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ABSTRACT

The Caenorhabditis elegans let-60 gene encodes a Ras protein that mediates induction of the hermaphro-
dite vulva. To better understand how mutations constitutively activate Ras and cause unregulated cell
division, we have characterized ga89, a temperature-sensitive, gain-of-function mutation in let-60 ras. At
25°, ga89increases let-60 activity resulting in a multivulva phenotype. At 15°, ga89 decreases let-60 activity
resulting in a vulvaless phenotype in let-60(ga89)/Df animals. The ga89 mutation causes a leucine (L) to
phenylalanine (F) substitution at amino acid 19, a residue conserved in all Ras proteins. We introduced
the L19F change into human H-Ras protein and found that the in vitro GTPase activity of H-Ras became
temperature-dependent. Genetic experiments suggest that LET-60(L19F) interacts with GAP and GNEF,
since mutations that decrease GAP and GNEF activity affect the multivulva phenotype of let-60(ga89)
animals. These results suggest that the L19F mutation primarily affects the intrinsic rate of GTP hydrolysis
by Ras, and that this effect may be sufficient to account for the activated-Ras phenotype caused by let-
60(ga89). Our results suggest that a mutation in a human ras gene analogous to ga89 might contribute

to oncogenic transformation.

AS proteins are a conserved family of plasma mem-
brane-associated GTPases that transduce signals
from receptor tyrosine kinases during the growth and
development of eukaryotic cells (BARBACID 1987; Lowy
and WILLUMSEN 1993; PRONK and Bos 1994). Ras pro-
teins cycle between a GTP-bound state in which they
are active for signal transduction and a GDP-bound
state in which they are inactive. The interconversion of
Ras between the GDP- and GTP-bound states is under
the control of two types of enzymes: guanine nucleotide
exchange factors (GNEFs) and GTPase activating pro-
teins (GAPs) (Bocuskl and McCoORrRMICK 1993). GNEFs
increase Ras signaling activity by facilitating the ex-
change of GDP for GTP, and include CDC25 in Sacchar-
omyces cerevisiae and SOS in Drosophila and mammals.
GAP proteins decrease Ras signaling activity by greatly
increasing the rate of GTP hydrolysis by Ras, and in-
clude GAP-1 in Drosophila and Caenorhabditis elegans
(A. HANAL and S. K. KiM, unpublished results) and
pl20-GAP and NF1 in mammals. Activation of receptor
tyrosine kinases by binding to ligand leads to the re-
cruitment of GNEFs to the plasma membrane where
they increase the fraction of Ras that is in the GTP-
bound, active state. When bound to GTP, Ras transmits
signals by binding various effector proteins such as the
protein serine/threonine kinase Raf, phosphitidyl-ino-
sitol-3-kinase, and others (PRONK and Bos 1994; MAR-
SHALL 1996).
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Mutations in one of the three human ras genes (H-,
K- and N-7as) are found in ~30% of all tumors, and in
up to 90% of some types of carcinomas (Bos 1989).
These mutations cause amino acid substitutions at resi-
dues 12, 13 or 61 of the 189 amino acid Ras protein.
Biochemical characterization of the mutant Ras pro-
teins encoded by Ras oncogenes has shown that these
substitutions have three effects on Ras function and
regulation (Lowy and WILLUMSEN 1993). First, they de-
crease the intrinsic GTPase activity of Ras. Second, they
render the proteins insensitive to GTPase activation by
GAP. Both of these effects are likely to cause an increase
in the percentage of Ras that is in the GTP-bound state,
leading to an excess of signaling. Third, these mutations
appear to allow Ras signaling independently of GNEF
activity, since they can cause cellular transformation in
the presence of dominant-negative Ras mutant proteins
that are believed to sequester GNEF (SIGAL et al. 1986;
FE1G and CooPER 1988; BEITEL et al. 1990; HAN and
STERNBERG 1990; STACEY et al. 1991). Therefore, these
previously identified activating mutations appear to
have multiple effects on Ras, making it difficult to dis-
sect apart the relative contributions of each of these
changes toward constitutive signaling leading to onco-
genic growth. In particular, can a ras mutation that
primarily affects only one of these biochemical proper-
ties (e.g., the intrinsic GTPase activity) lead to a trans-
formed cellular phenotype?

We have been able to address this question by study-
ing how a Ras homologue functions in the induction
of the C. elegans hermaphrodite vulva (reviewed in HOR-
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viTZ and STERNBERG 1991). In the developing hermaph-
rodite, six vulval precursor cells (P3.p to P8.p) are com-
petent to express vulval cell fates when induced by a
signal from the anchor cell in the overlying somatic
gonad. In wild-type animals, the anchor cell signal
causes the closest vulval precursor cell (P6.p) to adopt
the 1° vulval cell fate, which is to generate eight progeny
cells that form the inner parts of the developing vulva.
P6.p subsequently sends a lateral signal that causes the
adjacent vulval precursor cells (P5.p and P7.p) to adopt
the 2° vulval fate, which is to generate seven progeny
cells that form the outer parts of the developing vulva
(STERNBERG 1988; KOoGA and OHSHIMA 1995; SIMSKE
and KM 1995). Under certain circumstances, low levels
of anchor cell signal may directly induce P5.p or P7.p
to adopt the 2° fate (STERNBERG 1988; KATZ ez al. 1995).
The remaining three vulval precursor cells (P3.p, P4.p
and P8.p) are not induced by either the anchor cell or
lateral signals and consequently adopt the 3° cell fate,
which is to divide once and fuse with the surrounding
hypodermal syncytium.

Signaling between the anchor cell and P6.p is medi-
ated by a Ras signaling pathway (STERNBERG 1993; EI-
SENMANN and KiMm 1994; Durry and PERRIMON 1996).
The components of the pathway relevant to this paper
include the lin-3 gene product [likely to be the anchor
cell signal (HILL and STERNBERG 1992)], the let-23 gene
product [a receptor tyrosine kinase similar to EGF re-
ceptor (AROIAN et al. 1990)], the let-60 gene product [a
Ras homologue (HAN and STERNBERG 1990)] and the
mpk-1/sur-1 gene product [a MAP kinase homologue
(LLACKNER e¢f al. 1994; WU and HAN 1994)]. Weak loss-
of-function mutations in these genes result in a vulvaless
phenotype in which too few or no vulval precursor cells
express vulval cell fates. Null or strong loss-of-function
mutations in these genes cause larval lethality, indicat-
ing that this Ras-mediated signaling pathway performs
an essential function during development in addition
to its role in vulval induction (reviewed in STERNBERG
1993; Fi1sENMANN and KiM 1994; M. LACKNER, personal
communication).

In addition to loss-of-function mutations, there are
gain-of-function and dominant-negative mutations in
let-60 ras. A gain-of-function let-60 mutation, nl1046, re-
sults in a multivulva phenotype in which excess vulval
precursor cells express vulval cell fates (FERGUSON and
Horvitz 1985; BEITEL ef al. 1990; HAN et al. 1990). The
nl046 mutation causes a glycine 13 to glutamic acid
substitution (BEITEL e al. 1990). Missense mutations
affecting residue 13 (G13V and G13D) in human N-Ras
and K-Ras lead to transformation of NIH3T3 cells in
vitro and contribute to oncogenesis in vivo (FASANO et
al. 1984; Bos 1989). Dominant-negative mutations in
let-60 ras lead to a vulvaless mutant phenotype, possibly
by binding to and sequestering a factor required for
normal LET-60 function, such as guanine nucleotide

exchange factor (GNEF) (BEITEL et al. 1990; HAN ¢t al.
1990; HAN and STERNBERG 1991).

