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ANNUAL REPORT For Predoctoral Fellowship 
Award # DAMD17-96-1-6117 

"Genetic and Molecular Analysis of Suppressors of Ras Mutations" 

INTRODUCTION: 

The Ras family of proteins play critical roles in cell proliferation, differentiation 
and migration in response to extracellular signals. The Han lab is interested in studying 
the regulation of the Ras mediated signal transduction pathway in the nematode C. 
elegans. The Ras pathway controls vulval development in C. elegans, and the purpose of 
this work has been to use sensitive genetic screens to identify components of the Ras 
signal transduction pathway. This approach has led to the discovery of several genes that 
act downstream of ras as well as several regulatory genes that modify the strength of 
signaling. The work funded by this grant has led to the discovery of two additional 
regulators of the Ras pathway signaling, sur-8 and sur-6. sur-8 plays a positive 
regulatory role in Ras-mediated signaling, and appears to function downstream of Ras but 
not downstream of Raf. Although sur-8 mutations by themselves have no effect on 
normal Ras-mediated signaling, reduction of sur-8 function dramatically enhances mpk-1 
MAP kinase and ksr-1 mutations and an increase of sur-8 dosage enhances an activated 
let-60 ras mutation, sur-8 encodes a novel protein conserved in mammals that is 
composed predominantly of leucine-rich repeats. SUR-8 interacts directly with LET-60 
Ras, but fails to interact with a putative effector domain mutant, P34G. A structural and 
functional SUR-8 homologue in humans specifically binds K-Ras and N-Ras but not H- 
Ras in vitro. Our results indicate that sur-8 is an evolutionarily conserved positive 
regulator of Ras signaling pathways and that SUR-8 may mediate its effects through Ras 
binding, sur-6 encodes a regulatory B subunit of Protein Phosphatase 2A (PP2A) and 
also positively regulates an RTK-Ras-MAP kinase signaling cascade during 
Caenorhabditis elegans vulval induction. Although reduction of sur-6 PP2A-B function 
causes few vulval induction defects in an otherwise wild-type background, sur-6 PP2A-B 
mutations suppress the Multivulva phenotype of an activated ras mutation and enhance 
the Vulvaless phenotype of mutations in lin-45 raf, sur-8 or mpk-1. Double mutant 
analysis suggests that sur-6 PP2A-B acts downstream or in parallel to ras but likely 
upstream of raf, and functions with ksr-1 in a common pathway to positively regulate Ras 
signaling. 

BODY: Annual Summary 

The research on sur-6 and sur-8 has been published. The results sections are 
printed here. The work on sur-8 was reported in last years annual summary report. 

SUR-8, a conserved Ras-binding protein with leucine-rich repeats, positively 
regulates Ras-mediated signaling in C. elegans 

To identify factors that act downstream of Ras during vulval induction, we 
screened for extragenic suppressor mutations that would revert the Multivulva (Muv) 
phenotype caused by a gain-of-function let-60 ras mutation, nl046gf, back to wild type. 



The nl046gf mutation encodes a Gly to Glu substitution at codon 13 (G13E) (Beitel  e t 
al., 1990) also found in human Ras oncoproteins (Bos, 1988). By screening for 
suppressors of this activated ras mutation, we expected to identify mutations in genes 
acting downstream of or in parallel to let-60 ras or in genes involved in the proper 
expression or activation of let-60 ras. The parental strain used for screening carries 
multiple copies of a let-60 ras(nl046gf) genomic fragment (Sundaram et al., 1996) and 
displays a completely penetrant Muv phenotype. This increased penetrance of the Muv 
phenotype over that caused by non-transgenic let-60 ras(n!046gf) animals allowed us to 
rapidly screen a large number of genomes for suppressor mutations. From 22,000 
haploid genomes screened, we isolated 11 mutations in at least four genes, including a 
single mutation in the sur-8 locus (suppresor of ras), kul67, three alleles of lin-45 raf and 
3 alleles of mek-2 MEK. We identified a second allele of sur-8, ku242, in a non- 
complementation 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(nl046gf) background. 

Both sur-8(kul67) and sur-8(ku242) mutations suppressed the Muv phenotype 
caused by let-60 ras(n!046gf) to nearly wild type and suppressed the male mating defect 
associated with let-60 ras(nl046gf). For example, the sur-8(kul67) mutation reduced the 
Muv phenotype of let-60 ras(nl046gf) 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 reverted the pattern of 
ectopic vulval induction back to a wild type pattern (data not shown). Since sur-8(ku!67) 
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(kul67) mutation is a recessive, 
strong loss-of-function mutation. 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 addition, the duplication mDpl, which covers the sur-8 locus, reverted the 
suppression phenotype of sur-8(kul67) let-60(nl046gf) animals to 90% Muv (Table 1). 
Finally, a mutant sur-8(ku!67) gene when overexpressed in sur-8(kul67) let-60(n!046gf) 
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. 

Table 1. Phenotype and Gene Dosage Analysis of sur-8 Mutant Animals  
sur-8 let-60 ras        phenotype  

#      genotype3 genotype %Muv(n)b        % induction (n)c 

1 + +0 (many)      100 (many) 
2 + gf 87(276) 154(27) 

3 kul67/ku!67 gf 4(333) 102(43) 
4 kul67/+ gf 77 (57) 129 (16) 
5 ku242/ku242 gf 7 (328) 103 (33) 



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

7 ku!67/ku242 gf 11 (160) 103 (31) 

8 
9 
10 

kul67lkul67; mDpl 
+; mDpl 
+; kuEx83 

gf 
gf 
gf 

90 (200) 
100 (247) 
100 (200) 

154 (32) 
182 (30) 
196 (18) 

11 
12 

+ 
+; kuEx83 

gf/+ 
gf/+ 

nd 
nd 

106 (30) 
145 (28) 

13 
14 

kul67/mDf4d 

+/mDf4d 
gf 
gf 

14 (270) 
68 (233) 

108 (32) 
136 (22) 

Although sur-8(kul67) and sur-8(ku242) suppressed the Muv phenotype caused 
by the activated let-60 ras(nl046gf) mutation, neither allele caused an apparent 
phenotype in a let-60 ras(+) background. Mutants displayed wild type vulval induction 
(Table 2) and appeared to have no additional obvious developmental defects (data not 
shown). However, the positive role that sur-8 plays in vulval induction became apparent 
when examining its effects on Ras-mediated signaling in sensitised genetic backgrounds. 
First, as described above, sur-8 mutations could strongly suppress both the Muv and male 
mating defects caused by the let-60 ras(nl046gf) allele. Second, an extrachromosomal 
array containing multiple copies of the cloned sur-8 gene enhanced the average vulval 
induction of both let-60(nl046gf) /let-60(n!046gf) homozygous animals (from 154% to 
196%) and let-60(nl046gf) 1+ heterozygous animals (Table 1). 

Finally, sur-8 (ku!67) severely affected vulval induction when other ras pathway 
components were compromised. sur-8(ku!67) dramatically enhanced Vulvaless and 
larval lethal phenotypes caused by a weak loss-of-function mutation in mpk-1 (Wu and 
Han, 1994). mpk-l(kul) mutants alone display nearly wild type vulval induction and 
only 7% rod-like larval lethality, but sur-8(kul67) decreased vulval induction to 0% and 
increased larval lethality to nearly 100% in the double mutants (Table 2). Because mpk-1 
MAP kinase is a component of the main Ras pathway, this observed genetic interaction 
suggests that sur-8 is an important positive regulator of the Ras pathway that functions to 
increase pathway output. Furthermore, sur-8(kul67) also showed strong genetic 
interactions with a loss-of-function mutation in another regulator of the Ras pathway, ksr- 
1 (Sundaram and Han, 1995). ksr-l(ku68) mutants alone display wild type vulval 
induction (100%) and a weak rod-like lethal phenotype (24%). In sur-8(kul67); ksr- 
l(ku68) double mutants, vulval induction was reduced to 4% and the rod-like larval 
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 required for Ras 
signaling, their functions are collectively essential for Ras signaling. 

Table 2. Genetic Interactions between sur-8 and ksr-1 or mpk-1 MAP kinase Mutations  
%Inductiona 

genotype P3.p P4.p P5.p P6.p P7.p P8.p %Induction (n)    %Lethalb (n 



N2 (wild type) 
sur-8(ku!67) 
sur-8(ku242) 

0 
0 
0 

0 100 100 100 
0 100 100 100 
0 100 100 100 

0 
0 
0 

100 
100 
100 

(many) 
(28) 

( ) 

0 (138) 
0 (244) 
0 (347) 

mpk-l(kul)c 

mpk-l(kul) sur -8(kul67)c 0 0  0  0  0 0 
98 
0 

(17) 
(25) 

7 (229) 
100 (80) 

ksr-l(ku68)A 

sur-8(ku!67); ksr-l(ku68)ä 
0 
0 

0 100 100 100 
0  0 11  0 

0 
0 

100 
4 

(15) 
(19) 

24 (257) 
85 (164) 

To determine at which step in the linear Ras pathway sur-8 may function, we 
performed epistasis analysis with mutations that cause Muv phenotypes. sur-8 mutations 
almost completely suppress the Muv phenotype caused by let-60 ras(nl046gf), 
suggesting that sur-8 acts downstream of or in parallel to let-60 ras (Table 3). We tested 
whether sur-8 mutations could suppress the Muv phenotype caused by a loss-of-function 
mutation in lin-15, n765. lin-15 functions upstream of ras at the level of let-23 RTK to 
inhibit let-23 signaling (Ferguson et al., 1987) and encodes two novel proteins that are 
expressed in the surrounding hypodermis (Clark et al., 1994; Huang et al., 1994). As 
expected, sur-8 mutations could suppress the lin-15 mutant Muv phenotype (Table 3), 
consistent with sur-8 functioning downstream of let-60 ras. However, this suppression 
was not complete, possibly due to the inability of sur-8 mutations to overcome strong 
pathway activity caused by the Un-15(n765) mutation. 

In order to define a downstream limit for sur-8 function, we tested whether a sur- 
8 mutation could suppress the Muv phenotype caused by genes acting downstream of ras. 
lin-1 is a negative regulator of the Ras pathway and encodes a putative transcription 
factor that by genetic criteria acts downstream of mpk-1 MAP kinase (Beitel, et al, 1995; 
Wu et al., 1994; Kornfeld et al., 1995). A loss-of-function mutation of lin-1, arl47, 
causes a 100% Muv phenotype that was not suppressed by sur-8(kul67). Double mutants 
displayed the same 100% Muv phenotype as the lin-1 mutants (Table 3), suggesting that 
sur-8 does not act downstream and probably acts upstream of lin-1. 

Genetic studies indicate that lin-45 raf acts downstream of let-60 ras 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 a Muv phenotype upon heat shock 
(Table 3). As expected, the Muv phenotype was completely suppressed by weak 
mutations in either mek-2 or mpk-1 (Table 3), which act downstream of lin-45 raf 
(Kornfeld, 1997; Sundaram and Han, 1996). However, a sur-8 mutation failed to 
suppress the Muv phenotype caused by the raf(gf) transgene. Heat shocked raßgf) 
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. 
Taken together, the epistasis data indicate that sur-8 acts downstream or in parallel to let- 
60 ras but not downstream of lin-45 raf. 

Table 3. Epistatic Analysis of sur-8(ku!67) and Muv Mutants  
genotype8 %Muv (n) %Induction (n) 

+ let-60(nl046) 88      (240) 154    (27) 



sur-8(kul67) let-60(nl046) 4      (333) 102    (43) 

+ ; HSP-raf(gf) 
sur-8(kul67); HSP-raf(gf) 
mek-2(kull4); HSP-raf(gf) 
mpk-l(kul);    HSP-raf(gf) 

+ ; lin-15 (n765) 
sur-8(kul67); lin-15 (n765) 
sur-8(ku242); lin-15 (n765) 

Un-l(arl47)       + 
Un-l(arl47) sur-8(ku!67) 

36 (31) 116 (31) 
64 (28) 125 (28) 
0 (25) 97 (25) 
0 (28) 99 (28) 

98 (214) 190 (24) 
73 (302) 142 (21) 
58 (258) 133 (23) 

100 (154) ND 
100 (184) ND 

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(nl046gf) animals at various stages of development. We generated transgenic sur- 
8(kul67) let-60(nl046gf) animals carrying sur-8 cDNA (see below) 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 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(n!046gf) 
mutants carrying a transgene of sur-8 under control of its own promoter (Table 1). In 
contrast, animals heat shocked either in LI, before the anchor cell is born, or in L4, after 
Pn.p cells have executed their fate, displayed only a partially rescued phenotype of 133% 
or 134% vulval induction (Table 4). The rescuing activity observed in 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. 

