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Summary

We describe the identification and characterization
of a novel gene, sur-8, that positively regulates Ras-
mediated signal transduction during C. elegans vulval
development. Reduction of sur-8 function suppresses
an activated ras mutation and dramatically enhances
phenotypes of mpk-1 MAP kinase and ksr-1 mutations,
while increase of sur-8 dosage enhances an activated
ras mutation. sur-8 appears to act downstream of or
in parallel to ras but upstream of raf. sur-8 encodes a
conserved protein that is composed predominantly
of leucine-rich repeats. The SUR-8 protein interacts
directly with Ras but not with the Ras(P34G) mutant
protein, suggesting that SUR-8 may mediate its effects
through Ras binding. A structural and functional SUR-8
homolog in humans specifically binds K-Ras and N-Ras
but not H-Ras in vitro.

Introduction

The Ras family of proteins plays critical roles in cell
proliferation, differentiation, and migration in response
to extracellular signals. Biochemical studies using mam-
malian tissue culture and genetic analysis of C. elegans
and Drosophila suggest that RTK-Ras-MAP kinase sig-
nal transduction pathway is not a simple linear pathway
but is likely part of a complicated network (Wassarman
etal., 1995; Sundaram and Han, 1996; Katz and McCor-
mick, 1997). Two important questions remain to be ad-
dressed regarding the relationship between the linear
Ras pathway and other factors involved in the signaling
process. The first question is related to how activation
of this pathway leads to diverse cellular responses. For
example, if the Ras pathway is to be regulated at the
level of Ras, the same Ras protein may have different
upstream regulators as well as different downstream
effectors for different functions. In recent years, several
potential Ras effectors in addition to Raf have been
described, including phosphatidylinositol-3-OH (PI-3)
kinase and Ral GDS (Katz and McCormick, 1997), and
are good candidates for defining branch points for Ras
signaling. In addition, different Ras family members may
perform distinct cellular functions by associating with
unique sets of regulators or effectors.

Inmammals, the Ras family is composed of four highly
related members: H-Ras, N-Ras, K-Ras 4A, and K-Ras
4B (Barbacid, 1987). Family members are 100% identical
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in the first 86 amino acids, which contain the effector
domain (amino acids 32-40), and are most divergent in
the C-terminal 26 amino acids, which contain the lipid
modified membrane-targeting domains (amino acids
164-189). K-ras, N-ras, and H-ras have widely overlap-
ping spatial and temporal patterns of expression (Furth
et al., 1987; Leon et al., 1987), and each family member
is found mutated in certain tumor types (Bos, 1988),
suggesting that they have overlapping functions. This
notion is supported by studies showing that N-ras or
H-ras deficient mice have no apparent abnormalities
(Umanoff et al., 1995; M. Katsuki, unpublished, cited in
Johnson et al., 1997). However, K-ras knockout mice
exhibit embryonic lethality and early hematopoetic de-
fects, phenotypes that are exacerbated by reduction of
N-ras dosage (Johnson et al., 1997), providing evidence
for a unique function for K-ras. Further support for dis-
tinct Ras functions comes from the observation that
many tumor types are associated with activating muta-
tions of primarily one particular Ras family member
(Leon et al., 1987). It is thus also possible that different
Ras family members interact with distinct subsets of
proteins that mediate unique regulatory or effector func-
tions.

The second question regarding the complexity of the
Ras-mediated signaling processes is what collaborative
roles multiple factors and signaling branches may have
in regulating the output of the signal. The main compo-
nents of the RTK-Ras-MAP kinase pathway may be es-
sential elements of a given signaling process, but there
may be other factors that feed into or out of this pathway
that play important regulatory functions to ensure the
maximal activity of the pathway and to tighten the regu-
lation of the signal. For example, the ksr genes were
identified as suppressors of activated ras in C. elegans
and Drosophila (Kornfeld et al., 1995; Sundaram and
Han, 1995; Therrien et al., 1995), and their biochemical
relationship with the Ras pathway is an interesting topic
of research.

C. elegans provides a powerful genetic system to
identify and characterize genes that regulate the Ras-
mediated signal transduction pathway. In C. elegans,
there is a single known ras gene, let-60, that acts in an
RTK-Ras-MAP kinase signal transduction pathway to
specify several cell fates, including those of the vulva
(Figure 1). Many genes in the pathway function in multi-
ple signaling events during C. elegans development. For
example, let-60 ras has also been shown to function in
male tail fate specification (Chamberlin and Sternberg,
1994), germ cell and oocyte development (Church et
al., 1995; Gutch et al., 1998), sex-myoblast migration
(Sundaram et al., 1996), and excretory duct cell fate
specification (Yochem et al., 1997).

To identify new factors acting downstream of let-60
ras, our laboratory and others have screened for muta-
tions that can suppress activated let-60 ras mutations
(Sundaram and Han, 1996; Kornfeld, 1997). In addition
to identifying genes that act in the main pathway down-
stream of let-60 ras, we have identified mutations in a
number of new genes that can suppress the Multivulva
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(Muv) phenotype caused by activated let-60 ras but do
not cause an obvious vulval phenotype on their own.
Here we describe the identification and characterization
of one such gene, sur-8. Our genetic analysis indicates
that sur-8 is likely to act downstream or parallel of let-
60 ras, but upstream of raf, to positively regulate the
signaling. We further show that sur-8 encodes a novel
but conserved protein that is predominantly composed
of leucine-rich repeats (LRRs). Finally, we demonstrate
that SUR-8 interacts with LET-60 Ras and that a highly
conserved human SUR-8 homolog appears to have
binding specificity for K-Ras and N-Ras but not H-Ras.

Results

Mutations in sur-8 Suppress Activated let-60 ras

To identify factors that act downstream of Ras during
vulval induction, we screened for extragenic suppressor
mutations that would revert the Muv phenotype caused
by a gain-of-function let-60 ras mutation, n1046gf or
G13E (Beitel et al., 1990), back to wild type. The G13E
allele has also been found in human Ras oncoproteins
(Bos, 1988). For this study, we modified the previous
screen by using a parental strain that carries multiple
copies of a let-60 ras(n1046gf) genomic fragment (Sun-
daram et al., 1996) and displays a completely penetrant
Muv phenotype. This increased penetrance of the Muv
phenotype over that caused by nontransgenic let-60
ras(n1046gf) animals allowed us to rapidly screen alarge
number of genomes for suppressor mutations. From
22,000 haploid genomes screened, weisolated 11 muta-
tions in at least four genes, including a single mutation
in the sur-8locus (suppressor of ras), kul67, three alleles
of lin-45 raf, and three alleles of mek-2 MEK. We identi-
fied a second allele of sur-8, ku242, in a noncomple-
mentation screen that was not biased against isolating
null mutations. sur-8(ku242) failed to complement the
suppression phenotype of sur-8(kul67) in a let-60 ras
(n1046gf) background.

Both sur-8(ku167) and sur-8(ku242) mutations sup-
pressed the Muv phenotype caused by let-60 ras(n1046gf)
to nearly wild type and suppressed the male mating
defect associated with let-60 ras(n1046gf). For example,
the sur-8(kul167) mutation reduced the Muv phenotype
of let-60 ras(n1046gf) animals from 87% to 4% (Table
1). The suppression observed was due to a decrease in
the average vulval induction of the VPCs from 154% to
102% (Table 1). Both sur-8 mutations most often re-
verted the pattern of ectopic vulval induction back to a
wild-type pattern (data not shown). Since sur-8(kul67)
was a slightly stronger suppressor than sur-8(ku242),
further genetic characterization was performed using
sur-8(kul67).

