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ABSTRACT

In the early Drosophila embryo the activity of the EGF-receptor (Egfr) is required to instruct cells to adopt
a ventral neuroectodermal fate. Using a gain-of-function mutation we showed that D-raf acts to transmit
this and other late-acting embryonic Egfr signals. A novel role for D-raf was also identified in lateral cell
development using partial loss-of-function D-raf mutations. Thus, we provide evidence that zygotic D-raf
acts to specify cell fates in two distinct pathways that generate dorsoventral pattern within the ectoderm.
These functional requirements for D-raf activity occur subsequent to its maternal role in organizing the
anterioposterior axis. The consequences of eliminating key D-raf regulatory domains and specific serine
residues in the transmission of Egfr and lateral epidermal signals were also addressed here.

IAS a member of the Ras/mitogen-activated protein
kinase (MAPK) signaling cassette, the D-rafserine/
threonine kinase plays an essential role in numerous
developmental pathways in Drosophila. In the early em-
bryo, D-raf proteins transmit a cell determination signal
localized at the embryonic poles that depends on the
activation of the Torso (Tor) receptor tyrosine kinase
(RTK). Both D-rafand tor mRNAs are maternally synthe-
sized and translated into proteins that specify terminal
cellular fates within 3 hr after egg fertilization (reviewed
by Lu et al. 1993; Durry and PERRIMON 1994). Subse-
quently, along the ventral midline, a second RTK-gener-
ated signaling pathway, under the control of the Dro-
sophila EGF receptor (Egfr), results in the specification of
ventral ectodermal cell fates (reviewed by SCHWEITZER
and SuirLo 1997).

It has been anticipated, but not previously shown, that
D-raf acts as an essential component for transmission of
the Egfrgenerated signal in ventral ectodermal cells of
the embryo. Other embryonic Egfr pathways in which
D-rafmay function include those required for germband
retraction, the development and viability of midline glial
cells, and the secretion of ventral cuticle and denticles
(CLFFORD and ScHUPBACH 1992; RAaz and SHILO 1992,
1993; ScHoOLZ et al. 1997). At later stages of the life cycle,
it has been shown that D-raf functions downstream of
Egfr in wing vein differentiation (D1az-BENJUMEA and
HAareN 1994), specification of photoreceptor cells (GREEN-
wooD and STRUHL 1999; HALFAR et al. 2001; YANG and
BAKER 2001), and dorsoventral patterning of follicle
cells in the ovary (BRAND and PERRIMON 1993).

Itis known that the regulation of the Rafkinase family
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is complex, with a variety of proteins acting to control
subcellular localization, conformational state, and ulti-
mately the kinase activity of Raf molecules (for review
and references within see Korcu 2000). Raf family
members share homology in three domains, conserved
region 1 (CR1) that binds Ras, CR2 that binds 14-3-3,
and CR3, the kinase region that also contains a 14-3-3
binding site. In mammals, Ras acts positively to position
Raf-1 at the membrane, where it is subsequently acti-
vated (LEEVERS et al. 1994; STOKOE et al. 1994). In con-
trast, the phospho-binding protein, 14-3-3, has been im-
plicated in both the positive and negative regulation of
Raf-1 functioning as a “scaffold” that stabilizes both the
active and inactive forms of the kinase (MICHAUD et al.
1995; MUSLIN et al. 1996).

In Drosophila, D-Ras acts to positively regulate the
activity of D-rafin Tor, Egfr, and Sevenless signaling path-
ways (reviewed by Daum et al. 1994; Durry and PERRI-
MON 1994). In addition, two isoforms of 14-3-3 (¢ and
{) have been shown to enhance D-Ras signaling and
are thought to operate through interaction with D-raf
proteins (CHANG and RUBIN 1997; KOoCKEL e/ al. 1997;
L1 et al. 1997). Since 14-3-3 { has also been implicated
in the negative regulation of D-raf (ROMMEL et al. 1997)
it is likely that the 14-3-3 proteins can, in a manner
equivalent to that found for Raf-1, bind to D-raf S388
and S743 to regulate activity. However, it is clear from
genetic studies that other factors, including KSR (THER-
RIEN et al. 1995, 1996), PP2A (WASSARMAN et al. 1996),
and CNK (THERRIEN et al. 1998, 1999) also serve to
modulate the activity of D-raf (for review see STERNBERG
and ALBEROLA-ILA 1998).

Signal transduction pathways mediate cellular re-
sponses such as growth and differentiation by eliciting
a signal across the plasma membrane. The mechanisms
that regulate Raffamily members in different organisms
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in these signaling pathways during development remain
unclear. Since the family of Rafproteins has been highly
conserved during evolution, studies involving D-raf will
have broad implications and better define how develop-
mental cell fate choices are generated within the animal
kingdom. In Caenorhabditis elegans the lin 45 raf kinase
is required for vulva development (HAN et al. 1993). In
Xenopus laevis Raf proteins have been shown to play
a role in the induction of the embryonic mesoderm
(MAcN1coL et al. 1993, 1995; Xu et al. 1996). Raf
I-deficient mice exhibit growth retardation and die at
midgestation with anomalies in the placenta and in the
fetal liver (NAUMANN et al. 1997; MikuLA et al. 2001),
while B-Rafdeficient mice die in utero displaying defects
in endothelial cell differentiation and survival (Wojnow-
SKI et al. 1997).

Here we access the ability of D-raf molecules to act in
signaling pathways activated subsequent to the establish-
ment of terminal cell fates by the Tor RTK. We found
that mutant forms of D-rafexpressed using a heat-shock-
driven transgene were variably stable and showed dif-
ferences in the rescue of dorsoventral cuticle defects
caused by loss of D-raf maternal and zygotic function.
These data provide evidence for the hypothesis that
D-raf plays a role in two distinct signaling pathways that
direct maturation of the embryonic ectoderm, the Egfr
pathway for ventral cell determination and a second
novel pathway required for the specification of lateral
cell fates.

MATERIALS AND METHODS

Stocks, production of D-raf germline mosaics, and trans-
genic D-raf lines: Egfr embryos were collected from parents
heterozygous for the topallele (CLIFFORD and SCHUPBACH
1992) and the CyO, B1 balancer chromosome that carried a
lacZ gene under the control of the fushi-tarazu ( fiz) promoter.
To distinguish between wild-type, heterozygous, and homozy-
gous FEgfr embryos, the genotypes of the embryos were deter-
mined by following the expression pattern of the lacZ gene
(see below). Embryos lacking the lacZ marker were homozy-
gous lethal for the top™ allele. To generate mosaic females
that were homozygous for the D-raf™™* protein null allele
(AMBROSIO et al. 1989a; MELNICK et al. 1993) germline clones
were made using the “FLP-DFS” technique of CHOU and PERRI-
MON (1992). Both D-raf “null” (D-raf”/Y) and paternally res-
cued D-raf*“torso” (D-raf /+) progeny, derived from eggs that
lacked maternal D-raf protein, suffered embryonic lethality
(PERRIMON et al. 1985; AMBROSIO et al. 1989b). To distinguish
between these two embryo classes, females with D-rafgermline
clones were crossed with males of the genotype yw / Y; Plw*
fizP-gal G2] / Plw" ftzB-gal G2]. Embryonic genotypes were
determined by following the expression pattern of the lacZ
gene (see below). Embryos without the lacZ marker were re-
ferred to as D-rafnull embryos because they lacked both mater-
nal and zygotic D-raf protein and produced a small cuticular
patch at the end of embryonic development. Their siblings,
which expressed the lacZ gene, were referred to as paternally
rescued D-raftorso embryos because they lacked only maternal
D-raf gene activity and showed a terminal class phenotype in
cuticular preparations.

