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We have previously demonstrated that substitution of Asn for Ser at position 17 of Ras" yields a dominant
inhibitory protein whose expression in cells interferes with endogenous Ras function (L. A. Feig, and G. M.
Cooper, Mol. Cell. Biol. 8:3235-3243, 1988). Subsequent structural studies have shown that the hydroxyl
group of Ser-17 contributes to the binding of Mg>* associated with bound nucleotide. In this report, we show
that more subtle amino acid substitutions at this site that would be expected to interfere with complexing Mg**,
such as Cys or Ala, also generated dominant inhibitory mutants. In contrast, a Thr substitution that conserves
a reactive hydroxyl group maintained normal Ras function. These results argue that the defect responsible for
the inhibitory activity is improper coordination of Mg>*. Preferential affinity for GDP, observed in the original
Asn-17 mutant, was found exclusively in inhibitory mutants. However, this binding specificity did not
completely block the mutant proteins from binding GTP in vivo since introduction of the autophosphorylation
site, Thr-59, in 17N Ras resulted in the phosphorylation of the double mutant in cells. Furthermore, inhibitory
mutants failed to activate a model downstream target, yeast adenylate cyclase, even when bound to GTP. Thus,
the consequence of improper complexing of Mg>* was to lock the protein in a constitutively inactive state. A
model is presented to explain how these properties could cause the mutant protein to inhibit the activation of

endogenous Ras by competing for a guanine nucleotide-releasing factor.

One of the most powerful experimental approaches to
define the physiological function of a protein is to specifically
inhibit its activity in vivo. In yeast cells, this can be
accomplished by inactivating specific genes through homol-
ogous recombination. In mammalian cells, this approach is
becoming more feasible, but it is still not applicable in many
cases. Antisense RNA expression and antibody microinjec-
tion have also been successful for some genes products. An
alternative approach that has evolved from structure-func-
tion studies of proteins is the creation of dominant inhibitory
mutants that interfere with the function of their normal
protein counterparts.

One such dominant inhibitory protein is a form of Ras*
protein, with a substitution of Asn for Ser at amino acid 17
(S17N) (8). Expression of this protein in cells generated
phenotypes that were indistinguishable from those produced
by microinjection of anti-Ras antibodies. For example, NIH
3T3 cell proliferation was inhibited, and this effect was
overcome by oncogene products that are thought to act
downstream of Ras in a growth regulatory pathway, such as
the cytoplasmic Raf and Mos proteins. In contrast, cell
surface tyrosine kinases, which are thought to act upstream
of Ras, such as Src, Fms, and Fes failed to overcome this
block in cell proliferation (8). More recently, neurite out-
growth induced by nerve growth factor (NGF) in PC12 cells
was also shown to be inhibited by S17N Ras™ expression
(30). It is not yet clear, however, whether this mutant Ras*
protein interferes specifically with endogenous Ras™ or with
all family members, including Ras™ and RasX. Because of its
unique phenotype, 17N Ras is potentially a very powerful
reagent for deciphering the role of Ras in normal signal
transduction. For example, the mutant has already been
used to show that Ras proteins are involved in at least two
parallel signal transduction pathways (3, 30). Therefore, it is
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important to understand the biochemical defect underlying
the dominant inhibitory phenotype of this mutant.

Like other GTP-binding proteins, Ras proteins (p21) are
activated by the replacement of GDP for GTP (1), a process
that is catalyzed by a guanine nucleotide-releasing factor
(GNREF) (32, 34). Ras is inactivated by an intrinsic GTPase
activity that is catalyzed by a GTPase-activating protein
(GAP) (31). The original characterization of 17N Ras™
showed a change in the protein’s specificity for nucleotide
binding from equal affinity for GTP and GDP to preference
for GDP (8). This finding suggested that the sole reason the
protein is inactive is that it does not bind GTP in vivo
because of competition from GDP. Subsequent structural
studies suggested that this defect could be due to improper
Mg?* binding, since Ser-17 was found to be one of three
amino acids that are involved in binding this metal, which is
associated with bound nucleotide (16, 18, 19). In this study,
we investigated the consequence of additional mutations at
position 17 and other amino acids involved in metal binding
and found that improper complexing of Mg?* is, in fact,
most likely responsible for the dominant inhibitory pheno-
type of these mutants. Furthermore, the inhibitory mutants
were found to be locked in an inactive conformation regard-
less of whether they were bound to GTP or GDP. Such a
phenotype is consistent with the protein acting as a compet-
itive inhibitor of normal Ras in cells for interactions with a
nucleotide-releasing factor.