Genetic dosage analysis indicated that the sur-8(kul167)
mutation is a recessive, strong loss-of-function muta-
tion. The deficiency mDf4 failed to complement sur-
8(kul67) for the suppression phenotype. Animals in
which kul67 was in trans to mDf4, and thus contained
only one copy of sur-8(kul67), displayed a suppression
phenotype that was similar to, but slightly stronger than,
animals homozygous for sur-8(kul67) (Table 1). In ad-
dition, the duplication mDp1, which covers the sur-8
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Figure 1. Vulval Cell Fate Specification and the Ras Pathway in C.
elegans

(A) Wild-type and mutant cell fate specification during vulval devel-
opment. Vulval precursor cells (VPCs) P3.p through P8.p form an
equivalence group, and each cell can take on a vulval cell fate or
nonvulval cell (epidermal) fate, depending on the influence of multi-
ple cell signaling events. An inductive signal from the neighboring
anchor cell promotes primary vulval fates by activating a Ras path-
way; an inhibitory signal from the surrounding hypodermis promotes
tertiary fates; and a lateral signal among induced cells promotes
secondary fates. In wild type, 3 of 6 VPCs adopt a vulval cell fate,
and the pattern of cell fate specification is 3° 3° 2° 1° 2° 3° (100%
induction). The activated let-60 ras allele, n1046gf or G13E, can
cause all six VPCs to adopt vulval cell fates (1°/2°), resulting in a
Multivulva phenotype and up to 200% induction. Mutations in the
sur-8 gene suppress the Multivulva phenotype caused by activated
let-60 ras to wild type, resulting in a Suppressed phenotype.

(B) Ras-mediated pathway controlling vulval cell fate specification.
Only selected genes involved in the pathway are depicted. Compo-
nents in this pathway were primarily identified by genetics (Sun-
daram and Han, 1996; Kornfeld, 1997). ksr-1 encodes a novel kinase
that acts to positively regulate the Ras pathway (Kornfeld et al.,
1995; Sundaram and Han, 1995). sur-8 also functions to positively
regulate the Ras pathway and may either define a branchpoint that
feeds directly out of let-60 ras or be involved with the establishment
or maintenance of let-60 ras or lin-45 raf activation. GF, growth
factor; RTK, receptor tyrosine kinase.

locus, reverted the suppression phenotype of sur-8
(kul167) let-60(n1046gf) animals to 90% Muv (Table 1). Fi-
nally, a mutant sur-8(ku167) gene when overexpressed
in sur-8(kul67) let-60(n1046gf) mutants retained very
little, but some, sur-8 activity (data not shown). Thus,
the sur-8(kul67) mutation results in severe reduction
but probably not elimination of sur-8(+) function.

sur-8 Positively Regulates Ras Pathway

Signaling during Vulval Induction

In a let-60 ras(+) background, both sur-8 alleles dis-
played wild-type vulvalinduction (Table 2) and appeared
to have no additional obvious developmental defects
(data not shown). However, the positive role that sur-8
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Table 1. Phenotype and Gene Dosage Analysis of sur-8 Mutant Animals

sur-8 let-60 ras Phenotype

# Genotype? Genotype % Muv(n)® % Induction (n)°
1 + + 0 (many) 100 (many)
2 + gf 87 (276) 154 (27)

3 kul67/kul67 of 4 (333) 102 (43)

4 ku167/+ gf 77 (57) 129 (16)

5 ku242/ku242 of 7 (328) 103 (33)

6 ku242/+ gf 84 (175) 153 (15)

7 ku167/ku242 gf 11 (160) 103 (31)

8 ku167/kul67; mDpl of 90 (200) 154 (32)

9 +; mDp1l gf 100 (247) 182 (30)
10 +; KuEx83 of 100 (200) 196 (18)
11 + of/+ ND 106 (30)
12 +:; KUEX83 gf/+ ND 145 (28)
13 ku167/mDf4¢ gf 14 (270) 108 (32)
14 +/mDf4¢ of 68 (233) 136 (22)

2The complete genotypes for each strain are: 1, N2 (wild type); 2, let-60(n1046); 3, sur-8(ku167) let-60(n1046); 4, sur-8(kul67) unc-24 let-60
(n1046)/+ let-60(sy130) dpy-20 (sy130 encodes the same G13E substitution as n1046 [Beitel et al., 1990]); 5, sur-8(ku242) let-60(n1046);
6, sur-8(ku242) unc-24 let-60(n1046)/let-60(sy130) dpy-20; 7, sur-8(kul67) let-60(n1046)/sur-8(ku242) unc-24 let-60(n1046); 8, sur-8(kul67)
unc-5 let-60(n1046); mDp1; 9, unc-5 let-60(n1046); mDp1; 10, let-60(n1046); kuEx83. kUEx83 is a transgene carrying sur-8(+) genomic DNA;
11, nontransgenic let-60(sy130) dpy-20/unc-24 siblings of 12; 12, let-60(sy130)dpy-20/unc-24; kuEx83; 13, unc-5 sur-8(kul67) let-60(n1046)/
dpy-13 mDf4 let-60(n1046); 14, unc-5 let-60(n1046)/let-60(n1046) dpy-13 mDf4.

>Percent Multivulva was determined by scoring adult hermaphrodites for presence of ventral protusions under a dissecting microscope. “n”
indicates the number of animals scored. ND, not determined.

¢Average percentage of VPCs adopting a vulval cell fate per animal. In wild type (100% induction), three of six VPCs are induced.

4The dpy-13 marker is semidominant and, when heterozygous, reduces the ability of sur-8(ku167) to suppress let-60(n1046). For comparison,
dpy-13 sur-8(kul67) let-60(n1046)/sur-8(kul67) unc-5 let-60(n1046) animals were 22% (239) Muv and had 117% (26) average induction.

playsin vulvalinduction became apparent when examin- mutants alone display nearly wild-type vulval induction
ing its effects on Ras-mediated signaling in sensitized and only 7% rod-like larval lethality, but sur-8(kul67)
genetic backgrounds. First, as described above, sur-8 decreased vulval induction to 0% and increased larval
mutations could strongly suppress both the Muv and lethality to nearly 100% in the double mutants (Table 2).
male mating defects caused by the let-60 ras(n1046gf) Because mpk-1 MAP kinase is a component of the main
allele. Second, an extrachromosomal array containing Ras pathway, this observed genetic interaction sug-
multiple copies of the cloned sur-8 gene enhanced the gests that sur-8 is an important positive regulator of the
average vulval induction of both let-60(n1046gf)/let- Ras pathway that functions to increase pathway output.
60(n1046gf) homozygous animals (from 154% to 196%) Furthermore, sur-8(kul67) also showed strong genetic
and let-60(n1046gf)/+ heterozygous animals (Table 1). interactions with a loss-of-function mutation in another

Finally, sur-8 (ku167) severely affected vulval induc- regulator of the Ras pathway, ksr-1 (Sundaram and Han,
tion when other ras pathway components were compro- 1995). ksr-1(ku68) mutants alone display wild-type vulval
mised. sur-8(ku167) dramatically enhanced Vulvaless and induction (100%) and a weak rod-like lethal phenotype
larval lethal phenotypes caused by a weak loss-of-func- (24%). In sur-8(kul67);ksr-1(ku68) double mutants, vul-
tion mutation in mpk-1 (Wu and Han, 1994). mpk-1(kul) val induction was reduced to 4% and the rod-like larval