Transgenic lines with modified D-raf genes were generated
using standard P-element transformation (SPRADLING and
RuBiN 1982). Modified D-raf cDNAs as described in BAEK ef al.
(1996) were inserted into the polylinker site of the pCaSpeR-hs
vector (THUMMEL and PIRROTTA 1992) using EcoRI and Xbal.
Females with D-raf "’ germline clones were crossed to yw /
Y; P[w" D-raf ™| / P[w" D-raf ™| transgenic males. In the
case of the D-raf"? gene, transgenic males were heterozygous
for the D-raf** insertion on the TM2 balancer chromosome.
Thus, only one-half of the D-rafembryos inherited the D-raf**
gene. This was considered in Western blots to determine D-
raf ¥ protein concentration and in the phenotypic analysis
of embryonic expression and cuticular patterns.

Rescue of Egfr embryos by central mRNA microinjection:
Draf™ (1 png/pl) and D-raf* " (0.5 pg/pl) mRNA injections
were as described in BAEK and AMBROsIO (1994) and BAEK
et al. (1996) with the following modifications: embryos from
top"™”/ + parents were collected for 30 min, aged 20 min (Nu-
clear Cycle 10), and then processed for central injection. We
used chi-square analysis (x* = X (O — E)?/E) and one degree
of freedom and found that deviation from the expected ge-
netic ratio of 3:1 was significant for those embryos injected
with D-raf*"*' mRNA (P value of 0.90). As a control for the
injection procedure, embryos from heterozygous Egfr parents
were injected with D-raf " mRNA. Deviation from the expected
3:1 ratio was not statistically significant in this case, with a P
value of 0.90.

Phenotypic characterization of Egfi, D-raf, and transgenic
D-raf embryos: In situ hybridizations were performed as de-
scribed in TauTz and PreIFLE (1989). Antisense digoxigenin
probes were prepared from plasmids containing the otd (FIN-
KELSTEIN and PERRIMON 1990), rho (BIER et al. 1990), or dpp
(IrtsH and GELBART 1987) ¢cDNAs. For double-labeling experi-
ments to distinguish between wild-type, heterozygous, and ho-
mozygous Egfr embryos or D-raf torso and null embryos, anti-
bodies were used at 1:1000 and 1:500 for the anti-3-gal primary
(Sigma, St. Louis) and goat-anti-mouse secondary (Jackson
ImmunoResearch, West Grove, PA) antibodies, respectively.
Immunocytochemistry was performed as described in PERKINS
et al. (1996). For cuticular analysis, unhatched embryos were
prepared according to ASHBURNER (1989). Embryos were pho-
tographed with a Zeiss Axioscope microscope using phase
contrast or Nomarski optics.

In gene expression studies to measure the distance between
dpp stripes, embryos were placed in 7% gelatin:63% glycerol
mounting medium, were rolled onto their dorsal side, and
then were covered with a coverslip. Measurements were per-
formed on a Macintosh IIci computer using the public Na-
tional Institutes of Health (NIH) Image program. Chi-square
analysis (1 d.f. and a 95% confidence interval) showed that
the separation between lateral dpp stripes was significantly
different in homozygous Lgfr and D-raf null embryos when
compared with wild-type or D-raf torso embryos.

To assay for phenotypic rescue in D-raf null embryos by
paternally inherited D-raf™"“" transgenes, embryos were col-
lected for 1 hr, allowed to develop at 25° for 2.75 hr, and then
heatshocked at 37° for 0.5 hr. Embryos were transferred to
25° to continue development.

Western analysis: Western analysis was performed as de-
scribed in RADKE et al. (1997) with each sample containing
100 embryos. Eggs were collected over a 1-hr period from
females with D-raf "* germline clones after mating with yw /
Y; Plw® D-raf™'] / Plw" D-raf™"*] males. The embryos
produced by these females were devoid of maternal D-raf
protein. For non-heatshocked samples, embryos were aged
at 25° for 4.5 hr and then collected for processing, represent-
ing the 5-hr time point. For heatshocked samples, embryos
were aged for 3 hr and then heatshocked for 30 min at 37°.
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These embryos were allowed to recover for 1 or 6 hr before
processing, representing the 5- and 10-hr samples, respec-
tively. Since expression of each D-raf™"* gene was regulated
by the hsp70 promoter, the accumulation of 90-kD or trun-
cated D-raf proteins was observed only after heat shock, with
the exception of those lines with leaky transgenic expression.
Densitomeric analysis was performed using the NIH Image
program (developed at the National Institutes of Health and
available from the internet by anonymous FTP from zippy.
nimh.nih.gov or on floppy disk from the National Technical
Information Service, Springfield, VA, part no. PB95-500195-
GEI) with individual molecular weight contributions of the
truncated D-raf proteins considered in this analysis.

RESULTS

D-rafacts downstream of Egfr for the establishment of
ventral ectodermal cell fates: In the Drosophila embryo,
Egfr activity is required to instruct a field of cells that
lie on either side of the ventral furrow to adopt a ventral
ectodermal fate. It is from this neuroectodermal cell
population that the ventral nervous system and epider-
mis arise. At later times, Fgfr functions in germband
retraction and cuticle formation. Embryos that develop
without Egfr activity fail to form ventral cuticular struc-
tures and show the “faint little ball” phenotype (Figure
1B). We used a constitutively active form of the D-raf
protein, D-raf "2, to bypass the requirements for Egjfr
function in embryos that lacked Egfr gene activity. For
the generation of hyperactive D-raf *“"***!-proteins, the
extracellular and transmembrane domains of the forso
RTK gene were fused to the D-raf kinase domain. Chi-
mera D-raf **'proteins were shown to act indepen-
dently of sevenless RTK gene function in developing pho-
toreceptor cells and exhibited gain-of-function effects
in the Torsignaling pathway (D1cksoN and HAFEN 1994;
BAEK et al. 1996).