MATERIALS AND METHODS

Mutant isolation. Site-directed mutagenesis was used to
introduce various amino acid substitutions into a composite
ras™ gene described previously (9). The gene consisted of
the 5’ end of viral ras*, which was converted to the coding
sequence of cellular ras™ by site-directed mutagenesis, and
the 3’ end of a cellular ras cDNA clone. All mutations were
verified by dideoxy sequencing.
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Purification of Ras proteins. The ~900-bp HindIII-BamHI
fragment of various mutant ras™ genes was excised from
M13 double-stranded DNA and inserted in place of the
comparable fragment removed from the bacterial expression
vector pXCR (10). Normal and mutant Ras proteins were
expressed in Escherichia coli and purified in soluble form to
>80% purity as previously described (7). Routinely, 2 to 3
mg of protein was obtained per liter of bacteria, and approx-
imately 10 to 20% of the protein was cleaved at the carboxy
terminus. Proteins, which were >70% active as assessed by
GTP binding, were stored at —70°C.

Transfections. The 0.7-kb Bg/II-BamHI fragment of pXCR
was subcloned into the BamHI site of the mammalian
expression vector pZIPneoSV(X) (4). Samples of various
mutant ras™ genes in pZIPneoSV(X) (10 to 1,000 ng) along
with 20 pg of carrier calf thymus DNA were used to transfect
NIH 3T3 cells by the calcium phosphate precipitation
method as previously described (10), and foci of transformed
cells were quantitated 14 days later. In some cases, the cells
were split 3 days after transfection and exposed to G418 (400
pg/ml). Drug-resistant colonies were pooled 20 days later
and used in experiments described below. For cotransfec-
tion experiments, clones pM1 (a 6-kb genomic cellular ras*!
clone with a 61L substitution cloned into pBR), psrc 11
(v-src) (26), and pF4 (v-raf) (21) were used.

Immunoprecipitations. NIH 3T3 cells transfected with
various ras™ mutants were metabolically labeled with
[3*S]methionine (Trans label; 200 wCi/ml; ICN) for 18 h in
methionine-free medium containing 10% calf serum. Ras"
proteins were immunoprecipitated with anti-Ras monoclonal
antibody YAG6-172 as previously described (10). For auto-
phosphorylation experiments, cells were labeled for 18 h
with 32PO, and Ras proteins were immunoprecipitated with
anti-Ras antibody YA6-259 as previously described (10).

Interactions with guanine nucleotides. Normal and mutant
Ras™ proteins (50 ng) were incubated in binding buffer (50
mM Tris-HCI [pH 7.5], 1.0 mM MgCl,, 1.0 mM dithiothrei-
tol, 150 mM NaCl, 40 p.g of bovine serum albumin per ml) for
1 h at 32°C with 10 uM [>*S]GDP (1,259 Ci/mmol) or
[3HIGDP (10 Ci/fmmol) in the presence of various amounts of
unlabeled GDP or GTP. Bound radioactive GDP was as-
sayed by membrane filtration as previously described (9).

Stimulation of yeast adenylate cyclase. Crude membranes
fractions were prepared from Saccharomyces cerevisiae
TKB-111 (kindly provided by M. Wigler) as described pre-
viously (11) except that cells were lysed by two passages
through a French press. Ras proteins were preloaded with
either GTP or GDPBS by incubation of 60 uM protein
solutions with 1.0 mM nucleotide in exchange buffer (50 mM
Tris-HCI [pH 7.5], 100 mM NaCl, 1 mM dithiothreitol, 1 mM
EDTA) for 20 min at 30°C. MgCl, was then added to a final
concentration of 5 mM; when necessary, the proteins were
concentrated in a Centricon 10 microconcentrator (Amicon
Corp). Various amounts of protein were added to 10 pg of
yeast membranes, and cyclic AMP (cAMP) production was
measured for 20 min at 30°C by a modification of the method
of Salomon (22). Each tube (final volume, 50 p.l) contained 20
mM 2-(N-morpholino)ethanesulfonic acid (pH 6.2), S mM
MgCl,, 20 mM creatine phosphate, 10 IU of creatine phos-
phokinase, 1 mM [*H]JcAMP (5 X 10° cpm; 36 Ci/mmol;
Dupont NEN), and 0.50 mM [a->?P]JATP (3 X 10°to 6 x 10°
cpm; 800 Ci/mmol; ICN). To assay total cyclase activity in
membranes, S mM MnCl, was substituted for MgCl,.