Here we describe the identification and characteriza-
tion of a temperature-sensitive mutation in lef-60 ras,
let-60(ga89), which encodes a leucine to phenylalanine
substitution at the conserved residue 19 (L19F). This
mutation causes an activated let-60 ras phenotype
(multivulva) at high temperature, and a loss-of-function
let-60 ras phenotype (vulvaless) at low temperature. To
determine how the let-60(ga89) mutation causes an in-
crease or decrease in lei-60 signaling activity depending
upon temperature, we analyzed the effect of this muta-
tion on three separate functions of Ras; its intrinsic rate
of GTP hydrolysis and its interactions with GAP and
with GNEF. Biochemical analysis showed that this muta-
tion (introduced into human H-Ras) decreased GTPase
activity at high temperatures and increased it at low
temperature relative to the activity of wild-type H-Ras.
Genetic experiments suggested that the LET-60(L19F)
protein produced by let-60(ga89) may retain its interac-
tions with GAP and GNEF. Together these results sug-
gest that the multivulva phenotype caused by /et
60(ga89) may be caused primarily by effects on the in-
trinsic GTPase activity of LET-60. In addition, we deter-
mined that excess le-60 ras activity can perturb vulval
development only during the late L2 and L3 stages,
which may also identify the time during development
that wild-type let-60 activity is normally required.

MATERIALS AND METHODS

Genes, alleles and general procedures: Methods for cultur-
ing, handling and genetic manipulation of C. elegans were as
described (BRENNER 1974). The animals described as wild-
type were C. elegans, variety Bristol, strain N2. Individual cells
were identified and Pn.p cell lineages were analyzed as de-
scribed in SULSTON and HoORviTz (1977), using the criteria
for the assignment of 1°, 2° and 3° cell fates described in
STERNBERG and HORviTZ (1986). The following genes and
alleles were used in this work; unless otherwise designated,
the reference for a given allele is Woop (1988): LGII: lei-
23(syl) (AROIAN and STERNBERG 1991), lin-7(el413) (SULSTON
and HorviTz 1981), unc-52(e250); LGIIL: unc-79(e1068), mpk-
1(n2521) (LACKNER et al. 1994). LGIV: unc-5(e53), unc-
24(el38), lin-3(n378) (FERGUSON and Horvitz 1985), dpy-
20(e12821s, e1362), let-60(ga89) (this work), (n1046) (FERGU-
SON et al. 1987), (n1876, n1531) (BEITEL et al. 1990; HAN et
al. 1990), unc-22(e66), unc-30(el191), dpy-4(el1166), sDfS, nTl.
LGV: him-5(e1490). LGX: gap-1(n1329) (A. HAJNAL and S. K.
KM, unpublished results), dpy-3(e27), lon-2(e678), lin-2(n397)
(FERGUSON and HORvITZ 1985).

Isolation and mapping of let-60(ga89): let-60(ga89) was iso-
lated during a screen for EMS-induced mutations causing a
protruding vulva (Pvl) phenotype (D. M. EISENMANN and S. K.
KM, unpublished results). let-60(ga89) hermaphrodites at 20°
often have a weak multivulva phenotype due to either P3.p
or P4.p adopting an induced vulval fate. The following genetic
data from three-factor crosses indicated that the ga89 muta-
tion was within 0.05 map units of the dpy-20 locus, which is
<0.01 map units from the let-60 locus: unc-24(el38) 12/25
ga89 13/25 dpy-4(el166); unc-5(e53) 50/53 ga89 3/53 dpy-
20(e1282ts); dpy-20(el1282ts) 0/48 ga89 48/48 unc-30(el91).
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Characterization of let-60(ga89) phenotypes: At 25°, let-
60(ga89) hermaphrodites are multivulva, almost sterile and
appear bloated or fluidfilled, and let-60(ga89) males do not
mate. Strains were scored at different temperatures by trans-
ferring eggs from 15° to 20° or 25° and then by scoring the
phenotypes of adults. let-60(ga89) multivulva (Muv) animals
have ectopic pseudovulvae derived from inductions at P3.p
and/or P4.p but not P8.p (Table 2). As described in the text,
let-60(ga89) also causes a vulvaless phenotype that causes eggs
or larvae to accumulate inside the mother.

The let-60(ga89) sterile phenotype is temperature-sensitive;
the average number of progeny from let-60(ga89) hermaphro-
dites is 122 at 15° (n = 12 parents), 88 at 20° (n = 26) and
six at 25° (r = 76). The low brood size of let-60(ga89) her-
maphrodites is not simply due to abnormal sperm production,
since mating let-60(ga89) hermaphrodites with wild-type males
does notlead to an increase in brood size. let-60(ga89) animals
have a defect in oocyte maturation or fertilization that resem-
bles that recently described for mutations in sup-39 (RUN et
al. 1996). Oocytes accumulate behind the spermathecal open-
ing, and hermaphrodites lay mostly unfertilized oocytes (data
not shown). DAPI staining shows that oocyte nuclei appear
to have a normal DNA content and are arrested in meiosis I
with condensed chromosomes as in wild type. In wild-type
animals, a single row of oocytes emerge from the gonadal
syncytium at the point where the gonad arm reflexes; in let-
60(ga89) animals, two rows of oocytes are often seen emerging
at this point (data not shown).

At 25° let-60(ga89) animals are larger than wild type in
circumference and appear to be filled with fluid, such that
the intestine and gonad arms are often floating in an enlarged
body cavity (Figure 1D and data not shown). let-60(ga89) ani-
mals show this “‘bloated”” phenotype at a high penetrance
only at 25°,

To score male mating, 30 L4 let-60(ga89); him-5(el490) males
grown at 15° 20° or 25° were mated with five to 10 1.4 unc-
24(el 38) dpy-4(el166) hermaphrodites. The presence of non-
Unc non-Dpy F; cross progeny indicated successful male
mating.

Construction of strains containing let-60(ga89): The strain
let-60(ga89)/let-60(n1876) was constructed by mating N2 males
into let-60(n1876)/dpy-20(el362) unc-22(e66) hermaphrodites.
F, males from this cross were then mated into let-60(ga89) unc-
30(e191) hermaphrodites at 15°. Non-Unc-30 F; cross progeny
were cloned at 15° and animals of genotype let-60(ga89) unc-
30(e191)/let-60(n1876) were identified since they did not seg-
regate Dpy Unc-22 F; progeny. This strain was propagated at
15°, 20° and 25°. Heterozygotes were identified as non-Unc
parents that segregated Unc progeny, and their vulval pheno-
type was scored.

The strain let-60(ga89)/ sDf8 was constructed by mating dpy-
20(e1282); him-5(e1490) males into sDf8/nT1 hermaphrodites.
F, males from this cross were then mated into let-60(ga89) unc-
30(e191) hermaphrodites at 15°. Non-Unc F; cross progeny
were cloned and those that did not segregate Dpy or Vul
progeny were inferred to be of genotype sDf8/let-60(ga89) unc-
30(e191). The vulval phenotype of non-Unc progeny of these
animals was scored at 15°, 20° and 25°.

The strain let-60(ga89)/let-60(n1531dn) was constructed by
mating dpy-20(el282); him-5(e1490) males into let-60(ga89) unc-
30(el191) hermaphrodites at 15°. Males from this cross were
then mated with let-60(n1531dn)/dpy-20(e1282) unc-30(el91)
hermaphrodites raised at 25° [let-60(n1531dn) is also tempera-
ture-sensitive (BEITEL ef al. 1990)]. Non-Dpy non-Unc her-
maphrodite progeny were cloned at 25°, and animals that
segregated Unc progeny but no Dpy progeny were saved as
let-60(ga89) unc-30(el191)/let-60(nl1531dn). The vulval pheno-

type of non-Unc progeny of these animals was scored at 15°,
20° and 25° [la-60(n1531dn) homozygotes die as larvae
(BEITEL et al. 1990; HAN et al. 1990)].