We tested whether this activated D-raf protein would
actindependently of Egfrto rescue the embryonic lethal-
ity associated with homozygous mutations in the FEgfr
gene (Table 1). In the case of our noninjected control,
25% of the embryos derived from heterozygous Egfr
parents (Egfr/+) failed to hatch, showed the faint little
ball phenotype, and were homozygous for the Egfrmuta-
tion. We used D-raf "™ mRNA as a control for the injec-
tion procedure and found that after injection 27% of
the embryos from heterozygous Egfr parents failed to
hatch. These embryos showed the Egfr mutant pheno-
type at 24 hr. When D-raf""”*' mRNA was injected into
the central region of embryos collected from heterozy-
gous Egfr parents, all aspects of defective Egfr signaling
were rescued for some of the mutant Egfr embryos. Of
the 258 embryos that received injection, 217 (84%)
hatched out of their egg cases as larvae, while 41 (16%)
remained within their eggshells. Thus, we observed an
increase in embryonic hatching and suppression of Egfi-
induced lethality after injection of D-raf** mRNA. We
calculated and found a statistically significant difference
in hatching rate for embryos that had received D-raf*

mRNAs when compared to those that did not (see MATE-
RIALS AND METHODS). We also found partial rescue of
the Egfr phenotype in unhatched embryos that had re-
ceived D-raf " mRNAs with ventral cuticular structures
observed (Figure 1C). We concluded that constitutively
active D-raf “*?' molecules could bypass the require-
ment for Egfr activity in the embryo and direct cells of
the embryonic ectoderm to adopt a ventral fate. These
results showed that D-rafparticipates downstream of Egfr
in developing embryos.

Specification of ectodermal cell fates in D-raf null
embryos: Once we had found that an activated form of
the D-raf protein could suppress the effects of a loss-of-
function Egfr allele, we reasoned that embryos lacking
maternal and zygotic D-rafactivity would exhibit an Egfi-
like phenotype. We expected that these embryos would
also show defects associated with the loss of maternal
D-raf function in Tor signaling. To determine whether
the identities of cells in the ventral ectoderm were de-
pendent on D-raf activity, marker gene expression pat-
terns and cuticles produced by D-raf embryos were com-
pared to those of wild-type and FEgfr embryos. To
generate these D-raf embryos, mosaic D-raffemales were
produced whose eggs lacked maternal D-raf proteins
(see MATERIALS AND METHODS). Once fertilized, these
eggs gave rise to two classes of embryos (PERRIMON
et al. 1985; AMBROSIO et al. 1989b): the first class was
composed of the paternally rescued D-raftorso embryos
(D-raf/+) that had inherited a wild-type D-raf gene
from their fathers, were defective in Tor RTK signaling
and were missing head and tail structures at 24 hr (Fig-
ure 1D). These D-raftorso embryos lacked maternal but
not zygotic D-raf activity. The second phenotypic class
was composed of the D-raf null embryos (D-raf/Y)
whose exoskeletons consisted of what appeared to be a
small patch of dorsal cuticle (Figure 1E). These embryos
lacked maternal and zygotic D-raf activity throughout
development. We anticipated that this D-rafnull embry-
onic class would exhibit the phenotypic characteristics
consistent with defective Egfr signaling, a consequence
of defective D-raf protein activity.

First, to determine whether the establishment of ven-
tral cell identity by the maternal dorsal gene system
occurred normally in D-raf embryos we assayed the accu-
mulation of rhomboid (rho) mRNAs between 4 and 6
hr (stages 9-12) of development (BIER et al. 1990). As
visualized by in sitw hybridization, a column of cells
~2-3 wide on either side of the ventral midline showed
the accumulation of 720 mRNAs (data not shown). This
temporal and spatial pattern of 70 expression was ob-
served in all embryos in our D-raf collections with each
embryo a member of either the D-raftorso or null class.
An equivalent rho expression pattern was observed
in wild-type and Lgfr embryos. Thus, the initial step in
the establishment of ventral cell identity, by dorsal and
other maternal genes that act to define the dorsoventral
embryonic axis, was not perturbed when these events
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Frcure 1.—Cauticular preparations of Egfr and D-raf mutant embryos. (A) A wild-type embryo with inverted head skeleton (h),
posterior filzkorper (f), and ventral abdominal denticle bands. (B) View of an Egfr homozygote devoid of denticle setae and
lacking anterior, posterior, and ventral cuticular structures. (C) Partial rescue of an Egfr homozygote after central injection with
D-raf"*?' mRNA. There was some restoration of cuticular structures, including ventral denticles (arrow). For D-raf embryos that
developed without maternal D-rafactivity two phenotypes were observed: (D) A D-raftorso embryo with a truncated head skeleton
(h), seven abdominal denticle bands, and missing tail structures and (E) a D-raf null embryo that produced a small patch of
cuticle with few distinguishing features. Expression of transgenic D-raf proteins often resulted in partial rescue of the D-raf null
phenotype with embryos showing either the “imperfect torso” or “null with denticles” phenotype. (F) A representative of the
“imperfect torso” embryonic class with robust cuticle and denticle bands approximately two-thirds the width of a wild-type band.
(G) A representative of the “null with denticles” embryonic class has faint cuticle and denticle belts approximately one-third the
width of a wild-type band. Typically each denticle band consisted of four or five rows of shortened setae similar to those setae
that lie at the lateral edges of denticle belts from wild-type embryos indicative of a deletion in the central most pattern with a
corresponding expansion of more ventral lateral elements. High-power-magnification views of denticle belts from (H) wild-type,
(I) “imperfect torso,” and (J) “null with denticles” embryos.

took place in the absence of maternal or zygotic D-raf red normally in D-raf embryos, expression of the orthode-

activity. nlicle (otd) gene was monitored (Raz and SHiLo 1993).

To determine whether EGR-receptor signaling occur- In wild-type control embryos, at 6 hr (stage 11) otd mRNAs
TABLE 1

Rescue of Egfr mutant embryos by central injection of D-raf***”’ mRNA

No. of embryos No. of No. of

from heterozygous unhatched embryos hatched embryos
mRNA Egfr parents assayed (% total) (% total)
Noninjected 100 25 (25) 75 (75)
D-raf™ 154 42 (27) 112 (73)

D-rafr?! 958 41 (16) 217 (84)
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FiGURE 2.—The accumula-
tion of old mRNAs at 6 hr and
dpp mRNAs at 10 hr in Egfrand
D-raf embryos. (A) otd mRNAs
accumulated in two head plac-
odes and a ventral midline
stripe (arrow) in wild-type and
heterozygous Fgfrembryos. (B)
Homozygous Egfr embryos
lacked expression of otd mRNA
along the ventral midline. (C)
D-raf torso embryos showed
head and ventral midline accu-
mulation of ol/d mRNAs and
were twisted. (D) Twisted D-raf
null embryos lacked ventral otd
stripe expression. (E) At 10 hr
the accumulation of dpp mRNA
was in two lateral stripes for
wild-type and heterozygous
Egfrembryos. (F) Homozygous
Egfrembryos showed a reduced
distance between lateral dpp
stripes. (G) D-raftorso embryos
had a wild-type pattern of dpp
mRNA accumulation. (H) D-raf
null embryos showed little
separation between lateral dpp
stripes and were twisted.

accumulated in cells adjacent to the ventral midline and
in the head (Figure 2A). In embryos lacking Egfractivity,
otd expression occurred only in those cells within the
embryonic head (Figure 2B). In D-raf embryo collec-
tions, we observed two patterns of embryo staining with
approximately one-half of the embryos showing otd ex-
pression in cells along the ventral midline and in the
head (Figure 2C). For the remaining D-raf embryos, the
accumulation of otd mRNAs was observed only in the
head, similar to Fgfr embryos (Figure 2D).

