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ABSTRACT
kinase suppressor of Ras (ksr) encodes a putative protein kinase that by genetic criteria appears to function

downstream of RAS in multiple receptor tyrosine kinase (RTK) pathways. While biochemical evidence
suggests that the role of KSR is closely linked to the signal transduction mechanism of the MAPK cascade,
the precise molecular function of KSR remains unresolved. To further elucidate the role of KSR and to
identify proteins that may be required for KSR function, we conducted a dominant modifier screen in
Drosophila based on a KSR-dependent phenotype. Overexpression of the KSR kinase domain in a subset
of cells during Drosophila eye development blocks photoreceptor cell differentiation and results in the
external roughening of the adult eye. Therefore, mutations in genes functioning with KSR might modify
the KSR-dependent phenotype. We screened z185,000 mutagenized progeny for dominant modifiers of
the KSR-dependent rough eye phenotype. A total of 15 complementation groups of Enhancers and four
complementation groups of Suppressors were derived. Ten of these complementation groups correspond
to mutations in known components of the Ras1 pathway, demonstrating the ability of the screen to
specifically identify loci critical for Ras1 signaling and further confirming a role for KSR in Ras1 signaling.
In addition, we have identified 4 additional complementation groups. One of them corresponds to the
kismet locus, which encodes a putative chromatin remodeling factor. The relevance of these loci with
respect to the function of KSR and the Ras1 pathway in general is discussed.

THE mitogen-activated protein kinase (MAPK) path- sor of RAS (KSR). Loss-of-function mutations in the ksr
way is a central route through which the small gene were originally isolated as dominant suppressors

GTPase RAS transmits signals promoting cell prolifera- of a constitutively activated Ras allele in Drosophila and
tion, cell differentiation, and cell survival (reviewed in Caenorhabditis elegans (Kornfeld et al. 1995; Sundaram
Cobb 1999). At the core of this pathway are three kinases and Han 1995; Therrien et al. 1995). In genetic studies
[RAF, MAPK kinase (MEK), and MAPK], which convey performed in Drosophila, KSR activity appeared to be
RAS-dependent signals in a sequential manner. RAS required downstream of RAS, but upstream of or in
activation induces RAF activation at the plasma mem- a pathway parallel to RAF, thus indicating that KSR
brane, which then phosphorylates MEK, which in turn functions either in the RAS/MAPK pathway or in an-
phosphorylates and activates MAPK. Activated MAPK other essential parallel pathway (Therrien et al. 1995).
then modulates the activity of a wide range of cyto- These studies demonstrated the involvement of KSR
plasmic and nuclear substrates via phosphorylation in several receptor tyrosine kinase (RTK)-mediated
events, ultimately generating a specific cellular re- pathways, suggesting that KSR is a general signaling
sponse. component in RTK/RAS pathways. Biochemical

Several other proteins have also been shown to con- characterization of the murine form of KSR (mKSR1)
tribute to the mechanism of signal propagation within has corroborated a role for KSR in RAS-mediated signal-
the MAPK pathway (reviewed in Campbell et al. 1998; ing and has further demonstrated that KSR is directly
Sternberg and Alberola-Ila 1998; Garrington and involved in signal transmission within the MAPK path-
Johnson 1999). Although the function of most of these way (Therrien et al. 1996; Michaud et al. 1997; Xing
molecules appears critical, their mode of action remains et al. 1997). Although the exact nature of its molecular
poorly understood. One such protein is kinase suppres- function is currently unknown, a growing body of evi-

dence suggests a scaffolding role for KSR in the MAPK
pathway. For instance, protein interaction studies have
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Jacobs et al. 1999; Stewart et al. 1999). In addition, expression of this allele specifically antagonized photo-
KSR was found to accelerate signal transmission within receptor cell differentiation in a dosage-sensitive man-
the MAPK pathway in a kinase-independent manner ner and resulted in a visible roughening of the adult
(Michaud et al. 1997; Stewart et al. 1999). Interest- eye surface.
ingly, the interactions between KSR and the compo- We screened z185,000 mutagenized progeny for
nents of the pathway, as well as the intracellular localiza- dominant enhancer and suppressor mutations of the
tion of KSR, were found to be modulated according to dominant-negative KSR (KDN)-dependent rough eye
the activation state of the cell. It has been found that phenotype. The results of the screen strongly support
KSR is bound directly to MEK in the cytoplasm of quies- a role for KSR in the MAPK pathway, in that mutations
cent cells; upon activation of the MAPK pathway by in genes encoding known components of the pathway
growth factors or activated RAS, KSR is relocalized to in Drosophila were isolated, including the 14-3-3ε,
the plasma membrane in a complex containing RAF, Dsor1/mek, rolled/mapk, pointed, yan, and ksr loci. Further-
MEK, and MAPK (Michaud et al. 1997; Denouel-Galy more, due to the ability of KDN to block RAS/MAPK-
et al. 1998; Yu et al. 1998; Stewart et al. 1999). On the mediated signaling, mutations in genes expected to
basis of these observations and the finding that MEK is function upstream of ksr were also isolated. These in-
not a substrate of KSR (Therrien et al. 1996; Denouel- cluded mutations in the egfr, Star, Sos, and Ras1 loci.
Galy et al. 1998; Yu et al. 1998), it is possible that the Here we present the identification of four of the loci
role of KSR is to bring together MEK and its activator isolated in this screen. The relationship between these
RAF in a favorable enzyme-substrate context at the loci and the function of KSR is discussed. In addition,
plasma membrane. The role of KSR as a scaffolding the molecular characterization of one of these four loci,
protein is appealing given the genetic and biochemical which corresponds to the kismet locus, is presented. In-
evidence to date; however, KSR may act outside the terestingly, the finding that kismet encodes a protein
MAPK signaling module and play other roles in cell with domains found in chromatin remodeling factors
signaling. raises the possibility that RAS-mediated signals are inte-