The strain lin-3(n378) let-60(ga89) was built by crossing N2
males into lin-3(n378) dpy-20(el 282) hermaphrodites. F; males
from this cross were mated with let-60(ga89) hermaphrodites.
F; progeny were cloned, and lin-3(n378) dpy-20(e1282) +/ +
+ let-60(ga89) Fy cross progeny were identified as those that
segregated Vul Dpy Fs progeny. Vul non-Dpy F; recombinants
of genotype lin-3(n378) + let-60(ga89)/lin-3(n378) dpy-
20(e1282) + were cloned at 20°. F, self progeny were cloned,
and animals that did not segregate Dpy progeny were saved
as lin-3(n378) let-60(ga89).

The strain let-23(syl); let-60(ga89) was created by mating dpy-
20(e1282); him-5(el1490) males with let-23(syl ) hermaphrodites.
F; males were mated with le-60(ga89) hermaphrodites. F.
cross progeny of genotype let-23(syl)/+; dpy-20(el1282) +/+
let-60(ga89) were identified as those that segregated Dpy and
Vul progeny. F; Vul non-Dpy progeny of genotype let-23(syl);
dpy-20(e1282) + / + let-60(ga89) were shifted to 25° and F, Muv
progeny were cloned. F; animals that did not segregate Dpy
animals were saved as let-23(syl); let-60(ga89).

The strain let-60(ga89); lin-2(n397) was constructed by mat-
ing dpy-20(e1282) him-5(e1490) males with lin-2(n397) her-
maphrodites. F; males from this cross were mated into let-
60(ga89) hermaphrodites. F; progeny form this cross were
cloned, and animals of genotype dpy-20(el282) +/+ let-
60(ga89); lin-2(n397)/+ were identified as those that segre-
gated Dpy and Vul progeny. Fs Vul non-Dpy animals were
shifted to 25° and F, Muv progeny were cloned. Animals that
did not segregate Dpy animals were saved as lei-60(ga89); lin-
2(n397).

The let-23(syl) and lin-2(n397) mutations enhance the
multivulva phenotype of let-60(n1046) by a mechanism that is
not yet understood (J. SIMSKE, A. HAJNAL, R. HOSKINS and
S. K. KiM, unpublished results), but these mutations have no
such effect on the multivulva phenotype of let-60(ga89) (data
not shown).

The strain mpk-1(n2521); let-60(ga89) was built by mating let-
60(ga89); him-5(e1490) males raised at 15° with unc-79(e1068)
mpk-1(n2521) hermaphrodites. Non-Unc F, cross progeny
were cloned and allowed to self-fertilize at 25°. Muv non-Unc
F; hermaphrodites were cloned and allowed to selffertilize
at 20°. The presence of multiple (>10%) Fs Muv non-Unc
animals in the progeny was taken as evidence that the F,
animals were of genotype + +/unc-79(el1068) mpk-1(n2521);
let-60(ga89) (fewer than 0.6% of let-60(ga89)/ + heterozygotes
are Muv at 20°). Unc F; hermaphrodites were saved as unc-
79Xel068) mpk-1(n2521); let-60(ga89). The Egl phenotype seen
in some of these animals at 25° (Table 3) is due to weak
effects on vulval induction similar to that described for the
mpk-1(kul) mutation (WU and HAN 1994) (data not shown).

The strain let-60(ga89); gap-1(n1329) was built by mating N2
males into the strain lin-7(el413) unc-52(e250); gap-1(n1329)
lon-2(e678). Lon males from this cross were mated into lt-
60(ga89); dpy-3(e27) hermaphrodites. Non-Dpy F; hermaphro-
dites were cloned, and those of genotype let-60(ga89)/+; +
gap-1(n1329) lon-2(¢678)/dpy-3(e27) + + were identified be-
cause they segregated Muv, Dpy and Lon progeny, but no
Vul or Unc progeny. Muv non-Dpy F; hermaphrodites were
cloned at 20° and those that segregated 100% Muv non-Dpy
F; progeny at 25° were identified and confirmed to be homo-
zygous for both let-60(ga89) and gap-1(n1329). The vulval phe-
notype of both let-60(ga89); gap-1(n1329) and let-60(ga89); gap-
1(n1329) lon-2(e678) animals was scored; the presence of lon-
2(e678) did not make a significant difference in the vulval
phenotype of the strain. The strain let-60(n1046); gap-1(n1329)
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was provided by JEFF SIMSKE (]J. SIMSKE and S. K. KiM, unpub-
lished results).

Laser ablation of the gonad: The somatic gonad precursor
cells Z1 and Z4 were ablated with a laser microbeam during
the L1 stage as described (KiMBLE 1981). Animals subjected
to laser treatment were then grown at 25° and their vulval
phenotypes were scored as adults. Mock-ablated animals were
used as controls. Ablation of the gonad appears to increase
the penetrance of the multivulva phenotype of le-60(ga89)
animals (Table 3), but decreases the level of vulval induction
in let-60(n1046) animals (SUNDARAM and HaN 1995). The rea-
son for the increase in penetrance of the let-60(ga89)
multivulva phenotype upon gonad ablation is unknown.

Analysis of the temperature-sensitive period for Ilet
60(ga89): To determine the temperature-sensitive period for
the let-60(ga89) multivulva phenotype, 20-30 gravid let-
60(ga89) hermaphrodites raised at 15° were placed on a plate
and allowed to lay eggs for 2 hr. The hermaphrodites were
then removed and the eggs were either left at 15° or shifted
to 25°. At a designated time after the midpoint of the 2-hr
laying period, the plate was then either shifted up (15° to
25°) or shifted down (25° to 15°). After the animals had devel-
oped to adulthood, the percentage of multivulva and wild-
type animals was determined. This experiment also showed
that the temperature-sensitive period for the let-60(ga89) steril-
ity defect is later than that for the multivulva phenotype, since
animals shifted from 15° to 25° during the L4 stage were non-
Muv and sterile (data not shown).

Identification of the let-60(ga89) mutation: Genomic DNA
encoding each of the four exons of let-60 along with exon/
intron junctions was amplified from wild-type (N2) and /let-
60{ga89) worms by PCR using oligonucleotide primers as de-
scribed (BEITEL et al. 1990). Six animals were used per reac-
tion using conditions described for the analysis of single
worms by PCR (WILLIAMS ef al. 1992). PCR products were
cloned into pCRII (Invitrogen) and sequenced using Seque-
nase (United States Biochemical Corp.). For each exon, the
sequence of both DNA strands was determined from one wild-
type and two independent lei-60(ga89) DNA clones.