Table 4. Recsue of sur-8(kul67) let-60(n!046) Phenotype by Human sur-8 cDNA under 
Control of a Heat Shock Promoter 
extrachromosomal 
array 

induction % 
P3.p    P4.p P5.p P6.p    P7.p 

total 
P8.p    induction n 

vector 
Ce sur-8 
Hs sur-8 

0         8 
61        97 
16       40 

100 
100 
100 

100      100 
100      100 
100      100 

6        103% 
93        184% 
70        142% 

38 
42 
25 

We cloned sur-8 by genetic mapping followed by transformation-rescue (see 
Experimental Procedures), sur-8 was mapped to position 1.86 on chromosome IV 
between the markers dpy-13 and unc-5. Cosmids containing genomic DNA from this 
region were tested for sur-8(+) activity by assaying their ability to revert the Suppressed 
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phenotype of sur-8(kul67) let-60(nl046gf) 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 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 positions, are found in a variety of proteins with diverse biological functions 
and are proposed to mediate protein-protein interactions (Kobe and Deisenhofer, 1994). 
15 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 9 and 6 repeats that are separated by 3 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 (Figure 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(kul67) encodes a glutamic acid 430 to lysine substitution in a non- 
consensus position within LRR 15. Both mutations were found to alter amino acids 
conserved in mammalian sur-8 homologues (Figure 2 and see below) indicating that 
these residues may have an evolutionarily conserved function. 

An expressed sequence tag (EST) database search revealed 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, respectively) 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. Multi- 
tissue Northern blot (Clonetech) analysis using a probe derived from the human cDNA 
revealed that this cDN A corresponded to a single transcript of the predicted size, and the 
transcript was detected in all tissues examined, including heart, brain, placenta, lung, 
liver, skeletal muscle, kidney and pancreas (data not shown). The predicted proteins 
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-terminal extensions share 76% identity while 
the N-terminal extensions share very little identity (Figure 2). The 23 amino acid repeats 
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in Hs SUR-8 have the same consensus 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(nl046gf) animals (Table 4). Hs sur-S could 
revert the Suppressed phenotype from 103% induction 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 homologue of Ce sur-8. 

Yeast adenylate cyclase contains 26 LRRs (Kataoka et al., 1985) which are 
required for binding to and activation by Ras during vegetative yeast growth (Field et al., 
1990; Suzuki et al., 1990). The observation that SUR-8 LRRs form a consensus that is 
similar to that of yeast adenylate cyclase LRRs led us to speculate that SUR-8 may bind 
LET-60 Ras. We used the yeast two-hybrid system to test the interaction between SUR-8 
and several Ras pathway components. 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 mutations 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 proteins 
were expressed at similar levels in yeast (data not shown). The ku242 C233Y mutation is 
in LRR 7 of the N-terminal LRR cluster and these data demonstrate 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 non-LRR region resulted in elimination of LET-60 Ras binding. 
Similarly, deletion of the C-terminal 53 amino acid non-LRR sequence resulted in 
reduction of LET-60 Ras binding. In addition, deletion of the last six LRRs, including 
repeat 15, abolished LET-60 Ras binding. It is 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 (Figure 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 addition, the mutation encoded by the gain-of-function allele, 
nl046gf 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 
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binding, but had no effect on SUR-8 binding (Figure 4B), suggesting that SUR-8 does not 
share binding specificity with Raf. 

However, 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 Raf 1 with wild type affinity in vitro, but fails 
to have transforming activity or neurite outgrowth-inducing activity in vivo (Akasaka et 
al., 1996). SUR-8 is thus a likely candidate for promoting full Ras activity through 
binding the Ras effector domain at a site that is distinct from that of Raf. 

Given the functional and structural homology between Ce sur-8 and 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 interaction between Hs 
SUR-8 and two family members, K-Ras and N-Ras but detected only a weak interaction 
with H-Ras (Figure 5A). As a control for Ras expression, we showed that all three Ras 
family members interacted strongly with Raf 1 (Figure 5A). In addition SUR-8 and Ras 
displayed 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 members bound Rafl with similar affinities, only N-Ras and K- 
Ras were capable of binding Hs SUR-8 strongly. However, 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. 

A PP2A regulatory subunit positively regulates Ras-mediated signaling during C. 
elegans vulval induction 

We screened for mutations that suppress the Multivulva phenotype caused by an 
activated let-60 ras mutation, nl046gf(e.g. Sundaram and Han 1995), or that enhance the 
Vulvaless phenotype caused by a hypomorphic lin-45 raf mutation, kull2 (M.S., 
unpublished). These screens identified two mutations, kul23 and cs24, that define the 
gene sur-6 (suppressor of ras). These sur-6 mutations cause few or no vulval defects in 
an otherwise wild-type background; kul23 and cs24 mutants display an average vulval 
induction of 100% or 99%, respectively (Table 1). However, both sur-6 mutations 
suppress the Multivulva phenotype of let-60(nl046gf) animals (Table 2), and enhance the 
vulval induction defects and larval lethality caused by weak alleles of lin-45 raf (Table 
1). These strong genetic interactions suggest that the sur-6 mutations reduce signaling by 
the Ras pathway at a point downstream or in parallel to let-60 ras. 

sur-6(kul23) and sur-6(cs24) appear to strongly reduce (but not eliminate) sur-6 gene 
function. These sur-6 alleles and a deficiency of the sur-6 locus each semi-dominantly 
suppress the Multivulva phenotype of let-60(nl046gf) mutants (Table 2), suggesting the 
sur-6 locus is haplo-insufficient. RNA-mediated inhibition of sur-6 also suppresses the 
let-60(n!046gf) Multivulva phenotype and causes a partial Vulvaless phenotype in a 
wild-type background (Table 3), arguing that these are loss-of-function phenotypes. 
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qDß fails to complement the weak Vulvaless phenotype of sur-6(cs24) mutants, and sur- 
6/sur-6 homozygotes and sur-6/qDß hemizygotes display similar phenotypes (Tables 
1,2), consistent with the sur-6 mutations strongly reducing sur-6 function. This notion is 
further supported by the fact that the suppressor phenotype of sur-6(kul23) can be 
rescued by injecting wild-type DNA containing the sur-6 gene (see below and Materials 
and Methods). Nevertheless, the sur-6 mutations are likely non-null, since RNA 
inhibition suggests that the sur-6 null phenotype is embryonic lethal (Table 3; see below). 
Since reducing sur-6 function reduces vulval induction in sensitized genetic 
backgrounds, we conclude that sur-6 normally plays a positive role in regulating Ras 
pathway signaling during vulval development. 

Table 1. sur-6 mutations enhance the vulval defects of lin-45 Raf, mpk-1 MAP kinase, or sur-8 
mutants but not ksr-1 mutants 

GenotvDe* Vulb 
Average 
Inductionc (n) 

Larval 
Lethald (n) 

sur-6(kul23) 
sur-6(kul23)/qDß 

0% 
0% 

100% 
100% 

(26) 
(28) 

0% (474) 
0% (531)e 

sur-6(cs24) 
sur-6(cs24)/qDß 
+/qDß 
cs24/+ 

2% 
8% 
0% 
0%] 

99% 
97% 

100% 
L00% 

(48) 
(26) 
(16) 
(35) 

0% (195) 
0%(386)e 

nd 
nd 

Un-45(sy96) 
sur-6(ku!23); Un-45(sy96) 

58% 
100% 

53% 
5% 

(38) 
(17) 

86% (290) 
94% (228) 

Un-45(kull2) 
sur-6(cs24); lin-45(kull2) 

0% 
87% 

100% 
50% 

(26) 
(24) 

<1% (66) 
80% (360) 

mpk-l(kul) 
sur-6(kul23); mpk-l(kul) 

17% 
82% 

97% 
76% 

(29) 
(28) 

7% (229) 
77% (263) 

sur-8(kul67) 
sur-6(kul23); sur-8(kul67)f 

sur-6(cs24); sur-8(kul67) 

0% 
71% 
65% 

100% 
56% 
67% 

(18) 
(24) 
(20) 

<1% (271) 
<1% (263) 

3% (198) 

ksr-1(ku68) 
sur-6(kul23); ksr-l(ku68) 
sur-8(ku!67); ksr-l(ku68)g 

0% 
3% 

100% 

100% 
99% 

4% 

(23) 
(40) 
(19) 

24% (257) 
17% (282) 
85% (164) 

ksr-l(n2526) 
sur-6(cs24); ksr-l(n2526) 
sur-8(kul67): ksr-l(n2526) 

1% 
3% 

67% 

99% 
99% 
64% 

(68) 
(62) 
(24) 

2% (607) 
1% (88) 

54% (132) 

sur-8 and ksr-1 are two other genes that display genetic interactions similar to those 
of sur-6. Strong loss-of-function mutations in sur-8 or ksr-1 cause few defects on their 
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own, but strongly modify the phenotypes of other Ras pathway mutants (Kornfeld et al. 
1995; Sundaram and Han 1995; Sieburth et al. 1998). We found that sur-6;sur-8 double 
mutants display a synthetic Vulvaless phenotype (Table 1), consistent with these 
mutations potentially affecting different aspects of Ras pathway regulation. Interestingly, 
however, sur-6; ksr-1 double mutants resemble the sur-6 or ksr-1 single mutants (Table 
1). Because reducing the function of either ksr-1 or sur-6 has the same effect as reducing 
the function of both, it is likely that sur-6 acts together with ksr-1 in a common signaling 
pathway to regulate Ras signaling. 

Table 2. Epistasis analysis of sur-6 and ksr-1 with Multivulva mutations.  
sur-6 or ksr-1 Average 
mutation" "' ' " "  

Induction*1 (n) 
Muv mutation Multivulva0 (n) 

+/+ 
+/+ 

+/+ 
let-60(nl046gf) 

0% (many) 
87% (276) 

100% (many) 
154% (27) 

sur-6(kul23) 
sur-6(cs24) 
sur-6(kul23)/sur-6(cs24) 

let-60(nl046gf) 
let-60(nl046gf) 
let-60(n!046gf) 

6% (240) 
19%> (107) 
3% (31) 

103% (26) 
104% (33) 
nd 

sur-6(kul23)/+ 
sur-6(cs24)/+ 

let-60(nl046gf) 
let-60(nl046gf) 

22% (148) 
40% (53) 

115% (31) 
nd 

sur-6(kul23)/qDß 
+/qDß 

let-60(nl046gf) 
let-60(nl046gf) 

1% (209) 
5% (281) 

nd 
nd 

+/+ 
sur-6(kul23) 

HSP-raf(gf) 
HSP-rafigf) 

47% (30) 
47% (17) 

119% (30) 
125% (17) 

+/+ 
ksr-l(ku68) 

HSP-raßgf) 
HSP-raf[gf) 

47% (17) 
46% (28) 

118% (17) 
117% (28) 

+/+ 
sur-6(kul23) 

Un-l(el275) 
lin-l(el275) 

99% (68) 
100% (102) 

nd 
nd 

+/+ 
sur-6(kul23) 

Un-15(n765) 
lin-15(n765) 

100% (59) 
6% (351) 

157% (28) 
102% (20) 

raj genetically acts downstream of ras in C. elegans and in Drosophila (Dickson et al. 
1992; Han et al. 1993), and mammalian Raf is a direct Ras effector (reviewed by Katz 
and McCormick 1997). Drosophila ksr has been shown previously to function genetically 
downstream or in parallel to ras and upstream of raf (Therrien et al. 1995). We tested 
whether this was also true for C. elegans ksr-1 and sur-6. An activated raf transgene 
under control of a heat shock promoter [//SP-ra/fg/)]causes a Muv phenotype which can 
be suppressed by mutations in the downstream Ras pathway components mek-2 MEK or 
mpk-1 MAP kinase (Sieburth et al. 1998). In contrast, this HSP-raf(gf) Multivulva 
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phenotype is not suppressed by ksr-1 or sur-6 mutations (Table 2). Therefore, ksr-1 and 
sur-6 likely act upstream of lin-45 raf. Consistent with this, sur-6(kul23) also fails to 
suppress the Multivulva phenotype caused by a relatively weak mutation of lin-1, which 
encodes an ETS domain transcription factor acting downstream of mpk-1 MAP kinase 
(Jacobs et al. 1998; Tan et al. 1998). The genetic placement of ksr-1 and sur-6 suggests 
that ksr-1 and sur-6 may act in a regulatory branch that modifies or cooperates with 
Ras/Raf. 

