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A number of growth factors, including insulin and epidermal growth factor (EGF), induce accumulation of
the GTP-bound form of p21™*. This accumulation could be caused either by an increase in guanine nucleotide
exchange on p21™* or by a decrease in the GTPase activity of p21™. To investigate whether insulin and EGF
affect nucleotide exchange on p21™*, we measured binding of [a->*P]GTP to p21™ in cells permeabilized with
streptolysin O. For this purpose, we used a cell line which expressed elevated levels of p21 H-ras and which was
highly responsive to insulin and EGF. Stimulation with insulin or EGF resulted in an increase in the rate of
nucleotide binding to p21™. To determine whether this increased binding rate is due to the activation of a
guanine nucleotide exchange factor, we made use of the inhibitory properties of a dominant negative mutant
of p21™°, p21™°(Asn-17). Activation of p21™ by insulin and EGF in intact cells was abolished in cells infected
with a recombinant vaccinia virus expressing p21™**(Asn-17). In addition, the enhanced nucleotide binding to
p21™ in response to insulin and EGF in permeabilized cells was blocked upon expression of p21™*°(Asn-17).
From these data, we conclude that the activation of a guanine nucleotide exchange factor is involved in insulin-

and EGF-induced activation of p21™.

The products of the ras proto-oncogenes are small pro-
teins of 21 kDa that bind guanine nucleotides and are located
on the inner side of the plasma membrane (2). These proteins
play an important role in signal transduction from a variety
of receptors that belong to the tyrosine kinase family (25).
The ras proteins are activated through conversion of the
inactive GDP-bound form into the active GTP-bound form.
When bound to GTP, ras proteins can induce a number of
cellular responses, such as activation of serine-threonine
kinases (29), expression of early response genes (44), and
mitogenicity (21, 43). Oncogenic mutations in the ras proto-
oncogene that enable p21™° to transform cells in culture lead
to accumulation of the GTP-bound form, either through
enhanced nucleotide exchange or through decreased intrin-
sic GTPase activity (34).

Evidence that activation of p21"** plays a crucial role in
the signal transduction of external signals comes from ex-
periments in which the function of normal p21™° has been
inhibited. Microinjection of neutralizing antibodies to p217**
results in the inhibition of growth factor-induced mitogenic-
ity (37) and gene expression (44). Also, the expression of
dominant negative mutants of p21™° blocks the induction of
extracellular signal-regulated kinases (16, 47, 51), gene ex-
pression (14, 35), and differentiation (45) by several of these
growth factors. A number of external signals that control the
activity of p21"® have been characterized. First, in T cells,
stimulation of the T-cell receptor leads to a rapid activation
of p21™ (18). Secondly, in fibroblasts, stimulation with a
variety of growth factors results in ras activation; of these,
insulin and epidermal growth factor (EGF) seem to have the
most profound effect on the activation state of p217#* (12, 23,
38, 40, 41).

The GTP/GDP cycle of normal p21™ is controlled by two
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classes of regulatory proteins (7, 8). The activation state of
p217 is negatively regulated by GTPase-activating proteins
(GAPs), which accelerate the hydrolysis of the bound GTP
to GDP. Two GAPs have been identified in mammalian cells:
p120GAP (48) and the product of the neurofibromatosis type
1 gene, neurofibromin (1, 33, 52). Deletion of the neurofibro-
min gene leads to increased levels of ras-GTP (3), and
overexpression of pl120GAP decreases the amount of ras-
GTP in NIH 3T3 cells (23), indicating that these proteins
play an important role in regulating the activation state of
p21™°. Apart from regulating the GTP/GDP balance of
p217°, both proteins have previously been proposed to be
mediators of signal transduction from ras-GTP (4). In Sac-
charomyces cerevisiae, two proteins have been previously
shown to negatively regulate the activity of the yeast RAS
proteins IRA1 and IRA2 (46). Deletion of IRA1 or IRA2
results in a phenotype similar to that of the oncogenic
RAS2(Val-19) mutant (46). More recently, a putative GAP
with similarity to mammalian p120GAP was cloned from
Drosophila melanogaster (22). Inactivation of this Gapl
locus mimics constitutive activation of the sevenless recep-
tor, which has previously been suggested to activate the
Drosophila Rasl protein (22). Positive regulation, i.e., acti-
vation of p21™® by the replacement of GDP for GTP,
requires the action of an exchange factor that facilitates
dissociation of GDP. This will result in the subsequent
binding of GTP, since levels of GTP predominate over those
of GDP in the cytoplasm of intact cells. In cell and tissue
extracts, both cytoplasmic and membrane-bound exchange
activities have previously been identified, and these factors
have been partially purified (19, 49, 50). Recently, the
cloning of mammalian exchange factors for p21’** from a
mouse brain cDNA library (32) and from a rat brain cDNA
library (42) has been reported. In lower eukaryotes, ex-
change proteins have been characterized in more detail. In
S. cerevisiae, the nucleotide exchange on RAS is controlled
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by CDC25 (9) as well as by a C-terminal fragment of SDC25
(15). In D. melanogaster, the product of son of sevenless has
been indicated as the exchange factor for p21”*® on the basis
of its homology to CDC25 (6). However, it is still unclear
whether the activity of these exchange factors is regulated
by external signals, although indirect evidence suggests that
EGF might enhance the affinity of p21™* for guanine nucle-
otides (27). Therefore, we investigated whether the ex-
change activity of guanine nucleotides on p21"* is altered in
response to growth factors that activate p217%°.