The identification of proteins that physically interact grated by chromatin remodeling factors to control gene
with KSR has provided a framework to define the func- expression.
tion of KSR. However, the lack of an in vitro biochemical
assay that depends on KSR activity has made it difficult
to assess the significance of the protein interactions and MATERIALS AND METHODS
has prevented the identification of other nonassociating

Drosophila maintenance and mutagenesis: Fly culture andproteins that may be required for KSR activity. To cir-
crosses were performed according to standard procedures.cumvent these limitations, we took a genetic approach
For the mutagenesis, w2 males isogenic for the second and

to identify novel gene products potentially relevant for the third chromosomes were either irradiated (4000 rad) or
the function of KSR. Our strategy was to perform a fed a 25-mm ethyl methanesulfonate (EMS), 10-mm Tris-HCl
dominant modifier screen in Drosophila based on a pH 7.5, 1% sucrose solution. Mutagenized males were then

mated en masse with either CKDN (CyO, sE-KDN)/Adv or TKDNKSR-dependent phenotype. We reasoned that a twofold
(TM3, sE-KDN)/e, ftz, ry virgin females. The F1 CKDN or TKDNreduction in the gene dosage of a component (by mutat-
progeny were scored, using a stereomicroscope, for alterationing one of the two alleles) acting in concert with KSR in eye roughness compared to the F0 females.

might be sufficient to modify a KSR-induced phenotype Chromosomal linkage, complementation tests, and meiotic
and thus allow for its identification. Artificially induced mapping: The modified F1 progeny were backcrossed to CKDN

and TKDN flies to verify the germline transmission of thephenotypes in Drosophila, by the overexpression of con-
modification. The progeny of this cross were also used tostitutively activated or dominant-negative molecules in
determine the chromosomal linkage of the modifiers, whichthe eye, have been successfully used in dominant mod- were then balanced over either the CKDN or the TKDN balanc-

ifier screens to identify signaling components of various ers. X-linked modifiers were balanced over the FM7c balancer.
pathways (Dickson et al. 1996; Karim et al. 1996; Ver- Allelism was assessed by complementation tests based on reces-

sive lethality associated with most of the modifier lines. Allel-heyen et al. 1996; Barrett et al. 1997; Staehling-
ism was not established for the majority of the homozygousHampton et al. 1999). To generate a KSR-dependent
viable modifier lines. Lethal groups corresponding to pre-phenotype in Drosophila, we took advantage of the fact
viously known loci required for the RTK/MAPK pathway in

that photoreceptor cell differentiation in Drosophila is flies were identified by lethal complementation tests using
governed by RAS/MAPK-mediated signaling (reviewed the following alleles: flb2C82, Sosl(2)k05224, Ras1e2f, 14-3-3εS-696, ksrS-638,
in Zipursky and Rubin 1994). Previously, we have Dsor1/mekXS-520, and Src42Al(2)k10108, or alleles isolated in previous

modifier screens in the laboratory, which included SBA651,shown that overexpression of the mKSR1 kinase do-
rolled/mapkS-352, pntAP553, and yanXE-2140. Novel complementationmain, which lacks the noncatalytic N-terminal domain,
groups were meiotically mapped by using either a secondspecifically blocks signal transmission within the MAPK
chromosome mapping stock with the recessive markers b1, pr1,

pathway (Therrien et al. 1996). Therefore, we overex- c1, px1, and sp1 or a third chromosome mapping stock that
pressed the kinase domain of Drosophila KSR in a subset included the recessive markers ru1, h1, th1, st1, cu1, sr1, e1, and ca1.

Histology: Scanning electron microscopy and apical sec-of cells during Drosophila eye development. The over-
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tor4021DNksr in the eye resulted in the roughening of the
external eye surface (compare Figure 1A and 1B), which
correlated with a block in photoreceptor cell differentia-
tion (compare Figure 1C and 1D; see also Therrien et
al. 1996). This phenotype appeared to be dependent on
KSR activity since overexpression of a “kinase-defective”
tor4021DNksr construct, where an invariant lysine residue
within kinase subdomain II (amino acid 705) of KSR
has been changed to a methionine residue, was unable
to mediate this effect (Therrien et al. 1996). Because
Drosophila photoreceptor cell differentiation is con-
trolled by the Ras1 pathway (Simon et al. 1991), the
ability of tor4021DNksr to antagonize photoreceptor differ-
entiation suggests that, like mKSR1, the isolated Dro-
sophila kinase domain acts in a dominant-negative man-
ner to interfere with Ras1 signaling. In agreement with
this, we found that the ability of activated Ras1 (Ras1V12)
to transform cone cells into R7 cells is strongly sup-
pressed by the coexpression of tor4021DNksr (data not
shown). For simplicity, we rename the tor4021DNksr con-
struct, KDN.

Our previous work characterizing mKSR1 function in
the Xenopus oocyte system suggests that the mKSR1
kinase domain blocks RAS-mediated signal transmission
at a step between RAF and MEK (Therrien et al. 1996).
Given the high degree of sequence conservation be-

Figure 1.—Overexpression of a dominant-negative form
tween Drosophila and mammalian KSR (Therrien etof KSR (KDN) during Drosophila eye development blocks
al. 1995) and the finding that the mouse and Drosophilaphotoreceptor cell differentiation. (A and B) Scanning elec-

tron micrographs and (C and D) apical sections of adult eyes KSR kinase domains behave in a similar fashion, we
of the following genotypes: (A and C) wild type; (B and D) suspect that these proteins may interfere with RAS sig-
CyO, P[sE-KDN]/1. Analysis of sE-KDN apical eye sections re- naling by a related if not identical mechanism. A sche-veals that 80% of the ommatidia are missing an R7 photorecep-

matic representation of the putative effect of KDN ontor cell and 65% are also missing an outer photoreceptor cell.
RAS/MAPK signaling during photoreceptor cell differ-Anterior is to the right.
entiation is shown in Figure 2. In contrast to the effect
of Ras1V12, which induces the transformation of conetions of adult eyes were performed as described by Kimmel et
cells into additional R7 cells by increasing signalingal. (1990) and by Tomlinson and Ready (1987), respectively.
through the MAPK pathway, KDN interferes with theIsolation of kismet cDNA clones: Genomic DNA flanking

the l(2)07812 P element was isolated by plasmid rescue and differentiation of photoreceptor cells that express high
used to probe a Drosophila embryonic cDNA library (LD levels of the transgene (R3, R4, and R7), presumably
library; Berkeley Drosophila Genome Project). Three overlap- because it reduces signaling through the MAPKping cDNA clones (kis2, kis30, and kis40A) were isolated and

pathway.sequenced on both strands to assemble a 17.4-kb contig that
As with the Ras1V12 rough eye phenotype (Karim etcontained a complete (15,966 bp) open reading frame.