We cloned sur-6 by genetic mapping followed by transformation rescue (see 
Materials and Methods). An 11 kb fragment, pDS89, which contains sur-6(+) rescuing 
activity was predicted by the C. elegans genome sequencing consortium to contain a 
single gene (F26E4.1) that encodes a PR55 family regulatory B subunit of protein 
phosphatase 2A (PP2A-B, Fig. 1). The sur-6 alleles kul23 and cs24 each contain single 
G to A substitutions that introduce amino acid substitutions at highly conserved positions 
within PP2A-B (Fig. 1). The PP2A-B coding region, when expressed under the control of 
a heat shock promoter in transgenic animals, can rescue the sur-6(kul23) mutant (see 
Materials and Methods), and RNA interference of PP2A-B phenocopies the sur-6 
suppression and partial Vulvaless phenotypes (Table 3). Thus we conclude that sur-6 
encodes PP2A-B. SUR-6 shares over 59% overall amino acid identity with PP2A-B from 
human or Drosophila, with three large stretches of at least 75% identity (Fig. IB). In 
mammals there are three PR55/B isoforms that differ in spatial and temporal expression 
(Mayer-Jaekel and Hemmings 1994). SUR-6 is most similar to the mammalian Ba 
subtype. 

Table 3. RNA interference of sur-6 PP2A-B, PP2A-CorPP2A-A 

Genotype 
Induction (n) 

dsRNAa or transgenesb Vul or Muv (n) Avg. 

+ 
+ 
+ 

no dsRNA 
sur-6 PP2A-B 
PP2A-C 

0% (many) 
19% Vul (21) 
5% Vul (22) 

100% (many) 
94% (21) 
99% (22) 

let-60(nl046gf) 
let-60(nl046gf) 
let-60(n!046gf) 
let-60(nl046gf) 

no dsRNA 
sur-6 PP2A-B 
PP2A-C 
sur-8 

95% Muv (19) 
3% Muv (29) 

70% Muv (23) 
15% Muv (33) 

173% (19) 
101% (29) 
132% (23) 
106% (33) 

let-60(nl046gf) 
let-60(nl046gf) 
let-60(nl046gf) 

no dsRNA 
sur-6 PP2A-B 
PP2A-A 

93% Muv (59) 
7% Muv (15) 

57% Muv (14) 

143% (59) 
103% (15) 
125% (14) 

let-60(nl046gf) 
let-60(nl046gf) 

no transgenes 
sur-6 PP2A-B 

82% Muv (242) 
20% Muv (172) 

175% (23) 
110% (48) 

PP2A-B subunits modulate the activity and/or substrate specificity of the PP2A-A/C 
catalytic core (Mayer-Jaekel and Hemmings 1994). SUR-6 is the only predicted PR55/B 
family member encoded by the C. elegans genome, although other types of regulatory B 
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subunits (such as PR56/B') are also present. The C. elegans genome is predicted to 
encode a single PP2A-A subunit (F48E8.5) and a single PP2A-C subunit (F38H4.9), 
which share over 90% amino acid identity with their mammalian counterparts. As 
expected, the PP2A-A subunit can bind to both SUR-6 PP2A-B and the PP2A-C subunit, 
as assayed by the yeast two-hybrid system (data not shown). Given the positive role of 
sur-6 PP2A-B defined by genetic analysis, sur-6 PP2A-B could either function to activate 
the catalytic core, which in turn would activate Ras pathway signaling, or it could 
function to relieve inhibition of Ras signaling by the core complex (Fig. 2A). 

To determine the requirements for PP2A during C. elegans development, we used 
RNA interference (RNAi) (Fire et al. 1998) to block sur-6 PP2A-B, PP2A-A or PP2A-C 
expression. For each PP2A gene (but not for sur-8 or ksr-1), RNAi caused highly 
penetrant embryonic lethality in both wild-type and let-60(nl046gf) backgrounds. 
Embryos arrested at about the 100 cell stage, with widely variable cell sizes (data not 
shown). Thus, unlike ksr-1 and sur-8, PP2A appears to be absolutely required during 
embryonic development in addition to functioning later during vulval induction. Since 
the sur-6(ku!23) and sur-6(cs24) mutations caused little or no embryonic lethality, even 
when hemizygous (Table 2), the two functions of sur-6 PP2A-B appear separable, with 
these sur-6 point mutations primarily affecting sur-6 PP2A-B function in vulval 
development but not in embryogenesis. 

To avoid the PP2A(RNAi) lethality and test its effects on vulval development, we 
examined the last surviving progeny of RNA injected mothers (Table 3). In this assay, 
sur-6 RNAi caused a partial Vulvaless phenotype in a wild-type background and 
efficiently suppressed the let-60(nl046gf) Multivulva phenotype. However, PP2A- 
C(RNAi) caused few vulval defects and only weakly suppressed the let-60(nl046gf) 
Multivulva phenotype. Similar results were obtained by using a hypodermal-specific 
promoter to drive expression of sur-6 PP2A-B or PP2A-C RNAs (Table 3). Thus it is 
still unclear whether PP2A catalytic activity promotes and/or inhibits Ras-mediated 
vulval induction. 
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APENDIX TO SUMMARY: 

1) Key research accomplishments: 

• Identification of sur-8 as a positive regulator of Ras signaling. 
• Demonstration that sur-8 acts at the level of Ras or Raf. 
• Cloning of sur-8, which encodes a novel leucine-rich repeat protein. 
• Demonstration that SUR-8 interacts with Ras proteins. 
• Identification of Mammalian homologues of SUR-8, and demonstration of functional 

homology in C. elegans. 
• Identification of sur-6 as a positive regulator of Ras signaling. 
• Cloning of sur-6 which encodes a regulatory subunit of protein phosphatase 2 A. 
• Demonstration that SUR-6 acts with KSR-1 to regulate Ras signaling upstream of 

Raf. 

2) Reportable outcomes: 

Publications from this work: 
SUR-8, a conserved Ras-binding protein with leucine-rich repeats, positively regulates 
Ras-mediated signaling in C. elegans. Sieburth et al., Cell 94:119-130 (1998). 

A PP2A regulatory subunit positively regulates Ras-mediated signaling during C. elegans 
vulval induction. Sieburth et al., Genes and Development, in press. (1999). 

Platform presentations: 
May 1998 West Coast Worm Meeting (Berkeley, CA) 

"SUR-8: a conserved Ras-binding protein with leucine-rich repeats positively 
regulates Ras-mediated signaling." D. Sieburth, Q. Sun and M. Han. 

May 1997 11th International C. elegans Meeting (Madison. WI) 
"sur-6 and sur-8 positively regulate Ras signaling in C. elegans." D. Sieburth 
and M. Han. 

July 1996 West Coast Regional C. elegans Meeting (Vancouver, BC) 
"Genetic Analysis of sur-6 an activator of the Ras pathway during vulval 
development." D. Sieburth and M. Han. 

Poster presentations: 
Oct. 1997 The Department of Defense Breast Cancer Research Program Meeting 

(Washington, DC) 
"sur-6 and sur-8 positively regulate Ras signaling in C. elegans." D. Sieburth 
and Min Han. 

June 1995 10th International C. elegans Meeting (Madison. WI) 
Poster: "sur-4: A negative regulator of the Ras pathway in vulval 
development." D. Sieburth, M. Hara and M. Han. 
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SUR-8, a Conserved Ras-Binding Protein 
with Leucine-Rich Repeats, Positively 
Regulates Ras-Mediated Signaling in C. elegans 

Derek S. Sieburth, Qun Sun, and Min Han* 
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Department of Molecular, Cellular 

and Developmental Biology 
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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 
phenotypesof mpk-1 MAP kinase and/csr-f 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 
et al., 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. 

In mammals, 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, /ef-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 /ef-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 /ef-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 /ef- 
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 forextragenic 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 a large 
number of genomes for suppressor mutations. From 
22,000 haploid genomes screened, we isolated 11 muta- 
tions in at least four genes, including a single mutation 
in the sur-8 locus {suppressor of ras), ku167, 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(ku167) 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(n 1046gf) 
to nearly wild type and suppressed the male mating 
defect associated with /ef-60 ras(n 1046gf). For example, 
the sur-8(ku167) 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(ku167) 
was a slightly stronger suppressor than sur-8(ku242), 
further genetic characterization was performed using 
sur-8(ku167). 

Genetic dosage analysis indicated that the sur-8(ku167) 
mutation is a recessive, strong loss-of-function muta- 
tion. The deficiency mDf4 failed to complement sur- 
8(ku167) for the suppression phenotype. Animals in 
which ku167 was in frans to mDf4, and thus contained 
only one copy ofsur-8(ku167), displayed a suppression 
phenotype that was similar to, but slightly stronger than, 
animals homozygous for sur-8(ku167) (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 (172°), 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 
(ku167)let-60(n1046gf) animals to 90% Muv(Table1). Fi- 
nally, a mutant sur-8(ku167) gene when overexpressed 
in sur-8(ku167) Iet-60(n1046gf) mutants retained very 
little, but some, sur-8 activity (data not shown). Thus, 
the sur-8(ku167) 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 /ef-60 ras(+) background, both sur-8 alleles dis- 
played wild-type vulval induction (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)b % Induction (n)° 

1 + + 0 (many) 100 (many) 
2 + gf 87 (276) 154 (27) 

3 ku167/ku167 gf 4 (333) 102(43) 
4 ku167/+ gf 77 (57) 129(16) 
5 ku242lku242 gf 7 (328) 103(33) 
6 ku242/+ gf 84(175) 153(15) 

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

8 ku167/ku167; mDpl gf 90 (200) 154(32) 
9 +; mDpl gf 100(247) 182(30) 
10 +■ kuEx83 gf 100 (200) 196(18) 

11 + gf/+ ND 106(30) 
12 +; kuEx83 gf/+ ND 145 (28) 

13 ku167/mDf4" gf 14(270) 108(32) 
14 +lmDf4" gf 68 (233) 136 (22) 

"The complete genotypes for each strain are: 1, N2 (wild type); 2, Iet-60(n1046); 3, sur-8(ku167) Iet-60(n1046); 4, sur-8(ku167) unc-24 let-60 
(n1046)/+ Iet-60(sy130) dpy-20 (syJ30 encodes the same G13E substitution as nJ046 [Beitel et al., 1990]); 5, sur-8(ku242) Iet-60(n1046); 
6, sur-8(ku242) unc-24 Iet-60(n1046)/let-60(sy130) dpy-20; 7, sur-8(ku167) Iet-60(n1046)/sur-8(ku242) unc-24 let-60(M046); 8, sur-8(ku167) 
unc-5 Iet-60(n1046); mDpl; 9, unc-5 Iet-60(n1046); mDpl; 10, Iet-60(n1046); kuEx83. kuEx83 is a transgene carrying sur-8{+) genomic DNA; 
11, nontransgenic Iet-60(sy130) dpy-20/unc-24 siblings of 12; 12, let-60(sy130)dpy-20/unc-24; kuEx83; 13, unc-5 sur-8(ku167) Iet-60(n1046)1 
dpy-13 mDf4 Iet-60(n1046); 14, unc-5 Iet-60(n1046)/let-60(n1046) dpy-13 mDf4. 
b 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. 
■"The dpy-13 marker is semidominant and, when heterozygous, reduces the ability of sur-8(ku167) to suppress Iet-60(n1046). For comparison, 
dpy-13 sur-8(ku167) Iet-60(n1046)/sur-8(ku167) unc-5 Iet-60(n1046) animals were 22% (239) Muv and had 117% (26) average induction. 

plays in vulval induction became apparent when examin- 
ing its effects on Ras-mediated signaling in sensitized 
genetic backgrounds. First, as described above, sur-8 
mutations could strongly suppress both the Muv and 
male mating defects caused by the let-60 ras(n1046gf) 
allele. Second, an extrachromosomal array containing 
multiple copies of the cloned sur-8 gene enhanced the 
average vulval induction of both Iet-60(n1046gf)/let- 
60(n1046gf) homozygous animals (from 154% to 196%) 
and Iet-60(n1046gf)/+ heterozygous animals (Table 1). 

