl in thevith Raf-1 at the membrane in a Ras-dependent manner
activation of DrafR217L. F290grgues against the presence of a(Therrien et al., 1996; Xing et al., 1997). Zhang et al. (1997)
limited amount of Raf-associated factor whose function i$iave suggested that KSR is a ceramide-activated protein (CAP)
independent of Ras, because E¥&fL F290)would be kinase that phosphorylates and activates Raf-1 in vitro.
constitutively active in &as1null background if such a factor However, Therrien et al. (1996) and Yu et al. (1997) found that
were Ras-independent. KSR plays a structural role in modulating Raf/MEK/MAPK
An alternative model to explain our finding that activatedsignal propagation and it does not appear to phosphorylate Raf-
Raf requires Rasl activity is to postulate that Rasl activatesla
Draf-independent pathway which, in combination with Draf, is Besides these possible Raf activators, it has also been shown
required to inducél expression. There is no evidence for suchthat artificial oligomerization can activate Raf-1, presumably
a pathway sinc#l is not expressed in the absence of Draf ands a result of conformational change or transphosphorylation
weakerDraf alleles exhibit reduced levels d¢if expression or both (Farrar et al., 1996; Luo et al., 1996). However, the
(Melnick et al., 1993; Hou et al., 1995; Li et al., 1997). Furthereffect of forced oligomerization on Raf-1 activation appears
the phenotype associated wibraf(R217L. F290) glso argues much weaker than that stimulated by the activation of an
against the existence of such a Draf independent pathway frompstream RTK, and it is not clear whether Raf activation
Ras1 tatll. In Draf(R217L. F290) Rasidouble mutant embryos requires oligomerization in vivo (Farrar et al., 1996; Luo et al.,
tll expression is very reduced. We reason that if this effec996; reviewed by Morrison and Cutler, 1997). The activity of
reflected the down-regulation of only a Draf-independenthe fusion protein DrafN©r4021  especially at high
pathway then it would imply thabraf(R217L, F290)is not  concentrations, may therefore result from homodimerization of
regulated by Rasl and therefore can only be constitutivelyself as well as heterodimerization with the endogenous Tor,
active, because low activity of Draf is associated with lethalityas they share the same extracellular and transmembrane
and reduced expression. This does not appear to be the castomains. Heterodimerization between Mgf4021and Tor
becauseDraf(R217L. F290) does not exhibit any dominant could cause tyrosine phosphorylation and activation of the
phenotypes in a wild-type background. Therefore, the simple§brmer, as it has been shown that tyrosine phosphorylation of
explanation for our results is that Rasl is required to activateaf-1 by Src can activate Raf-1 (Marais et al., 1995). Such
Draf in addition to recruiting it to the membrane. Such aractivation may be Rasl-independent, as expression of
interpretation is consistent with recent reports of Mineo et aDrafAN™©r4021 following injection of high concentrations of
(1997) and Roy et al. (1997). Mineo et al., (1997) identified anRNA is capable of restoring Tor signaling Rasl null
mutant Ras protein that binds to a mutant, but not wild-typembryos.
Raf-1. When the mutant Raf-1 protein is targeted to the Finally, it is possible that very high concentrations of
membrane, it can be additionally activated by interacting witfiDrafAN©"021mRNA are capable of restoring Tor signaling in
this mutated form of Ras, suggesting that the Ras/Raf-Rasl null embryos because of the activity of the Rasl-
interaction plays a role in Raf-1 activation that is distinct fromindependent pathway that activates Draf (Hou et al., 1995). In
membrane recruitment. Further, Roy et al. (1997) generated #me absence of Rasl, residtiaexpression still remains in the
activated Raf-1 by replacing two tyrosine residues with aspartigosterior of the embryo, indicating that there is Rasl-
acid (RafDD) and found the activity of membrane-localizedndependent Draf activation. The nature of this activity is
RafDD can be additionally stimulated by Ras. This activatiorunclear. It could originate from a pathway regulated by Tor and
is abolished by a mutation in the zinc finger located within théhus operates in parallel to the Rasl pathway. Alternatively, it
CRD of RafDD, suggesting that Ras activates Raf-1 througbould be due to a factor that is activated only when Rasl is
its zinc finger. removed from the Tor pathway. Perhaps in the absence of Ras1
In summary, we have shown that mutant or modified Drafinother small GTPase, such as Ras2, can replace Ras 1.
proteins that have lost their Ras-binding abilities are capabRRegardless of the nature of this Rasl-independent pathway, it
of signaling, and that their activities are dependent on Rasl ia not able to replace the function of Rasl in activating the
its active form. The role of Rasl in the activation of theséDraf activator’ (Fig. 6) at physiological levels of Draf.
mutant Draf proteins is not in the membrane translocation dfiowever, perhaps when non-physiologically high levels of
the Draf, as membrane targeting of a truncated Draf does nDraf are provided, this parallel activity can complement for
bypass the requirement for Rasl. Therefore, we conclude thatk of Rasl (see experiment in Fig. 3D).
activated Ras is required in Raf activation beyond the

membrane-translocation step. Model of Raf activation
_ . o In this study, we have provided evidence that mutant or
Dual function of Ras in Raf activation truncated Draf proteins that do not bind to Ras1 still require

Currently, the exact mechanism by which Raf is regulated iRasl for activation. Assuming that the yeast two hybrid assay
still unknown. Besides Ras, other Raf-interacting proteins havie an accurate method to detect the physical interaction that
been isolated as potential Raf activators. These include 14-3e8curs between Ras and Raf molecules in vivo, our findings,
(reviewed by Aitken, 1995; Morrison, 1994) and KSRtogether with studies in mammalian cultured cells, support a
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‘two-step’ mechanism (Fig. 6) by which Ras activates RafChou, T.-B. and Perrimon, N. (1992). Use of a yeast site-specific

First, we propose that activated Ras binds to Raf at the

recombinase to produce female germline chimer&@rasophila Genetics
131,643-653.

membrane a”‘,’ brings Raf into close proximity tO_ItS ,aCtlvatorChou, T.-B. and Perrimon, N.(1996). The autosomal FLP-DFS technique
The conformational change that results from the binding of Ras for generating germline mosaicsbmosophila melanogasteGeneticsi44,

to the N-terminal region of Raf relieves the inhibitory effects 1673-1679.

of the N terminus, exposing the CR3 kinase domain to the ‘R&3utler, R. E. J. and Morrison, D. K. (1997). Mammalian Raf-1 is activated

activator’. Since it has been shown that Ras-GTP does not

by mutations that restore Raf signalinghDrosophila EMBO J.16, 1953-

directly activate Raf, the existence of a ‘Raf activator’ has t¢aum, G., Eisenmann-Tappe, |., Fries, H., Troppmair, J. and Rapp, U.
be postulated. Second, we propose that, independent of ther. (1994). The ins and outs of Raf kinasémnds Biochem Scl9, 474-
binding of Ras to Raf, activated Ras activates the unknown479.

‘Raf activator’. A test of this model obviously awaits the
identification of the ‘Raf activator’.

Dickson, B., Sprenger, F. and Hafen, §1992a). Prepattern in the developing
Drosophila eye revealed by an activated Torso-Sevenless chimeric receptor.
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