Introduction of mutations into the human H-ras gene and
purification of H-Ras, H-Ras(L19F) and H-Ras(G12V) pro-
teins: The plasmid pAT-RasH contains a cDNA encoding the
first 166 amino acids of wild-type human Harvey Ras driven
by the tac promoter (QUILLIAM et al. 1995). Single nucleotide
substitutions were made in this plasmid using the Unique
Site Elimination procedure (Pharmacia) to generate plasmids
encoding H-Ras(G12V) and H-Ras(L19F). The mutagenic
oligonucleotides were as follows: (G12V) 5" GGTGGTGGG-
CGCTGTAGGCGTGGGAAAGAGTGC 3’ and (LL19F) 5’ GGA-
CTCCCAGGGCGGTCGACACGCCCACC 3'. Ras proteins ex-
pressed from pAT-RAS, pAT-RasG12V and pAT-RasL.19F were
induced and purified from Escherichia coli (DHb5a). Briefly, 1
liter of cells grown at 37° to ODgy = 0.6 was induced with
0.5 mM IPTG for 2 hr. Cells were pelleted by centrifugation,
resuspended in 10 ml TEDP buffer (20 mM Tris pH 7.7/1
mM EDTA/1 mM DTT/0.1 mM PMSF), and lysed by two passes
through a French Press. Two hundred fifty milliliters of
TEDP/20 pg/ml TLCK/20 ug/ml TPCK/100 pg/ml PMSF
was added and the lysate was spun at 14K for 90 min at 4°
in a JA-10 rotor. The supernatant was loaded onto a DEAE
Sephacryl column and Ras proteins were eluted with a linear
gradient from 0 to 500 mM NaCl in TEDP/3 mM MgCls. Frac-
tions were collected, GDP was added to 10 gM, and fractions
were analyzed by SDS-PAGE for Ras protein. Fractions con-
taining Ras protein were pooled, concentrated and then
loaded onto an 8-100 gel filtration column in TEDP/100 mMm
NaCl/3 mM MgCly/0.1 mMm GDP. Fractions from this column

were collected, analyzed by SDS-PAGE, and those containing
Ras protein were pooled. Ras protein samples were at least
90% pure as determined by Coomassie staining.

In vitro analysis of Ras GTPase activity: GTPase assays were
performed as described with modifications (MANNE ef al.
1985). One micromolar [y-**P]GTP (10 mCi/ml, Dupont
NEN) in 50 mM HEPES pH 7.5/1 mM DTT/5 mm MgCly/1
mM EDTA/100 mM NaCl was incubated at 24°, 30°, 37° and
42°. Assays were begun by the addition of 1 uM Ras protein
(H-Ras, H-Ras(L19F), H-Ras(G12V}) or by buffer alone (no
Ras control). Fifty microliter aliquots at various time points
were taken in duplicate and mixed with 750 ul activated char-
coal as described to assess release of radioactive P; (MANNE et
al. 1985). GTPase assays were performed at least twice for
each of the four temperatures. The calculated rate constant
(kobserea) Teflects both the rate of GTP hydrolysis during the
assay and the rate of exchange of prebound GDP for GTP at
the start of the assay. It is unlikely that the decrease in the
rate of GTP hydrolysis at higher temperatures reflects the
irreversible unfolding of H-Ras(L.19F) since preincubation of
the protein at 42° does not alter its activity when measured
at 30°. In addition, the percentage active H-Ras(L19F) pro-
tein, as measured by GDP binding at saturation concentra-
tions, was similar at different temperatures.

RESULTS

Characterization of ga89, a temperature-sensitive mu-
tation in let-60 ras: We have isolated a mutation called
ga89 that results in a temperature-sensitive multivulva
phenotype. Genetic mapping experiments indicate that
ga89is located close to let-60 ras (within 0.05 map units,
see MATERIALS AND METHODS). As described below,
complementation test data and DNA sequence analysis
indicate that this mutation is a missense mutation in
let-60 ras.

At 25°, let-60(ga89) animals exhibit a multivulva phe-
notype (Tables 1 and 2 and Figure 1D) and a male
mating-defective phenotype (data not shown), which
are phenotypes seen at all temperatures in animals con-
taining the gain-of-function mutation let-60(n1046) (Fig-
ure 1B; FERGUSON and HorviTz 1985; FERGUSON et al.
1987; Woob 1988). Specifically, 57% of let-60(ga89) ani-
mals display a multivulva phenotype at 25°, and 18%
display a multivulva phenotype at 20°. However, vulval
induction and male mating appear virtually normal in
let-60(ga89) animals at 15° (Table 1; Figure 1C and data
not shown). Therefore at 20° and 25°, lei-60(ga89) ani-
mals display phenotypes associated with excess lef-60
activity.

In contrast, let-60(ga89) apparently results in lower
activity at 15° resulting in a weak vulvaless phenotype
in certain genetic strains. At 15°, a single copy of let-
60(+ ) is sufficient for normal vulval signaling, whereas
a single copy of let-60(ga89) is not. Specifically, animals
developed a normal vulva when let-60(+) was placed
in trans to a let-60 reduction-of-function mutation, /let-
60(n1876), or to a chromosomal deficiency that re-
moves the let-60 locus, sDf8 (BEITEL et al. 1990; HAN
et al. 1990). However, animals displayed an egg-laying
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TABLE 1
1et-60(ga89) causes temperature-sensitive defects in vulval induction

Genotype 15° 20° 25°

+/+ 100% wild type 100% wild type 100% wild type
(>1000) (>1000) (>1000)

let-60(n1046)/ let-60(n1046) 70 = 3% Muv 93 =+ 1% Muv® 97 + 2% Muyv
(1248) (1559) (336)

let-60(ga89)/ let-60(ga89) 1 = 0.8% Muv 18 + 2% Muy 57 = 3% Muv
(600) (1654) (925)

+/ let-60(ga89) ND ND 0.6 + 0.4% Muv

(1250)

+/let-60(n1876) 100% wild type 100% wild type 100% wild type
(150) (150) (150)

let-60(ga89)/ let-60(n1876) 77 + 6% Egl 5+ 4% Egl 100% wild type
(175) (147) (200)

+/sDf8 100% wild type 100% wild type 100% wild type
(150) (150) (150)

let-60(ga89)/ sDf8 93 + 3% Egl 95 + 6% Egl 4+ 3% Egl
(281) (224) (148)

Vulval phenotypes of indicated strains at 15°, 20° or 25°. Muv indicates a multivulva phenotype and was
scored by the presence of protrusions along the ventral surface of the animal. Egl indicates an egg-laying
defective phenotype and was scored by the presence of either excess eggs or living progeny inside the animal.
For any given strain, the remaining animals not indicated as Muv or Egl had a wild-type vulval phenotype.
The penetrance of the indicated phenotype and the 95% confidence interval [calculated as 1.96(sqr(x(1 —
x)/N)), where x is the penetrance] for each value are shown. Values in parentheses are number of animals.
The chromosomal duplication sDf8 deletes the let-60 locus (BEITEL et al. 1990; HAN et al. 1990). The full
genotypes of the last two strains are let-60(ga89) unc-30(el91)/sDf8 and let-60(ga89) unc-30(el 91)/ let-60(n1876).
Note that let-60(ga89)/ sDf8 animals display an egg-laying defective phenotype indicating that one copy of let-
60(ga89) has less gene activity than wild type at 20°. ND, value not determined.

“Data are from BEITEL et al. (1990).

defective phenotype when let-60(ga89) was placed in
trans to either let-60(n1876) or sDf8 at 15° (Table 1). To
determine whether this Egl phenotype was caused by
defects in vulval induction, we examined the number
of vulval nuclei present at the 1.4 stage in 48 let-60(ga89)
unc-30(el91)/ sDf8 hermaphrodites raised at 15°. We
found 10 animals in which three vulval precursor cells
(P5.p, P6.p and P7.p) adopted the 3°, nonvulval cell
fate instead of the 1° or 2° vulval cell fates (a strong
vulvaless phenotype), 26 animals in which one or two
vulval precursor cells expressed the 3° rather than the
1° or 2° cell fate (a weak vulvaless phenotype), and 12
animals in which vulval induction was as in wild type.
These results indicate that most animals exhibit defects
in vulval induction, suggesting that there is less let-60
ras activity in let-60(ga89)/sDf8 animals than in let
60(+)/sDf8. Furthermore, these results indicate that
ga89is likely to be an allele of let-60, since ga89 fails to
complement let-60(n1876) for the vulvaless phenotype
at 15°. We did not determine whether defects in pro-
cesses other than vulval induction, such as sex myoblast
migration, might also contribute to the egg-laying de-
fective phenotype in [let-60(ga89)/let-60(n1876) or let-
60(ga89)/sDf8 animals. In summary, the ga89 mutation
causes multivulva and male mating phenotypes at
higher temperatures similar to a let-60 gain-of-function

mutation, and can cause a vulvaless phenotype at low
temperature similar to a let-60 reduction-of-function al-
lele.