Table 2. Genetic Interactions between sur-8 and ksr-1 or mpk-1 MAPK Mutations

% Induction® % Average

Genotype P3.p P4.p P5.p P6.p P7.p P8.p Induction (n) % Lethal® (n)
N2 (wild type) 0 0 100 100 100 0 100% (many) 0 (138)
sur-8(kul67) 0 0 100 100 100 0 100% (28) 0 (244)
sur-8(ku242) 0 0 100 100 100 0 100% (26) 0 (347)
mpk-1(kul) 0 0 100 94 100 0 98% (17) 7 (229)
mpk-1(kul); sur-8(kul67)° 0 0 0 0 0 0 0% (25) 100 (80)
ksr-1(ku68)? 0 0 100 100 100 0 100% (15) 24 (257)
sur-8(kul167); ksr-1(ku68)? 0 0 0 11 0 0 4% (19) 85 (164)

2Individual VPCs adopting 1° or 2° fates were scored as induced.

bPercent of animals arresting with an early larval rod-like phenotype, characteristic of loss-of-function mutations in many ras pathway genes.
¢sur-8 was marked with unc-24. Unc self-progeny of kul; kul67 unc-24/+ +mothers died as early larval rods. Unc escapers were scored for
vulval induction. Double homozygotes were almost completely sterile (average brood = 4), and all progeny died as early larval rods.

dksr-1 was marked with lon-2.

eTwo animals had abnormal vulval morphology.
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Table 3. Epistatic Analysis of sur-8(ku167) and Multivulva
Mutants

Genotype? % Muv (n) % Induction (n)
let-60(n1046gf) 88 (240) 154 (27)
sur-8(ku167) let-60(n1046gf) 4 (333) 102 (43)
HSP-raf (gf)® ND 116 (31)
sur-8(ku167); HSP-raf (gf) ND 125 (28)
mek-2(ku114); HSP-raf (gf) ND 97 (25)
mpk-1(kul); HSP-raf (gf) ND 99 (28)
lin-15(n765) 98 (214) 190 (24)
sur-8(ku167); lin-15(n765) 73 (302) 142 (21)
sur-8(ku242); lin-15(n765) 58 (258) 133 (23)
lin-1(ar147) 100 (154) ND
lin-1(ar147) sur-8(kul67) 100 (184) ND

For HSP-raf(gf) experiments, transgenic animals were heat shocked
for 80 min at 37°C at early L3. For lin-15 experiments, animals were
grown at 19.2°C. ND, not determined.

aConstruction of the HSP-raf(gf) transgene is described in Experi-
mental Procedures.

lethality was increased to 85% (Table 2). This strong
genetic interaction between sur-8 and ksr-1 suggests
that while the function of neither gene is normally re-
quired for Ras signaling, their functions are collectively
essential.

sur-8 Is Likely to Act Downstream of or in Parallel
to ras but Upstream of raf
To determine at which step in the linear Ras pathway
sur-8 may function, we performed epistasis analysis with
mutations that cause Muv phenotypes. Data shown in
Table 3 indicate that sur-8 mutations suppress the Muv
phenotype caused by let-60 ras(n1046 gf) or lin-15(n765
If) but fail to suppress the Muv phenotype of a raf(gf)
transgene and lin-1(ar147 If), suggesting that sur-8 acts
downstream of or in parallel to let-60 ras but upstream
of lin-45 raf.

lin-45 raf was shown to act downstream of let-60ras in
the vulval induction pathway (Han et al., 1993). Animals
carrying an activated raf(gf) transgene under the control
of a heat-shock promoter displayed an Muv phenotype
upon heat shock (Table 3). As expected, the Muv pheno-
type was completely suppressed by weak mutations in

either mek-2 or mpk-1 (Table 3), which act down-
stream of lin-45 raf (Sundaram and Han, 1996; Kornfeld,
1997). However, a sur-8 mutation failed to suppress the
Muv phenotype caused by the raf(gf) transgene. Heat-
shocked raf(gf) mutants or sur-8(kul67);raf(gf) double
mutants displayed similar average vulval induction of
116% and 125%, respectively (Table 3), indicating that
sur-8 does not function downstream of lin-45 raf in the
same linear pathway as mek-2 and mpk-1.

lin-15 functions upstream of ras at the level of let-23
RTK to inhibit let-23 signaling (Ferguson et al., 1987).
sur-8 mutations could suppress the lin-15 mutant Muv
phenotype (Table 3). However, this suppression was not
complete, possibly due to the inability of sur-8 mutations
to overcome strong pathway activity caused by the lin-
15(n765) mutation. lin-1 is a negative regulator acting
downstream of mpk-1 MAP kinase (Wu and Han 1994;
Beitel et al., 1995). A loss-of-function mutation of lin-1,
arl47 causes a 100% Muv phenotype that is not sup-
pressed by sur-8(kul67) at all (Table 3). The interaction
between the sur-8 mutations and the lin-15 or lin-1 muta-
tion is consistent with the suggestion that sur-8 acts
downstream of or in parallel to Ras, but upstream of
Raf.

sur-8 Function Is Required during Vulval Induction

Vulval cell fate specification takes place at the end of
the L2 stage, after the anchor cell is born and before
the VPCs undergo their first division (Kimble, 1981). To
determine if sur-8(+) activity is required at this stage
for proper vulval induction, we assayed the ability of
sur-8(+) to rescue the suppression phenotype of sur-
8(kul67) let-60(n1046gf) animals at various stages of
development. We generated transgenic sur-8(kul67)
let-60(n1046gf) animals carrying a sur-8 cDNA (see be-
low) under the control of a heat-inducible promoter and
subjected them to heat shock at different developmental
stages. Control transgenic animals without heat shock
displayed a slightly rescued phenotype of 123% vulval
induction (data not shown), probably resulting from
leaky sur-8 expression from the heat shock promoter.
Animals heat shocked before or during vulval induction
(between early L2 and mid L3 stages) displayed a fully
rescued phenotype, resulting in over 160% induction
(Table 4), similar to that observed in sur-8(kul67) let-
60(n1046gf) mutants carrying a transgene of sur-8 under

Table 4. Functional Tests of Human or C. elegans sur-8 cDNA under Control of a Heat Shock Inducible Promoter

Induction %

Total

Transgene® Stage P3.p P4.p P5.p P6.p P7.p P8.p Induction n

vector elL3 0 8 100 100 100 6 103% 38
Ce sur-8 elL3 61 97 100 100 100 93 184% 42
Hs sur-8 elL3 16 40 100 100 100 70 142% 25
Ce sur-8 L1 10 55 100 100 100 26 133% 19
Ce sur-8 elL2 28 81 100 100 100 76 162% 21
Ce sur-8 mL3 33 83 100 100 100 89 169% 19
Ce sur-8 eL4 3 24 100 100 100 28 134% 29

sur-8(kul67) let-60(n1046) hermaphrodites carrying the indicated transgene were heat shocked at the indicated stage (e = early, m = mid)
at 37°C and scored for vulval induction at stage L4 or as young adults. Heat shock was for 80 min for the upper set of experiments and 40

min for the lower set of experiments.

a Extrachromosomal arrays carried either full-length Ce sur-8 coding region or Hs sur-8 coding region under the control of a heat shock

inducible HSP-16 promoter.
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Figure 2. Comparison of Sequence and Protein Structure of Mammalian and C. elegans SUR-8

(A) Complete amino acid alignment of predicted SUR-8 protein sequences from human (Hs SUR-8), mouse (Mu SUR-8), and C. elegans (Ce
SUR-8). Residue identity between species is highlighted in black, and similarity is highlighted in gray. The positions of the leucine-rich repeats
(LRRs) are indicated with dark bars (for 23 amino acid repeats) or light bars (for 24 amino acid repeats). The positions of the amino acid

substitutions are indicated for the two sur-8 mutations.