al. 1996), the KDN eye phenotype is dosage-sensitive in
that, when compared to the expression of a single copy,

RESULTS two copies of the KDN transgene produced a much
rougher eye that is severely reduced in size (data notStrategy for the KDN dominant modifier screen: To
shown). This indicates that the KDN-modulated signal-identify novel signaling components that may be rele-
ing is at a threshold and that the phenotype wouldvant for the function of KSR, we conducted an F1 genetic
be suitable for a dominant modifier screen. Thus, wescreen in Drosophila designed to isolate dominant en-
predict (as is shown in Figure 2) that mutations in geneshancers and suppressors of a KSR-dependent rough eye.
encoding components of the MAPK pathway shouldWe expressed the kinase domain of Drosophila KSR
dominantly modify the KDN-dependent eye phenotype(DNksr ; amino acids 484–966) fused to the amino termi-
since a twofold decrease in their respective gene prod-nus of Torso4021 (Tor4021; Dickson et al. 1992) under
ucts would alter signaling through the MAPK pathway.the control of the sevenless (sev) enhancer/hsp70 pro-
In agreement with this prediction, we found that loss-moter (sE; Basler et al. 1991); this directs expression
of-function alleles of mapk and yan dominantly en-in a subset of cells in the eye (R3, R4, and R7 photore-

ceptor cells). As shown in Figure 1, overexpression of hanced and suppressed the KDN rough eye phenotype,
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Figure 2.—Models depicting the effect of
Ras1V12 and KDN on the RTK/MAPK pathway.
Compared to normal (100%) signaling output
generated by a wild-type MAPK pathway, overex-
pression of Ras1V12 in cells increases signaling
output of the pathway (a threefold increase is
provided as an example) probably by directly
overstimulating RAF activity. Conversely, overex-
pression of KDN attenuates the signaling output
of the pathway (a threefold decrease is shown as
an example) probably by interfering with signal
transmission within the MAPK cascade (Ther-
rien et al. 1996).

respectively (data not shown). A second prediction of gene (basic transcription machinery components, tran-
scription factors specific for the sevenless enhancer, etc.).our model is that the KDN phenotype should allow us

to isolate mutations in genes functioning either down- To identify and eliminate mutations of the second class,
a simple test cross was performed. We reasoned thatstream or upstream of Ras1 since both classes of mutants

might have an effect on a crippled MAPK pathway. This mutations in genes controlling the expression of the
KDN transgene might similarly affect the expressionis in contrast to the use of a gain-of-function molecule

such as Ras1V12 where upstream inputs are more likely level of the Ras1V12 transgene. For example, a mutation
that increases the expression of KDN would be isolatedto be negligible (see Figure 2). Consistent with this

interpretation, our previous Ras1V12 dominant modifier as an enhancer. If the same mutation also increases the
expression of Ras1V12, it would likewise be scored asscreen failed to identify mutations in signaling compo-

nents functioning upstream of Ras1 (Karim et al. 1996). an enhancer of Ras1V12 even though KDN and Ras1V12

generate opposite cellular phenotypes. In contrast, aAs depicted in Figure 3A, the screen was performed
by crossing w1118 males, mutagenized with either EMS mutation that decreases RAS/KSR signaling should en-

hance the KDN phenotype, but suppress the Ras1V12or X rays, to females carrying the sE-KDN construct in
a pW8 P-element vector inserted onto either the CyO phenotype if it functions downstream of Ras1, or have

no effect on the Ras1V12 phenotype if it functions up-balancer (CKDN flies) or the TM3 balancer (TKDN
flies). To minimize the risk that a particular integration stream of Ras1 or in a parallel pathway (like a putative

Ras1-independent KSR-specific pathway). It should besite prevents the detection of certain modifiers, two
independent P-element lines (CKDN and TKDN) were noted that some modifiers of KDN might not interact

with sev-Ras1V12 if they function sufficiently far down-used. Approximately 75,000 and 110,000 progeny were
derived from EMS-treated and X-ray-treated males, re- stream of Ras1.

Therefore, to eliminate modifiers that most likely af-spectively, and scored for modification of eye roughness.
Adult flies having eyes with a smoother external appear- fect the expression level of KDN, we crossed the EKDN

and SKDN lines to flies expressing Ras1V12 under the sev-ance (more regular ommatidial array) were isolated as
suppressors, while flies having a rougher eye appearance enless enhancer/promoter cassette (sev-Ras1V12; Karim et

al. 1996). Of the 720 EKDN, 118 dominantly enhanced(a more disorganized ommatidial array that is often
accompanied by a slight reduction in the size of the Ras1V12 rough eye phenotype and were not further char-

acterized (Figure 3B). For the SKDN, 3 of the 111 lineseye) were identified as enhancers.
The results of the screen: A total of 720 Enhancers of suppressed Ras1V12 and were eliminated. Of the re-

maining 602 EKDN, 55 are homozygous viable mutationsKDN (EKDN) and 111 Suppressors of KDN (SKDN) lines
were established (Figure 3B). On the basis of our previ- that show no apparent phenotype. We have not deter-

mined allelism for these viable enhancers and do notous results with the Ras1V12 dominant modifier screen
(Karim et al. 1996), we predicted that at least two main know whether they form viable complementation