In addition to temperature, there appear to be other
factors that affect the level of signaling activity of let-
60(ga89). For example at 20°, 25% of let-60(ga89)/sDf8
animals displayed an egg-laying defective phenotype
(and no animals are multivulva), whereas 100% of +/
sDf8 animals displayed wild-type vulval development
(Table 1). This result indicates that one copy of let-
60(ga89) has less activity than one copy of let-60(+) at
20°. In contrast, 18% of let-60(ga89)/let-60(ga89) animals
displayed a multivulva phenotype at 20°, suggesting that
two copies of let-60(ga89) are more active than two cop-
ies of let-60(+ ). Although the cause for this difference
is unclear, these data suggest that the phenotype caused
by let-60(ga89) is sensitive to let-60 copy number. Fur-
thermore, the apparent signaling activity of let-60(ga89)
can be affected by mutations in other genes in the vulval
signaling pathway. In let-60(ga89); gap-1(n1329) animals,
let-60(ga89) appears to be more active than let-60(+) at
15° (see Table 4), whereas in mpk-1(n2521); let-60(ga89)
animals let-60(ga89) appears to be less active than let-
60(+ ) at 25° (see Table 3).

The results of genetic epistasis and gonad ablation
experiments with let-60(ga89) are consistent with previ-
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TABLE 2
Pn.p cell lineages in let-60(ga89) animals grown at 25°

D. M. Eisenmann and S. K. Kim

TABLE 3
Epistasis analysis of let-60(ga89)

Strain P3.p P4p Pbp P6p P7p P8p Genotype Vulval phenotype at 25° n
Wild type 3° 3° 2° 1° b 3° + 100% wild type 1000
let-60(ga89)  NNNN  NLO 2° 1° 2° 3° let-60(ga89) 57 = 3% Muv 925
let-60(ga89)  NLO NLL 2° 1° 2 3 let-60(ga89) gonad ablated 83 + 8% Muv 91

X o, (¢ o hy T, ‘)O o 9o ¢ o
ffjgjjﬁijj;;j oo SFoTL sk lin-3(n378) 9 + 1% Egl 200

lin-3(n378) let-60(ga89) 43 + 5% Muv 306
' (‘i'cll lmcagc il.l?'dl(\'.‘ﬁis ()f {(’1-6.()({57‘1((.99) anir'nals. rzllisc'*d d( 25°, 'T, let-23(sy1) 99 + 1% Egl 614
a transverse axis of division; L, a longitudinal axis; O, an = B ED ) 339
oblique axis; N, the cell did not divide. A letter in boldface let-23(sy1); let-60(gad9) 56 = 5% Muv s
type indicates that the cell (N) or its progeny (L) adhered to lin-2(n397) 87 + 3% Egl 374
the ventral cuticle of the animal. The lineages adopted by let-60(ga89); lin-2(n397) 59 + 5% Muv 363
P3.p-P8.p in wild-type animals are indicated by the designa-
tions 1°,2° and 3° (STERNBERG and HORVITZ 1986). 1°, a vulval mpk-1(n2521) 100% wild-type 300
precursor cell that generated four progeny that divided in a mpk-1(n2521); let-60(ga89) 1 = 1% Muv 545

final pattern of TTTT; 2°, a vulval precursor cell gave four
progeny that divided in a final pattern of LLTN or NTLL; 3°,
a vulval precursor cell that divided once. None of the cell
lineages adopted by a P3.p or P4.p cell that divided more
than once in let-60(ga89) animals resembled a strict 1° or 2°
lineage.

ous genetic analyses using the gain-of-function muta-
tion let-60(n1046) (BEITEL et al. 1990; HAN et al. 1990;
LACKNER et al. 1994; WU and HAN 1994; HOSKINS et
al. 1996). The penetrance of the multivulva phenotype
caused by let-60(ga89) was not reduced by laser ablation
of the somatic gonad (including the anchor cell) or by
reduction-of-function mutations in /in-3 [encodes the
anchor cell signal (HiLL and STERNBERG 1992)], let-23

16 = 3% Egl"

Vulval phenotypes of indicated strains at 25°. Conditions
and terms are as described in Table 1; n is the number of
animals. Although the mpk-1(n2521) mutation causes no mu-
tant vulval phenotype on its own, previous genetic analysis
indicates it results in a decrease in mpk-1 activity (LACKNER et
al. 1994).

“The Egl phenotype of these animals is due to a weak effect
on vulval induction, similar to that described for the mutation
mpk-1(kul) (MU and HAN 1994). In this double mutant, let-
60(ga89) displays less gene activity than let-60(+ ) at 25°.

[encodes the receptor for the anchor cell signal
(AROIAN el al. 1990)], or lin-2 [encodes a membrane-
associated guanylate kinase that is required for local-

FIGURE 1.—let-60(ga89)
causes a temperature-sen-
sitive  multivulva pheno-
type. Nomarski photomi-
crographs of the following:
(A) wild type (N2) at 20°,
(B) let-60(n1046) at 20°,
(C) let-60(ga89) at 15°, (D)
let-60(ga89) at 25°, (E) let-
60(ga89); gap-1(n1329) lon-
2(e678) at 15°, (F) let-
60(ga89); gap-1(n1329) lon-
2(e678) at 25°. An arrow
indicates the position of the
vulva. Arrowheads indicate
the position of ectopic vul-
val inductions resulting in
ventral protrusions. The ex-
pressivity and penetrance
of the multivulva pheno-
type in let-60(ga89);  gap-
1(n1329) animals is greater
than in let-60(ga89) animals.
Bar, 50 pm.
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ization of LET-23 (HOSKINS ¢ al. 1996)] (Table 3),
suggesting that let-60 acts downstream of the LET-23
receptor tyrosine kinase. However, the penetrance of
the let-60(ga89) multivulva phenotype was substantially
reduced by a weak reduction-offunction mpk-I muta-
tion (Table 3), suggesting that le-60 acts upstream of
the MPK-1/MAP kinase.

The ga89 mutation causes a phenylalanine for leucine
substitution at a conserved residue in LET-60: DNA
sequence analysis showed that the ga89 mutation is a
single nucleotide change (CTC to CTT) in let-60 that
is predicted to cause a leucine to phenylalanine substi-
tution at residue 19, L19F. Leucine is found at residue
19 in all Ras proteins identified to date, and in many
other small GTPases as well (VALENCIA et al. 1991; Lowy
and WILLUMSEN 1993). Leucine 19 is located in a small
alpha helix (a1) carboxy terminal to the guanine nucle-
otide phosphate binding loop of Ras (DE Vos ef al
1988). Leucine 19 does not directly contact the guanine
nucleotide in the active site but rather projects into a
hydrophobic pocket in the Ras protein structure as part
of a conserved structural core for Ras proteins (DE VOs
et al. 1988; VALENCIA et al. 1991). The effects on Ras
activity of a mutation at this residue have not been
previously reported.

In summary, complementation data and DNA se-
quence analysis show that the ga89 mutation is an allele
of let-60. The ga89 mutation is a new and unusual allele
of let-60 in two respects. First, it is a mutation that ap-
pears to either increase or decrease let-60 activity de-
pending on the temperature. Second, it affects a resi-
due of LET-60 that is not directly part of the Ras
nucleotide binding site or catalytic region, so it would
be interesting to determine how this mutation results
in increased LET-60 activation at high temperatures.
Described below are biochemical and genetic experi-
ments we undertook to try to determine how let-
60(ga89) might alter the biochemical properties of LET-
60 Ras. In particular, we asked whether the L19F substi-
tution alters the intrinsic GTPase activity of Ras in vitro
or the interactions between LET-60 and GAP or GNEF
in vivo.