(B) Comparison of C. elegans and human SUR-8 protein structure. Positions of the leucine-rich repeats and the amino acid substitutions of
sur-8 mutants are shown. Percent amino acid identity between C. elegans and human SUR-8 is indicated for the domains shown. The N-terminal
93 amino acids of human SUR-8 shares no sequence homology with C. elegans SUR-8. Human and mouse SUR-8 share 98% amino acid

identity.

control of its own promoter (Table 1). In contrast, animals
heat shocked either in L1, before the anchor cellis born,
or in L4, after Pn.p cells have executed their fate, dis-
played only a partially rescued phenotype of 133% or
134% vulval induction (Table 4). The rescuing activity
observedin early L2 heat-shocked animals is most likely
due to SUR-8 protein perdurance. Thus, sur-8(+) activity
is required before or during the time of vulval cell fate
specification for vulval development but is not required
at earlier or later times.

sur-8 Encodes a Novel Leucine-Rich

Repeat Protein

We cloned sur-8 by genetic mapping followed by trans-
formation-rescue (see Experimental Procedures). sur-8

was mapped to position 1.86 on chromosome IV be-
tween the markers dpy-13 and unc-5. Cosmids con-
taining genomic DNA from this region were tested for
sur-8(+) activity by assaying their ability to revert the
Suppressed phenotype of sur-8(kul67) let-60(n1046gf)
animals back to Muv. A single cosmid, AC7, contained
complete rescuing activity, as did a 12kb AC7-derived
subclone (data not shown). The subclone was predicted
to contain a single gene, designated AC7.1 by the C.
elegans genome sequencing project. A full-length 2.1
kb cDNA was identified by screening a mixed stage
library (gift from Peter Okkema), using a genomic probe
derived from the predicted AC7.1 gene. Northern blot
analysis indicated that this cDNA was the only transcript
encoded by sur-8 (data not shown). We conclude that
the gene defined by the isolated cDNA corresponds to
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Figure 3. Sequence Alignment of SUR-8 Leucine-Rich Repeats

Alignment of 23 amino acid and 24 amino acid LRRs of Hs SUR-8
is shown. Consensus amino acids are boxed and shown below with
the consensus of Ce SUR-8 LRR and yeast adenylate cyclase (yeast
A.C.) LRR. a, aliphatic residue (A, V, L, I, F, Y, or M).

sur-8 because missense mutations from sur-8 mutant
DNA are located in the coding region of the cDNA and
because this cDNA was able to rescue sur-8 mutants
(see below).

The 1.7 kb coding sequence of sur-8 is predicted to
encode a novel 559 amino acid protein, containing 18
tandem repeats of the leucine-rich repeat (LRR) motif
(amino acids 89-505) (Figure 2). LRRs, characterized by
a consensus composed of leucines at invariant posi-
tions, are found in a variety of proteins with diverse
biological functions and are proposed to mediate pro-
tein—protein interactions (Kobe and Deisenhofer, 1994).
Fifteen of the 18 SUR-8 LRRs are 23 amino acids long
and form a consensus that is similar to that of yeast
adenylate cyclase LRRs (Figure 3). These 23 amino acid
LRRs form two tandem clusters of nine and six repeats
that are separated by three tandem LRRs that are 24
amino acids long and form a distinct consensus with
no obvious similarity to other known LRR motifs. SUR-8
contains N-terminal and C-terminal non-LRR flanking
sequences of 88 and 53 amino acids, respectively (Fig-
ure 2).

We have identified a missense mutation associated
with each sur-8 allele (Figure 2). sur-8(ku242) encodes
a cysteine 233 to tyrosine substitution in a consensus
position within LRR 7. sur-8(ku167) encodes a glutamic
acid 430 to lysine substitution in a nonconsensus posi-
tion within LRR 15. Both mutations were found to alter
amino acids conserved in mammalian sur-8 homologs
(Figure 2, and see below), indicating that these residues
may have an evolutionarily conserved function.

C. elegans sur-8 Is Structurally and Functionally
Conserved in Mammals

An expressed sequence tag (EST) database search re-
vealed several overlapping human and mouse ESTs that
shared from 49% to 70% amino acid identity with the
non-LRR C-terminal sequences of Ce SUR-8. We used

primers derived from a human or mouse EST (GenBank
accession numbers W51818 and AA286839, respec-
tively) to amplify the 5" ends of the cDNAs by performing
5" RACE from human brain cDNA or mouse liver cDNA
(Clonetech). Sequences from the 5° RACE and EST
clones were compiled to generate the full-length (4.1
kb) human and mouse sur-8 cDNAs. Multitissue North-
ern blot (Clonetech) analysis using a probe derived from
the human cDNA revealed that this cDNA corresponded
to a single transcript of the predicted size, and the tran-
script was detected in all tissues examined, including
heart, brain, placenta, lung, liver, skeletal muscle, kid-
ney, and pancreas (data not shown). The predicted pro-
teins encoded by the human and mouse cDNAs are 98%
identical at the amino acid level.

Comparison of the amino acid sequences encoded
by the mammalian and C. elegans sur-8 genes revealed
significant homology in amino acid sequence and overall
protein structure. Mammalian SUR-8 contains exactly
the same number of LRRs with the identical length and
organization as C. elegans SUR-8 LRRs (Figures 2 and
3). The LRR regions share 58% identity and the C-termi-
nal extensions share 76% identity, while the N-terminal
extensions share very little identity (Figure 2). The 23
amino acid repeats in Hs SUR-8 have the same consen-
sus sequence as their Ce SUR-8 counterparts (Figure 3).

We found that in addition to sharing a high degree of
structural homology, the C. elegans and human SUR-8
proteins share functional homology. Human sur-8 cDNA
expressed under the control of a heat shock inducible
promoter was able to rescue the mutant phenotype of
sur-8(kul67) let-60(n1046gf) animals (Table 4). Hs sur-8
could revert the Suppressed phenotype from 103% in-
duction to 142% induction. Control animals expressing
Ce sur-8 cDNA displayed a fully rescued phenotype
with 184% induction (Table 4). Because Hs sur-8 could
provide sur-8(+) activity in sur-8 mutants, we conclude
that Hs sur-8 is a functional homolog of Ce sur-8.

SUR-8 Interacts with LET-60 RAS, but Not with
a LET-60 RAS Effector Domain Mutant
Yeast adenylate cyclase contains 26 LRRs (Kataoka et
al., 1985) that are required for binding to and activation
by Ras during vegetative yeast growth (Field etal., 1990;
Suzuki et al., 1990). The observation that SUR-8 LRRs
form a consensus that is similar to that of yeast adenyl-
ate cyclase LRRs led us to test the interaction between
SUR-8 and several Ras pathway components. Using the
yeast two-hybrid system, while we failed to detect an
interaction between SUR-8 and wild-type LIN-45 Raf,
MEK-2 MEK, MPK-1 MAP kinase, or KSR-1 (data not
shown), we detected an interaction with wild-type LET-
60 Ras, as assayed by the activation of a His reporter
(Figures 4 and 5A) and a lacZ reporter (data not shown).
Given that mutations in the LRR regions result in loss
of sur-8 function, we examined the effect of these muta-
tions on LET-60 RAS interaction. Interestingly, while
kul67 E430K had no effect on LET-60 Ras interaction,
ku242 C233Y eliminated detectable interaction with
LET-60 Ras (Figure 4A), even though both mutant pro-
teins were expressed at similar levels in yeast (data not
shown). The ku242 C233Y mutation is in LRR 7 of the
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Figure 4. Yeast Two-Hybrid Interactions between SUR-8 and LET-
60 RAS

LET-60 Ras proteins fused to the GAL4 DNA binding domain were
expressed together with SUR-8 proteins fused to the GAL4 activa-
tion domain in a yeast reporter strain and assayed for interaction
by growth on His~ selective media.