To document that the proteins were loaded with the
appropriate nucleotide, [a->?P]JGTP was included in some
binding reactions, and after separation of bound from free
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FIG. 1. Interactions of Mg?* with amino acid side groups of Ras
bound to the GTP analog GppNHp. The side chain hydroxyl of
Ser-17 binds Mg?* in both the GTP and GDP forms, whereas Thr-35
is complexed to the metal only when Ras is bound to GTP. Asp-57
complexes Mg?* indirectly through a water molecule which contrib-
utes the third uncharged oxygen. This amino acid also forms a
hydrogen bond with the side group of Ser-17. Mg?* is also coordi-
nated to one charged oxygen in each of the B- and y-phosphates of
GTP (not shown) (19).

nucleotide by filtering through nitrocellulose, bound nucle-
otide was released from the filter by exposure to 0.1 N HCI
for 1 min. The pH was then adjusted to 7.5 by the addition of
Tris base. Nonradioactive GTP (final concentration, 0.1
mM) was immediately added, and the radioactivity released
from the filter was chromatographed on poly(ethylene)imine
thin-layer chromatography plates with 0.75 M KH,PO, (pH
3.5). GTP and GDP were visualized by autoradiography.

RESULTS

Biological activity of ras' mutants with various substitutions
at position 17. It has been shown previously that an Asn
substitution for Ser at position 17 of Ras™ p21 yields a
dominant inhibitory protein whose expression in cells inter-
feres with the function of endogenous Ras proteins. Subse-
quently, structural analysis based on X-ray crystallography
has shown that the hydroxyl group of Ser-17 of Ras is
involved in complexing Mg?* associated with bound GTP
and GDP (Fig. 1). Therefore, we tested whether the proper-
ties of Ras proteins with other amino acid substitutions at
this site were consistent with the notion that the dominant
inhibitory phenotype was a consequence of altered interac-
tions with Mg®*. These substitutions included Thr (S17T),
which retains a reactive oxygen, Cys (S17C), which merely
replaces the oxygen in the hydroxyl group with sulfur, Ala
(S17A), which removes the hydroxyl group, and Gly (S17G),
which removes the entire side group. ras genes with these
mutations were subcloned into the mammalian expression
vector pZIPneoSV(X) (4) and tested for either transforming
activity or activity consistent with inhibition of endogenous
Ras function in NIH 3T3 cells. DNA transfection experi-
ments showed that S17T and S17G ras™ retained the ability
to induce transformed foci in these cells although their
activities, 5 and 6 foci per pg of DNA, respectively, were
moderately lower than the activity of normal ras™ (25 foci
per pg). In contrast, like the original S17N ras, S17C and
S17A ras displayed undetectable transforming activity, rais-
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FIG. 2. Expression of mutant Ras proteins in NIH 3T3 cells.
Pools of NIH 3T3 cells transfected with various mutant Ras genes
were metabolically labeled with [>*S]methionine for 18 h, and Ras"
proteins were immunoprecipitated with anti-Ras antibody YA6-172.
Samples were electrophoresed in sodium dodecyl sulfate-polyacryl-
amide gels and autoradiographed. Lanes: a, cells transfected with
normal ras; b, untransfected cells; ¢ to e, cells transfected with 17N
ras, 17C ras, and 17A ras, respectively; f, cells transfected with 17G
ras; g, cells transfected with 17T ras; h, cells transfected with 35N
ras; i, cells transfected with 57N ras; j, cells cotransfected with 17A
ras and v-raf.

ing the possibility that they were also dominant inhibitory
genes.

To test this possibility, NIH 3T3 cells transfected with
these genes were selected in G418-containing medium and
the number of drug-resistant colonies that appeared was
quantitated. As found originally for S17N ras (8), S17C and
S17A ras genes generated ~10% of the colonies generated
by normal ras (data not shown). Moreover, when those few
colonies that did arise were metabolically labeled with
[>*S]methionine and immunoprecipitated with anti-Ras anti-
bodies, mutant Ras expression could not be visualized (Fig.
2, lanes ¢ to e) above the background found in nontrans-
fected NIH cells (lane b). This result contrasts the high level
of Ras expression seen when a normal ras gene or functional
S17T and S17G ras genes were transfected (lanes a, f, and g,
respectively). These results suggested that the expression of
17A and 17C ras genes was incompatible with the outgrowth
of drug-resistant colonies.