Human H-Ras containing the L19F substitution is a
temperature-dependent GTPase in vitro: We used an
in vitro assay to measure the GTPase activity of a Ras
protein containing the L19F substitution to determine
whether this substitution alters its intrinsic GTPase ac-
tivity. In this experiment, we used human H-Ras rather
than LET-60 since the GTPase activity of LET-60 has
not been previously characterized. It seemed likely that
the L19F substitution might cause similar defects in
human H-Ras as in C. elegans LET-60, since the proteins
are 89% identical in their first 166 amino acids (HAN
and STERNBERG 1990), and all of the residues sur-
rounding the sidechain of leucine 19 in the H-Ras crys-
tal structure [residues 8, 79, 81, 114, 116, 144, 146, 152

and 156 (DE Vos et al. 1988)] are conserved in LET-
60. We introduced the L19F mutation into a human H-
ras gene encoding amino acids 1-166, expressed and
purified the resulting H-Ras(LL19F) protein from E. coli,
and then measured its GTP hydrolysis activity in vitro.

We found that the GTPase activity of H-Ras(L19F)
decreased with increasing temperature relative to that
of wild-type H-Ras (Figure 2, A and B). Since H-Ras
normally acts at 37° whereas LET-60 normally functions
at 20° in the laboratory, we assayed H-Ras(LL19F) and
control proteins at their normal temperature (37°), a
higher temperature (42°) and two lower temperatures
(24° and 30°). At 42°, H-Ras(LL19F) had a reduced rate
of GTP hydrolysis (relative to wild-type H-Ras) that is
similar to that of H-Ras(G12V), which is a strongly acti-
vated Ras mutant protein capable of efficient oncogenic
transformation (Lowy and WILLUMSEN 1993). H-
Ras(LL19F) had a moderate decrease in GTPase activity
even at the normal temperature of 37°. Decreasing the
rate of GTP hydrolysis should increase the levels of H-
Ras(L19F) in the active GTP-bound state, leading to an
increase in Ras signaling activity. The overall similarity
in protein structure suggests that L19F might have a
similar effect on LET-60 as it does on H-Ras, and this
effect could account for the multivulva phenotype of
let-60(ga89) mutants. At a lower temperature than nor-
mal (24° vs. 37°), the rate of GTP hydrolysis by H-
Ras(LL19F) is higher than that of wild-type H-Ras. In-
creasing the rate of GTP hydrolysis should reduce the
levels of GTP-bound Ras, leading to a decrease in Ras
signaling activity. By analogy, LET-60(L19F) might also
have an increased GTPase activity at a temperature
lower than normal (15° vs. 20°), which could account
tor the vulvaless phenotype seen in ler-60(ga89)/ sDf8
animals. In summary, the L19F substitution causes H-
Ras to exhibit a temperature-dependent GTPase activity
in vitro, and this effect may partially or wholly account
for the temperature-sensitive vulval phenotypes ob-
served in let-60(ga89) mutants in vivo.

gap-1(n1329) enhances the multivalva phenotype of
let-60(ga89): We took a genetic approach to determine
whether the L19F substitution affects the interaction of
LET-60 Ras with GAP-1. gap-1 encodes a C. elegans Ras
GAP (A. HANAL and S. K. KiM, unpublished results).
GAP proteins normally act to inhibit Ras signal trans-
duction by increasing the rate of GTP hydrolysis and
thereby decreasing the levels of active, GTP-bound Ras
(Bocuski and McCorMICK 1993). In C. elegans, gap-1
inhibits the let-60 ras signaling pathway since a reduc-
tion-of-function mutation in gap-1, n1329, can partially
suppress the vulvaless phenotype caused by a reduction-
of-function mutation in let-60 (A. HAJNAL and S. K. Kim,
unpublished results). However, gap-1(n1329) does not
affect vulval induction in an otherwise wild-type back-
ground.

We examined whether the gap-1(n1329) mutation en-
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TABLE 4

A gap-1 mutation enhances the multivalva phenotype caused by let-60(ga89)

561

Genotype 15° 20° 25°

let-60(ga89) 1 + 0.8% Muv 18 + 2% Muv 57 = 3% Muv
1 = 0.8% Egl (1654) (925)

(600)

let-60(ga89); gap-1(n1329) 41 = 4% Muv 93 = 3% Muv 99 + 1% Muv
(753) (301) (200)

let-60(n1046) 70 = 3% Muyv 93 = 1% Muv” 97 = 2% Muv
(1248) (1559) (336)

let-60(n1046); gap-1(n1329) 66 + 4% Muv 98 + 2% Muv 99 + 1% Muv
(541) (220) (200)

Vulval phenotypes for the indicated strains at 15°, 20°, and 25°. Conditions and terms are as described in
Table 1. Values in parentheses are number of animals. Both the penetrance and expressivity (see Figure 1)
of the multivulva phenotype in let-60(ga89); gap-1(n1329) animals are greater than in lei-60(ga89) animals. Note
that let-60(ga89); gap-1(n1329) animals are Muv at 15°, indicating that let-60(ga89) has more gene activity than

let-60(+ ) at 15°.
“Data are from BEITEL et al. (1990).

hanced the multivulva phenotype caused by let-
60(ga89). We reasoned that if LET-60(L19F) interacts
with GAP-1, then GAP-1 should increase the rate of GTP
hydrolysis by LET-60(L19F), which should decrease the
amount of LET-60(L.19F) in the active, GTP-bound
state and decrease the amount of signaling by LET-
60(L19F). In this case, removing gap-I activity by a loss-
offunction mutation should increase the level of vulval
induction caused by let-60(ga89). Alternatively, if LET-
60(L19F) does not interact with wild-type GAP-1, then
a loss-of-function gap-I mutation should have no effect
on the level of vulval induction caused by let-60(ga89).
We found that the penetrance of the multivulva pheno-
type caused by let-60(ga89) was increased by the gap-
1(n1329) mutation at all three temperatures examined
(Table 4; Figure 1, E and F). For example, 42% of
let-60(ga89); gap-1(n1329) double mutant animals were
multivulva at 15°, compared to 1% of let-60(ga89) single
mutants. This result indicates that LET-60(L.19F) inter-
acts with GAP-1, since a mutation predicted to cause a
reduction in GAP-1 activity can lead to an increase in
signaling by let-60(ga89). However, we cannot determine
from this type of in vivo experiment whether GAP-1
interacts as well with LET-60(LL19F) as it does with wild-
type LET-60 protein.

We found that gap-1(n1329) did not dramatically in-
crease the penetrance of the multivulva phenotype
caused by let-60(n1046), either in let-60(n1046) homozy-
gotes (Table 4) or in let-60(n1046)/+ heterozygotes

(data not shown). This result suggests that the GTPase
activity of the protein expressed by let-60(n1046), LET-
60(G13E), may not be stimulated by GAP-1. This inter-
pretation is consistent with data from in vitro experi-
ments showing that H-Ras(G13V) is similarly defective
in activation by human GAP (GIDEON et al. 1992).