To distinguish between torso and null embryos in our
D-raf collections, we used a fiz{3-gal marker gene located
on the paternal X chromosome. Males with the fizf3-gal
gene were allowed to fertilize eggs from mosaic females
that lacked D-raf activity (data not shown). In this dou-
ble-labeling experiment, embryos that showed a fiz pat-
tern of B-gal expression were assigned to the D-raf torso
class. These embryos also displayed a wild-type pattern
of otd expression. In those D-raf null embryos lacking
B-gal expression, otd mRNAs were detected only in cells
of the head, similar to Egfr embryos.

As was shown previously, between 4 and 7 hr (stages

9-11) of development wild-type and FLgfr embryos accu-
mulated decapentaplegic (dpp) mRNAs in cells that formed
two lateral stripes, when embryos were viewed ventrally
(CL1FFORD and ScHUPBACH 1992; Raz and SH1LO 1993).
We observed a similar pattern of dpp mRNA accumula-
tion in D-rafmutant embryos at this developmental stage
(data not shown). However, CLIFFORD and SCHUPBACH
(1992) showed that the ventral distance between dpp
stripes becomes smaller in Fgfrembryos as they develop.
We recorded and compared the distance between lat-
eral dpp stripes in wild-type, Egfr, and D-raf embryos at
10 hr (stage 13) of development (Table 2). For wild-
type embryos the average stripe distance was 0.111 units.
In our collection of Egfr embryos, ~75% showed an
average dpp lateral stripe distance of 0.118 units, similar
to wild type (Figure 2E). This phenotypic class con-
tained embryos that were heterozygous mutant (Egfr™ /
+) or wild type with respect to the Egfr gene. In the
remaining 25% of the embryos the average dpp stripe
distance was reduced to 0.075 units as anticipated for
homozygous mutant Egfr embryos (Figure 2F).

Two phenotypic classes of D-raf embryos were also
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TABLE 2

Average distance between lateral dpp stripes in the third
thoracic segment of embryos at 10 hr (stage 13) of
development measured in arbitrary units

Embryos (m) Stripe distance
Wild type 22 0.111 = 0.01
Egfr "+ / Egfr* 62 0.118 = 0.01
Egfv™/ Egfr 19 0.075 = 0.03
D-raf*/D-raf” 22 0.120 = 0.01
D-raf /Y 22 0.064 = 0.01

distinguished on the basis of a statistically relevant differ-
ence in dpp stripe distance (Figure 2, G and H). In
approximately one-half of the embryos the average dpp
lateral stripe distance was 0.120 units, with the re-
maining embryos showing an average separation of
0.064 units (Table 2). We speculated that this second
phenotypic class contained the D-raf null embryos (see
MATERIALS AND METHODS). To test this idea, the marker
ftzB-gal X chromosome was again employed in a double-
labeling experiment to distinguish between D-raf torso
and null embryos (data not shown). As anticipated, it
was the male D-raf null embryonic class that showed
the decrease in distance between lateral dpp stripes,
indicative of a loss in ventral cell fates.

On the basis of our analysis of rko, otd, and dpp gene
expression patterns in D-rafnull embryos, we concluded
that ventral ectoderm cells were specified incorrectly in
the absence of D-raf activity. This loss resulted in the
production of a mature D-raf null exoskeleton that was
severely reduced in size and devoid of ventral structures,
consistent with the Egfrembryonic phenotype. However,
when we compared the distance between lateral dpp
stripes in Egfr (0.075 units) and D-rafnull (0.064 units)
embryos, it was smaller in D-raf null embryos. In addi-
tion, after cursory inspection, the size of the exoskeleton
patch produced by D-rafnull embryos appeared smaller
than that from Egfr embryos (Figure 1, B and E). We
speculated that these differences could be biologically
significant and expanded our analysis to address this
potentially interesting finding.

The role of D-raf in the embryonic ectoderm: To
better understand the role that D-raf plays in the ecto-
derm and to access its regulation in various developmen-
tal pathways we utilized partial loss-of-function alleles
of D-raf generated in vitro (BAEK et al. 1996). D-raf shares
homology with family members in CRI1 that contains
D-ras binding motifs; CR2, a region rich in serine and
threonine residues; and the CR3 kinase domain (Figure
3A). CRI is thought to exhibit positive control in the
regulation of the D-raf protein via its interaction with
D-Ras, while CR2 appears to be involved in the negative
regulation of the molecule (Hou et al. 1995; BAEK et al.
1996). We tested whether conserved subdomains, CR1
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FIGURE 3.—A linear representation of D-raf proteins ex-
pressed in D-raf embryos and their accumulation as visualized
by Western analysis. (A) The wild-type D-raf protein shows
three regions of homology with Raf family members: con-
served region 1 (CR1), CR2, and CR3. D-raf*™ proteins con-
tained the amino acid substitution, lysine to methionine, at
residue 497. Amino acid substitutions to alanine were also
generated at serine 388 (D-raf¥**) and serine 743 (D-rafs"*).
The D-raf 2% protein was missing the first 315 amino acids of
D-raf, while the D-raf 2% protein lacked residues 1-445. (B)
Accumulation of wild-type and D-raf™%<¢ protein in embryos
at 5 and 10 hr of development, with (+) or without (—) heat
shock. The hsp 70 promoter was used to regulate D-rafm
gene expression and controlled by heat shock. The first two
sets of lanes show the accumulation of D-raf proteins from
wild-type (WT) and D-raf""*’ embryos that lacked maternal
D-raf proteins. In D-raf '™ embryo collections only embryos
of the D-raf torso class produce zygotic D-raf protein. The
accumulation of this zygotic D-raf protein was very low with
almost none detected here. For the D-raftransgenic lanes with
embryos derived from homozygous D-raf'"?’ germlines the
accumulation of 90-kD D-raf ", 60-kD D-raf 2%, and 38-kD
D-raf #*'* proteins was detected. (C) Accumulation of D-raf
proteins with amino acid substitutions at 5 and 10 hr of embry-
onic development with (+) and without (—) heat shock. High
levels of these 90-kD D-raf proteins accumulate at 5 hr after
heat induction.

and CR2, or putative phosphorylation sites, serine 388
or 743, were essential for the activity of D-raf in the
embryo or involved in its positive or negative regulation.
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These modifications of D-raf often resulted in decreased
D-rafactivity. Thus, by expressing partial loss-of-function
D-raf alleles in D-raf null embryos we were successful in
deciphering the role D-raf plays in developing embryos.