It has been shown previously that transformation by v-src
but not v-raf is blocked in cells whose endogenous Ras
proteins are inhibited. This has been documented by micro-
injection of anti-Ras antibodies into transformed cells (28)
and by cotransfection of S17N ras along with either v-src or
v-raf (8). In the latter experiment, S17N ras has been shown
to inhibit the outgrowth of transformed foci induced by v-src
but not v-raf (8). Table 1 shows that like the original
inhibitory S17N ras, cotransfection of S17A or S17C ras also
inhibited the outgrowth of foci induced by src but not v-raf
genes in NIH 3T3 cells. Moreover, the ability of v-Raf to
relieve growth inhibition by S17A Ras was confirmed by
demonstrating that cells cotransfected with S17A ras and
v-raf expressed significant amounts of S17A p21 (Fig. 2,
lane j).
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TABLE 1. Focus inhibition by mutant ras genes®

No. of foci/dish for:

Cotransfgcted

plasmid v-sre v-raf
S17C ras 1 S3
S17A ras 2 47
Vector only 20 53

“ NIH 3T3 cells were transfected with 100 ng of transforming plasmids,
v-src and v-raf either alone or together with 1 g of S17C ras™ or S17A ras™
in the expression vector pZIPneoSV(X), or vector alone. Foci were counted
14 days after transfection. Data represent averages of at least two experi-
ments, each performed in duplicate.

Functional Ras proteins have been shown to be required
for NGF stimulation of neurite outgrowth in the pheochro-
mocytoma cell line PC12 (12). Consistent with the notion
that S17N p21 inhibits endogenous Ras function is the
observation that its expression in PC12 cells blocks NGF-
induced neurite outgrowth (30). We have confirmed that
S17C Ras behaves as a dominant inhibitory protein by
showing that its expression in PC12 cells also inhibited
NGF-induced neurite outgrowth (data not shown). The
growth inhibition in NIH 3T3 cells and the inhibition of
differentiated function in PC12 cells all support the notion
that S17A and S17C inhibit endogenous Ras function in cells.

Taken together, the biological activities of mutant Ras
proteins with Thr, Ala, and Cys substitutions document the
importance of a reactive oxygen at position 17 of Ras. Since
the function of this species is to complex Mg?™, these results
are consistent with a defect in this function being responsible
for the dominant inhibitory phenotype of these mutant
proteins.

At first, the results obtained with S17G Ras appear to
contradict this interpretation, since this protein has no side
group yet retains transforming activity. It is likely, however,
that the removal of the entire side group by this amino acid
substitution generates enough room for an H,O molecule to
fit into the nucleotide-binding pocket at this site and contrib-
ute an oxygen for Mg?>* complexing.

Substitutions at other sites involved in Mg?* binding.
Ser-17 is not the only amino acid in Ras involved in com-
plexing Mg?* associated with bound nucleotide. X-ray crys-
tallography studies also implicate Asp-57 and Thr-35 (Fig. 1)
(16, 18). We therefore were interested in determining
whether dominant inhibitory proteins could be generated by
Asn substitutions at these sites. These mutant ras genes
were transfected into NIH 3T3 cells, and it was determined
that D5S7N ras retained the ability to transform cells at levels
comparable (5 foci per ug of DNA) to those of normal ras (25
foci per pg of DNA). The protein could also be expressed at
levels comparable to those of normal Ras (Fig. 2, lane i). In
contrast, T35N ras was completely devoid of measurable
transforming activity; however, it did not inhibit endogenous
Ras function in cells, since a normal number of G418-
resistant colonies arose after transfection (data not shown)
and these cells expressed large amounts of the mutant
protein (Fig. 2, lane h). Therefore, substitutions at each of
the three amino acids whose side groups appear to be
involved in complexing Mg2* gave three different pheno-
types. Only changes at amino acid 17 generated dominant
inhibitory proteins.

Preferential affinity for GDP correlates with dominant
inhibitory activity. A distinguishing characteristic of inhibi-
tory S17N p21 was that it displayed preferential affinity for
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FIG. 3. Relative affinities of mutant Ras proteins for GTP and GDP. Samples (50 ng) of normal (H), S17G (®), T35N (8), or D57N (A)
Ras (A) and of S17N (A), S17A (O), S17C (O), or S17N/AS9T (X) Ras (B) were incubated for 1 h at 32°C with 10 pM [**S]GDP (1,259 Ci/mmol)

or [*HIGDP (10 Ci/mmol) in the presence of the indicated amount of unlabeled GDP (

) or GTP (- — - -). Bound radioactive GDP was

assayed by membrane filtration. Data are expressed as the percentage of [>*>SJIGDP bound in the presence of unlabeled nucleotide compared
with that in the absence of unlabeled nucleotide and represent the averages of duplicate experiments.