Finally, sur-8 (ku167) severely affected vulval induc- 
tion when other ras pathway components were compro- 
mised. sur-8(ku167) dramatically enhanced Vulvaless and 
larval lethal phenotypes caused by a weak loss-of-func- 
tion mutation in mpk-1 (Wu and Han, 1994). mpk-1(ku1) 

mutants alone display nearly wild-type vulval induction 
and only 7% rod-like larval lethality, but sur-8(ku167) 
decreased vulval induction to 0% and increased larval 
lethality to nearly 100% in the double mutants (Table 2). 
Because mpk-1 MAP kinase is a component of the main 
Ras pathway, this observed genetic interaction sug- 
gests that sur-8 is an important positive regulator of the 
Ras pathway that functions to increase pathway output. 
Furthermore, sur-8(ku167) also showed strong genetic 
interactions with a loss-of-function mutation in another 
regulator of the Ras pathway, ksr-1 (Sundaram and Han, 
1995). ksr-1(ku68) mutants alone display wild-type vulval 
induction (100%) and a weak rod-like lethal phenotype 
(24%). In sur-8(ku167);ksr-1(ku68) double mutants, vul- 
val induction was reduced to 4% and the rod-like larval 

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

% Induction8 % 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(ku167) 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 (ku1)c 0 0 100 94 100 0 98% (17) 7 (229) 
mpk-1 (ku1); sur -8(ku167)c 0 0 0 0 0 0 0% (25) 100(80) 

ksr-1(ku68)d 0 0 100 100 100 0 100% (15) 24 (257) 
sur-8(ku167); ksr-1 (ku68)d 0 0 0 11 0 0 4% (19) 85(164) 

8 Individual VPCs adopting 1 ° or 2° fates were scored as induced. 
b Percent 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 ku1; ku167unc-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. 
"ksr-1 was marked with lon-2. 
"Two animals had abnormal vulval morphology. 
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Table 3. Epistatic Analysis of 
Mutants 

sur-8(ku167) and Multivulva 

Genotype* % Muv (n) % Induction (n) 

Iet-60(n1046gf) 
sur-8(ku167) Iet-60(n1046gf) 

88 (240) 
4 (333) 

154(27) 
102(43) 

HSP-raf(gf)' 
sur-8(ku167); HSP-raf (gf) 
mek-2(ku114); HSP-raf (gf) 
mpk-1(ku1); HSP-raf (gf) 

ND 
ND 
ND 
ND 

116(31) 
125(28) 

97 (25) 
99 (28) 

Iin-15(n765) 
sur-8(ku167); Iin-15(n765) 
sur-8(ku242); Hn-1S(n765) 

98(214) 
73 (302) 
58 (258) 

190(24) 
142(21) 
133(23) 

Iin-1(ar147) 
Iin-1(ar147) sur-8(ku167) 

100(154) 
100(184) 

ND 
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. 
"Construction 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(n 1046 gf) or I'm- 15(n 765 
If) but fail to suppress the Muv phenotype of a raf(gf) 
transgene and Iin-1(ar147lf), 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-60 ras 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(ku167);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, 
ar147 causes a 100% Muv phenotype that is not sup- 
pressed by sur-8(ku167) at all (Table 3). The interaction 
between the sur-8 mutations and the tin-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(ku167) Iet-60(n1046gf) animals at various stages of 
development. We generated transgenic sur-8(ku167) 
Iet-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(ku167) let- 
60(n1046gf) mutants carrying atransgene 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 % 

Transgene" Stage P3.p P4 

vector el_3 0 8 
Ce sur-8 eL3 61 97 
Hs sur-8 eL3 16 40 

Ce sur-8 L1 10 55 

Ce sur-8 eL2 28 81 
Ce sur-8 mL3 33 83 
Ce sur-8 el_4 3 24 

P5.p P6.p P7.p P8.p 

100 100 100 6 
100 100 100 93 
100 100 100 70 

100 100 100 26 

100 100 100 76 
100 100 100 89 

100 100 100 28 

Total 
Induction n 

103% 38 
184% 42 
142% 25 

133% 19 
162% 21 
169% 19 
134% 29 

sur-8(ku167) Iet-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. 
■ 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 cell is 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 
observed in 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(ku167) Iet-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 



Cell 
124 

LRR 1 
LRE2 
LRR 3 
LRR 4 
LRR 5 
LRR 6 
LRR 7 
LRR 8 
LRR 9 
LRR 13 
LRR 14 
LRR 15 
LRR 16 
LRR 17 
LRR 1 8 

Consensus 
HS   SOU-8 
Ce   SDR-8 

adenylate  cyclase 

LRR 1 0 
LRR 11 
L RR 1 2 

Consensus 
Hs Stm-8 
Ce  SÜR-8 

YSN 
SEN 
RHN 

_RF 
SIREN 
DVAHN 

QHN 
QYN 
ENN 
ATN 
SNN 
EEN 
TN 
GE 
BD 

SAI 
ST0 
TKI 
KKJL] 
ES L 
TTL 
TH|L| 

PNLHS 

116-138 
139-151 
152-184 
185-217 
218-230 
231-253 
254-276 
277-299 
300-322 
395-417 
418-440 
441-463 
464-486 
487-509 
510-532 

P.  . IG . L .  .L.  .L.L. 
P.  .IG.L.  . L .  -L.L. . N . L .  . L 

CFQLY 323-346 
RINKI 347-370 
QLTSL   371-394 

P.Ga.S....L.SLNM.+N.a.. 

P.Gcta. -a. .a .T a Na . . NE L . 

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(ku167) Iet-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 et al., 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 
ku167 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 mutants are shown, as in 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 et al., 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 data demonstrate 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. It is 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 Raf1, 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 
Raf1 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-8 and 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 a weak interaction with H-Ras 
(Figure 5A). As a control for Ras expression, we showed 
that all three Ras family members interacted strongly 
with Raf1 (Figure 5A). In addition, SUR-8 and Ras dis- 
played cross-species interactions, reinforcing the idea 
that sur-8 function may be evolutionary 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 Raf1 with similar affinities, only N-Ras and 
K-Ras were capable of binding Hs SUR-8 strongly. How- 
ever, while Raf1 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 Raf1 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 Raf1 (residues 
1-269). Bound Hs SUR-8 or human Raf1 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, asur-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; Yochem et 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 greaterthan 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 
evolutionary 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 ß-strand portion of each 
repeat exposed to the inner circumference (Kobe and 
Deisenhofer, 1994). The mutation encoded by sur- 
8(ku167) is a charge reversal in a negatively charged 
region predicted to form a ß sheet, while the mutation 
encoded by sur-8(ku242) lies in a predicted a-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 
ku167 has no effect on LET-60 Ras binding. Because 
the substitutions encoded by ku242 and ku167 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. A P34G 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 evolutionary 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, Raf1 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(ku114). LGIII: mpk-l(kul), dpy-17(e164), and unc-119(ed3). 
LGIV: sur-8(ku167), sur-8(ku242), unc-24(e138) unc-5(e53), dpy- 
13(e184), unc-17(e113), Iin-1(ar147), Iin-45(ku112) (D. Green and 
M. H., unpublished), dpy-20(e1282), Iet-60(n1046), Iet-60(sy130), 
mDf4, and mDp1(IV;f) (Rogalski and Riddle, 1988). LGV: him- 
5(e1490). LGX: lon-2(e678), ksr-1(ku68), Iin-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 tef- 
60(n1046) carried the integrated array kuls14, which contains the 



Cell 
128 

Iet-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 Iet-60(sy130) dpy- 
20(1282), and Dpy non-Muv progeny were outcrossed several times 
to Iet-60(n1046). The Iet-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(ku167) 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) Iet-60(n1046), and 2 of 18 Unc non-Dpy recombinants had 
the genotype sur-8(ku167) unc-5 Iet-60(n1046), placing sur-8 at map 
position 1.72 of LG IV. 

sur-8(ku242) was isolated from a noncomplementation screen. 
unc-24 Iet-60(n1046); lon-2(e678) xol-1(y9) or unc-17(e113) let- 
60(n1046); lon-2 xol-1 L4 hermaphrodites were EMS mutagenized 
and mated to sur-8(ku167) Iet-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(n 1046) 
and picking suppressed non-Unc recombinants. sur-8(ku242) was 
outcrossed with Iet-60(n1046) an additional three times. 

Because mDf4 caused no lethality when in frans 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 tef- 
60(n1046) by selecting Muv semi-Dpy recombinants from dpy-13 
mDf4/unc-5 Iet-60(n1046) heterozygotes. The recombinant dpy-13 
mDf4 Iet-60(n1046) chromosome was balanced with nT1 and used 
to do a complementation test with either unc-5 sur-8(ku167) let- 
60(n1046) or unc-5 Iet-60(n1046) by scoring non-Unc, semi-Dpy 
cross progeny [genotype: unc-5 +/- sur-8(ku167) Iet-60(n1046); dpy- 
13 mDf4 Iet-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 tef-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 
Iet-60(n1046) or unc-5 Iet-60(n1046). Progeny segregating no Dpy 
[genotype: sur-8(ku167) unc-5 let-60 (n1046); mDpl] 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(ku167) 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(ku1); unc-24 sur-8(ku167) 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 (Sänger 
Center). 5 p.g/ml of single cosmids or subclones were coinjected 
with 40 (ig/ml of the unc-119 transformation marker pDP#MM016 
(Madura and Pilgrim, 1995) into unc-119; sur-8(ku167) Iet-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 )j,g/ml) and a sur-5 promoter::g/p 
reporter construct, pTG96.1 (injected at 100 |xg/ml). 
raf (gf) Epistasis 
kuls17 is a transgene containing raffgf) (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 fig/ml), pDS25 (20 jig/ml), or pPD49.83 (10 ^g/ml) was 
coinjected with pUnc-119 (40 (xg/ml) into unc-119 sur-8(ku167) 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 \gt11 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(ku167) 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 ß-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 Xgt11 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. 
pY03 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 GTP7S or GDPßS 
(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 NaCI, 1.0 mM DTT, 1% [v/v] Triton X-100, 5 
mM MgCI2, 25 (iM 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 (j.g/ml ampicil- 
lin and 1 mM IPTG. After 4-7 hr of growth at 37°C, pellets were 
collected in binding buffer containing 100 ^g/ml PMSF and lysed 
by sonication. Lysate supernatant (2.5 |j.g per ml SUR-8 or 0.25 \xg 
per ml Ras) was incubated overnight at 4°C with 15 JJLI of Glutathione 
Sepharose beads bound with GST-Ras (approximately 1 (j.g/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 Raf1 
proteins were detected using an anti-5x His monoclonal antibody 
(Qiagen). Ras input was detected by Coomassie blue staining. 

Acknowledgments 

We thank K. Guan and S. Stewart for various constructs and sugges- 
tions, P. Okkema for the cDNA libraries, A. Fire and M. White for 
vectors, J. Culotti for mapping strains, A. Coulson at the Sänger 
Center for cosmids, and J. Powell-Coffman and J. Knight for re- 
agents. Some strains were provided by the Caenorhabditis Genetic 
Center, which is funded by the National Institutes for Health National 
Center for Research Resources. We especially thank M. Sundaram 
for constructing some of the transgenic strains; S. Wilson, L. Xia, 
J. Brenner, and C. O'Brien for technical assistance. We thank mem- 
bers of our laboratory for helpful discussions, and M. Sundaram, J. 
Yochem, W. Hanna-Rose, E. DesJardins, I. Antoshechkin, and D. 
Xue for critically reading the manuscript. D. S. S. is funded with a 
predoctoral Breast Cancer Research Program fellowship from the 
U.S. Army Medical Research and Materiel Command under 
DAMD17-96-6117. M. H. was a Lucille P. Markey Scholar and a 
Searle Scholar, and is a Howard Hughes Medical Institute Investiga- 
tor. This work was supported by grants from NIH (GM47869) and 
ACS. 

Received April 6, 1998; revised June 3, 1998. 