(A) Summary of interaction between LET-60 RAS and Ce SUR-8
mutants. Different SUR-8 domains and sites of point mutations en-
coded by the sur-8 mutantsare shown, asin Figure 2. Each construct
shown was expressed as a fusion protein at similar levels in yeast
as shown by Western blot analysis (data not shown). Abbreviations:
+++, colony growth on His™ medium within 3 days; +, colony
growth within 5 days; +/—, very slow colony growth after 5 days;
—, no colony growth after 5 days.

(B) Summary of interaction between Ce SUR-8 or LIN-45 RAF and
LET-60 RAS mutants. Ras functional domains are shaded. Pre-
viously identified LET-60 Ras point mutations are depicted with an
allele number (Beitel etal., 1990) and positions shown with an aster-
isk. Abbreviations same as in (A); SW1 is switch 1 and SW2 is
switch 2.

N-terminal LRR cluster, and these datademonstrate that
this residue is critical for both SUR-8 function and LET-
60 Ras binding.

To define a specific region of SUR-8 involved in LET-
60 Ras binding, we tested SUR-8 deletion mutants for
LET-60 Ras interaction (Figure 4A). Deletion of the
N-terminal 88 amino acid nonLRR region resulted in
elimination of LET-60 Ras binding. Similarly, deletion of
the C-terminal 53 amino acid non-LRR sequence re-
sulted in reduction of LET-60 Ras binding. In addition,
deletion of the last six LRRs, including repeat 15, abol-
ished LET-60 Ras binding. Itis likely that N- or C-terminal
deletions alter global protein structure that may result
in decreased LET-60 Ras interaction.

We next wanted to define a domain of LET-60 Ras
required for SUR-8 interaction. We tested interaction of
SUR-8(+), and as a control, LIN-45 Raf, with several

different LET-60 Ras mutants using the yeast two-hybrid
system. Mutations tested included point mutations that
cause phenotypes in C. elegans (Beitel et al., 1990),
deletion mutations, and effector domain mutations (Fig-
ure 4B). Point mutations in the effector domain of H-Ras
have been shown to abolish binding to several putative
Ras binding proteins, including Rafl, PI-3 kinase, and
Ral-GDS (Rodriguez-Viciana et al., 1997).

All of the LET-60 Ras loss-of-function mutations tested
had no effect on SUR-8 or LIN-45 Raf binding. In addi-
tion, the mutation encoded by the gain-of-function al-
lele, n1046gf G13E, had no effect on SUR-8 binding or
LIN-45 Raf binding. Deletion of the membrane targeting
region had only a slight effect on SUR-8 binding or LIN-
45 Raf binding. An effector domain double mutation,
E37G Y40C, interfered with LIN-45 Raf binding but had
no effect on SUR-8 binding (Figure 4B), suggesting that
SUR-8 does not share binding specificity with Raf.

More interestingly, we identified one effector domain
mutation, P34G, that specifically interfered with SUR-
8(+) binding but had no effect on LIN-45 Raf binding.
A P34G Ras mutant has previously been shown to bind
Rafl with wild-type affinity in vitro but to fail to cause
transformation or induce neurite outgrowth in vivo (Aka-
saka et al., 1996). SUR-8 is thus a likely candidate for
promoting full Ras activity through binding the Ras ef-
fector domain at a site that is distinct from that of Raf.

Hs SUR-8 Interacts with N-Ras and K-Ras
4B but Not H-Ras In Vitro
Given the functional and structural homology between
Ce sur-8and Hs sur-8, we were interested in determining
whether Hs SUR-8 could bind mammalian Ras. We
tested the interaction of Hs SUR-8 with three human
Ras family members, N-Ras, K-Ras 4B, and H-Ras, in
the yeast two-hybrid system. We detected a strong in-
teraction between Hs SUR-8 and two family members,
K-Ras and N-Ras, but only aweak interaction with H-Ras
(Figure 5A). As a control for Ras expression, we showed
that all three Ras family members interacted strongly
with Rafl (Figure 5A). In addition, SUR-8 and Ras dis-
played cross-species interactions, reinforcing the idea
that sur-8 function may be evolutionarily conserved.
These observations were confirmed by testing in vitro
interaction of Hs SUR-8 and Ras family members (Figure
5B). Bacterially expressed GST-Ras fusion proteins
were purified and tested for their ability to interact with
purified Hs SUR-8 or Rafl. While all three family mem-
bers bound Rafl with similar affinities, only N-Ras and
K-Ras were capable of binding Hs SUR-8 strongly. How-
ever, while Rafl bound Ras with GTP dependence, Hs
SUR-8 showed no GTP dependence for Ras binding.
Both GDP- and GTP-loaded Ras proteins bound Hs
SUR-8 with similar affinities. Thus, SUR-8 displayed a
differential binding specificity for individual Ras family
members that appeared not to depend on the activation
state of Ras.

Discussion

In this study, we describe the identification of sur-8, a
novel regulator of the Ras-mediated signal transduction
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Figure 5. Interaction between SUR-8 and Ras Family Members

(A) Yeast two-hybrid system interaction of Ce SUR-8, Hs SUR-8, or
human Rafl with LET-60 Ras or human Ras family members. The
ability of yeast to grow on His™ plates indicated interaction of the
fusion proteins indicated. Interaction with Rafl was tested as a
control for Ras expression.

(B) In vitro binding of Hs SUR-8 with human Ras family members.
GST-Ras fusion proteins were loaded with GDP (D) or GTP (T) and
were incubated with either full-length Hs SUR-8 or Rafl (residues
1-269). Bound Hs SUR-8 or human Rafl was subjected to SDS-
PAGE and Western immunoblotting with an anti-5X His monoclonal
antibody. As a control for amount of Ras in the binding assays, one-
eighth of the amount of Ras input in the binding reactions is shown
in the lowest panel.

pathway during vulval induction, and we provide genetic
evidence that sur-8 acts to positively regulate Ras path-
way signaling. In addition, we show that sur-8 encodes
a highly conserved, novel, LRR-containing protein that
binds to a subset of Ras family members in vitro. These
findings suggest that sur-8 defines a regulatory branch-
point in the Ras pathway, and sur-8 may either be in-
volved in regulating raf activity or be a ras target.

sur-8 Positively Regulates let-60 ras Signaling
Several lines of genetic data indicate that the normal
function of sur-8 is to positively regulate Ras pathway
signaling during cell fate specification. First, loss-of-
function mutations in sur-8 can suppress the pheno-
types of an activated let-60 ras mutation. Second, addi-
tion of sur-8(+) gene copies from either a duplication or
injected transgenes enhances the Multivulva phenotype
caused by the activated ras mutation. Third, mutations
in sur-8 dramatically enhance the Vulvaless and larval
lethal phenotypes caused by a partial loss-of-function
mutation of mpk-1, indicating that sur-8 is required for
the maximal strength of signaling activity. Finally, a sur-8
mutation synergizes with a loss-of-function mutation in
ksr-1, indicating that sur-8 and ksr-1 functions are col-
lectively essential for Ras-mediated signal transduction
even when the main pathway is wild type.

sur-8 is likely to regulate ras-mediated cell specifica-
tion events in multiple tissues. Mutations in sur-8 sup-
press the male mating defect caused by activated ras
mutations, dramatically enhance the rod-like larval lethal
phenotypes caused by mutations in ksr-1, and enhance
lethality and sterility caused by mpk-1 mutations. The
male tail defects of let-60 ras were shown to be the result
of misspecification of B blast cell fates (Chamberlin and
Sternberg, 1994; Yochemet al., 1997). The rod-like larval
lethal phenotype of loss-of-function mutations in let-60
ras, and likely its downstream target genes, are caused
by misspecification of the excretory duct cell (Yochem
et al.,, 1997). The sterile phenotype of let-60 ras and
mpk-1 mutations is a result of defects in germ cell nuclei
exiting from pachytene (Church et al., 1995).