Using a structure-function strategy, we generated sev-
eral modified forms of the D-raf protein (Figure 3A).
The D-raf™ and D-raf**™ genes were constructed as
positive and negative controls, respectively, with the
D-raf"" allele a full-length copy of a D-raf ¢cDNA
(SPRENGER et al. 1993). D-raf**™ lysine 497, which was
shown to be critical for D-raf protein kinase activity
and likely involved in ATP binding, was replaced with
a methionine (SPRENGER et al. 1993; BAEK et al. 1996).
The N-terminal and CR1 deletion mutation, D-raf2’?,
was likely to show a partial loss-of-function in D-raf null
embryos. For the D-raf*** mutation both positive (CR1)
and negative (CR2) control elements were lost, and we
predicted that this form of D-raf would act in a manner
similar to wild type or, on the basis of its structural
similarity to oncogenic forms of RafI, show a gain-
of-function effect in the embryo. Of the five phosphory-
lation sites identified for the human Rajf-1 kinase, two
were conserved in the D-raf protein (MORRISON el al.
1993). BAEK et al. (1996) generated serine to alanine
substitutions at these sites and showed that S388 (CR2)
played a negative role while S743 (CR3) was involved
in the positive control of D-raf in the Tor pathway. We
predicted that the D-raf ¥ and D-raf¥** proteins
would show similar phenotypic consequences for devel-
oping cells in the embryo.

Using P-element-mediated transformation, we gener-
ated Drosophila lines that contained an insertion of the
D_meT’ D_me497M’ Dra Aszs, D-raf™>*, D-raf¥*, or
D-raf"" gene on either the second or third chromo-
some. Each of these modified D-raf genes were pater-
nally introduced into D-raf embryos lacking maternal
D-raf protein (see MATERIALS AND METHODs). We also
monitored the level and stability of D-raf proteins pro-
duced by expression of each paternally inherited D-raf ™
gene. In this assay 100 embryos were collected for each
sample and processed for Western analysis (Figure 3, B
and C). Since the expression of each D-raf™"* gene
was under the control of the hsp70 promoter, samples
were processed from non-heat-shocked or heat-shocked
embryos at 5 and 10 hr of development. We found that
these D-raf™%fd proteins were variably stable and in
D-raf null embryos showed differences in the rescue of
dorsoventral cuticular defects caused by the loss of D-raf
maternal and zygotic function. We organized our results
on the basis of degree of phenotypic rescue that was
observed in D-raf null embryos with the activity of
D—mfw > D_mfss&;A > D—me"j > D_mfs743A > D—mfAm >
D-raf**™ and these findings are presented below.

Rescue of the D-raf null phenotype by paternally inherited
D-raf™ proteins: We assayed the accumulation of D-raf
protein in D-raf embryos that had inherited the D-raf™"
gene. For these embryos the accumulation of D-raf pro-

teins after heat induction was approximately twofold
greater than that found in wild-type embryos at 5 hr
(Figure 3B). At 10 hr, the level of the D-raf " protein was
unchanged. We also determined the effect of D-raf V!
proteins on ofd and dpp gene expression patterns in
D-raf embryos. As anticipated, induction of the D-raf™"
gene resulted in 100% of the D-raf null class showing
wild-type ventral otd stripe expression and a normal pat-
tern of dpp expression (Table 3). We also examined
embryonic cuticles at 24 hr to assess the ability of the
D-raf"" gene to promote signaling in the late-stage Egfr
pathway responsible for epidermal differentiation and
the final cuticular pattern (CLIFFORD and SCHUPBACH
1992; Raz and SHiLo 1993). Of these D-rafnull embryos
that had inherited the D-raf™ gene, 99% developed
cuticles indistinguishable from their D-raf torso sisters
(Table 4). Thus, all ectodermal signaling pathways de-
pendent on D-raf activity could be fully restored in null
embryos by expression of the D-raf"" gene.

The consequence of D-raf¥*** and D-raf*** expression in
D-raf null embryos: Figure 3C shows the quantity of serine
to alanine substituted D-raf proteins generated by the
D-raf %% gene. When compared with the expression of
the D-raf"" gene at 5 hr, an equivalent accumulation of
D-raf 8% protein was observed, with a slight reduction at
10 hr. In our phenotypic analysis, 84% of these D-raf %%
expressing D-raf null embryos showed rescue of Egfi-
induced ofd expression in ventral cells and the distance
between dpp stripes appeared normal (Table 3). By the
completion of embryonic development, 97% of the D-raf
null embryos showed the torso phenotype, while the
remaining 3% showed a composite “imperfect torso”
phenotype (Table 4). In addition to showing head and
tail defects associated with the torso phenotype, em-
bryos of the “imperfect torso” class were twisted and
had denticle bands of reduced width, indicative of par-
tial loss of signaling in ventral cells that depend on the
Egfrpathway for development (Figure 1, F and I). Since
all of the D-raf null embryos showed some phenotypic
rescue by D-raf¥*!, we concluded that serine 388 was
not essential for the function of D-rafin the ectoderm.
Instead it was likely that S388 plays a negative role in
the regulation of D-raf similar to its function in Tor
signaling (BAEK et al. 1996).

For D-raf null embryos that inherited the D-raf**”
gene, 52% showed rescue of the Egfrinduced otd expres-
sion pattern (Table 3). This was approximately one-half
the percentage rescued by the D-raf""gene, although
the quantity of truncated ~38-kD D-raf protein in these
embryos was equivalent to that observed for D-raf em-
bryos expressing the D-raf" gene at 5 hr (Figure 3B).
For the human Raf-1 protein, removal of CR1 and CR2
resulted in unregulated kinase activity (BONNER et al.
1985; Raprp et al. 1988). We assessed whether the
D-raf % protein acted ectopically to create a wide ven-
tral otd stripe, but all of the otd stripes were of wild-type
width (data not shown). When dpp mRNA patterns were
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TABLE 3

otd and dpp expression in D-raf null embryos with transgenic D-raf proteins

Rescue of otd stripe
expression:

Average distance between
lateral dpp stripes in the
third thoracic segment at

No. of D-raf D-raf null embryos with 10 hr for D-rafnull embryos

null embryos with transgene’ that show an otd with transgene®in arbitrary
Transgene transgene’ ventral stripe (% of total) units (n = 5)
D-raf™ 132 132 (100) 0.111 = 0.01
D-raf ¥% 187 157 (84) 0.116 = 0.02
D-rafA'® 219 113 (52) 0.113 = 0.02
D-raf s 34 0 (0) 0.089 = 0.02
D-raf*? 129 0 (0) 0.063 + 0.01
D-raf**™ 210 0 (0) 0.047 = 0.03

“ D-raf torso embryos from D-raf mutant germlines show otd ventral stripe expression. The expected D-raf
null embryos referred to here do not express the ventral otd stripe in the absence of a D-raf transgene.

analyzed in D-raf**” expressing null embryos the dis-
tance between lateral stripes in the third thoracic seg-
ment at 10 hr was similar to those that had inherited
the D-raf™ gene (Table 3).