References 

Akasaka, K., Tamada, M., Wang, F., Kariya, K., Shima, F., Kikuchi, 
A., Yamamotoo, M., Shirouzu, M., Yokoyama, S., and Kataoka, T. 
(1996). Differential structural requirements for interaction of Ras 
protein with its distinct downstream effectors. J. Biol. Chem. 277, 
5353-5360. 

Barbacid, M. (1987). ras genes. Annu. Rev. Biochem. 56, 779-827. 

Beitel, G.J., Clark, S.G., and Horvitz, H.R. (1990). Caenorhabditis 
elegans ras gene let-60 acts as a switch in the pathway of vulval 
induction. Nature 348, 503-509. 

Beitel, G.J., Tuck, S., Greenwald, I.S., and Horvitz, R.H. (1995). The 
Caenorhabditis elegans gene lin-1 encodes an ETS-domain protein 

and defines a branch of the vulval induction pathway. Genes Dev. 
9,3149-3162. 

Bos, J.L. (1988). The ras gene family and human carcinogenesis: a 
review. Cancer Res. 49, 4682-4689. 

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 
71, 71-94. 

Chamberlin, H.M., and Sternberg, P.W. (1994). The lin-3/let-23 path- 
way mediates inductive signalling during male spicule development 
in Caenorhabditis elegans. Development 120, 2713-2721. 

Church, D.L, Guan, K.-L, and Lambie, E.J. (1995). mek-2, mpk-11 
sur-1 and tef-60 ras are required for meiotic cell cycle progression 
in Caenohabditis elegans. Development 121, 2525-2535. 

Cutler, M.L., Bassin, R.H., Zanoni, L, and Talbot, N. (1992). Isolation 
of a novel cDNA capable of suppressing v-Ras transformation. Mol. 
Cell. Biol. 12, 3750-3756. 

Dickson, B., Sprenger, F., Morrison, D., and Hafen, E. (1992). Raf 
functions downstream of Ras1 in the Sevenless signal transduction 
pathway. Nature 360, 600-603. 

Ferguson, E.L., and Horvitz, H.R. (1985). Identification and charac- 
terization of 22 genes that affect the vulval cell lineages of Caeno- 
rhabditis elegans. Genetics 110,17-72. 

Ferguson, E.L, Sternberg, P.W., and Horvitz, H.R. (1987). A genetic 
pathway for the specification of the vulval cell lineages of Caeno- 
rhabditis elegans. Nature 326, 259-267. 

Field, J., Xu, H., Michaeli, T., Ballester, R., Sass, P., Wigler, M., and 
Colicelli, J. (1990). Mutations of the adenylyl cyclase gene that block 
RAS function in Saccharomyces cerevisiae. Science 247, 464-467. 

Furth, M.E., Aldrich, T.H., and Cordon, C.C. (1987). Expression of 
ras proto-Oncogene proteins in normal human tissues. Oncogene 
1, 47-58. 

Gutch, M.J., Flint, A.J., Keller, J., Tonks, N.K., and Hengartner, M.O. 
(1998). The Caenorhabditis elegans SH2 domain-containing protein 
tyrosine phosphatase PTP-2 participates in signal transduction dur- 
ing oogenesis and vulval development. Genes Dev. 12, 571-585. 

Han, M., and Sternberg, P.W. (1990). tef-60, a gene that specifies 
cell fates during C. elegans vulval induction, encodes a ras protein. 
Cell 63, 921-931. 

Han, M., Aroian, R.V., and Sternberg, P.W. (1990). The tef-60 locus 
controls the switch between vulval and nonvulval cell fates in Caeno- 
rhabditis elegans. Genetics 126, 899-913. 

Han, M., Golden, A., Han, Y., and Sternberg, P.W. (1993). C. elegans 
lin-45 raf gene participates in tef-60 ras-stimulated vulval differentia- 
tion. Nature 363, 133-140. 

Hofsteenge, J., Kieffer, B., Matthies, R., Hemmings, B.A., and Stone, 
S.R. (1988). Amino acid sequence of the ribonuclease inhibitor from 
porcine liver reveals the presence of leucine-rich repeats. Biochem- 
istry 27, 8537-8544. 

Johnson, L., Greenbaum, D., Chichowski, K., Mercer, K., Murphy, 
E., Schmitt, E., Branson, R., Umanoff, H., Edelmann, W., Kucherla- 
pati, R., and Jacks, T. (1997). K-ras is an essential gene in mouse 
with partial functional overlap with N-ras. Genes Dev. 11,2468-2481. 

Kaelin, G.W., Pallas, D.C., DeCaprio, J.A., Kaye, F.J., and Livingston, 
D.M. (1991). Identification of cellular proteins that can interact spe- 
cifically with the T/E1A-binding region of the retinoblastoma gene 
product. Cell 64, 521-532. 

Kataoka, T., Broek, D., and Wigler, M. (1985). DNA sequence and 
characterization of the S. cerevisiae gene encoding adenylate cy- 
clase. Cell 43, 493-505. 

Katz, M.E., and McCormick, F. (1997). Signal transduction from mul- 
tiple Ras effectors. Curr. Opin. Genet. Dev. 7, 75-79. 

Kimble, J. (1981). Lineage alterations after ablation of cells in the 
somatic gonad of Caenorhabditis elegans. Dev. Biol. 87, 286-300. 

Kobe, B., and Deisenhofer, J. (1993). Crystal structure of porcine 
ribonuclease inhibitor, a protein with leucine-rich repeats. Nature 
366, 751-756. 

Kobe, B., and Deisenhofer, J. (1994). The leucine-rich repeat: a 
versatile binding motif. Trends Biochem. Sei. 19, 415-421. 

Kornfeld, K. (1997). Vulval development in Caenorhabditis elegans. 
Trends Genet. 13, 55-61. 



Cell 
130 

Kornfeld, K., Horn, D.B., and Horvitz, H.R. (1995). The ksr-1 gene 
encodes a novel protein kinase involved in Ras-mediated signaling 
in Caenorhabditis elegans. Cell 83, 903-913. 

Leon, J., Guerrero, I., and Pellicer, A. (1987). Differential expression 
of the ras gene family in mice. Mol. Cell. Biol 7, 1535-1540. 

Madura, M., and Pilgrim, D. (1995). Identification and cloning of 
unc-119, a gene expressed in the Caenorhabditis elegans nervous 
system. Genetics 141, 977-988. 

Mello, C.C., Kramer, J.M., Stinchcomb, D., and Ambras, V. (1991). 
Efficient gene transfer in C. elegans after microinjection of DNA into 
germline cytoplasm: extrachromosomal maintenance and integra- 
tion of transforming sequences. EMBO J. 10, 3959-3970. 

Moodie, S.A., Willumsen, B.M., Weber, M.J., and Wolfman, A. (1993). 
Complexes of Ras-GTP with Raf-1 and mitogen-activated protein 
kinase kinase. Science 260,1658-1661. 

Rodriguez-Viciana, P., Warne, P.H., Khwaja, A., Marte, B.M., Pappin, 
D., Das, P., Waterfield, M.D., Ridley, A., and Downward, J. (1997). 
Role of phoshoinositide 3-OH kinase in cell transformation and con- 
trol of the actin cytoskeleton by ras. Cell 89, 457-467. 

Rogalski, T.M., and Riddle, D.L. (1988). A Caenorhabditis elegans 
RNA polymerase II gene, ama-1 IV, and nearby essential genes. 
Genetics 118, 61-74. 

Sundaram, M., and Han, M. (1995). The C. elegans ksr-1 gene en- 
codes a novel Raf-related kinase involved in Ras-mediated signal 
transduction. Cell 83, 889-901. 

Sundaram, M., and Han, M. (1996). Control and integration of cell 
signaling pathways during C. elegans vulval development. BioEs- 
says 18, 473-480. 

Sundaram, M., Yochem, J., and Han, M. (1996). A Ras-mediated 
signal transduction pathway is involved in the control of sex myo- 
blast migration in Caenorhabditis elegans. Development 122, 2823- 
2833. 

Suzuki, N., Choe, H., Nishida, N., Yamawaki-Kataoka, Y., Ohnishi, 
S., Tamaoki, T., and Kataoka, T. (1990). Leucine-rich repeats and 
carboxyl terminus are required for interaction of yeast adenylate 
cyclase with RAS proteins. Proc. Natl. Acad. Sei. USA87,8711-8715. 

Therrien, M., Chang, H.C., Solomon, N.M., Karim, F.D., Wassarman, 
D.A., and Rubin, G.M. (1995). KSR, a novel protein kinase required 
for Ras signal transduction. Cell 83, 879-887. 

Umanoff, H., Edelmann, W., Pellicer, A., and Kucherlapati, R. (1995). 
The murine N-ras gene is not essential for growth and development. 
Prot. Natl. Acad. Sei. USA 92, 1709-1713. 

Wassarman, D.A., Therrien, M., and Rubin, G.M. (1995). The Ras 
signaling pathway in Drosophila. Curr. Opin. Genet. Dev. 5, 44-51. 

White, M.A., Nicolette, C, Minden, A., Polverino, A., Van Aelst, L, 
Karin, M., and Wigler, M.H. (1995). Multiple Ras functions can con- 
tribute to mammalian cell transformation. Cell 80, 533-541. 

Wu, Y., and Han, M. (1994). Suppression of activated Let-60 Ras 
protein defines a role of Caenorhabditis elegans Sur-1 MAP kinase 
in vulval differentiation. Genes Dev. 8, 147-159. 

Yochem, J., Sundaram, M., and Han, M. (1997). Ras is required for 
a limited number of cell fates and not for general proliferation in 
Caenorhabditis elegans. Mol. Cell. Biol. 17, 2716-2722. 

Zhang, X., Marshall, M., and Avruch, J. (1995). Ras-Raf complexes 
in vitro. Meth. Enzymol. 255, 323-331. 

GenBank Accession Numbers 

The GenBank accession numbers for the C. elegans, human, and 
mouse sur-8 cDNA and protein sequences reported in this paper 
are AF068919, AF068920, and AF068921, respectively. 



3 RESEARCH COMMUNICATION 

A PP2A regulatory subunit positively 
regulates Ras-mediated signaling 
during Caenorhabditis elegans 
vulval induction 
Derek S. Siebuxth,1 Meera Sundaram,2 Robyn M. Howard,2 and Min Han1'3 

'Howard Hugh« Medical Institute, Department of Molecular, Cellular, and Developmental Biology, University of Colorado 

ÄnÄ 

MB     M»t *  a regulatory B subunit of protein phospbatase 2A (PP2A) positively regulates an 
5™^E3?5i fc    ** S1?M    S J"°d! drfnf CaeBorbabdi^ «*•**» vulva! induction. Although reduction 
i£Ti -  fttnctlon au?M few ™lval induction defects in an otherwise wild-type background, sur-6 
PP2A-B mutations suppress the Multivulva phenotype of an activated ras mutation and enhance the Vulvaless 
pnenotype of mutations in lin-4Sraf, sur-8, ot mpk-1. Double mutant analysis suggests that sur.6 PPZA-B 
acts downstream or in parallel to ras, but likely upstream of ruf, and functions with Jtsr-J in a common 
pathway to positively regulate Ras signaling. 

[Key Words: Suppressor of ias-, phospharase 2A; vulval induction; KSR; Raf; SUR-8] 
Received tune 24, 1999, revised version accepted August 11, 1999. 

The protein phosphatase 2A |PP2A) enzymes, one of four 
families of serine/threonine prorein phosphatases, are 
key regulators of many cellular events controlled by pro- 
tein phosphorylarion (Shenolikar 1994; Mil]ward et el. 
1999). PP2A is a heterotrimer, composed of a catalytic 
|C) subunit, an associated (A) subunit, and a regulatory 
(B| subunit. The C and A subunits form a core complex 
to which one of several classes of B subunits can bind. 
This differential binding ot regulatory B subunits can 
influence the catalytic activity and substrate specificity 
of the catalytic core in vitro IMaver-Jaekel and Hem- 
mings 1994). However, although in vitro studies have 
identified numerous potential PP2A substrates, the 
broad substrate specificity has limited the ability to 
identify physiological targets or to understand normal 
PP2A regulation (Shenolikar 1994). 