Genetic epistasis experiments demonstrate that mu-
tations in sur-8 can suppress an activated ras allele but
not an activated raf transgene. This analysis indicates
that sur-8 functions genetically downstream of or in par-
allel to let-60 ras but not downstream of lin-45 raf, which
is consistent with our molecular analysis indicating that
SUR-8 directly interacts with Ras. Since Raf is a direct
target of Ras (Moodie et al., 1993), SUR-8 may function
either as part of a complex to affect Ras-Raf activation
or in a branch feeding into or out of the pathway at
the level of Ras and Raf. ksr-1 has the same epistatic
relationship as sur-8 with the Ras pathway (M. Sun-
daram and M. H., unpublished), but because mutations
in ksr-1 synergize with mutations in sur-8, we believe
that these genes are not acting on each other to stimu-
late signaling, but rather are acting at distinct points.

Because loss-of-function sur-8 mutations have no ef-
fect on vulval induction in a wild-type background, we
propose that the normal function of sur-8 is to increase
signaling output of the inductive signal-activated Ras
pathway. Alternatively, sur-8 function may be essential
in Ras-mediated signaling, but its function is redundant
with another gene that performs the same role in Ras-
mediated signaling.

SUR-8 Is a Structurally and Functionally

Highly Conserved, Novel LRR Protein

sur-8 is predicted to encode a novel protein composed
largely of leucine-rich repeats. SUR-8 contains 18 tan-
dem LRRs. The 23 amino acid repeats from two clusters
of 9 and 6 repeats separated by the three 24 amino acid
repeats. We have cloned a human and a mouse SUR-8
homolog, which themselves are greater than 98% identi-
cal and share high sequence homology and overall pro-
tein organization with Ce SUR-8. In addition to sharing
a highly conserved protein structure, we have shown
that Hs sur-8 can complement a Ce sur-8 mutation (Ta-
ble 4), indicating that sur-8 function in Ras signaling is
evolutionarily conserved.

Leucine-rich repeats are protein motifs of 20-28 amino
acids, characterized by a core consensus consisting of
invariantly spaced leucines and asparagine (LXXLXLxxN).
LRRs have been found in many functionally diverse pro-
teins in a variety of organisms and have been shown to
mediate protein—protein interactions (Kobe and Deisen-
hofer, 1994). The crystal structure of porcine ribonu-
clease inhibitor, which like SUR-8 is almost completely
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composed of LRR (Hofsteenge et al., 1988), has been
determined (Kobe and Deisenhofer, 1993). It forms a
nonglobular, horseshoe-like structure with the a-helical
portion of each repeat aligned in parallel and exposed
to the outer surface and the B-strand portion of each
repeat exposed to the inner circumference (Kobe and
Deisenhofer, 1994). The mutation encoded by sur-
8(kul67) is a charge reversal in a negatively charged
region predicted to form a B sheet, while the mutation
encoded by sur-8(ku242) lies in a predicted «-helical
region.

Yeast adenylate cyclase functions to regulate vegeta-
tive growth in S. cerevisiae and contains 26 LRRs. In S.
cerevisiae, but not in higher eukaryotes or in S. pombe,
adenylate cyclase interacts directly with Ras, and this
binding is required for adenylate cyclase activation and
cAMP production. Ras binding is GTP dependent and
is disrupted by effector domain mutations, indicating
that adenylate cyclase is a Ras effector in S. cerevisiae.
This binding is mediated at least in part by LRRs since
mutations in LRRs disrupt Ras binding (Field et al., 1990;
Suzuki et al., 1990). Notably, LRRs are not found in
eukaryotic adenylate cyclase, and the consensus formed
by the LRR of yeast adenylate cyclase is similar to that
formed by the 23 amino acid LRRs of SUR-8 (Figure 3).

SUR-8 May Function through Binding

to the Ras Effector Domain

Our findings indicate that both Ce SUR-8 and Hs SUR-8
interact with Ras in the yeast two-hybrid system and in
vitro (Figure 5). This interaction is specific to Ras, since
no interactions were detected between Ce SUR-8 and
other Ras pathway components tested (data not shown).
Mutation of cysteine 233 in LRR7 residue to tyrosine in
the ku242 loss-of-function mutant completely blocks
LET-60 Ras interaction (Figure 4A). The correlation be-
tween loss of sur-8 function and loss of LET-60 Ras
binding suggests that SUR-8 binding to LET-60 Ras
is necessary for optimal sur-8 function. In contrast, a
mutation in glutamic acid 430 in LRR 15 encoded by
kul67 has no effect on LET-60 Ras binding. Because
the substitutions encoded by ku242 and kul67 are lo-
cated in separate LRR clusters, it is tempting to specu-
late that SUR-8 acts as an adaptor protein, binding Ras
through one LRR cluster and binding another unidenti-
fied protein through the other.

Mutational analysis of LET-60 Ras suggests that
SUR-8 and Raf have different effector domain binding
specificities. AP34G mutation blocks interaction of LET-
60 Ras with SUR-8 but not with LIN-45 Raf. In contrast,
mutation of residues E37 and Y40 interferes with interac-
tion between LET-60 Ras and LIN-45 Raf but not be-
tween LET-60 Ras and SUR-8 (Figure 4B). Mutations of
residues 37 or 40 in H-Ras disrupt Rafl binding and
Ras function (White et al., 1995). The P34G mutation
abolishes the ability of Ras to transform NIH3T3 cells
and to induce neurite outgrowth while maintaining Raf
binding ability (Akasaka et al., 1996). These observations
suggest a second requirement for Ras activation in addi-
tion to Raf binding, which is possibly dependent on
interaction with SUR-8.

The P34G mutation has also been shown to disrupt

the interaction of yeast adenylate cyclase with Ras (Aka-
saka et al., 1996). Yeast adenylate cyclase contains 28
tandem LRRs, which are required for binding to and
activation by Ras. Thus, LRR-mediated interaction with
Ras may be an evolutionarily conserved mechanism for
Ras-effector interactions. SUR-8 LRRs are similar to
those found on Rsp-1, which was identified as a multi-
copy suppressor of K-ras transformed cells (Cutler et
al., 1992). Our preliminary data indicate that Rsp-1 com-
petes with SUR-8 for Ras binding (unpublished observa-
tions), raising the intriguing possibility that Rsp-1 over-
expression inhibits Ras transformation by blocking a
functionally significant SUR-8-Ras interaction.