A dominant-negative let-60 mutation, let-60(nl1531),
decreases vulval induction caused by let-60(ga89): We
also used a genetic approach to determine if the L19F
substitution resulted in LET-60 activation that was inde-
pendent of GNEF. If so, then the phenotype caused by
let-60(ga89) should not be affected by the loss of GNEF
activity. As a GNEF-encoding gene has not yet been
genetically identified in the C. elggans vulval signaling
pathway, it was not possible to directly remove its activity
using a loss-of-function mutation. Instead, we took an
indirect approach that relies on a dominant-negative
form of LET-60 Ras that is believed to inhibit GNEF
activity by binding and sequestering it (HAN and STERN-
BERG 1991). Mutant Ras proteins that act in a dominant-
negative manner have been identified in S. cerevisiae
(POWERS et al. 1989), in C. elegans (BEITEL et al. 1990;
HAN et al. 1990; HAN and STERNBERG 1991) and by in
vitro mutagenesis of human H-ras (SIGAL et al. 1986;
FEIG and CooPER 1988). These dominant-negative pro-
teins act to inhibit growth in yeast and mammalian cells,
and cause lethality and loss of vulval induction in C.
elegans. These dominant-negative Ras proteins are be-
lieved to sequester guanine nucleotide exchange factor,

FIGURE 2.—H-Ras(L19F) displays a temperature-dependent GTPase activity compared to wild-type H-Ras. (A) pmole Pi released
over time at 24°, 30°, 37° and 42° for wild-type H-Ras (WT) (O—O), H-Ras (G12V) (00— — -0), H-Ras (L19F) ({---¢) and
no Ras control (NR) (X - -X). The experiments were performed twice at each temperature. Duplicate measurements for each
timepoint for a single experiment are shown. (B) Activity of mutant Ras proteins relative to wild type at different temperatures. The
data from GTPase assays like those shown in A were combined and averaged to calculate Aypened (kobs) values for each protein
at the four temperatures. For each temperature, the GTPase activity of wild-type H-Ras is taken as 100% and the percentage
activity of G12V and L19F is defined by Ay, (mutant) / ko, (WT) X 100%. The k,,, values (in pmole Pi released/min/pmol Ras)
for wild-type H-Ras are as follows: 0.002 at 24°, 0.006 at 30°, 0.014 at 37° and 0.032 at 42°.
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TABLE 5

let-60(n1531dn) decreases vulval induction
caused by let-60(ga89)

Genotype Vulval phenotype at 25° n
+ 100% wild type 1000
let-60(ga89)/ let-60(ga89) 57 * 3% Muv 925
let-60(ga89)/ + 0.6 * 0.4% Muv 1250
let-60(ga89)/ sDfS 4 + 3% Egl 148
let-60(ga89)/ let-60(n1531) 40 +* 5% Egl 336
+/let-60(n1531) 56 * 7% Egl” >200

Vulval phenotypes of indicated strains at 25°. Conditions
and terms are as described in Table 1; n is the number of
animals.

“Data are from BEITEL et al. (1990).

since overexpression of GNEFs can overcome the ef-
fects of dominant-negative Ras (SIGAL et al. 1986; Pow-
ERS et al. 1989). The mutation lt-60(nl1531) causes a
Gly 15 to Asp substitution and 100% of let-60(n1531)/
+ animals are vulvaless at 20°, indicating that LET-
60(G15D) inhibits signaling from the wild-type LET-60
protein in a dominantnegative fashion (BEITEL et al.
1990; HAN et al. 1990; HAN and STERNBERG 1991). We
found that let-60(ga89)/ let-60(n1531) animals exhibited
less vulval induction than either let-60(ga89)/+ or let-
60(ga89)/sDf8 animals (Table 5). Specifically, 40% of
let-60(ga89)/ let-60(n1531) animals had a vulvaless mu-
tant phenotype at 25°, whereas 0% of let-60(ga89)/ +
and 4% of let-60(ga89)/ sDf8 animals had a vulvaless phe-
notype at 25°. This result suggests that LET-60(L19F)
activity is dependent on GNEF activity, since sequester-
ing GNEF activity can decrease signaling by LET-
60(L19F).

In contrast, vulval induction caused by let-60(n1046)
is not strongly dependent on GNEF activity. Previous
work has shown that the penetrance of the multivulva
phenotype caused by one copy of let-60(nl1046) is not
reduced by a reduction of GNEF activity caused by dom-
inantnegative let-60(n1531). Specifically, it was found
that 19% of let-60(n1046)/let-60(n1531) animals had a
multivulva phenotype, compared with 23% of let-
60(n1046)/ let-60(+) and 7% of let-60(n1046)/ sDf8 ani-
mals (BEITEL ef al. 1990; HAN et al. 1990).

In summary, our results indicate that the L19F substi-
tution may primarily affect only one of the biochemical
properties of Ras that we tested. This mutation appears
to affect the intrinsic GTPase activity of Ras but does
not eliminate interactions with GAP or GNEF. These
results suggest that the effect of the L19F substitution
on the intrinsic GTPase activity of LET-60 may be suffi-
cient to account for the multivulva phenotype ohserved
in let-60(ga89) animals.

The temperature-sensitive period for the multivulva
phenotype of let-60(ga89) is the L3 larval stage: We
were able to use the temperature-sensitive nature of the
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FIGURE 3.—The temperature-sensitive period for the le-
60(ga89) multivulva phenotype is from the late 1.2 to late L3
stages. Eggs laid at 15° by let-60(ga89) hermaphrodites were
incubated at 15° or 25° and then shifted up (15° to 25°, ¢)
or shifted down (25° to 15°, () at the indicated times during
development as described in MATERIALS AND METHODS. The
animals were allowed to develop into adults and their vulval
phenotype was scored. ® and X indicate animals that re-
mained at 15° or 25°, respectively, for the duration of the
experiment. Times at 15° and 25° were converted to develop-
mental time at 20° by dividing by 1.61 and 0.77, respectively
(LEwis and FLEMING 1995).

let-60(ga89) mutation to determine the time of develop-
ment during which excess LET-60 signaling can lead to
a multivulva phenotype. We shifted let-60(ga89) animals
from 15° to 25° (upshift) or from 25° to 15° (downshift)
at various times during development. These tempera-
ture shift experiments show that a period from the late
L2 stage to the mid to late L3 stage is the time during
which the let-60(ga89) mutation can cause a multivulva
phenotype (Figure 3). Specifically, the late L2 stage is
the earliest time point during which a downshift results
in the appearance of a significant percentage of
multivulva animals. This result indicates that let-
60(ga89) only acts after the late L2 stage because let-
60(ga89) animals must be at 25° after this stage for them
to show a multivulva phenotype. The mid to late L3 is
the last time period during which an upshift results in
an increase in the percentage of multivulva animals.
This result indicates that let-60(ga89) must act before
the late L3 stage because let-60(ga89) animals must be
at 25° before this stage for them to become multivulva.

The let-60(ga89) temperature-sensitive period coin-
cides with the time that the anchor cell signal normally
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activates the let-60 signaling pathway. Laser ablation ex-
periments indicate that the anchor cell induces the
vulva during the L3 stage (KIMBLE 1981; STERNBERG and
HorviTz 1986). In addition, previous analyses of the
temperature-sensitive periods for the genes let-23 and
lin-10suggest that cell signaling occurs at this time (FER-
GUSON et al. 1987; KiMm and HorviTz 1990). Since let-
60(ga89) likely results in constitutive activation of wild-
type let-60 activity, these results suggest that wild-type
let-60 also acts during this time.