The rate of nucleotide exchange on p21™° in permeabi-
lized cells expressing elevated levels of p21H-ras was mea-
sured. We observed an increase in the rate at which p217%°
binds [a-**P]GTP in these permeabilized cells in response to
insulin and EGF. Furthermore, in this article we show that
this enhanced binding rate is inhibited by a dominant nega-
tive mutant of p21”%*, p21™**(Asn-17). In addition, expression
of ras(Asn-17) inhibited the activation of p21™ in intact cells
by insulin and EGF. From these data, we conclude that
insulin- and EGF-induced activation of p21”*° is, at least in
part, mediated by the increased activity of an exchange
factor for p217#°.

MATERIALS AND METHODS

Cell culture. The H13 cell line is a Rat-1-derived cell line
overexpressing H-ras (approximately 100-fold), and it was a
kind gift from J. Downward (17). H13 cells were cultured in
Dulbecco’s modified eagle medium (DMEM) (GIBCO) sup-
plemented with 10% fetal calf serum (FCS) (GIBCO)-0.05%
glutamine. The H13IR2000 cell line was constructed by
transfecting H13 fibroblasts with an expression vector con-
taining the human insulin receptor cDNA and a dihydrofo-
late reductase selection marker. After stepwise amplification
with methotrexate up to 2,000 nM, a clonal line, H13IR2000,
was obtained. This cell line contains about 8 x 10° insulin
receptors per cell (38). H13IR2000 cells were routinely
grown in DMEM supplemented with 10% dialyzed FCS-
0.05% glutamine plus 2 pM methotrexate. Prior to in vivo
labeling and permeabilization experiments, H13IR2000 cells
were transferred to DMEM-10% FCS without methotrexate
for at least 18 h. Al4 cells are NIH 3T3-derived cells
expressing 7 X 10° human insulin receptors per cell (12).
RR3 cells are Rat-1-derived cells transformed with onco-
genic p21™°, ras(Val-12), and they have been described
previously (13). RR3, Al4, and Rat-1 cells were grown in
DMEM-10% FCS supplemented with 0.05% glutamine.

In vivo labeling of p21™. Subconfluent cultures of Al4,
Rat-1, H13, and H13IR2000 were grown in DMEM-0.5%
FCS for 18 h prior to in vivo labeling. Cells were washed
three times with phosphate-free DMEM (Sigma) and labeled
with 0.1 Ci of *?P; per ml (3,000 Ci/mmol; Amersham) for 3
to 5 h. After being stimulated with the appropriate growth
factor, cells were lysed as described previously (12). Fully
processed, membrane-bound p217%° was separated from non-
processed p21™*° by a Triton X-114 phase-split as described
previously (12, 24). From the detergent phase, processed
p21™° was immunoprecipitated with the monoclonal anti-
body Y13-259. Alternatively, immunoprecipitation was car-
ried out with another ras-specific antibody (Y13-238) or with
a nonrelated antibody directed against simian virus 40 large
T (kT3) as a control. After extensive washing of the immu-
noprecipitates, bound guanine nucleotides were eluted as
described previously (12). Nucleotides eluted from p217°
were separated by ascending thin-layer chromatography
(TLC) as described previously (12), and spots corresponding
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to GTP and GDP were cut out. The amount of >?P present in
each spot was determined by scintillation counting.