GDP (8). We tested whether this feature was retained in the
dominant inhibitory S17A and S17C proteins by comparing
the affinity of these mutants for GTP and GDP in competition
assays (Fig. 3). [>**SIGDP or [*H]GDP (10 uM) was incu-
bated with normal and mutant proteins in the presence of
various amounts of excess unlabeled GDP or GTP, and the
ability of these nucleotides to compete with radioactive GDP
for binding to Ras was compared. Normal Ras has equal
affinity for GTP and GDP and, as expected, these nucleo-
tides competed equally. The same was true for the functional
S17G and D57N mutants as well as the nonfunctional T35N
protein (Fig. 3A). However, GDP competed ~20 times
better than GTP for binding to inhibitory S17A and S17C
Ras, similar to the previously characterized S17N inhibitory
Ras protein (Fig. 3B). The 20-fold preference for GDP is a
minimum because contaminating GDP in GTP preparations
would artificially reduce the actual difference in affinity.
These results demonstrate a tight correlation between pref-
erential affinity for GDP and dominant inhibitory activities in
this set of Ras proteins. This unique binding specificity of the
mutant could not be returned to normal by raising Mg?*
concentrations to 20 mM, nor could it be produced in
wild-type Ras by chelating Mg?* with EDTA (data not
shown), suggesting the defect in the proteins is not a failure
to bind Mg?*.

Inhibitory Ras proteins retain the ability to bind GTP in
vivo. It is clear that to function as dominant inhibitory
proteins, these mutants must themselves be defective in
signal transduction. The unique nucleotide-binding property
of these inhibitory mutants suggests that competition from
GDP prevents the proteins from ever binding GTP in vivo.
This model implies that the GTP form of these proteins
would function normally. An alternative explanation is that
these mutations lock Ras in an inactive conformation regard-
less of whether it binds GDP or GTP. The preferential
affinity for GDP would therefore not be the sole cause of the
protein’s inactivity. It correlates with inhibitory activity
because it is a property of the inactive conformation of Ras.
As an initial attempt to distinguish between these models, we
determined whether inhibitory proteins ever bound GTP in
cells. To do this, an A59T substitution was introduced into

S17N Ras to generate a site that is autophosphorylated in
vitro and in vivo (27). This double mutant displayed prefer-
ential affinity for GDP (Fig. 3B) and inhibitory activity (8)
comparable to that of 17N p21.

To test whether S17N/AS9T p21 was phosphorylated in
vivo, NIH 3T3 cells transformed by v-raf were transfected
with this double mutant ras gene in pZIPneoSV(X) and
G418-resistant colonies were selected. Since raf-trans-
formed cells are resistant to Ras inhibition, they express
inhibitory Ras mutants efficiently. Two independent colonies
along with control cells with labeled with either [**SImethio-
nine or >2PO,, and Ras" proteins were immunoprecipitated.
Both cell lines expressing S17N/AS9T Ras (Fig. 4, lanes c
and d) demonstrated that the mutant was indeed phosphor-
ylated (Fig. 4, lanes g and h). These results were similar to
those obtained for cells expressing v-Ras™ (G12R/A59T),
which is known to be phosphorylated (Fig. 4, lanes a and ¢),
and contrast with those for cells overexpressing normal
Ras™, which is known not to be phosphorylated (Fig. 4,
lanes b and f). The fact that the inhibitory protein is
phosphorylated in vivo argues that it has not totally lost the
capacity to bind GTP in vivo.