groups or are hypomorphic alleles of recessive lethalclasses of modifiers would be isolated. The first class
consists of mutations in RAS/KSR signaling compo- groups. By performing lethal complementation tests,

allelism was determined for the remaining 547 recessivenents, while the second class represents mutations in
genes affecting the expression level of the KDN trans- lethal EKDN lines. Fifteen lethal complementation
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Figure 3.—Schematic representation of the KDN dominant modifier screen strategy and breakdown of the collection of
modifiers isolated. (A) w2 males isogenic for the second and the third chromosomes were mutagenized (X ray or EMS) and
crossed to CKDN (CyO, sE-KDN) or TKDN (TM3, sE-KDN) females. The F1 progeny were scored for rougher (enhancers) or
smoother (suppressors) looking eyes. The asterisks show the mutagenized chromosomes. (B) The numbers of Enhancers of KDN
(EKDN) and Suppressors of KDN (SKDN), respectively, falling into the categories defined in the text.

groups that included 362 EKDN alleles were derived. netic mapping will be required to determine possible
allelism among themselves and the viable SKDN allelesThe remaining 185 recessive lethal enhancers did not

fall into any lethal complementation group and appear mentioned above.
Tables 1 and 2 summarize the enhancer and suppres-to be single-hit mutations. However, since these lines

have not been further characterized, it is possible that sor groups, respectively. The ability of a particular group
to modify the Ras1V12 eye phenotype is shown as are thethey may be allelic to some of the viable enhancers

mentioned above but are recessive lethal because they genetic interactions between representative alleles of
the modifier groups and a temperature-sensitive hypo-carry a second-site lethal mutation.

Of the 108 remaining SKDN, 32 are homozygous via- morphic allele of Raf, Raf HM7. Hemizygous Raf HM7 males
die as pharate adults at 258, but eclose as viable adultsble. Although they have not been further analyzed, some

of these viable alleles (all on the second chromosome) at 188 and have a mild rough eye phenotype (Melnick
et al. 1993). Heterozygous mutations in bona fide compo-display a slight recessive rough eye phenotype. Comple-

mentation tests for the recessive rough eye phenotype nents of the Ras1 pathway have been shown to interact
genetically with Raf HM7 (Karim et al. 1996). Mutationsand genetic mapping will be required to establish allel-

ism between these viable enhancers. For the remaining in genes that mediate Ras1 signals enhance the lethality
of Raf HM7 at 188, while mutations in negative regulators76 recessive lethal SKDN lines, allelism was determined

by performing lethal complementation tests. Four lethal suppress the lethality at 258. These interactions occur
most likely because the Ras1/MAPK pathway is severelycomplementation groups that included 12 SKDN alleles

were identified. The remaining 64 recessive lethal sup- attenuated in Raf HM7 hemizygous males; therefore, a
slight variation in signaling strength caused by muta-pressors did not fall into any lethal complementation

group and appear to be single-hit mutations. It is possi- tions in other components of the pathway can signifi-
cantly alter the overall signaling output.ble, however, that they are homozygous viable en-

hancers with a second-site recessive lethal mutation. Ge- To determine the identity of the suppressor and en-
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TABLE 1

Groups of lethal enhancers of KDN

No. of
Chromosome Groups Genes Map position alleles Ras1V12 Raf HM7

X EK1-1 Dsor1/mek 8D3–9 5/8 S ND

II EK2-1 rolled/mapk h41 70/53 S E
EK2-2 Star 21E2 18/29 No E
EK2-3 cnk 54B10–13 12/23 S E
EK2-4 kismet 21B7 2/15 S Ea

EK2-5 Second —/5 S No
EK2-6 egfr 57F1 4/17 No E
EK2-7 Second —/4 S No
EK2-8 sos 34D —/2 No E
EK2-9 spen 21B7 —/4 No E

III EK3-1 ksr 83A3–5 6/20 S E
EK3-2 pnt 92F1–2 14/29 S E
EK3-3b Between cu and sr 8/8 S E
EK3-4 Ras1 85D11–27 1/4 No E
EK3-5 14-3-3ε 90F6–7 —/1 S E

List of the enhancer groups found on the X, the second (II), and the third (III) chromosomes. The number
of X-ray-/EMS-induced alleles isolated for each group is shown. The ability of representative alleles for each
group to either suppress (S) or enhance (E) the sev-Ras1V12 external rough eye phenotype (Karim et al. 1996)
or Raf HM7 hemizygous male lethality is indicated. No, no genetic interaction has been observed; ND, not
determined.

a EK2-4 alleles enhance eye roughness of Raf HM7 at 188, but do not enhance the lethality.
b EK3-3 alleles might define a haploinsufficient locus since all the alleles show reduced viability and have a

slight external rough eye phenotype as heterozygotes.

hancer groups, lethal complementation tests were con- (Tables 1 and 2). The two genetic tests used to classify
the groups further corroborated the identity of theducted using loss-of-function mutations in known com-

ponents of the RAS pathway (see materials and known components. As expected, all of the enhancer
groups enhanced Raf HM7 lethality at 188. The groupsmethods). This analysis clearly indicated that the

screen was specific for the Ras1 pathway and revealed corresponding to genes functioning downstream of
Ras1 (ksr, 14-3-3ε, Dsor1/mek, rolled/mapk, and pnt) sup-that 9 of the 15 enhancer groups and one of the four

suppressor groups corresponded to loss-of-function mu- pressed Ras1V12 rough eye phenotype, while the ones
corresponding to Ras1 itself or functioning upstreamtations in known components of the Ras pathway in

Drosophila (Wassarman and Therrien 1997). The loci of Ras1 (egfr, Star, and Sos) did not interact with Ras1V12

(Table 1). In addition, yan alleles enhanced Ras1V12identified in the enhancer groups correspond to the egf
receptor (egfr), Star, Son-of-sevenless (Sos), Ras1, ksr, 14-3- rough eye phenotype and suppressed Raf HM7 lethality

at 258 (Table 2).3ε, Dsor1/mek, rolled/mapk, and pointed (pnt) loci, while
the locus corresponding to the suppressor group is yan Since loci that interact genetically with Raf HM7 are