Recent studies have shown that PP2A can regulate sig- 
nal transducuon pathways. For example, PP2A stably in- 
teracts with and inactivates Ca2'-calrnodulin-dependent 
protein kinase IV (CaMKIV) (Westphal et al. 1998). PP2A 
has also been proposed to inactivate MEK and MAP ki- 
nase, because PP2A can dephospborylate MEK and MAP 

'Contsponding nnhor. 
E-MAIL mlun«color*do.«du| FAX (303) 492-7744. 

kinase in vitro (for review, see MiUward et al. 1999), and 
interference of PP2A activity by SV40 small t antigen 
results in activation of MAP kinase in vivo |Sontag et al. 
1993). Cenetic studies in Drosophila suggested that 
PP2A both positively and negatively affects Ras pathway 
signaling during R7 phocoreceptor cell fate specification 
IWassarman et al. 1996). 

Here we demonstrate that a B regulatory subunit of 
PP2A promotes Ras signaling during Caenorhabditis eh 
egans vulval development. In C. elegans, a ras-mediated 
signal transduction pathway in part controls the fates of 
six cells, the vulval precursor cells (VPCs). An inductive 
signal from the anchor cell activates (© RTK-Ras-MAP 
kinase signal-transduction pathway to induce the three 
neighboring VPCs |P5.p, P6.p, and P7.p) to adopt vulval 
cell fates. These cells undergo three rounds of division 
followed by morphogenesis to form the vulval structure. 
The remaining three VPCs (P3.p, P4.p, and P8.p) adopt 
nonvulval cell fates and, instead, divide only once before 
fusing with the surrounding hypodermis |Horvitz and 
Sternberg 1991). Mutations that result in the mis-speci- 
fication of vulval cell fates have defined many of the 
genes necessary for normal vulval differentiation (Korn- 
feld 1997; Stemberg and Han 1998). Loss-of-function mu- 
tations in positively acting components of this pathway 
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can cause fewer than three VPCs to adopt vulval cell 
t fates, leading to a Vulvaless (Vul) phenotype. A gain-of- 

function mutation in let-60 rasfal046£rG13E), which 
encodes a G13E substitution found in human Ras on - 
coproteins (Bos 1998), causes more than three VPCs to 
adopr vulval cell fates, leading to a Multivujva [Muv) 
phenotype. 

To identify genes that act downstream of let-60 ras, 
screens have been conducted for mutations that suppress 
the Muv phenotype of let-60 xas(nl046gf) mutants. 
These screens have identified mutations in components 
acting downstream of Ras (such as lin-45 raf, mek-2 
MEK, and mpk-1 MAP kinase), as well as in some new 
components such as ksr-1 and svi-8 (Steinberg and Han 
1998). KSR-1 is a conserved putative kinase (Kornfeld et 
al. 1995, Sundaram and Han 1995; Themen et al. 1995), 
and SUR-8 is a conserved Ras-binding protein with leu- 
cine-rich repeats (Selfoxs et al. 1998; Sieburth et al. 1998). 
Both KSR-1 and SUR-8 appear to stimulate signaling at 
the level of Ras or Raf (Thenien et al. 1995; Sieburth et 
al. 1998) this work). Here we describe the identification 
and characterization of another positive regulator of Raa- 
mediated signaling, sur-6, which encodes a regulatory 
PR55/B subunit of PP2A [PP2A-B). 

Results 

We screened for mutations that suppress the Muv phe- 
notype caused by an activated let-60 ras mutation, 
nl046gf (Sundaram and Han 1995) or that enhance the 
Vul phenotype caused by a hypomorphic lin-45 raf mu- 
tation, kull2 |M. Sundaram, unpubl). These screens 
identified two mutations, knl2S and C$24, that define 
the gene suz-6 (suppressor of ras). These sur-6 mutations 
cause few or no vulval defects in an otherwise wild-type 
background,- kul23 and cs24 mutants display an average 
vulval induction of 100% or 99%, respectively (Table 1). 
However, both sur-6 mutations suppress the Muv phe- 
notype of let-60(nl046gf) animals (Table 2), and enhance 
the vulval induction defects and larval lethality caused 
by weak alleles of lin-45 raf (Table 1). These strong ge- 
netic interactions suggest that the sur-6 mutations re- 
duce signaling by the Ras pathway at a point down- 
stream or in parallel to let-60 rasStuz-6(kal23) and sur- 
6(cs24) appear to strongly reduce (but not eliminate) 
suz-6 gene function. These sut-6 alleles and a deficiency 
of the sur-6 locus each semidominantly suppress the 
Muv phenotype of let-60(nl046gf) mutants (Table 2), 
suggesting the suz-6 locus is haplo insufficient. RNA- 
mediated inhibition of sux-6 also suppresses the let- 
60(nl046gf) Muv phenotype and causes a partial Vul 
phenotype in a wild-type background (Table 3), arguing 
that these are loss-of-function phenotypes. qDf8 fails to 
complement the weak Vul phenotype of sur-6(cs24) mu- 
tants, and sw-6/sw-6 homozygotes and sw-6/qDf8 
hemizygotes display similar phenotypes (Tables 1 and 2), 
consistent with the sur-6 mutations strongly reducing 
sur-6 function. This notion is further supported by the 
fact that the suppressor phenotype of sar~6(kul23) can 
be rescued by injecting wild-type DNA containing the 

sui-6 gene |see below and Materials and Methods). Nev- 
ertheless, the sur-6 mutations are likely non-null, be- 
cause RNA inhibition suggests that the sur-6 null phe- 
notype is embryonic lethal (Table 3; see below). Because 
reducing sur-6 function reduces vulval induction in sen- 
sitized genetic backgrounds, we conclude that sur-6 nor- 
mally plays a positive role in regulating Ras pathway 
signaling during vulval development. 

sur-8 and ksr-1 are two other genes that display genetic 
interactions similar to those of sur-6. Strong loss-of- 
function mutations in suz-8 or ksr-1 cause few defects on 
their own, but strongly modify the phenotypes of other 
Ras pathway mutants [Kornfeld et al. 1995; Sundaram 
and Han 1995; Sieburth et al. 1998). We found that sur- 
6;Sur-8 double mutants display a synthetic Vul pheno- 
type (Table 1), consistent with these mutations poten- 
tially affecting different aspects of Ras pathway regula- 
tion. Interestingly, however, suz-6;ksr-l double mutants 
resemble the sur-6 or ksz-1 single mutants (Table 1). Be- 
cause reducing the function of either ksr-1 ox suz-6 has 
the same effect as reducing the function of both, it is 
likely that sur-6 acts together with ksz-1 in a common 
signaling pathway to regulate Ras Signaling. 

raf genetically acts downstream of ras in C elegons 
and in Drosophila (Dickson et al. 1992, Han et al. 1993), 
and mammalian Raf is a dirtet Ras effector (for review, 
see Kats and McCormick 1997). Drosophila ksr has been 
shown previously to function genetically downstream or 
in parallel to ras and upstream of raf (Thenien ct al. 
1995). We tested whether this was also true for C. el- 
egans ksr-1 and sur-6. An activated raf transgene under 
the control of a heat shock promoter [HSP-zaf(gf}\ causes 
a Muv phenotype that can be suppressed by mutations in 
the downstream Ras pathway components mek-2 MEK 
or mpk-1 MAP kinase (Sieburth et al. 1998). In contrast, 
this HSP-raf(gf) Muv phenotype is not suppressed by 
ksr-1 or sur-6 mutations (Table 2). Therefore, ksr-1 and 
sur-6 likely act upstream of lin-45 raf. Consistent with 
this, sur-6(kul23) also fails to suppress the Muv pheno- 
type caused by a relatively weak mutation of iin-2, 
which encodes an ETS domain transcription factor act- 
ing downstream of mpk-2 MAP kinase [Jacobs et al. 
1998; Tan et al. 1998). The genetic placement of ksr-1 
and sur-6 suggests that ksr-1 and sur-6 may act in a regu- 
latory branch that modifies or cooperates with Ras/Raf. 

We cloned sur-6 by genetic mapping followed by trans- 
formation rescue (see Materials and Methods). An 11-kb 
fragment, pDS89, which contains sa>6|+) rescuing activ- 
ity was predicted by the C. elegans genome sequencing 
consortium to contain a single gene (F26E4.1) that en- 
codes a PR55 family regulatory B subunit of PP2A (PP2A- 
B,, fig 1). The sur-6 allele* knl23 and cs24 each contain 
single G -> A substitutions that introduce amino acid 
substitutions  at highly conserved positions within 
PP2A-B (Fig. 1). The PP2A-B coding region, when ex- 
pressed under the control of a heat shock promoter in 
transgenic animals, can rescue the sur-6|7cu223; mutant 

. (see Materials and Methods), and RNA interference of 
PP2A-B phenocopies the sur-6 suppression and partial 
Vul phenotypes (Table 3). Thus, we conclude that sur-6 
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Table 1.   sur-6 mutations enhance the va/val defo;« o/lin-45 *«/, mpk-1 AMP Jk/Mse. or sur-8 fcur cot ksM mutants 

ff,r-<>) 

?M'-~ Percent Average 
Percent larva] 

kchald («1 Genotype1 
Vul» induction' W 

snx-6(kul23) 0 100 IMI 0 (474) 
sm-6fkuX23)/qDfB 0 100 128) 0(531)' 
sur-6(cs24) 2 99 (48) 0(195) 
sur-6(cs2A}/qDf8 6 97 (26) 0 (386)* 
*lqDf8 0 100 (16) N.D. 
cs24/+ 0 100 135) N.D. 
Ba-46(iy96) 58 53 138] 86 (290) 
suz-6(kul23); Un-45(sy96) 100 5 (17) 94 (228) 
hn-aS(kvll2) 0 100 (26) <1 (66J 
sui-6(cs24). Iin-aS(hxll2) 87 50 (24) 801360) 
mpk-l(kul) 17 97 129) 7 (229) 
sui-6(kul23h mpk-l(kal) 82 76 (281 77 (263) 
sux-B(kul67) 0 100 (18) <1 (271) 
sw-6(kul23}i sw-8(kul67)' 71 56 (24) <1(263) 
sur-6(cs24); sur-8(kul67) 65 67 (20) 3(198) 
ksr-l(ku68) 0 100 (23) 24 (257) 
sur-6(kul23); ksi-l(ku66) 3 99 (40) 17(282) 
sur-8flail67;, ksr-l<ku68)* 100 4 (19) 85(164) 
ksr-l(n2S26) 1 99 (68) 2 [607] 
SUT-6(CSZ4)-, ksr-l(a2S26) 3 99 (62| 1(88) 
sar-8(kvl67h ksi-l(o2S26) 67 64 (2*) 54 (132) 

*ksi-l(ku68) (R531H) Is a strong loss-of-funcuon, possibly dominant-negative allele (Sundaram and Han 1995). ksr.3(n2526; 
(W255stop) is * putative null «lldc (Kornfeld et aL 1995). Iin-45(sy96) and lin-4S(ku!12) are hypomorphic [partial loss-of-function) 
alleles (Han et al. 1993,- Sundaram and Han 1995),- hn-4S(sy96) contains a splice site mutation, and the lin-45(kull2) lesion Is 
unknown. sai-8(kul67) IE430K) is a strong hypomorphic allele (Sicbunh et al. 1998). mpk-ltkul) (A38V) is a hypomotphic allele (Wu 
and Han 1994). qDf8 removes the flanking genes mec-B and fog-3 and thus should remove sur-6 (R. Ellis, per«, comm.). For deficiency 
Strains, sur-6 was marked with tmc-13. and qDf8 was marked with ces-1. No other defects were observed in t\u-6/qDf8 strains. 
Un4S(sy96) was linked to dpy-20, ksr-l(ku68) was linked to lon-2. Iin-45(kull2) was linked to dpy-20 for double mutants with kst-J.^ 
saz-6(kal23) was linked to unc-29 for double mutants with ün-45. kst-h and jur-fl. All other strains were unmarked. The pafy20. 
unc-29, and Ion-2 markers were also tested in the control strains to show that they have no effects on vulval induction.      ^-^ 
■"Percent of anirnals in which <3 VPCs adopted vulval fates, as scored under Nomarski optics (Sieburth et al. 1998|. In some sur-6 
strains, VPCs were occasionally undivided or absent and may have adopted 4» fates IClaik « al. 1993). Nondivision of VPC P5.p, P6.p, 
or P7.p occurs infrequently (4/24 Aul23; fcuX67 animals, 3/23 «24;lcu267 animals, 3/65 cs24,n2526 animals). % Vul is Calculated only 
for those animals in which P5.p, P6.p, and P7.p were present and divided at least once. 
cAvcrage percent of VPCs adopting a vulval cell fate, as scored under Nomarski optics (Sicbunh et al. 1998; 100% for wild type). 
Induction is calculated only for those animals in which P5.p, P6.p, and P7.p were present and divided at least once. 
''Percent of animals arresting in early larval stages with a clear, rod-like phenotype (Sieburth et al. 1998). (NX).) Not determined. 
'For qDß experiments, a corresponds to the entire brood of saz-6/qDf8 mothers, half of which should also have been $w-6/qDf8 
hemizygotcs. No more than 25% of such broods arrested as embryos, suggesting that sm-6/qDfB (like sur-6/sur-6| has no significant 
embryonie lethal phenotype. 
hat^fkalZSh suz-8 double mutants were 37% embryonic lethal with an average brood size (live worms plus dead embryos) ol 26 la 
-263|. 
■Data from Sieburth et aL (1998). 