Inhibitory proteins fail to stimulate downstream targets.
The previous results suggested that the inhibitory mutants
contained an additional defect, such as the inability to
stimulate downstream targets even when bound to GTP. It is
not possible to test this model directly because a target
molecule in mammalian cells that responds to GTP-bound
Ras has yet to be identified. However, mammalian Ras can
substitute for yeast RAS in stimulating adenylyl cyclase (14),
and that enzyme clearly distinguishes between the active
GTP and inactive GDP forms of the mammalian protein (7).
Mutations in the effector domain of Ras that inhibit trans-
forming activity of oncogenic Ras also inhibit the ability of
the protein to stimulate yeast adenylyl cyclase (24). While it
is clear that Ras does not control adenylyl cyclase in
mammalian cells, this yeast system appears to provide an
accurate reflection of the coupling efficiency to a mammalian
effector. We therefore tested whether these mutant proteins
were defective in downstream coupling by assaying for yeast
cyclase stimulation in vitro.
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FIG. 4. In vivo phosphorylation of mutant Ras proteins. Cells
were labeled for 18 h with either [**S]methionine (lanes a to d) or
32pQ, (lanes e to h). Ras proteins were immunoprecipitated with
anti-Ras antibody YA6-172. The samples were electrophoresed in
sodium dodecyl sulfate-polyacrylamide gels and autoradiographed.
Lanes: a and e, cells expressing v-Ras™; b and f, cells expressing
normal Ras; c, d, g, and h, two independent cell lines expressing
17N/59T Ras.

Various Ras proteins were preloaded with either GTP or
GDPBS at concentrations that ensured saturation binding
even for the mutant proteins that had reduced affinity for
GTP. We confirmed that S17N p21 did in fact bind GTP
under these conditions despite its preferential affinity for
GDP. [a-*?P]GTP was included in similar binding reactions,
and filter-binding assays showed that radioactivity associ-
ated with mutant Ras was comparable to that observed for
normal Ras (data not shown). That this radioactivity derived
primarily from GTP was documented by eluting the nucleo-
tide from the protein bound to the filter and characterizing it
by thin-layer chromatography (data not shown).

The nucleotide-bound proteins were then incubated with
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membrane preparations from the yeast strain TKB-111,
which expresses elevated levels of adenylyl cyclase in the
absence of either of the two yeast Ras proteins (11). Yeast
adenylyl cyclase was stimulated by only the active GTP-
bound form of mammalian Ras, with half-maximal stimula-
tion occurring at ~300 nM p21 (Fig. 5). In contrast, no
significant activity was observed with S17N, S17A, or S17C
p21 bound to GTP. A similar result was obtained for 17N p21
bound to GTPyS (data not shown). These findings demon-
strate that these inhibitory proteins are locked in an inactive
conformation even when bound to GTP. Inability to stimu-
late a downstream target in the GTP-bound state was not
unique to Ras proteins mutated at amino acid 17. As stated
previously, mutations in the GAP-binding/effector domain
between amino acids 30 and 40 also display this phenotype.
In fact, T35N p21 discussed earlier is mutated in this domain
and also fails to activate yeast adenylate cyclase at the
concentrations of protein tested in this study (Fig. 6).
Therefore, the dominant inhibitory phenotype is not merely
a consequence of the inability of the protein to transmit a
downstream signal.

DISCUSSION

The results presented argue that the biochemical defect in
17N Ras responsible for its dominant inhibitory phenotype is
improper complexing of Mg?* associated with bound nucle-
otide. This explanation was first suggested by X-ray crystal-
lography studies of p21 showing that the hydroxyl group of
Ser-17 contributed to the binding of Mg?* bound to both
GDP and GTP (16, 18, 19). In this study, we showed that
only those amino acid substitutions at position 17 that would
be expected to disturb this interaction generated dominant
inhibitory proteins. One inhibitory protein was made by
changing Ser to Cys. This result is consistent with the fact
that sulfur is known to bind Mg?* much less efficiently than
oxygen. Another inhibitory protein was generated by a
Ser-to-Ala change that removed the reactive oxygen. As
expected, a Ser-to-Thr substitution that retained the hy-
droxyl residue did not drastically alter Ras function. This
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FIG. 5. Stimulation of yeast adenylate cyclase by mammalian Ras. Various amounts of either GTP- or GDPBS-bound Ras proteins were
incubated for 20 min at 30°C with 10 pg of membranes from S. cerevisiae TKB-111. cAMP produced was assayed as described in Materials
and Methods. Maximal stimulation of adenylate cyclase induced by MnCl, averaged 150 pmol/min/mg. Data represent the averages of at least
two experiments, each performed in duplicate. Symbols: [J----0J, GTP-bound cellular Ras (CR); ——{1, GDPBS-bound cellular Ras; A, 17N,