TABLE 2

Groups of lethal suppressors of KDN

Map No. of
Chromosome Groups Genes position alleles Ras1V12 Raf HM7

II SK2-1 yan 22D1–2 1/2 E S
SK2-3 Second —/2 E No
SK2-4 Src42A 42A1–2 —/3 E S

III SK3-1 99A–B 1/3 E S

List of the suppressor groups found on the second (II) and the third (III) chromosomes. The number of
X-ray-/EMS-induced alleles isolated for each group is shown. The ability of representative alleles for each
group to either suppress (S) or enhance (E) the sev-Ras1V12 external rough eye phenotype (Karim et al. 1996)
or Raf HM7 hemizygous male lethality is indicated. No, no genetic interaction has been observed.
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more likely to encode general signaling molecules func- motif (RRM)-containing protein (Wiellette et al. 1999;
Rebay et al. 2000). Therefore, on the basis of the com-tioning in the Ras1 pathway, meiotic and deficiency

mapping was conducted on the remaining modifier plementation test results, we conclude that EK2-9 is al-
lelic to spen.groups that altered the Raf HM7 phenotype. They in-

cluded four enhancer groups, EK2-3, EK2-4, EK2-9, and Molecular characterization of EK2-4: The EK2-4 al-
leles are recessive lethal and they dominantly suppressEK3-3, and two suppressor groups, SK2-4 and SK3-1 (Ta-

bles 1 and 2). Recently, we reported the identification of the Ras1V12 rough eye phenotype. The EK2-4 alleles,
however, do not enhance Raf HM7 lethality at 188, but doEK2-3 and SK2-4, which encode a putative multiadaptor

protein named connector enhancer of KSR (CNK) and strikingly enhance the rough eye phenotype seen in
hemizygous Raf HM7 males (data not shown). These ob-a Drosophila homologue of Src tyrosine kinase named

Src42A, respectively (Therrien et al. 1998). The identi- servations suggest that the protein encoded by EK2-4 is
not a general Ras1 signaling component, but rather thatfication of EK2-9 and EK2-4 is presented below, while

EK3-3 and SK3-1 remain to be characterized. its function is required for some specific aspects of Ras1
signaling during eye development. As with EK2-9, theThe EK3-3 locus is recessive lethal and has been meiot-

ically mapped between cu and sr on 3R. No deficiencies EK2-4 alleles were meiotically mapped to the distal end
of 2L. The recessive lethality associated with the EK2-4have been found to uncover this locus. As heterozygotes,

all the EK3-3 alleles display a slight external rough eye alleles is also uncovered by Df(2L)net-PMF, but not by
Df(2L)net62, placing the locus at 21B4–8. The EK2-4phenotype and wing vein defects, and their viability

appears to be reduced (data not shown). The SK3-1 group, however, is not allelic to EK2-9. Several P ele-
ments that disrupt the kismet locus fail to complementgroup includes four alleles that have been meiotically

mapped to z3–100 on 3R. Two of the alleles (SK3-1XS-88 the lethality of all the EK2-4 alleles tested. In addition,
an unrelated kismet allele, kis1, isolated as a dominantand SK3-1S-331) are homozygous viable with no appar-

ent phenotype, while the two others (SK3-1S-292 and suppressor of PC4 (Kennison and Tamkun 1988), also
fails to complement the lethality of the EK2-4 alleles.SK3-1S-355) are recessive lethal. The SK3-1S-292 and

SK3-1S-355 alleles were further mapped to 99A1–B11, Together, these results strongly suggest that the EK2-4
locus corresponds to the kismet gene.which corresponds to the breakpoints of Df(3R)Dr-rv1,

a deficiency that uncovers their lethality. To identify a cDNA encoding the kismet/EK2-4 gene,
we first isolated genomic DNA that flanked l(2)07812The SK3-1 viable alleles were grouped with the lethal

alleles on the basis of the following criteria: first, the (a P element that is allelic to kismet/EK2-4). When this
DNA was used to screen a Drosophila embryonic cDNAability of all SK3-1 alleles to suppress KDN was mapped

to the same location. Second, all alleles enhanced the library, one class of transcripts was isolated. The se-
quence of the longest cDNA (kis2; Figure 4A) containsRas1V12 eye roughness and efficiently suppressed Raf HM7

lethality at 258. Third, although the viable alleles are a single long open reading frame (ORF) that lacks a
STOP codon. We then used the kis2 cDNA to isolatealso viable over the Df(3R)Dr-rv1 chromosome, they are

subviable when placed over the lethal SK3-1S-355 allele overlapping cDNAs extending the sequence in the 39
direction until a STOP codon was reached. As shownand display a clear external rough eye phenotype and

wing defects (missing veins and atrophied wings; data in Figure 4A, two additional cDNAs (kis30 and kis40A)
were sequentially isolated and, together with kis2,not shown). No P element disrupting this novel locus

has yet been identified. formed an z17.4-kb cDNA contig. Alignment of the
putative kismet transcript sequence to the genomicThe EK2-9 group comprises four recessive lethal EMS

alleles (Table 1) that do not dominantly suppress the sequence [Berkeley Drosophila Genome Project
(BDGP)], revealed a genomic organization of 18 exonsRas1V12 rough eye phenotype but do enhance Raf HM7

lethality at 188. These data suggest that EK2-9 might spread over z40 kb (Figure 4A). In addition, three P
elements that fail to complement the EK2-4 alleles areencode a general signaling component required either

upstream or in a parallel pathway to Ras1. EK2-9 alleles found to be inserted in either the first or the twelfth
introns, strongly suggesting that the relevant cDNAswere meiotically mapped to the distal end of the left

arm of chromosome 2. Consistent with this, the lethality had been isolated. Although the assembled kismet cDNA
contig is artificial, two naturally occurring kismet tran-was uncovered by Df(2L)net-PMF (21A1–B8), but was not