Cell permeabilization. Subconfluent cultures of H13,
H13IR2000, and RR3 (5-cm-diameter dishes) were serum
starved for 18 h prior to permeabilization. Cells were stim-
ulated with the appropriate growth factor, the medium was
aspirated, and then the dishes were washed once with warm
phosphate-buffered saline (PBS) (37°C). To each dish, 0.8 ml
of freshly prepared permeabilization buffer (150 mM KCl,
37.5 mM NaCl, 6.25 mM MgCl,, 0.8 mM CaCl,, 1 mM
EGTA, 1.25 mM ATP, 12.5 mM PIPES [piperazine-N,N'-
bis(2 ethanesulfonic acid)] [pH 7.4]) was added and diluted
with 0.2 ml of streptolysin O in water 32 U/ml; Wellcome
Diagnostics). To each dish, 1 pl of [a->?P]GTP (3,000 Ci/
mmol; Amersham) was added immediately (time point zero),
and at discrete time points, cells were lysed and p21™** was
immunoprecipitated with the antibody Y13-259 as described
in' “In vivo labeling of p217°.”” In experiments in which
binding of [a->?P]GTP to p21’* was compared with binding
to total cellular proteins, [a->*P]JGTP was diluted with 10 uM
unlabeled GTP to minimize variations in the specific activity.
A chase of the labeled nucleotides bound to p21™° after a
10-min exposure to 3 nM [a-*’P]GTP was performed by
adding 1 mM unlabeled GTP to the permeabilized cells. At
discrete time points, cells were lysed and the amount of
labeled nucleotide remaining on p21™° was determined.

Filter binding of total lg'sates on nitrocellulose. Permeabi-
lized cells exposed to [a->’P]GTP in the presence of 10 uM
unlabeled GTP were washed once with cold PBS. Cells were
lysed in 500 pl of lysis buffer as described in “In vivo
labeling of p217*°.”” After phase separation, 100 ul of the
aqueous phase was filtered through a nitrocellulose filter
(Millipore, type HA, 0.45-um pore size). Filters were
washed four times with 10 ml of ice-cold wash buffer (20 mM
Tris-Cl [pH 7.5], 20 mM NaCl, 5 mM 2-mercaptoethanol, 3
mM MgCl,) and counted in 4 ml of scintillation liquid.

Construction and expression of p21™*°(Asn-17) recombinant
vaccinia virus. The dominant negative mutant of p21™,
ras(Asn-17), was introduced into a viral growth factor minus
strain of vaccinia virus to avoid autocrine stimuiation of the
infected cells by the viral growth factor (10). This vaccinia
virus strain was a kind gift from B. Moss, and the ras(Asn-
17) mutant gene was inserted through homologous recombi-
nation as described previously (16). Six additional histidine
codons were inserted after the AUG start codon of the
H-ras(Asn-17) gene (16) to allow binding to Ni*-nitrilotri-
acetic acid (Ni**-NTA) agarose (Qiagen) (26). Wild-type and
recombinant viruses were grown in HeLa cells (titer, 10°
virus particles per ml). H13IR2000 cells were infected with
10 PFU of recombinant or wild-type virus per cell in serum-
free medium. After 60 min, the medium was replaced with
DMEM-0.5% FCS and 10 mM hydroxyurea to block DNA
synthesis and late viral expression. Sixteen to 18 h after
infection, cells were used for in vivo labeling or permeabili-
zation experiments. Analysis of the guanine nucleotides
bound to p21"*° was performed as described under ““In vivo
labeling of p21™°,”” with one minor modification: all lysates
were precleared with Ni**-NTA agarose (15-ul bead vol-
ume, 15 min at 4°C), instead of being precleared with 50 pl of
protein A agarose as usual. Expression of ras(Asn-17) was
checked by binding of ras(Asn-17) recombinant protein to
Ni2*-NTA agarose through 6 histidine residues at the N
terminus. After binding of recombinant ras(Asn-17), wild-
type ras was immunoprecipitated with Y13-259. Samples
were separated on a 15% polyacrylamide gel, blotted onto
nitrocellulose, and incubated with Y13-259. Immune com-



plexes were detected first by horseradish peroxidase second
antibodies and then by enhanced chemiluminescence.