> 

encodes PP2A-B. SUR-6 snares >S9% overall amino acid 
identity with PP2A-B from human or Drosophlla, with 
three large stretches of at least 75% identity (Fig. IB). In 
mammals there are three PR5S/B isoforms that differ in 
spatial and temporal expression (Mayer-Jaekel and Hem- 
rnings 1994). SUR-6 is most similar to the mammalian 
Ba subtype. 

PP2A-B subunits modulate the activity and/or sub- 
strate specificity of the PP2A-A/C catalytic core (Mayer- 
Jaekel and Hemmings 1994). SUR-6 is the only predicted 
PR55/B family member encoded by the C. elegans ge- 
nome, although other types of regulatory B subunits 
(such as PR56/B') axe also present. The C. elegans ge- 
nome is predicted to encode a single PP2A-A subunit 

(P48E8.S) and a single PP2A-C subunit (F38H4.9), which 
share »90% amino acid identity with their mammalian 
counterparts. As expected, the PP2A-A subunit can bind 
to both SUR-6 PP2A-B and the PP2A-C subunit, as as- 
sayed by the yeast two-hybrid system Idata not shown). 
Given the positive role of suz-6 PP2A-B defined by ge- 
netic analysis, sur-6 PP2A-B could either function to ac- 
tivate the catalytic core, which in turn would activate 
Ras pathway signaling, or it could function to relieve 
inhibition of Ras signaling by the core complex (Fig. 2A). 

To determine the requirements for PP2A during C. 
elegans development, we used RNA interference (RNAi) 
(Fire et al. 1998) to block sur-6 PP2A-B, PP2A-A, or 
PP1A-C expression. For each PP2A gene (but not for 
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Table 2.   Epistasis analysis of sur-6 dn<i ksr-1 with 
Mwr jgutations 

sur-6 or Jtsr-J Percent 
mutation" Muv mutation1'     Muvc (n| 

Percent average 
induction4 (a) 

♦A 
♦A 
Sur-6flcul23J 
sw-6Ycs24,/ 
sut-6(kal23)/ 

sw-6(cs24} 
sw-6(ka!23)h 
suz-6(cs24)l* 
Sui-6(kul23)l 

qW 
*fqDfB 
-A 

*A 
for-2/Joj68J 
♦A 
sur-6(kul23) 
+/* 
sw-6(kvl23) 

Iet-60(nl046gf) 
ht-60(nl046gf} 
kt-60(nt0d6gf) 

let-60(nl046gf) 
let-60fal046gf) 
kt-60(al046gf) 

ht-60(al046gf) 
kt-60(ol046gf) 
HSP-iaf(gf) 
HSPiafof) 
HSP-iaf(gf) 
HSP-taf(gf) 
Un-ltel27S) 
Un-l{el27£) 
lin-l$(n76SI 
lin-15{n76S) 

0 Imany) 
87 (276) 
6(240) 

191107) 

3(31) 
22(148) 
40(53) 

t|209) 
5(281) 

47(301 
47 [17) 
47(17) 
46(28) 
99 (68) 

100(102) 
100 (59) 

6(351) 

100 (many) 
154 (27) 
103(26) 
104(33) 

N.D. 
115(31) 

N.D. 

NX). 
N.D. 

119(30) 
125 (17) 
118(17) 
117(28) 

NX). 
NX). 

157 (28| 
102 (201 

'ku223 was marked with unc-29 in all strains except those with 
nl046. The full genotype of kul23/cs2d was nl046/syl30 dpy- 
20; kul23/c924. The full genotype of kul23h was kul23fanc- 
29: nl046; him~SI+. The lull genotype for cs24f+ was nl006/ 
syl30 dpy-20; cs24l+. syl30 encodes the same let-60 tas(G13E) 
substitution as nl046. Full genotypes for deficiency analysis: 
ces-1 qDf8/anc-13 kul23: nl046 and cesl qDf8/wac-13 dyp-24, 
nl046. H$P-xaf(gf)i ksr-l(ka68) animals (and their paired con- 
trols) were marked with unc-24. 
'Tor HSP-zaf(gf) description, sec text and Sieburth et si (1998). 
Alto tee Sieburth et al. (1998| for positive control results (sup- 
pression of HSP~raf(gf) by mek-2 and mpk-1 alleies). HSP-zaf(gf) 
strains woe heat shocked during the early-mid L3 stage for 80 
tnin at 364C. Iin-25 strains were grown at 18°C. 
'Percent Muv was determined by examining adult hermaphro- 
dites with a dissecting microscope for the presence of ectopic 
ventral protrusions [for la-60(gfl. lln-1 and Un-15 experiments), 
or by examining L4 larvae under Nomarskl optics [for HSP- 
laflgf) experiments]. 
■"See Table 1 footnote. In 1/34 cs2a; ol006gf animals, P4.p and 
P8.p were undivided and may have adopted 4* fates. Induction is 
calculated here only for animals in which P(4-8).p divided at 
least once. 

sur-S or ksx-l), RNAi caused highly penetrant embryonic 
lethality in both wild-type and let~60(nl046gf) back- 
grounds. Embryos arrested at.-100 cell stage, with 
widely variable cell sizes (data not shown). Thus, unlike 
ksz-1 and sur-8, PP2A appears to be absolutely required 
during embryonic development in addition to function- 
ing later during vulval induction. Because the snr- 
6(kal23j and stu-6(cs24) mutations caused little or no 
embryonic lethality, even when hemizygous [Table 2), 
the two functions of suz-6 PP2A-B appear separable, with 
these sur-6 point mutations primarily affecting sur-6 
PP2A-B function in vulval development but not in em- 
bryogenesis. 

To avoid the PP2A|RNAi) lethality and test its effects 
on vulval development, we examined the last surviving 

progeny of RNA-injected mothers (Table 3|. In this assay, 
sur-6(RNAil caused a partial Vul phenotype in a wild- 
type background and efficiently suppressed the let- 
60(nl046gf) Muv phenotype. However, PP2A-C(RNAi) 
caused few vulval defects and only weakly suppressed 
the let-60(nl046gf) Muv phenotype. Similar results were 
obtained by use of a hypodermal-specific promoter to 
drive expression of sur-6 PP2A-B or PP2A-C RNAs 
(Table3). Thus, it is still unclear whether PP2A catalytic 
activity promotes and/or inhibits Ras-mediated vulval 
induction. 

Discussion 

We have shown for the first time a positive and specific 

Table 3. 
PP2A-A 

RNA interference of sur-6 PP2AB. PP2A-C, or 

Genotype 
dsRNA 
transgenes 

or 
b 

Vul or Muv 
In) 

Percent 
avg. 

induction in) 

kt-60(al046gfj 
let-60(nl046gf) 
Ut-6<Hnl046gf) 
Iet-60(til0a6gf) 
kt-60(nl046gf) 
kt-60(nl046tf) 
let-60(nl046gf) 
ht-60(nl046gf) 
kt-60(al046gf) 
ltt-60(nl046gf) 

nodsRNA 
sur-6 PP2A-B 
PP2A-C 
no dsKNA 
suz-6 PP2A-B 
PP2A-C 
sur-8 
nodsRNA; 
sur-6 PP2A-B 
PP2A-A 
no transgenes 
sur-6 PP2A-B 
PP2A-C 

0 (many) 
19 Vul (21) 
5 Vul (22) 

9S Muv (19) 
3 Muv (29) 

70 Muv (23) 
IS Muv (33) 
93 Muv (59) 

7 Muv (IS] 
57 Muv (14) 
82 Muv (242) 
20 Muv (172) 
6"5Muv(82| 

100 (many) 
94(21) 
99 (22) 
173 (19) 
101 (29) 
132 (23) 
106 (33| 
143 (59) 
103(15! 
125 (14) 
175(23) 
110(48) 

N.D. 

In the case of sw-6 PP2A-B, PP2A-C or PP2A-A (but not sur-8), 
nearly complete embryonic lethality was observed in progeny 
laid 8-24 hr after double-stranded (ds) RNA injection- Most sur- 
viving $ur-6(RNAi) animals displayed a weakly Uncoordinated 
phenotype. Vulval induction was scored in surviving progeny 
laid at least 6 hr postinjection (for the wild-type background), or 
in progeny laid6-8 hr postinjection, before the lethal period 
began [for tht^t-6Q(gf> background]. In the wild-type back- 
ground, sur-6 (RNAi) caused variable vulval defects, including 
defects in vulval induction (2* to 3* or hybrid fate transforma- 
tion, S/31 animals), VPC generation (absence of P5.p, P6.p, or 
P7.p, or failure of those cells to divide^ 10/31 animals), and 
vulval lineage execution (failure of ?5.pxx to complete last 
round of vulval division/ 1/31 animals). The VPC generation 
defects were almost never seen in the tet-60(nl046gf) back- 
ground. In the wild-type background, PP2A-C RNAi also caused 
occasional defects is vulval induction {PS.p executed a "hybrid" 
lineage, generating only 3 vulval descendants and 1 nonvulval 
descendant; 1/23 animals), VPC generation (absence of P5.p; 

1/23 animals), and vulval lineage execution (failure of PS.pxx to 
complete last round of vulval division; 1/23 animals). %Vul 
(and induction) are calculated only for animal« in which PS.p, 
P6.p, and P7.p were present and divided at least once. %Muv 
(and induction) are calculated only for animals in which P(4-8).p 
were present and divided at least once. 
*Wc used the col-IO promoter to »express both sense and on- 
tisense RNA fragments in the hypodermis (see Material and 
Methods). 
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Figure X- Sequence comparison between SUR-6 PP2AB and human PP2A-Ba. |AI 
Amino acid alignment of C- elegans SUR-6 PP2A-B las predicted by cDNA analyses, 
see Materials and Methods, GenBank accession nö. AF174643| with a human PP2A- 
Ba isoform (GenBank accession no. 13144S; May« etal.199lT»nd Drosophilfl Twins 
PP2A-B [GenBank accession no. S43716,- Uemura et al. 1993). Identical amino acids 
arc shaded. The position of the C302Y and E130K missense mutations identified in 
svT-6(kul23) and sw-6fcs2d) mutants, respectively, »re denoted. C302 and E230 are 
conserved in PP2A-B from all species in which it has been identified, from human to 
yeast. [B\ Structural comparison of sur-6 PP2A-B and human PP2A-Ba non-neuronal 
isoform. Percent amino acid identity is shown for shaded regions. Nonshaded regions 
share 20% or less amino acid Identity. The overall amino acid identity is 59%. The bar 
denotes the region with similarity to the c-Abl proposed substrate-binding domain 
(amino acids 257-3781. 

regulatory role for a PP2A regulatory PR55/B subunit in 
Ras-mediated signal transduction. We propose that sui-6 
PP2A-B influences the catalytic activity of PP2A toward 
specific Ras pathway substrateis), such as Raf or KSR, 
leading to the enhancement of Ras pathway signaling. 