uncovered by Df(2L)net62 (21A1–B4), thus placing the scripts of z8.5 and 17 kb have been recently reported
(Daubresse et al. 1999). Daubresse et al. (1999) alsolocus at 21B4–B8 in the nonoverlapping interval be-

tween the two deficiencies. P elements mapping to this reported the isolation and the complete sequence of
the shorter form (8.2 kb), which shares the last sixregion were tested for noncomplementation of the le-

thality of the EK2-9 alleles. Two independent lethal P exons with our 17.4-kb contig (Figure 4A). It is not clear
whether these two types of transcript are generated byelements [l(2)03350 and l(2)k10325] failed to comple-

ment the recessive lethality associated with EK2-9. These alternative spicing or by the use of different promoters.
Conceptual translation of the longest ORF (15,966P elements have recently been shown to disrupt a gene,

split ends (spen), which encodes an RNA recognition bp) in the 17.4-kb kismet cDNA contig predicts a protein
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of 5322 amino acids, named KISMET long isoform (KIS- known proteins containing any of these three CR do-
L; Figure 4B). The shorter form, named KISMET short mains.
isoform (KIS-S), is 2151 amino acids long and is derived
from the 8.2-kb contig described by Daubresse et al.
(1999). The first 46 amino acids of KIS-S are unique, DISCUSSION
while the remaining 2105 amino acids are shared with

ksr has been genetically identified as an importantKIS-L (Figure 4B). BLASTP searches of the GenBank
mediator of RAS-dependent signals. Although biochem-database using the KIS-L amino acid sequence revealed
ical evidence suggests that KSR is directly involved inthe presence of two chromodomains followed by a SNF2-
the MAPK pathway, its molecular function remains un-like ATPase domain; when compared to known pro-
clear. In this report, we present the results of a dominantteins, this domain organization is most similar in se-
modifier screen performed in Drosophila that was basedquence and in structure to the chromodomain-helicase
on a KSR-dependent rough eye phenotype. We rea-domain (CHD) proteins (Woodage et al. 1997; Figure
soned that some of the loci identified in such a screen4B). The homology with the CHD proteins, however,
might encode novel signaling molecules that could sheddoes not extend to other regions of the KIS proteins.
light on the function of KSR and/or might provideOne additional region of homology was previously iden-
new clues regarding other aspects of RAS-dependenttified in KIS-S by Daubresse et al. (1999). This region
signaling mechanisms.is named the Brahma (BRM)-KIS (BRK) domain and

Since KSR activity appears to be required for thecorresponds to a short amino acid sequence that exhib-
MAPK pathway (see Introduction), we expected thatits homology between the KIS proteins and proteins of
the KDN screen would uncover mutations in severalthe Brahma family.
known loci involved in RAS/MAPK signaling duringDatabase searches also identified several putative pro-
Drosophila eye development (Wassarman and Ther-teins in other phyla with high homology to KIS-L (Figure
rien 1997). As predicted, 9 (egfr, Star, Sos, Ras1, 14-3-4B). Most of them correspond to partial sequences, so
3ε, ksr, Dsor1/mek, rolled/mapk, and pointed), of the 15it is not clear whether they are completely related to
complementation groups of Enhancer of KDN, and oneKIS-L. Nonetheless, the high degree of homology with
(yan) of the four groups of Suppressor of KDN, correspondKIS-L is a strong indication that KISMET homologues
to such critical genes (Tables 1 and 2). This result notexist in other species. Interestingly, in addition to the
only strongly correlates with the biochemical findingsknown domains mentioned above, sequence compari-
that KSR is required for signaling through the MAPKson between KIS-L and some of the homologues has
pathway but also demonstrates the effectiveness of theidentified three novel conserved regions (CR1, CR2,
screen in identifying signaling components relevant forand CR3; Figure 4B). Except KIS-S, which also contains

the CR3 domain, database searches failed to identify RTK/RAS-dependent signaling. Thus, it would be pre-

Figure 4.—Molecular characterization of the kismet locus and identification of its gene products. (A) Genomic organization
of the kismet locus. The top line represents genomic DNA. The inverted triangles and the ticks on top of the line mark the
position of P-element insertion sites and the EcoRI restriction sites, respectively. The position of the P elements was provided by
aligning the flanking genomic DNA sequence available for each P-element insertion (Berkeley Drosophila Genome Project) to
the genomic sequence of the kismet locus derived from two overlapping P1 genomic clones (see below). The three dotted lines
represent the extent of the longest overlapping cDNAs isolated (kis2, kis30, and kis40A), which together form a 17.4-kb contig
(GenBank accession no. AF215703). The exon/intron arrangement of the kismet gene was determined by aligning the 17.4-kb
cDNA sequence with the kismet genomic sequence contained within two overlapping P1 genomic clones (GenBank accession
nos. AC004274 and AC005334). Solid and open boxes denote the coding and noncoding sequences, respectively. The structure
of the short 8.2-kb kismet transcript (Daubresse et al. 1999) is shown as a reference (GenBank accession no. AF113847). (B)
Schematic structure of the long (KIS-L) and the short (KIS-S) KISMET protein isoforms. Database searches identified two
chromodomains (checkered boxes: CD1, amino acid positions 1793–1921, and CD2, amino acid positions 1939–1996) and a
SNF2-like ATPase domain (solid box: amino acid positions 2029–2626) specifically found in the KIS-L isoform. The two KIS
isoforms, however, share a BRK domain (hatched box: amino acid positions 4376–4416 in KIS-L) recently defined as a 41-amino-
acid motif conserved between KIS-S (amino acid positions 1205–1245) and the Brahma proteins (Daubresse et al. 1999). The
schematic structure of mouse CHD1 (GenBank accession no. L10410) is provided as an example. In addition to the chromodomains
and the SNF2-like ATPase domain, the CHD proteins also include a putative DNA-binding domain (DBD) that is not found in
KIS-L. Database searches also identified a partial human expressed sequence tag (KIAA0308) and three predicted ORFs deduced
from genomic sequences [a C. elegans sequence (protein ID, AAC17559), and two partial human sequences (protein IDs,
CAB57836.1 and CAB57838.1)] that represent better KISMET homologues than the CHD proteins. For instance, the potentially
full-length AAC17559 C. elegans sequence and the partial CAB57836.1 human sequence have a higher homology in the chromo-
ATPase region (z65% identity) compared to the CHD proteins (z44% identity) and have additional conserved regions (1, 2,
and 3) that are not found in the CHD proteins. Furthermore, the C. elegans sequence also contains a BRK domain. The two
other partial human sequences (CAB57838.1 and KIAA0308) also contain some of the conserved regions found only in KISMET.
KIAA0308 also contains two BRK domains. (C–E) Amino acid sequence comparison of the conserved regions (CR1, CR2, and
CR3) found between KIS-L and the putative ORFs. Identical and conserved residues are highlighted in black and gray, respectively.