Hs SUR-8 Binds a Subset of Ras Family Members

Hs SUR-8 specifically binds to K-Ras 4B and N-Ras,
but binds only weakly to H-Ras, in vitro and in the yeast
two-hybrid system (Figures 5A and 5B). The in vitro
studies suggest that binding is direct. Given the proba-
bility of unique roles for different Ras family members,
it is possible that SUR-8 is involved in generating a
functional specificity for some Ras family members. In-
triguingly, Ras binding to SUR-8 does not appear to be
GTP dependent. Hs SUR-8 binds both GTP- and GDP-
bound N-Ras and K-Ras in vitro. In contrast, Rafl binds
all three Ras family members with GTP dependence.
One possible model for SUR-8 function is that it is in-
volved in the establishment or maintenance of Ras activ-
ity by facilitating binding or activation of Ras effectors,
such as Raf. Indeed, the mechanisms by which Raf is
activated upon membrane recruitment are poorly under-
stood. Alternatively, SUR-8 may mediate its positive ef-
fects on Ras activation by inhibiting the activity of a
negative regulator of Ras, such as GTPase activating
protein, GAP. Finally, SUR-8 may be an adaptor protein
for effectors distinct from Raf that act in a branched
pathway. Further molecular and biochemical studies
should elucidate the evolutionarily conserved role of
SUR-8 function in the Ras-mediated signaling process.

Experimental Procedures

C. elegans Strains and Phenotypic Analysis
N2 and derivative strains were maintained as described by Brenner
(1974) and grown at 20°C unless otherwise indicated. Unless other-
wise indicated, the reference for alleles is Riddle et al. (1997). LGI:
mek-2(kul14). LGIIl: mpk-1(kul), dpy-17(e164), and unc-119(ed3).
LGIV: sur-8(kul67), sur-8(ku242), unc-24(e138) unc-5(e53), dpy-
13(e184), unc-17(e113), lin-1(ar147), lin-45(kull2) (D. Green and
M. H., unpublished), dpy-20(e1282), let-60(n1046), let-60(sy130),
mDf4, and mDpl(IV;f) (Rogalski and Riddle, 1988). LGV: him-
5(e1490). LGX: lon-2(e678), ksr-1(ku68), lin-15(n765), and xol-1(y9).
Multivulva (Muv) and Egg-laying defective (Egl) phenotypes were
scored as described previously (Ferguson and Horvitz, 1985). Per-
cent larval lethality (Let) was determined by collecting eggs from
gravid hermaphrodites for 1-2 hr and examining plates for arrested
rod-like larvae. Vulval induction was determined by examining the
number and locations of VPC descendant nuclei of early L4 larvae
under Nomarski optics as described previously (Han et al., 1990).
Average vulval induction was scored as 100% if 3 of 6 VPCs were
induced (wild type), 0% if 0 of 6 were induced (Vulvaless), or 200%
if 6 of 6 VPCs were induced (Muv).

Transgenic let-60 ras(n1046gf) Suppressor Screen

and Isolation of sur-8 Mutants

The transgenic strain used to screen for suppressors of let-
60(n1046) carried the integrated array kuls14, which contains the
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let-60(n1046) genomic DNA (pMH132) and dpy-20(+) genomic DNA
(PMH86) (Sundaram et al., 1996). Transgenic L4 hermaphrodites
were mutagenized with 50 mM ethylmethane sulfonate (EMS) (Bren-
ner, 1974) and F1 and F2 self-progeny were screened for non-Muv
animals. Non-Muv animals that produced nearly all non-Muv prog-
eny (less than 5%) were outcrossed once to let-60(sy130) dpy-
20(1282), and Dpy non-Muv progeny were outcrossed several times
to let-60(n1046). The let-60(n1046); sup strains were mapped using
2- and 3-factor mapping methods (Brenner, 1974). Complementa-
tion tests were performed with mek-2 and lin-45 alleles.

sur-8(kul67) isolated from this screen was outcrossed seven
times and 3-factor mapped using dpy-13 and unc-5 on LGIV. Of
Dpy non-Unc recombinants, 46 of 52 had the genotype dpy-13 sur-
8(ku167) let-60(n1046), and 2 of 18 Unc non-Dpy recombinants had
the genotype sur-8(kul67) unc-5 let-60(n1046), placing sur-8 at map
position 1.72 of LG IV.

sur-8(ku242) was isolated from a noncomplementation screen.
unc-24 let-60(n1046); lon-2(e678) xol-1(y9) or unc-17(el1l3) let-
60(n1046); lon-2 xol-1 L4 hermaphrodites were EMS mutagenized
and mated to sur-8(kul67) let-60(n1046); him-5 males. We screened
approximately 10,000 haploid genomes. Non-Muv F1 cross progeny
were isolated, and those that continued to segregate less than 10%
Muv progeny were outcrossed to alet-60(n1046) strain. sur-8(ku242)
was unlinked from the Unc mutations by outcrossing with let-60(n1046)
and picking suppressed non-Unc recombinants. sur-8(ku242) was
outcrossed with let-60(n1046) an additional three times.

Because mDf4 caused no lethality when in trans to sur-8(ku167),
the noncomplementation screen should not have been biased
against isolating null alleles. One probable explanation for the lower
frequency at which sur-8 loss-of-function alleles were isolated is
that we restricted the characterization of suppressors to those that
suppressed to below 5% Muv, which might be too low to isolate
many other sur-8 mutations.

Dosage Analysis
mDf4 is linked to the semidominant dpy-13 allele, e184 (Rogalski
and Riddle, 1988). For deficiency analysis, mDf4 was linked to let-
60(n1046) by selecting Muv semi-Dpy recombinants from dpy-13
mDf4/unc-5 let-60(n1046) heterozygotes. The recombinant dpy-13
mDf4 let-60(n1046) chromosome was balanced with nT1 and used
to do a complementation test with either unc-5 sur-8(kul67) let-
60(n1046) or unc-5 let-60(n1046) by scoring non-Unc, semi-Dpy
cross progeny [genotype: unc-5 +/- sur-8(kul67) let-60(n1046); dpy-
13 mDf4 let-60(n1046)] for percent Muv and percent induction.
mDp1 is a free duplication that covers unc-17, dpy-13, sur-8, and
unc-5 but not let-60. For the duplication analysis, dpy-13 unc-5
let-60(n1046);mDp1 was constructed and tested for rescue of the
Suppressed phenotype by crossing with either sur-8(ku167) unc-5
let-60(n1046) or unc-5 let-60(n1046). Progeny segregating no Dpy
[genotype: sur-8(kul67) unc-5 let-60 (n1046); mDp1] were scored
for percent Muv and percent vulval induction.

Construction of Double Mutants and Transgenic Strains

Double mutants were constructed using standard genetic methods,
and markers used are indicated in the tables. For the sur-8(ku167);
lin-15, sur-8(ku242); lin-15, sur-8(ku167);raf(gf) double mutants and
for sur-8(kul67) and sur-8(ku242) single mutants, the presence of
sur-8 mutations was confirmed by sequencing the appropriate re-
gion of sur-8 genomic DNA from each strain.

Because mpk-1(kul); unc-24 sur-8(kul67) double mutants were
larval lethal, double homozygotes were derived from mothers that
were heterozygous for sur-8(ku167). Occasionally, Unc segregants
were observed that were examined under Nomarski optics for vulval
induction and replated to observe progeny. Unc animals either rep-
resented escapers, which were 0% induced and had no viable prog-
eny, or represented recombinants, which were 100% induced and
segregated viable progeny.