Genetic analysis shows that sur-6 PP2A-B positively 
regulates Ras pathway signaling during vulva] induction. 
First, reducing sur-6 PP2A-B function by mutation or 
RNA inhibition suppresses the excess vulva! cell fate 
specification caused by an acrivated let-60 las allele (but 
not that caused by an activated laf transgene). Second, 
sui-6 PP2A-B mutations enhance defects in vujval cell- 
fate specification caused by weak mutations in the Ras 
pathway components lin-4S zaf or mpk-1 MAP kinase. 
However, reducing sur-6 PP2A-B function by mutation 
or RNA inhibition only mildly reduces vulval induction 
in an otherwise wild-type background, suggesting that 
sur-6 PP2A-B activity might not be essential for vulval 
induction when other components are functioning nor- 
mally. 

sm-6 PP2A-B appears to regulate Ras pathway signal- 
ing in multiple tissues besides vulval precursor cells. For 
example, a sur-6 PP2A-B mutation suppresses the male 
mating defect caused by an activated TOS mutation (data 
not shown) and enhances the rod-like larval lethality of 
lw-A5 zaf ox mpk-1 MAP kinase mutants. However, 

sur-6 PP2A-B also appears to have (unc- 
tions that are currently not known to 
involve the Ras pathway. RNA inhibi- 
tion of sur-6 PP2A-B function reveals an 
absolute requirement for sur-6 during 
embryogenesis. Additional roles of sur-6 
PP2A-B in the generation or survival of 
VPCs, and in the development or func- 
tion of muscles and/or motor neurons, 
are suggested by the fact that $ur-6(cs24) 
animals and surviving sur-6(RNAi) ani- 
mals sometimes lack one or more VPCs 
and are weakly uncoordinated. It would 
be interesting to know whether or not 
these defects also involve the Ras path- 
way. 

SUR-6 PP2A-B likely functions by 
regulating the activity of the PP2A-A/C 
core complex. Mammalian PP2A-B 
regulatory subunits can either activate 
or inhibit core activity in vitro, depend- 
ing on the substrate used (Mayer-)aekel 
and Hemmings 1994). Genetic data in 
yeast support specific activating roles 
for PP2A regulatory subunits, because 
mutations in cdcSS (a PR5S/B subunit) 
and rtsl |a PR56/B' subunit) each cause 
a distinct subset of phenotypes associ- 
ated with mutations in the PPXA cata- 
lytic core (Shu et al. 1997). If SUR-6 
PP2A.-B also functions to activate the 
PP2A catalytic core, this implies that 
PP2A positively regulates Ras signaling 

=^ at the level of Ras or Raf (Fig. 2). Such a 
model would differ from previously pro- 

posed models, on the basis of experiments overexpress- 
ing SV40 small t antigen in cultured mammalian cells, 
that suggest PP2A inhibits MEK and MAP kinase activi- 
ties (Sontag et al. 1993). However, it is likely that regu- 
lation of the Ras pathway by PP2A-C is complex, involv- 
ing multiple positive and negative influences on differ- 
ent substrates (e.g., Wassarman et al. 1996). sur-6 PP2A-B 
may stimulate PP2A core activity toward a specific sub- 
set of these substrates, such as KSR and/or Raf. 

Consistent with the idea that sur-6 PP2A-B acts by 
activating a PP2A core is the observation that the $ur- 
6(kul23) allele affects an absolutely conserved cysteine 
residue within a region of PP2A-B that shares similarity 
to c-Abl kinase domains Vl-X. This region of similarity 
is shared by nonkinase residues of c-Abl that may be 
involved in target specificity, and may thus define a re- 
gion of PP2A-B involved in localization or target speci- 
ficity (Mayer et al. 1991). We hypothesize that in SUT- 

6(kul23j PP2A-B mutants, the PP2A core may be mislo- 
calized or may fail to be targeted to the proper subs tratcs. 
This model would be similar to the suggestion from a 
recent work in mammalian cells and Xenopus embryo 
explants that a PRS6/B' subunit of PP2A may interact 
with APC and direct PP2A to dephosphorylate specific 

f6 
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Figure 2. Models for SUR-6 PP2A-B function in the vulval in- 
duction pathway. (A) SUR-6 PP2A-B is likely to regulate the 
activity o/ a PP2A cere complex composed of a C and A subunit 
to influence Ras signaling. SUR-6 PP2A-B b a positive regulator 
ofRas signaling, so SUR-6 could function either to activate the 
PP2A »re, which in mm activates Ras signaling, or to inhibit 
the PP2A core that normally inhibits Ras signaling. Potential 
targctt for SUR-6 PMA-B-regulated PP2A activity include UN- 
45 Raf and KSR-1. (fi) Model for the signal transduction pathway 
regulated by SUR-6. The receptor tyroslne kinase LET-23 b ac- 
?Z2*i ~y *" mductive «**»«l *at leads to the activation of 
LET-60 Ras. Ras-CTP recruits Raf kinase to the membrane and 
Raf phosphorylatcs and activat« the MEK-2 MEK/MPK-1 / 
MAPK kinase cascade. We showed that SUR-6 PP2A-B posi- 
^^J*********** «' « branch point at the level of Ras or 
Raf. KSR-I and SUR-6 may work together to strengthen R« 
pathway output during vulval cell fate specification. 

components of the Wnr./0-catenin signaling pathway 
(Seeling et al. 1999). 

Interestingly, our data suggest that sur-6 PP2A-B may 
function together with ksz-1. suz-6 PP2A-B and ksz-1 
have the same epistatic relationship with respect to xas 
and raf, and sui-6: ksz-1 double mutants resemble sur-6 
or ksz-l single mutants. Taken together, these data are 
consistent with the idea that sur-6 PP2A-B and ksz-1 act 
in a common pathway to stimulate ms-mediated signal- 
ing at a branch point that feeds out of the pathway at/Che 
level of ras ox into the pathway at the level of zamfig. 
xBj. -y 

KSR proteins positively regulate Ras signaling in C 
eUgans and Drosophila (Kornfeld et al. 1995, Sundaram 
and Han 1995; Themen et al. 1995), as well as in Xeno- 
pus oocytes and certain mammalian cells (Therrien et al. 
1996). Murine KSR associates with several proteins in 
vivo, including Raf, MEK, and MAP kinase, and has been 
proposed to function as a scaffold protein involved in 
signal propagation through the Raf/MEK/MAP kinase 
cascade (Therrien et al. 1996-, Stewart et al. 1999). Mu- 
rine KSR is a phosphoprotein (Cacace et al. 1999J, al- 
though the role of phosphorylation in KSR regulation is 
unclear. Thus, KSR-1 is a potential target for regulation 
by PP2A during vulval induction. Alternatively, KSR-1 
may act to regulate PP2A-B function. 

Another potential sur-6 PP2A-B-dependent PP2A tar- 
get is LIN-45 Raf. The mechanism of Raf activation is 
still poorly understood, but there is evidence for both 
inhibitory and activating phosphates on Raf (Morrison 
and Cutler 1997). Whereas in vitro studies suggest that 
PP2A can dephosphorylate Raf, it is probably not the 

major phosphatase to remove activating phosphates 
(Dent et al. 1995). However, a role for PP2A in removing 
inhibitory phosphates has not been ruled out. The place- 
ment of a B regulatory subunit of PP2A as a positive 
regulator of the Ras pathway, and the unexpected finding 
that it acts together with KSR-1, should lead to a better 
understanding of PP2A regulation and its physiological 
substrates. 

Materials and methods 

Mutants were derived from the wild-type Bristol strain, N2, and 
grown under standard conditions (Brenner 1974) at 20*0 unless 
otherwise indicated. Some strains were obtained from the Cae- 
BorhabdxtisCeattics Center. The allele» and deficiencies used 
are described in Riddle et at. (1997) unless otherwise indicated- 
l^KT't9!'10?/ hlL ^^03), vncimOVl), dpy. 
24(s71). qDfS, qDfS; LGtH, mpk-lfkul), vnc-lWedS): LGrV, 
tin-l(tl27S), sur-B(kul67l (Sleburih et ai. 1998), WC-24U138) 
^fffJ^S\Uar4S(kalti) fSund««a and Han 1995), hi- 
60(nl(M6gf), kt-WsylSOgf), dpySO^mij, LGV, him-S(eimi- 
LGX, ks/-lffcu6eV. ksr-l(aZS26), lin-1 S(n765). 

sur-6 bolation and cloning 

*w-6(kui23) was isolated as a dominant suppressor in screens 
for suppressors of the Muv phenotype of kt-60 zas(M046gf) 
nomozygotes described previously (Wu and Han 1994- 
Sundaram and Han 1995). suz-6tcs2A) was isolated in screens for 
enhancers of the lm<S zoffkallS) Vul and lethal phenotype« 
(M. Sundaram, unpubl.). Both allele« were obtained after ethyl- 
methancsulfonatc mutagenesis. 

sur-6 was first mapped between unc-29 and dpy-24 of linkage 
group I by standard three-point mapping, sar-6 was further 
f4^,-? "P*29»« *« fry** let.60fnl046), derived 
bom SP1726 (gift from E. Lundquist, University of Minnesota 
St. Paul, MN|. Unc non-Dpy reeombinants were tested for 
kul23 by scoring the suppression phenotype and for the poly- 
morphism hP6 by PCR with primers TcJ -1 and hP6-B (gift from 
D. Fitch, New York University, NY, NY). A total of 15 of 35 
Unc-29 reeombinants contained kul23 and of these, one was 
positive for hi»6, placing sur-6 to the right of cosmid C03D6. 
sur-6 mapped to the left of cosmid F14G10, which is the left 
endpoint of the complementing deficiency qDfS (R. Ellis pers. 
Comm.). Deficiency qDf& uncovers ntz-6 ITablea 1 and 2). «ir- 
6(cs24j was mapped to an interval between dpy-5 and unc-JOJ 
and within two map units of unc-13 by standard mapping 
crosses. rr-*, 

Cosmids in the region were tested for sur-eV) activity by 
assaying their ability to rescue the sur-6flcHl23; suppressor phe- 
notype. Cosmids were injected at 5-10 ug/ml together with 40 
pg/ml unc-119W transformaäonmarkerpDP*MM0l6 (Maduro 
and Pilgrim 1995) and 10 ng/ml pBluescript into sw-6(kul23)- 
wc-119; let-60 mutants. A single cosmid, K02A11 contained 
sur-6[+| rescuing activity, but an overlapping cosmid, F26E4 
failed to rescue. 

Northern analysis of mbecd-stage RNA with a genomic frag- 
ment that spanned all predicted exons of P26E4.1 as a probe 
revealed the presence of an abundant 2.5-kb transcript and two 
minor transcripts of 2.3 and 1.8 kb. Approximately 1 million 
plaques were screened from a kgtll-mixed stage cDNA library 
(gift -from P. Okkema, University of Illinois, Chicago, EL) with a 
1.5-kb genomic probe, and 22 positive clones were isolated. One 
positive clone contained a partial SL1 -spiced leader correspond- 
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iag to base pair 19414 of cosmid K02A11. Positive clones ana- 
lyzed differed in the length of the 3' UTR because of differential 
use. of transcription termination sites. The sequence of these 
clones confirmed the exon/intron structure predicted by the C. 
elegans genome sequencing consortium. A transgene (pDSS4| 
thai expresses the snz-6 PP2A-B cDNA under the control of the 
Hspl6-4I promoter could rescue the suppressor phenorype of 
sux-6(kul23). The sur-6(kul23J; lei-60(nl046gf) double mutant 
was used to host the transgene. When heat-shocked, 75% of the 
transgeuie animals were Muv (average vulval induction is 
136%, a - 12), compared with 0% Muv (100% vulval induction, 
n - 20| for non-heat-shocked controls. 

The molecular lesion associated with sur-6 mutations was 
identified by PCR amplifying genomic DNA from Iysates of 
sur-6 mutants and sequencing PCR products directly. 

RNAi 

RNAi with double-stranded RNA was performed essentially as 
described (Fire ct aL 1998). PCR fragments containing >1 kb of 
the coding regions were used as templates for in vitro transcrip- 
tion reactions. RNA was injected in parallel into either 7er- 
60(nl046gfl or N2 hermaphrodites at a concentration of 0.5-1 
mg/mL 

The col-10 promoter was used to coexpress both tense and 
antisense RNA fragments in hypodermis. The saz-6 PP2A-B 
transgenes are pDS94 and pDS95, which contain nucleoddes 
90-1488 of sur-6 cloned in opposite orientations into a cof-20 
promoter-containing vector. The PP2A-C transgenes are pDS96 
and pDS97, which contain nucleotides 241-9S7 of PP2A-C 
cloned in opposite orientations into the coMOpromoter vector. 
Transgenes were coin jeeted with the marker pTG96 (Yochem et 
aL 1998). 
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