DISCUSSION

We have described the isolation and characterization
of let-60(ga89), a temperature-sensitive mutation in a ras
homologue that functions in anchor cell signal trans-
duction during C. elegans vulval induction. let-60(ga89)
causes a multivulva phenotype at 20° and 25°, but causes
a vulvaless phenotype in hemizygous animals at 15°. The
ga89 mutation is a new and interesting allele of let-60
in several respects. First, it is a mutation that leads to
an increase or decrease in let-60 activity depending on
the temperature. The majority of the in vivo data involv-
ing let-60(ga89), along with the in wvitro analysis of H-
Ras(L19F), support this conclusion. Although tempera-
ture-sensitive loss-of-function and dominantnegative
mutations in ras genes have been described (SIGAL et
al. 1986; HAN and STERNBERG 1991), this is the first
example of a mutation that activates a ras homologue
in a strongly temperature-dependent manner. Second,
the ga89 mutation may primarily affect one specific
LET-60 biochemical activity, since it is likely to alter the
GTPase activity of LET-60 based on analogy to the in
vitro data from H-Ras(L19F), but it does not appear to
eliminate the interaction of LET-60 with GAP or GNEF
based on genetic experiments in C. elegans. In contrast
to ga&9, previously identified activating mutations in
vertebrate ras genes strongly affect the interaction of
Ras with GAP and GNEF in addition to causing a defect
in intrinsic GTP hydrolysis. Third, the ga89 mutation
affects a residue of LET-60 that has not previously been
found to be altered by Ras mutations isolated from tu-
mors, or by genetic methods in S. cerevisiae, C. elegans
or D. melanogaster. A similar L19F mutation may cause
analogous changes in the biochemical properties of all
Ras proteins, since a leucine is found in this position
in all known Ras proteins (VALENCIA et al. 1991; Lowy
and WILLUMSEN 1993).

Previously identified activating mutations in ras genes
appear to have multiple effects on the biochemical
functions of Ras. Oncogenic mutations that alter resi-
dues 12, 13 or 61 of Ras decrease both the intrinsic rate
of GTP hydrolysis and the ability of GAP proteins to
stimulate that GTPase activity (Lowy and WILLUMSEN
1993). Both effects are predicted to result in an increase
in the levels of GTP-bound, active Ras and therefore

both effects are likely involved in cellular transforma-
tion by activated Ras. In addition, such mutations allow
Ras to be less dependent on the activity of GNEFs (S1-
GAL et al. 1986; FEIG and COOPER 1988; BEITEL et al.
1990; HAN et al. 1990; STACEY et al. 1991; Lowy and
WILLUMSEN 1993). It has been difficult to dissect apart
the relative contribution of each of these effects on
Ras function toward the increase in Ras signaling that
results in an activated Ras phenotype. Our analysis of let-
60(ga89) suggests that this mutation may affect GTPase
activity but does not completely eliminate GAP or GNEF
interactions, and that the activated Ras phenotype in
let-60(ga89) animals may be caused primarily by defects
in GTPase activity.

However, we cannot rule out that the ga§9 mutation
causes quantitative rather than qualitative changes in
GAP interaction, or affects other aspects of Ras func-
tion. For example, the ga89 mutation may reduce but
not eliminate interactions with GAP-1, and this partial
reduction in GAP-1 interaction could contribute to the
let-60(ga89) multivulva phenotype. In addition, we have
not tested the ability of LET-60(L19F) or H-Ras(L19F)
to interact with other factors such as Raf or PI3 kinase.
Altered binding to the C. elegans homologues of these
effector molecules could also contribute to the
multivulva phenotype caused by the ga89mutation. Fur-
ther genetic and biochemical experiments will be re-
quired to determine whether or not the only substantial
effect of the ga89 mutation is on the intrinsic GTPase
activity of LET-60.

How might the L19F substitution affect the GTPase
activity of Ras? The position of residue 19 in Ras sug-
gests several ways that a substitution of a phenylalanine
residue for leucine could affect the structure or func-
tion of Ras (DE Vos et al. 1988). First, residue 19 is part
of an alpha helix that is located immediately carboxy-
terminal to the phosphate-binding loop that contains
residues G12 and G13. Mutations affecting these resi-
dues are the most common substitutions found in ras
oncogenes isolated from tumors, indicating that their
integrity is critical for Ras function. It is possible that a
perturbation of LET-60 structure by a substitution at
residue 19 could affect the conformation of the loop
containing residues 12 and 13 and thereby decrease
Ras GTPase activity and increase the fraction of Ras in
the active GTP-bound state. Second, it is possible that
the L19F mutation alters the interaction of Ras with
guanine nucleotides. The sidechain of L19 is found in
a hydrophobic pocket where it comes in close contact
with residues N116, T144 and A146. Mutations in these
residues affect the interaction of Ras with guanine nu-
cleotides such that the intrinsic rate of nucleotide ex-
change by Ras is increased, leading to an increase in
the levels of GTP-bound, active Ras. Such mutations
can cause transformation of NIH3T3 cells (FEIG et al.
1986; WALTER et al. 1986; FEIG and COOPER 1988). It is
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possible that the L19F substitution might activate LET-
60 or H-Ras in a manner similar to mutations at these
residues. Finally, L19 is also in close contact with resi-
dues V152 and F156. A recent study has shown that a
F156L substitution in Ras can lead to more GTP-bound
Ras in vivo and to transformation of NIH3T3 cells
(QuiLLIAM ¢t al. 1995). Unlike substitutions at residues
12 and 61 that lead to only small, local changes in Ras
structure, the F156L substitution causes larger, global
changes in Ras structure including effects on the con-
formation of residues 17-19. The proximity of L19 to
F156 in the Ras structure suggests that L19F could acti-
vate Ras in a manner similar to F156L. Further charac-
terization of Ras proteins carrying a L19F substitution
should help determine how this change affects Ras
structure and function.

Could the L19F substitution result in oncogenic acti-
vation of Ras in human tumors? L19 is a conserved
amino acid in all known Ras molecules and many steps
in the Ras pathway are conserved in worms, flies and
mammals. Thus, analogous mutations at residue 19 in
human ras genes might contribute toward oncogenesis
in a manner that is similar to the way that ler-60(ga89)
causes a multivulva phenotype in worms. The L19F sub-
stitution causes a significant decrease in the GTPase
activity of H-Ras at 37° and 42°. The effect of the L19F
substitution on the GTPase activity of H-Ras at 42° is
comparable to that caused by the G12V mutation, which
is a mutation that strongly activates Ras. Ras(G12V)
causes efficient transformation of NIH3T3 ceils and
contributes to oncogenesis in vive. This result, com-
bined with the fact that let-60(ga89) causes a multivulva
phenotype in worms, suggests that the L19F mutation
might activate H-Ras sufficiently well to cause transfor-
mation of NIH3T3 cells. However, we have seen no
evidence of transformed foci following the transfection
of NIH3T3 cells at 37° or 39° with DNA expressing H-
Ras(L19F) (D. EIsSENMANN and S. K. KiM, unpublished
results). One possible explanation for this result is that
the vulval precursor cells of C. elegans may be more
sensitive to LET-60 activation than NIH3T3 cells are to
Ras activation. In this case, it may be possible to study
small changes in the function or regulation of Ras ho-
mologues in C. elegans, and this added sensitivity should
greatly help us understand how alterations in Ras and
Ras signaling pathways contribute to tumorigenesis in
humans. Another possibility is that GAP proteins pre-
vent H-Ras(L.19F) from transforming NIH3T3 cells by
accelerating GTP hydrolysis and thereby decreasing sig-
naling by the mutant protein. We found that removing
GAP-1 activity with a gap-I loss-of-function mutation in
worms dramatically increases the penetrance of the
multivulva phenotype caused by let-60(ga89). According
to this possibility, transformation of NIHS3TS cells would
require a second mutation to eliminate GAP-1 interac-
tions, as well as the L19F mutation to reduce intrinsic

GTPase activity. This result would suggest that resis-
tance to GAP activity plays a larger role in the transfor-
mation of NIH3T3 cells than in the production of a
multivulva phenotype in C. elegans.
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