Transgenic strains were generated by germline transformation as
described previously (Mello et al., 1991). Germline rescue: cosmids
spanning the sur-8 region were obtained from A. Coulson (Sanger
Center). 5 ng/ml of single cosmids or subclones were coinjected
with 40 pg/ml of the unc-119 transformation marker pDP#MMO016
(Maduro and Pilgrim, 1995) into unc-119; sur-8(ku167) let-60(n1046)

animals, and non-Unc stable lines were analyzed. The cosmid AC7
rescued the Suppressed phenotype to between 50% and 100% Muv
in 4 of 6 stable lines generated. pDS12 contained a 13 kb Pstl-Sacll
AC7 subfragment cloned into pBluescript (Stratagene) and rescued
to 100% Muv in 3 of 3 stable lines generated. kuEx83 is a transgene
containing pDS12 (injected at 5 pg/ml) and a sur-5 promoter::gfp
reporter construct, pTG96.1 (injected at 100 wg/ml).

raf(gf) Epistasis

kuls17 is a transgene containing raf(gf) (pMS88) and dpy-20(+) ge-
nomic DNA (pMH86, [Han and Sternberg, 1990]) integrated into the
genome. pMS88 contains a Drosophila raf gain-of-function mutant
gene cloned into the HSP16-41 vector pPD49.83 (gift from A. Fire).
In this raf(gf) gene, the kinase domain of Draf is fused to the trans-
membrane domain of the Torso receptor (Dickson et al., 1992).
Heat Shock Rescue

pDS23 and pDS25 contain Ce sur-8 cDNA and Hs sur-8 cDNA,
respectively, cloned into the Nhel and Kpnl sites of pPD49.83. Either
pDS23 (10 wg/ml), pDS25 (20 pg/ml), or pPD49.83 (10 pg/ml) was
coinjected with puUnc-119 (40 pwg/ml) into unc-119 sur-8(kul67) let-
60(n1046), and non-Unc stable lines were analyzed. Three pDS23
and two pDS25 bearing independent lines displayed similar vulval
phenotypes upon heat shock.

sur-8 cDNA Cloning and Allele Sequencing

A 2kb Hindlll genomic subclone containing part of the AC7.1 se-
quence (pDS7) was used as a probe for a mixed stage Northern,
identifying a single band of 2.2 kb. This fragment was used to probe
a \gtll mixed stage C. elegans cDNA library (gift from P. Okkema).
From approximately 1 million plaques screened, 10 positive clones
were isolated and their inserts were PCR amplified. The two largest
inserts were sequenced using an ABI automated sequencer and
were found to each have a 5’ UTR, a single open reading frame,
and two different polyadenylated 3’ UTRs. A cDNA containing an
SL1 spliced leader was identified by performing PCR amplification
from an early embryonic cDNA library (gift from P. Okkema) using
an SL1 primer and a sur-8-specific primer. Full-length sur-8 cDNA
contains a 94 nucleotide SL1 spliced 5’ UTR, a 1680 nucleotide
open reading frame, and either a 213 nucleotide or a 359 nucleotide
3’ UTR, depending on the polyA site used.

Molecular lesions were identified by PCR amplification of genomic
DNA from lysates from one to five mutant worms and sequencing
purified PCR fragments directly. For each allele, all coding regions
were amplified and sequenced using primers flanking exons. The
cDNA sequence differs from that predicted for AC7.1 in the positions
of four splice junctions. Positions of exons and mutations corre-
sponding to the numbering of cosmid AC7 are as follows: exon 1,
2255-2437; exon 2, 3789-3920; exon 3, 4110-4262; exon 4, 4510-
4726; exon 5, 5390-5592; exon 6, 6057-6276; exon 7, 6648-6998;
and exon 8, 8403-8623. sur-8(kul67) and sur-8(ku242) contained
G- to A- transitions at positions 6827 and 5402, respectively.

Two-Hybrid Strains and Plasmids
Two-hybrid reporter strains were CG1945 and Y187 (Clonetech).
Strains were grown and manipulated according to the manufactur-
er’s protocols. Two-hybrid interactions were tested by mating re-
porter strains transfected with expression constructs and assaying
growth on His™ plates followed by assaying B-galactosidase expres-
sion. sur-8 constructs were expressed as fusion proteins with GAL4
activation domain from pACT2 (Clonetech). Full-length and mutant
Ce sur-8 were cloned by PCR from Agt11 clone #10 as Ncol-BamHI
fragments into Ncol and BamHI sites of pACT2. Full-length Hs sur-8
was PCR amplified from human brain cDNA (Clonetech) and cloned
as BamHI-Xhol fragments into BamHI and Xhol sites of pACT2.
pYO3 contains the full-length lin-45 raf cloned into pACT2 (Y. Suzuki
and M. H., unpublished data). Full-length Rafl cloned in pGAD was
a gift from M. White.

ras constructs contained a C-to-S substitution in the CAAX box
introduced by the 3’ PCR primer and were expressed as GAL4 DNA
binding fusion proteins by cloning into the Ndel-BamHI sites of
PAS2. Full-length K-ras 4B(C185S) and N-ras(C186S) were amplified
from human brain cDNA (Clonetech). H-ras(V12 C186S) was cloned
by amplification from H-ras(V12) pGSTag (a gift from K. Guan).
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pMS104 and pMS105 contain let-60 ras and let-60 ras(G13E), re-
spectively, cloned into pAS2 (M. Sundaram and M. H., unpublished
data). Other let-60 ras mutants described were cloned by amplifying
Ndel-BamHI fragments from pMH2010 (M. H., unpublished data)
and cloned into pAS2.

In Vitro Binding
Expression, purification, and nucleotide loading of GST-Ras fusion
proteins was performed as described previously (Kaelin et al., 1991;
Zhang et al., 1995), with the following modifications. The Glutathione
Sepharose beads (Pharmacia) were washed two times with loading
buffer (50 mM Tris-HCI [pH 7.5], 7.5 mM EDTA, 0.5 mg/ml bovine
serum albumen [BSA], 1.0 mM DTT), then 1.0 mM GTPyS or GDPBS
(Boehringer Mannheim) was added. After 1 hr of incubation at 37°C,
the beads were washed two times with binding buffer (50 mM Tris-
HCI [pH 7.5], 150 mM NaCl, 1.0 mM DTT, 1% [v/v] Triton X-100, 5
mM MgCI2, 25 uM ZnCI2, and 0.2% [w/v] BSA).

pDS42, pDS43, pDS44, and pDS74 contain CAAX box C to S
substituted let-60 ras, N-ras, K-ras, and H-ras, respectively, cloned
into Ndel and BamHI sites of pGSTag (gift from K. Guan) to generate
GST fusion proteins. pDS73 and pDS75 contain Hs sur-8 and rafl
(1-269), respectively, cloned into the BamHI and Kpnl sites of pQE32
(Qiagen) to generate N-terminal 6X His-tagged fusion proteins.
Fresh overnight cultures of E. coli DH5a transformed with pDS73
or pDS75 were diluted 1:4 in LB broth containing 100 pwg/ml ampicil-
lin and 1 mM IPTG. After 4-7 hr of growth at 37°C, pellets were
collected in binding buffer containing 100 wg/ml PMSF and lysed
by sonication. Lysate supernatant (2.5 n.g per ml SUR-8 or 0.25 pg
per ml Ras) was incubated overnight at 4°C with 15 pl of Glutathione
Sepharose beads bound with GST-Ras (approximately 1 pg/ml) in
a volume of 0.2 ml. Beads were washed four times with binding
buffer, two times with binding buffer without BSA, and were pre-
pared for SDS-PAGE (10%) and Western analysis. SUR-8 and Rafl
proteins were detected using an anti-5X His monoclonal antibody
(Qiagen). Ras input was detected by Coomassie blue staining.
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