1240 M. Therrien et al.

dicted that some of the novel loci may also encode and CNK might coexist in a complex, which would rein-
force the possibility of a functional relationship betweenimportant components of this signaling route.

Six (EK2-3, EK2-4, EK2-9, EK3-3, SK2-4, and SK3-1) the two molecules. Finally, we have recently presented
genetic evidence suggesting that CNK activity is alsoof the nine novel complementation groups genetically

interact with Raf HM7 (Tables 1 and 2). Since loci encod- required for a Ras1-dependent/MAPK-independent
pathway (Therrien et al. 1999).ing bona fide components of the Ras1 pathway show an

interaction with Raf HM7, it is likely that these six new Complementation test results reveal that SK2-4 is al-
lelic to Src42A (Therrien et al. 1998 and data notloci may also encode proteins involved in Ras1 signaling.

In contrast, the three complementation groups (EK2-5, shown), the closest Drosophila homolog of the Src ki-
nase family (Takahashi et al. 1996). Intriguingly, ourEK2-7, and SK2-3) that did not interact with Raf HM7 (Ta-

bles 1 and 2) are less likely to encode critical mediators genetic data (suppression of sE-KDN, enhancement of
sev-Ras1V12, and suppression of Raf HM7) suggest an inhibi-of the pathway. However, we cannot exclude the possi-

bility that there may be alternative explanations as to tory role for Src42A in Ras1 signaling, which is opposite
to the described function of Src-like kinases in verte-why these groups fail to interact with Raf HM7. For in-

stance, it is possible that the mutations for each of these brates (Belsches et al. 1997; Hanks and Polte 1997).
During the course of this work, Src42A was also identifiedthree groups represent weak loss-of-function alleles that

do not significantly alter signaling in the Raf HM7 back- by another laboratory as being a dominant suppressor
of a hypomorphic allele of Raf (Raf C110; Lu and Li 1999).ground. It is also possible that these groups encode

molecules required in other Ras1-dependent but MAPK- The genetic and molecular characterization of different
Src42A alleles by Lu and Li clearly supports an inhibitoryindependent pathways and that the Raf HM7 assay is un-

able to detect genetic interactions with such signaling function for Src42A in different RTK-dependent signal-
ing pathways. Therefore, the further elucidation of thecomponents. The ability of these three groups to inter-

act with sev-Ras1V12 (Tables 1 and 2) is consistent with this molecular function of Src42A in Drosophila may unveil
a novel mechanism of action for this family of nonrecep-possibility. Their identification awaits further mapping

and molecular characterization. tor tyrosine kinases.
Since alleles of EK2-9 failed to complement two inde-The identity of four (EK2-3, EK2-4, EK2-9, and SK2-

4) of the six novel complementation groups that interact pendent P elements recently shown to disrupt the split
ends locus (spen; Wiellette et al. 1999; Rebay et al.with Raf HM7 has been determined (Tables 1 and 2). All

of the groups except one (EK2-9) are able to modify the 2000), we conclude that EK2-9 is allelic to spen. This
gene encodes at least three large (z5500 amino acids)sev-Ras1V12 rough eye phenotype, indicating that their

activity is required downstream of Ras1. From this data and closely related protein isoforms (Wiellette et al.
1999; Rebay et al. 2000). The Spen proteins containalone, we cannot unambiguously determine whether

EK2-9 is required upstream or downstream of Ras1, three RRMs at the N terminus and a conserved region
of unknown function at the C terminus (Wiellette etsince it is possible that a 50% reduction in EK2-9 gene

dosage is not sufficient to alter Ras1V12 signaling al. 1999; Rebay et al. 2000). The presence of three RRMs
suggests that the Spen proteins mediate their effect viastrength. The identity of EK2-3 and SK2-4 as cnk and

Src42A, respectively, readily suggests a link to Ras1 sig- a RNA binding-dependent mechanism such as RNA pro-
cessing or transport. Interestingly, mutant alleles of spennaling, while the proteins encoded by EK2-4 and EK2-9

point to novel classes of RAS signal mediators. EK2-3 have been isolated in several independent genetic
screens in Drosophila. They were initially recovered inencodes a novel 1557-amino-acids long protein, named

CNK. CNK contains several protein-protein interaction a screen for mutations affecting peripheral nervous sys-
tem development (Kolodziej et al. 1995). Subsequently,domains and may function as a multiadaptor molecule

(Therrien et al. 1998). Consistent with a role in Ras1 they were isolated in two related screens that, like the
KDN screen, were designed to identify novel compo-signal transduction, cnk loss-of-function alleles not only

suppress the Ras1V12 rough eye phenotype but prevent nents of the Ras1 pathway. Mutations in spen were iso-
lated as dominant enhancers of a Raf-induced [E(Raf )photoreceptor cell differentiation and impair cell prolif-

eration (Therrien et al. 1998). Like ksr loss-of-function 2A complementation group; Dickson et al. 1996] and
a Yan-induced rough eye phenotype (Rebay et al. 2000).alleles, cnk mutations do not suppress the rough eye

phenotype induced by the overexpression of an acti- The fact that three separate screens targeting Ras1 sig-
naling (KSR-, Raf-, and Yan-dependent) recovered mu-vated form of Raf, Tor4021DNRaf, suggesting that CNK

activity is required upstream of or in a parallel pathway tant alleles of spen suggests that this locus is relevant for
Ras1-mediated signal transduction. Examination of theto Raf (Therrien et al. 1998). In agreement with this

position and with the possibility that CNK is required genetic interactions, however, indicates that the role of
spen in Ras1 signaling may not be straightforward. Forfor the MAPK pathway, CNK directly interacts with RAF