RESULTS

Insulin- and EGF-induced activation of p21™. We have
constructed a cell line (H13IR2000) which expresses cle-
vated levels of both p21 H-ras and the human insulin
receptor. To test whether the activation state of p21™ is
regulated by insulin in H13IR2000 cells, these cells were
labeled with 32P,, and then the guanine nucleotide ratio
bound to p21™* was analyzed. Stimulation of H13IR2000
cells with insulin for 5 min resulted in an increase in the level
of GTP-bound p21™°, from ~7 to ~40% of total bound
guanine nucleotides (Fig. 1A). This increase is similar to that
observed previously with NIH 3T3 cells overexpressing the
human insulin receptor (Al4 cells) (12). Treatment of
H13IR2000 cells with EGF for 5 min resulted in an activation
of p21™ similar to that observed with insulin (Fig. 1A). This
is not a consequence of overexpression of the insulin recep-
tor, since EGF stimulation resulted in ras activation in the
H13 cell line (Fig. 1A) and the parental Rat-1 cell line as well
(Fig. 1C). Furthermore, we compared the time course of ras
activation in Al4 cells with that in H13IR2000 cells in
response to insulin (Fig. 1B) as well as the time course in
Rat-1 cells with that in H13IR2000 cells in response to EGF
(Fig. 1C). Activation of p21™ follows a pattern in
H13IR2000 cells similar to that in Al4 or Rat-1, with the
minor difference being that the time required to reach
half-maximal stimulation of ras activation in H13IR2000
cells is somewhat longer than that in A14 cells (Fig. 1B) and
in Rat-1 cells (Fig. 1C). Considering the approximately
100-fold-higher expression of p21™* in H13IR2000 cells, this
suggests that the activation of p21™° by insulin or EGF is not
affected by the high levels of p21 H-ras in the H13IR2000 cell
line.

Increased nucleotide exchange on p21™. To determine
whether the activation of p21™*° by insulin and EGF in
H13IR2000 cells is caused by an increase in the rate of
nucleotide exchange on p21™*°, we measured binding of
[¢-32P]GTP to p21™° in permeabilized H13IR2000 cells.
Cells were stimulated with either EGF for 2 min or insulin
for 5 min, permeabilized with streptolysin O, and incubated
with [a->?P]GTP. At different time points, cells were lysed
and p21™ was collected by immunoprecipitation. Nucle-
otides bound to p21™° were eluted and separated by TLC.
Nucleotide binding to p21™*° in H13IR2000 cells was en-
hanced approximately threefold in response to insulin and
EGF compared with that in untreated cells (Fig. 2). Stimu-
lation with the phorbol ester 12-O-tetradecanoylphorbol-13-
acetate had no effect on nucleotide binding to p21™°, which
is consistent with the finding that 12-O-tetradecanoylphor-
bol-13-acetate has no effect on the activation state of p21™**
in intact H13IR2000 cells (data not shown). The same
difference in nucleotide binding in response to insulin could
also be observed after immunoprecipitation with another
monoclonal antibody directed against p21"*°, Y13-238 (data
not shown).

No significant shift in the GDP/GTP ratio bound to p21™*
was observed in permeabilized cells after stimulation with
insulin or EGF, whereas similar stimulation leads to accu-
mulation of GTP on p21™ of up to 50% of the total bound
nucleotide in intact cells. This difference could be caused by
hydrolysis of GTP on p21™*° or due to hydrolysis of GTP
prior to binding to p21™ in permeabilized cells. To discrim-
inate between these two possibilities, we used the RR3 cell
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FIG. 1. Activation of p21™ by insulin and EGF in fibroblasts.
Al4, Rat-1, H13, and H13IR2000 cells were labeled with 3?P; as
described in Materials and Methods. Cells were lysed, and p21™ was
immunoprecipitated. Nucleotides bound to p21™° were eluted and
separated by TLC. Following autoradiography, spots corresponding
to GTP and GDP were cut out and counted by scintillation counting.
(A) TLC of the guanine nucleotides eluted from p21™° immunopre-
cipitates from H13IR2000 cells (lanes 1 to 4) or H13 cells (lanes 5 to
7). Immunoprecipitation was performed with the monoclonal anti-
body Y13-259 (lanes 2, 3, 4, 6, and 7) or with the nonrelated antibody
kT3, which is unable to recognize p21™° (lanes 1 and 5). Cells were
unstimulated (lanes 1, 2, 5, and 6), stimulated with 10 g of insulin per
ml for 5 min (lane 3), or stimulated with 20 ng of EGF per ml for 5 min
(lanes 4 and 7). Indicated are the positions at which GTP and GDP
standards ran. At the top of each lane, the amount of GTP (as a
percentage of total nucleotide bound to p21™) is indicated. (B) Time
course of ras activation in response to insulin in A14 and H13IR2000
cells. A14 cells (O) or H13IR2000 cells (A) were stimulated with 10 pg
of insulin per ml for 2, 5, or 15 min. (C) Time course of ras activation
in response to EGF in Rat-1 and H13IR2000 cells. Rat-1 (O) or
H13IR2000 cells (A) were stimulated with 20 ng of EGF per ml for 2,
5, or 15 min. The percentage of GTP is expressed as relative to the
total amount of labeled nucleotide bound to p21™.
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FIG. 2. Enhanced rate of nucleotide binding to p21™° in response
to insulin and EGF. Following growth factor stimulation,
H13IR2000 and RR3 cells were permeabilized as described in
Materials and Methods. H13IR2000 cells (panels a, b, and c) were
exposed to [a->?P]GTP for 1, 2, or 5 min, and RR3 cells (panel d)
were exposed to [a->*P]GTP for 5, 10, or 20 min as indicated at the
bottom of each lane. After cell lysis, p21™*° was immunoprecipitated
and the nucleotides were eluted. GTP and GDP were separated by
TLC, and the positions at which GTP and GDP standards ran are
indicated. H13IR2000 cells were left unstimulated (panel a), stimu-
lated with 10 pg of insulin per ml for 5 min prior to permeabilization
(panel b), or stimulated with 20 ng of EGF per ml for 2 min prior to
permeabilization (panel c). RR3 cells were left unstimulated (panel d).
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line expressing p217*(Val-12), a ras mutant defective in GTP
hydrolysis. Since these cells express relatively small
amounts of p21™® compared with those by the H13IR2000
cells, longer exposures to [a->?P]GTP were necessary to
obtain significant amounts of labeled nucleotides on p217#.
As shown in Fig. 2d, we did observe significant amounts of
[«-*?P]GTP bound to p21™* in RR3 cells (~50% at all time
points in RR3, in contrast to ~15% in H13IR2000 cells).
Thus, it seems that hydrolysis of GTP on p21™ is responsi-
ble for the observed absence of GTP bound to p21’* in
H13IR2000 cells.