In the analysis of 24-hr cuticular patterns 52% of the
D-raf*"” embryos were rescued and showed the torso
phenotype (Table 4). For the remaining embryos, par-
tial rescue was observed with signaling by the D-raf 4%
protein defective in the determination of the ventral
ectoderm. Of these embryos, 18% showed the “imper-
fect torso” phenotype and 30% showed the “null with
denticles” phenotype (Figure 1, G and J). These “null
with denticles” embryos were twisted, had faint cuticles
with narrow denticle bands, and were phenotypically
similar to Egfr embryos homozygous for intermediate
defective alleles of Egfr (CLIFFORD and SCHUPBACH
1992; Raz and SHiLo 1992, 1993). Overall, we found that
signal transmission by D-raf*"” was less reliable when
compared with D-raf"", although the D-raf *** protein
had the potential to rescue all aspects of the embryonic
D-raf null phenotype.

The consequence of D-raf>™* and D-raf*>" expression in

D-raf null embryos: Analysis of D-raf embryos expressing
the D-raf*?* gene was somewhat complicated by the
insertion of D-raf*** on the TM2 balancer chromo-
some. Thus, only one-half of the D-raf null embryos
fertilized by D-raf*** transgenic males inherited the
D-raf’"* gene. We determined the amount of D-raf "%
protein that accumulated in D-raf embryos with the
D-raf*"#* gene and found that it was ~1.5-fold greater
than that observed for those embryos that had inherited
the D-raf"" gene (Figure 3C). Although greater levels
of this modified D-raf protein accumulated in D-rafnull
embryos expressing the D-rafs** gene, otd stripe expres-
sion was not observed (Table 3). Also, the distance be-
tween lateral dpp stripes in these D-raf** embryos was
diminished when compared with wild type, but not to
the degree observed for embryos expressing the D-raf*’"
or D-raf**™ genes, as presented below. Thus, the speci-
fication of ventral cell fates at the midline requires the
positive regulation of the D-raf protein at serine 743.
Accordingly, 99% of the D-rafnull embryos expressing
the D-raf¥"* gene showed the “imperfect torso” pheno-
type (Table 4). To better assess the pattern deletions

TABLE 4

Cuticle formation in D-raf null embryos with transgenic D-raf proteins

Phenotypic classification of D-raf null embryos

D-raf null Imperfect torso Null with denticle

embryos with Torso embryos embryos embryos Null embryos
Transgene transgene’ (% of total) (% of total) (% of total) (% of total)
D-raf" 96 95 (99) 0 (0) 0 (0) 1(1)
D-raf¥5 62 60 (97) 2 (3) 0 (0) 0 (0)
D-raf*"? 50 26 (52) 9 (18) 15 (30) 0 (0)
D-raf " 98 0 (0) 97 (99) 0 (0) 1(1)
D-raf*" 102 3 (1) 0 (0) 83 (81) 16 (16)
D-raf*™ 185 0 (0) 0 (0) 0 (0) 185 (100)

“ D-raf torso embryos from D-raf mutant germlines show otd ventral stripe expression. The expected D-raf
null embryos referred to here do not express the ventral otd stripe in the absence of a D-raf transgene.
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TABLE 5

Cuticular analysis of D-raf null embryos with transgenic D-raf proteins in arbitrary units (n = 5)

Third thoracic segment

Width of second
abdominal

Distance between

Distance between

Distance between ventral and dorsal

Transgene denticle band Keilin’s organs ventral black dots black dots
D-raf"" 0.284 = 0.04 0.140 = 0.01 0.248 = 0.04 0.136 = 0.01
D-raf ¥5% 0.304 = 0.02 0.139 = 0.03 0.242 = 0.02 0.135 = 0.03
D-raf*" 0.280 = 0.03 0.138 = 0.02 0.237 + 0.02 0.132 = 0.02
D-raf " 0.179 = 0.01 0.082 = 0.01 0.160 = 0.04 0.090 = 0.01
D-raf*" 0.106 = 0.04 Absent 0.050 = 0.01 0.078 = 0.01
D-raf®™ Absent Absent Absent Absent

generated by the loss of epidermal cell fates in these
D-raf"?* embryos we scored epidermal sensory organs
that develop in ventral and lateral domains of the em-
bryo. The separation between Keilin’s organs and ven-
tral black dots on the ventral surface was measured.
Also, to determine whether patterning in lateral cells
was normal for these embryos the distance between
ventral and dorsal black dots was recorded. When com-
pared with wild type, D-raf** embryonic cuticles
showed a decreased distance between Keilin’s organs
and ventral black dots (Table 5 and Figure 4B). A de-
crease in the distance between ventral and dorsal black
dot material was also observed (Figure 4E). This later
finding proved very informative foritled to the hypothe-
sis that a novel pathway, dependent upon the D-raf
protein, was operating for signal transmission in cells
undergoing lateral epidermal development. It appears
that cell fate specification in the ventralmost ectoderm
via the EGR receptor and proper development of a
subpopulation of lateral cells requires an optimal level
of D-raf activity that was not achieved by the D-raf 5%
protein.

Rescue of epidermal patterning defects was further
diminished in D-raf null embryos that expressed the
D-raf*’" gene. Using Western analysis we found that the
D-raf *"” protein migrated as an ~60-kD band detected
at a level equivalent to that of the 90-kD D-raf "™ protein
at 5 hr (Figure 3B). Approximately 80% of this D-raf 43°
protein was present at 10 hr. When D-raf null embryos
that inherited the D-raf*’” gene were assayed for otd
and dpp stripe expression, ventral ofd expression was
not observed and the distance between lateral dpp stripes
was much reduced when compared with embryos ex-
pressing the D-raf"" gene (Table 3). Thus, a substantial
decrease in the output of the Egfrinduced signal was
detected. By the completion of development, 83 (81%)
of the expected 102 D-raf null embryos with D-raf 4*"®
protein showed cuticles with the “null with denticles”
phenotype (Table 4).