17C, 17A, or 35N Ras bound to either GTP or GDPBS.
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FIG. 6. Model to explain how 17N Ras might interfere with
upstream activation of normal Ras by a guanine nucleotide-releasing
factor. Normal Ras (A) replaces GTP for bound GDP in response to
GNREF. This is associated with a change in conformation of the
protein that leads to enhanced interaction with a downstream target
of Ras, which may be GAP. It also leads to decreased interaction
with GNRF. The data presented here argue that the inhibitory
mutants are locked in an inactive conformation even when bound to
GTP. This results in an inability to interact productively with a
downstream target. Importantly, the protein retains high affinity for
GNREF throughout the GTP-GDP cycle. In this way, it suppresses
activation of endogenous Ras by competing effectively for GNRF.
Effector mutants are not efficient dominant inhibitors because they
likely maintain normal interactions with GNRF despite decreased
ability to stimulate downstream targets.

EFFECTOR MUTANT

result is also consistent with the fact that some GTP-binding
proteins have Thr instead of Ser at this position. The ability
of Ras with glycine at this site to function seems at first to
contradict this interpretation. However, it is possible that
the removal of the entire side group generated space for an
additional H,O molecule in the binding pocket which con-
tributed an oxygen for Mg?* complexing.

It is unlikely that the inhibitory mutants have lost the
ability to bind Mg?™ at this site, since the defect in nucleo-
tide binding by the inhibitory mutants could not be reversed
by raising Mg?* concentrations to as much 3 orders of
magnitude higher than is necessary for GTPase activity.
Moreover, preferential affinity for GDP was not observed for
normal Ras when Mg?* was chelated with EDTA. Structural
studies of Ras have shown that other amino acids, such as
Thr-35 and Asp-57, also interact with the metal, which could
account for residual binding activity (16, 18). Asp-57 has also
been shown to form a hydrogen bond with the side group of
Ser-17. We thus cannot rule out the possibility that interrup-
tion of this interaction by these mutations contributes to the
inhibitory phenotype. However, since Asp-57 contributes to
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Mg®* binding, this model would also involve altered Mg?*
binding.

A unique feature of the original 17N Ras mutant was its
switch in binding specificity from equal affinity for GTP and
GDP to preferential affinity for GDP (8). This phenotype is
apparently important for dominant inhibitory activity, be-
cause analysis of additional mutations at position 17 de-
scribed here has shown a tight correlation between inhibi-
tory phenotype and preferential affinity for GDP. This
property suggests that the mutants do not function properly
solely because they cannot bind GTP in vivo due to compe-
tition from GDP. However, the experiments described show
that the mutant protein did not completely lose the ability to
bind GTP in vivo despite its preference for GDP, since the
double mutant, 17N/59T Ras, became phosphorylated in
vivo. That phosphorylation in vivo was due to autophosphor-
ylation rather than phosphorylation by other proteins in the
cell is supported by previous observations showing that Ras
proteins that have lost the ability to bind GTP do not become
phosphorylated in vivo (5). Thus, the ability to be phosphor-
ylated was most likely dependent on the mutant protein
retaining the ability to bind GTP in cells. Second, even when
17N Ras was complexed to GTP or GTP4S, it failed to
activate a model downstream target, yeast adenylyl cyclase.
Thus, besides displaying altered nucleotide binding, the
mutant protein was not activated by GTPs. These findings
suggest an alternative model in which improper complexing
of Mg?* locks the protein in an inactive state. The prefer-
ential affinity for GDP represents a characteristic of this
conformational state of Ras.

The mechanism by which 17N Ras interferes with normal
Ras in cells is not completely understood. However, evi-
dence suggests that it inhibits upstream activation of Ras by
competing for a nucleotide exchange factor. First, 17N Ras
does not compete with normal Ras for a downstream target
because the inhibitory phenotype of 17N Ras was not
reduced by a second-site mutation that blocked downstream
Ras function (29). Second, the mutant inhibited normal Ras
much more efficiently than oncogenic Ras (29). This finding
is relevant because in yeast cells, normal Ras is much more
dependent on a putative nucleotide exchange factor, CDC25,
than is oncogenic Ras (2). The weak inhibition of oncogenic
Ras displayed by 17N Ras (3, 8, 29) most likely reflects the
fact that even a GTPase-deficient mutant is dependent on
exchange factor function for full activity. This view is
consistent with the observation that a GTPase-deficient
yeast RAS protein does not fully complement the loss of
CDC25 activity (2). In contrast, inhibition of downstream
function of Ras in mammalian cells suppresses oncogenic
Ras more effectively than normal Ras (7, 29). Third, a
neighboring mutation in yeast RAS has been shown to block
endogenous RAS, and this was overcome by overexpression
of CDC25 (20). Finally, 17N Ras has a higher affinity for a
partially purified nucleotide exchange factor than does nor-
mal Ras (33).