(Therrien et al. 1998). The fact that both CNK (di- example, the ability of the E(Raf )2A/spen alleles to dom-
inantly enhance an activated Raf-dependent phenotyperectly) and KSR (indirectly) interact with Raf suggests

that some aspects of their function converge on the (Dickson et al. 1996) suggests that spen is a negative
regulator of the pathway. However, alleles of spen alsoregulation of Raf. These findings also suggest that KSR
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enhance Raf HM7 lethality at 188 (Dickson et al. 1996; novel class of putative ATPase subunits of chromatin
remodeling complexes (Woodage et al. 1997), and withRebay et al. 2000; this study), and homozygous mutant

clones in the eye are often missing R7 and outer photo- Brahma, a trxG protein that is the closest fly homologue
to the yeast SWI2/SNF2 ATPase subunit (Tamkun et al.receptor cells, although extra photoreceptor cells are

occasionally found (Dickson et al. 1996). These results 1992). These observations strongly suggest that the KIS
proteins are also involved in chromatin remodeling.are more consistent with a positive role for spen during

Ras1 signaling and would agree with the fact that spen Interestingly, Brahma and KIS proteins do not appear
to coexist in a common complex (Daubresse et al.mutations were recovered as enhancers of sE-KDN and

gmr-yanact (Table 1 and Rebay et al. 2000). Alleles of spen 1999). This raises the possibility that KIS is part of a
different chromatin remodeling complex that mightwere also recovered as enhancers of a loss-of-function

phenotype for the Hox gene Deformed (Dfd; Gellon et regulate the transcription of a distinct group of genes.
Consistent with this hypothesis, brahma mutations haveal. 1997). In that context, the genetic analysis of spen

suggests that it functions in parallel to Dfd for the speci- not been isolated in the Ras1 pathway-dependent
screens mentioned above. On the basis of the presumedfication of head cuticular structures. Finally, mutations

in spen have been identified as dominant enhancers function for KIS and the observation that kis loss-
of-function mutations suppress sev-Ras1V12, and enhanceof an E2F/Dp-induced rough eye phenotype and as

dominant suppressors of p21CIP1-induced phenotypes sE-KDN and Raf HM7 rough eye phenotypes (Table 1), it
is tempting to speculate that KIS is part of a complex(Staehling-Hampton et al. 1999). The fact that S-phase

entry is stimulated by the overexpression of E2F and that, in response to Ras1-dependent signals, directly
alters the transcription of a specific group of genes re-Dp proteins in the eye but inhibited by p21CIP1 overex-

pression suggests that spen may be involved in the nega- quired for Ras1-dependent cell differentiation during
Drosophila eye development.tive regulation of cell cycle progression.

How spen activity links Ras1-dependent cell differenti- In summary, the KDN screen has enabled us to iden-
tify novel players in the intricate network of proteinsation, Hox-dependent segment specification, and E2F-

dependent cell cycle control is unknown. Nonetheless, that defines the RAS signal transduction pathway. The
goal remaining is to elucidate the function of thesetheir common requirement for spen function suggests

that they are interconnected. In agreement with this proteins with respect to KSR and with respect to other
components of the pathway. The functional character-idea, other loci have been found to be in common in

the screens mentioned above, as well as in other related izations of CNK and Src42A certainly represent promis-
ing avenues to unravel novel features of the Ras1/MAPKscreens (see below). One of these loci corresponds to

the kismet (kis) gene. In addition to the EK2-4/kis alleles pathway, which may also provide important clues to
deciphering the molecular function of KSR. Althoughidentified in this KDN screen, mutations in kis were

recovered as dominant enhancers in the Dfd screen a direct link may exist between KSR and Spen or KIS,
the fact that spen and kis have been identified in multiple(Gellon et al. 1997) and as dominant suppressors in

a Polycomb (Pc) loss-of-function screen (Kennison and screens and that they encode nuclear proteins (Dau-
bresse et al. 1999; Wiellette et al. 1999) suggests thatTamkun 1988). Alleles of kis have also been identified

as dominant suppressors of the synthetic lethality gener- they more likely function further downstream in the
pathway. Still remaining to be characterized are fiveated by the coexpression of activated Sevenless (SevS11)

and Ras1V12 (Maixner et al. 1998). additional loci. Based on the genes that have been iden-
tified by the KDN screen so far, it is hoped that theThe ability of kis mutations to suppress the homeotic

transformations observed in a Pc mutant background identification of the remaining loci will provide new
entries into a well-studied pathway.and to suppress the expression of the Hox gene Sex

combs reduced suggests that kis is a member of the tri- We are grateful to Audrey Huang for critical reading of the manu-
thorax group (trxG) of genes (Kennison and Tamkun script. We thank Kevin Cook and Kathy Matthews (Bloomington Stock

Center) for fly stocks, and the Berkeley Drosophila Genome Project1988; Daubresse et al. 1999). In Drosophila, trxG genes
group for the kismet genomic sequence. This work was supported byare essential for Hox gene expression, where they ap-
the National Cancer Institute of Canada and the Medical Researchpear to counteract the repressive effect of the Polycomb
Council of Canada (M.T.); the National Cancer Institute, Department

group (PcG) of genes on Hox gene expression (re- of Health and Human Services, under contract with ABL (D.K.M.);
viewed in Pirrota 1998). Interestingly, a number of and the Howard Hughes Medical Institute (G.M.R.).
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