We also identified epidermal sensory organs in D-raf
null embryos expressing the D-raf*’” gene and made

note of their relative positions (Table 5). Significantly,
an absence of Keilin’s organs was recorded and a corre-
sponding expansion in the size of ventral black dot
material was observed (Figure 4C). The distance be-
tween these enlarged ventral dots was substantially re-
duced when compared with wild-type embryos (Table
5). A reduction in the distance between ventral and
dorsal black dot sensory organs was also observed (Fig-
ure 4, F-H). This finding again implicates D-raf in a
pathway required for the development of lateral cells.
Thus, by reducing the ability of the D-raf protein to act
in signaling we have verified its role in the Lgfr pathway
and have also uncovered its function in a novel pathway
involved in lateral cell development.

The consequence of D-raf***™ proteins in developing D-raf
null embryos: As anticipated, D-rafdependent pathways
were not rescued when D-raf null embryos expressed
the kinase defective D-raf*”" gene. For these embryos
the accumulation of D-raf *™ proteins after heat induc-
tion was ~2-fold greater than that found in D-raf"" em-
bryos at 5 hr (Figure 3C). However, by 10 hr this level
was dramatically reduced ~0.75-fold, indicating that the
K497M modification renders the D-raf protein unstable.
Induction of the kinase defective D-raf** gene did not
restore wild-type otd or dpp expression patterns in D-raf
null embryos (Table 3). When assessed after completion
of embryogenesis, those embryos that had inherited the
D-raf*™ gene showed the D-rafnull phenotype (Tables
4 and 5). Thus, the kinase activity of the D-raf protein
proved essential in those embryonic cells that utilize
D-raf for signal transmission.

DISCUSSION

The role of D-raf in embryonic dorsoventral pat-
terning: Along the dorsoventral egg perimeter, embry-
onic cell fates are first established by the dorsal maternal
patterning system (reviewed in ANDERSON 1998). Elabo-
ration of this pattern in the ectoderm is dependent
upon the Dpp protein in dorsal cells and the EGR recep-
tor in ventral cells (SCHWEITZER and SHILO 1997; Popos
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EMBRYO DETERMINATION
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FIGURE 4.—Cuticular prepara-
tions of D-raf embryos with D-raf™,
D-raf*", or D-raf¥""* expression.
Views from the ventral or lateral
surface of the third thoracic and
first abdominal denticle regions
are shown. (A) Expression of the
D-raf"" transgene resulted in full
rescue of D-raf null embryos in-
cluding Keilin’s organs and ven-
tral and dorsal black dots. Expres-
sion of the D-raf¥"* or D-raf*’"
gene resulted in partial rescue of
the D-rafnull phenotype. Both (B)
Daraf¥P* and (C) D-raf*" em-
bryos showed pattern deletions in
the ventral epidermis, which was
most severe for embryos express-
ing the D-raf #*” protein. In this
case, deletion of Keilin’s organs
was accompanied by an expansion
of the remaining cellular fates and
gave rise to enlarged ventral black
dots. For this D-raf*’” embryo the
naked cuticular region between
the enlarged ventral black dots
and the first abdominal denticle
belt appeared narrow. This was
not typical of most D-raf*’” em-
bryos and was likely an artifact of
embryo twisting. Lateral views of
D-rafnull embryos with D-raftrans-
gene expression: (D) A wild-type
organization of ventral and dorsal
black dot material was observed
after expression of the D-raf™"
transgene. For embryos that devel-
oped with (E) D-raf¥* or (F)
D-raf 23 proteins, the distance be-
tween ventral and dorsal black
dots was reduced. Deletion of lat-
eral cuticle was most extreme for
embryos with D-raf 2* proteins.
High-magnification views of the
lateral surface from the D-raf*’”
embryo shown in F with ventral
and dorsal black dots from the sec-
ond (G) and third (H) thoracic
segments. (I) We hypothesize that
D-raf acts to specify cellular fates
in two distinct ectodermal do-
mains of the embryo. Together
with the EGF receptor, the D-raf
protein acts to determine cell fates
in the ventral ectoderm. Laterally,
D-rafacts with an unknown recep-
tor to elicit lateral ectodermal
identities. al, abdominal denticle
belt one; D, dorsal black dot; K,
Keilin’s organ; V, ventral black
dot.

and FERGUsON 1999). The Dpp ligand directs nuclei to neuroectodermal region that give rise to the ventral
initiate programs for the development of extraembry- nerve cord and the final cuticular pattern. The specifi-
onic aminoserosa and dorsal epidermis. In the ventral cation of lateral fates that comprise the remaining 20%

domain, the EGF receptor acts to determine cells of the of the ectoderm occurs in cells that lie between dorsal
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and ventral domains and is initiated by an unknown
mechanism. These cells secrete cuticular hairs, denti-
cles, or naked cuticle similar to those exoskeletal struc-
tures produced by dorsal and ventral cells.

A variety of genetic approaches were employed here
to define the role that D-raf plays in the development
of the embryo. Using a constitutively active D-raf protein
we found that D-raf acts downstream of the Egfr for the
specification of ventral ectodermal cell fates. We have
also discovered that D-raf plays a second role in a novel
pathway that is required for lateral cell development.
In particular the D-raf*"”* and D-raf*’" alleles generated
in vitro proved useful in defining the function of D-raf
in cells of the lateral epidermis. We hypothesize that
this novel pathway acts to specify cells of the lateral
ectoderm subsequent to instructions received by nuclei
from the dorsal maternal gene product. Thus, dorsoven-
tral patterning in the embryo is likely dependent on
the activity of three zygotic signaling pathways with Dpp
that acts in dorsal cells, Egfr that directs cells in the
ventral ectoderm, and a novel RTK pathway that speci-
fies lateral cell fates.

Determination of lateral cellular fates: The lateral
epidermis consists of two narrow strips of tissue on the
left and right sides of the embryo extending from the
anterior head to the posterior tail region. For the meta-
and meso-thoracic regions this lateral tissue gives rise to
epidermal cuticular structures that form between dorsal
and ventral black dot sensilla (according to CAMPOS-
ORTEGA and HARTENSTEIN 1985). Along the circumfer-
ence of each abdominal segment these two regions of
lateral cuticle can be subdivided into dorsolateral and
ventrolateral domains. Normally in late-stage embryos
the dorsolateral region is characterized by numerous
discontinuous rows of long slender hairs that have a
pattern similar to that found for region b of the dorsal
epidermis (CAMPOS-ORTEGA and HARTENSTEIN 1985).
These dorsolateral hairs are most similar in size and
morphology to a subset of dorsal hairs, the 4° hairs
(HEEMSKERK and DiNArpo 1994). The ventrolateral
domain is characterized by a segmental organization of
naked cuticle alternating with two to three sparse rows
of denticles similar to those found in the ventral belts
although not as strongly pigmented.