A model to explain how the biochemical defects described
for S17N Ras might lead to efficient competition for nucleo-
tide exchange factor is schematized in Fig. 6. The GDP-
bound form of normal Ras is thought to be converted to the
GTP form by interaction with GNRF. X-ray crystallography
has detected a conformational change associated with Ras
activation that leads to enhanced interactions with GAP
(Fig. 6A). It is likely, but not yet documented, that activation
also decreases the affinity of Ras for GNRF, leading to the
dissociation of the two proteins. This is consistent with the
observation that a yeast nucleotide-releasing factor, SCD25,
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has ~3-fold-higher affinity for GDP-Ras than GTP-Ras (6).
For the inhibitory mutant (Fig. 6B), however, we propose
that incorrect coordination of Mg>* prevents the protein
from switching to the active conformation upon binding
GTP. This blocks stimulation of downstream targets, as we
have demonstrated in yeast cyclase assays. Another pre-
dicted effect, particularly important for the dominant inhib-
itory phenotype, is that the mutant does not decrease its
affinity for nucleotide exchange factor upon binding GTP.
This could account for the fact that 17N Ras has ~3-fold-
higher affinity than normal Ras for the putative Ras nucleo-
tide exchange factor (33). Moreover, it has been shown by
microinjection experiments that the inhibitory phenotype of
17N Ras can be overcome by a ~3-fold excess of normal Ras
(7). Thus, by interacting efficiently but nonproductively with
GNRF, 17N Ras apparently competes for this regulatory
protein and suppresses the formation of the active GTP form
of endogenous Ras.

Effector domain mutants may not interfere efficiently with
normal Ras function because they likely retain the ability to
switch to an active conformation upon binding GTP, at least
in the regions that interact with GNRF (Fig. 6C). Thus, even
though they cannot stimulate a downstream target efficiently
because of a local perturbation in the effector domain, they
do not compete as efficiently as 17N Ras for interactions
with GNRF. Moreover, most effector domain mutants retain
some ability to interact with GAP (7, 24). Therefore, normal
Ras function may never by inhibited in vivo because when
these mutants are expressed at high enough levels to com-
pete with endogenous Ras for GNRF, they begin to stimulate
downstream targets.

The analysis of these mutants illustrate the importance of
proper Mg?* binding for normal Ras function. Thr-35 is part
of the effector domain that switches conformation upon GTP
binding (16, 25). One aspect of this activation event is the
binding of Thr-35 to Mg?* (Fig. 1). An important role of
Ser-17 may therefore be to ensure correct Mg?* complexing
in order to anchor Thr-35 when GTP is bound. This could
explain why defective Mg?* complexing by inhibitory mu-
tants results in the mutant protein’s inability to activate
downstream effector molecules.

The critical role of Ser-17 in Ras function is likely con-
served in other low-molecular-weight GTP-binding proteins,
since the phosphate-binding loop in which this amino acid
resides is highly conserved (23). In fact, Ser or Thr is found
at this site in all GTP-binding proteins. This argues that
mutations comparable to those described here for Ras would
generate dominant inhibitory versions of other small GTP-
binding proteins. Such mutants would be valuable tools for
deciphering the function of this large family of proteins.

As described in the accompanying paper, we have char-
acterized such a mutation in G, « that couples hormones to
adenylyl cyclase and ion channels (13). It belongs to a
different class of GTP-binding proteins that are ~45 kDa and
exist as part of a heterotrimer, containing inhibitory 8 and y
subunits. A Ser-to-Asn change at position 54 of that protein
also changed the nucleotide-binding specificity of that pro-
tein to preferential affinity for GDP, suggesting it also altered
Mg>* binding. Moreover, like S17N Ras, the mutant G, a
protein had abnormal interactions with its nucleotide-releas-
ing factor. However, unlike S17N Ras, S54N G, a retained
the ability to stimulate downstream targets when bound to
GTP. This implies that the role of Mg®* in the conversion of
these proteins to the active conformation upon GTP binding
is different. This may reflect the fact that the domain of Ras
that interacts with downstream targets is directly involved in
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Mg>* binding whereas the comparable domain of G, «
appears to be at the carboxyl terminus of the protein (15, 17).
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