Several findings have indicated that a novel pathway
acts in the determination of lateral ectodermal cell fates
and were consistent with a role for D-rafin this pathway.
IrisH and GELBART (1987) found that embryos that
developed in the absence of dpp and dorsal activity were
lateralized. Mutations in the Drosophila dCREB-A gene
are also important for defining lateral embryonic re-
gions. In the absence of dCREB-A gene function, em-
bryos showed development of only lateral epidermal
structures (ANDREW et al. 1997). dCREB-A encodes a
transcription factor that is required in both Dpp and
Egfr signaling cascades. dpp is a member of the TGF(

family, while spitzis a TGFa family member and potenti-
ates Fgfr signaling in the ventral ectoderm (for review
see SCHWEITZER and SHILO 1997; Popos and FERGUSON
1999). Two consequences of lateral cell induction were
also identified: activation of the MAP kinase protein and
expression of the msh gene encoding a homeodomain
protein product (SKEATH 1998; YAGI et al. 1998; voN
OHLEN and Dok 2000). Using D-raf proteins with partial
function we have found that D-raf also participates in
the development of the lateral epidermis most likely to
specify cellular fates in the lateral ectoderm.

Is there a RTK receptor responsible for triggering the
activation of the D-raf protein and MAP Kkinase in cells
of the lateral ectoderm? One possible candidate is the
insulin receptor (Inr) gene product. It was noted that
occasionally embryos developing without zygotic Inrac-
tivity showed a decrease in denticle belt width (FERNAN-
DEZ et al. 1995). To better address the potential role of
Inrsignaling in lateral ectodermal patterning, a pheno-
typic analysis of /nr mutant embryos derived from eggs
lacking maternal contributions of Inr would likely be
informative. Alternatively, the generation of protein
null alleles of Inrmay help to better define the function
of this RTK receptor in the embryo. In mammalian
systems, mitogenic signaling by insulin in fetal rat,
brown adipocyte, and primary cultures involves the acti-
vation of Ras and Raf-1 proteins (VALVERDE ¢t al. 1996).
Insulin was also known to trigger an increase in Raf-1
activity in several cell lines that expressed large numbers
of insulin receptors (BLACKSHEAR et al. 1990; KovAcINa
et al. 1990).

A gradient of D-raf activity specifies ventral ectoder-
mal cell fates: The Raf-MEK-MAP kinase cascade acts
in a variety of cells to transmit RTK-generated signals
during Drosophila development. Here we show that the
protein kinase activity of D-raf was required to elicit
distinct ventral cell fates specified by the EGR receptor
in early embryos. Using partial loss-offunction muta-
tions in D-raf, cell fates normally specified by high levels
of Egfractivity were lost while those that required lower
receptor activity appeared normal or were expanded.
Similarly, in Tor RTK signaling different levels of D-Ras,
D-raf, or corkscrew activity were shown to have distinct
transcriptional and morphological consequences in em-
bryonic head and tail development (BAEK et al. 1996;
GREENWOOD and STRUHL 1997; RADKE et al. 1997; GHI-
GLIONE et al. 1999).

How is a graded pattern of cell types within a develop-
mental field generated by an RTK receptor? It has been
hypothesized that the main function of the Raf-MEK-
MAPK phosphorylation cascade is to amplify RTK-initi-
ated signals. In this case, the quantity of activated Raf,
MEK, and MAPK molecules is directly proportional to
the number of receptor molecules activated, in the ab-
sence of feedback mechanisms. This information is then
translated into position-dependent gene expression pat-
terns that lead to morphological changes and cellular
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development. In this model, the quantity of activated
RTK receptors defines the determined state of the cell.
However, a number of studies in Drosophila reveal the
existence of parallel signaling pathways emanating from
a receptor during embryonic development (Hou et al.
1995; RAABE et al. 1995; HERBST et al. 1996). To extend
the amplification hypothesis, the Raf-MEK-MAP kinase
cascade may also act to integrate signals received from
these parallel pathways and ultimately define precise
transcriptional outcomes using a multistep mechanism.
In mammalian cells, Raf-1 is regulated by a variety of
inputs including the enzymatic function of PKC, Src,
and Jnk kinases that upregulate activity (for review see
MOoRRISON 1994, 1995; MORRISON and CUTLER 1997).
Autophosphorylation also plays a role in regulating
Raf-1, as well as binding to Ras, 14-3-3, KSR, hsp90,
and pb0 proteins. In addition, PKA, Atk (PKB), and
phosphatases have been implicated in the downregula-
tion of Raf-1 function (Cook and McCormick 1993;
WU et al. 1993; HAFNER el al. 1994; ROMMEL el al. 1999;
ZIMMERMANN and MOELLING 1999).

Here we address the consequences of eliminating key
D-rafregulatory domains or specific serine residues that
might act to integrate distinct signaling pathways in the
Lgfr pathway for ventral cell determination. In general,
signal transmission was less reliable for D-raf proteins
that lacked the negative regulatory site S388 (D-raf %)
or the regulatory sequences CR1 and CR2 associated
with the N-terminal one-half of the molecule (D-raf 444).
However, both proteins showed the potential to transmit
the highest level of ventral signal. This phenomenon
was perhaps indicative of an important role played by
the D-raf protein in the assembly of multiprotein com-
plexes with components derived from parallel pathways.
The full-length wild-type D-raf molecule, which contains
several conserved motifs, may serve to bring parallel-
signaling components together. Thus, the structural in-
tegrity of the D-raf protein may be important for the
efficiency of complex assembly or its stability. In this
model only complete and stable-signaling complexes
achieve the highest level of signal output. We speculate
that in the case of D-rafs*** and more often for D-raf 4
proteins complete signaling complexes were not built,
leading to the phosphorylation of fewer D-MEK mole-
cules, decreased signal output, and fewer cell fate
choices specified within the Egfr developmental field.

In contrast, the Egfrsignal was severely compromised
when transmitted by either D-raf s or D-raf**"® pro-
teins. The range of cell types specified by these mutant
D-raf molecules was dramatically reduced from the wild
type. In both cases, the establishment of cell fates that
require the highest level of Egfr activity was consistently
lost. Serine 743 may be important for the formation of
D-raf dimers or oligomers as has been suggested for
Raf-1 (FARRAR et al. 1996; Luo et al. 1996; MORRISON and
CUTLER 1997). This type of complex may be essential for
the generation of the highest level of ventral signal. In

embryos that developed with D-raf 2*'” proteins, cell fates
were generated that required substantially lower levels
of Egfr activity. We speculate that the wild-type D-raf
protein undergoes release from negative regulation im-
parted by the CR2 domain via its N-terminal and CR1
sequences. In the case of the D-raf **"® protein, mainte-
nance of the negative regulatory function of CR2 se-
verely limited the ability of D-raf molecules to activate
D-MEK. These results point to a multistep process in
the generation of active D-raf molecules with multiple
upstream factors acting in parallel. The highest level of
D-raf signal was generated when all inputs were received.
In the absence of one or several interactions the signal-
ing potential of the D-raf protein was reduced, but not
abolished.
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