Increased nucleotide binding to p21™* could be the con-
sequence of an increased rate of binding or increased overall
binding. We therefore compared the kinetics of binding of
nucleotides to p21"* in stimulated cells with that in unstim-
ulated cells. To minimize variations in the specific activities
in these experiments, 10 pM unlabeled GTP was added to
the permeabilization buffer. After stimulation with insulin, a
clear twofold increase was consistently observed in the
initial rate of nucleotide binding to p21™*° (Fig. 3A). Nucle-
otide binding to p21™ in insulin-stimulated cells approached
plateau levels after 20 min, whereas binding in unstimulated
cells was still submaximal. This indicates that increased
binding is due to an increased rate of binding and is not a
consequence of an increased number of binding sites avail-
able for [a->?P]GTP. To exclude the possibility that insulin
stimulation might affect the efficiency of permeabilization or
the uptake of [a—32P3]2GTP into permeabilized cells, we mea-
sured binding of [a«-*“P]GTP to total cellular proteins, which
was determined by filter binding on nitrocellulose filters.
Total binding of [«->?P]GTP in permeabilized cells was
unaltered in the presence of insulin compared with that in
unstimulated cells (Fig. 3B).
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In addition, we measured the rate at which labeled guanine
nucleotides bound to p21™** are replaced by unlabeled nu-
cleotide after the addition of excess unlabeled GTP (1 mM).
For this purpose, permeabilized cells were exposed to 3 nM
[«-**P]GTP for 10 min, followed by a cold chase with 1 mM
unlabeled GTP. Eighty percent of the labeled nucleotide
bound to p21™* in cells stimulated with insulin was released
within 1 min, showing the specificity of the binding (Fig. 3C).
However, a certain proportion of the labeled nucleotide has
a much slower off rate. This could either result from a slow
intrinsic exchange of guanine nucleotides on p21™* or rep-
resent aspecific binding.

Inhibition of ras activation by expression of ras(Asn-17). To
examine the involvement of guanine nucleotide exchange
factors in more detail, we used a dominant negative mutant
of p21"**, ras(Asn-17). This mutant has a low affinity for
GTP, and as a consequence it will predominantly bind GDP
(20). Inhibition of ras function by this mutant presumably
takes place through competition for activators of p217*°.
Therefore, we investigated whether the activation of p21™**
in intact cells can be blocked by the expression of this
mutant p21™°. For this purpose, cells were infected with a
recombinant vaccinia virus containing the ras(Asn-17) mu-
tant gene (16). After infection with ras(Asn-17) recombinant
vaccinia virus, approximately 100% of the cells express
ras(Asn-17) protein, since the activation of extracellular
signal-regulated kinase 2 (ERK2) by insulin is completely
inhibited (16). Sixteen to 18 h after infection, cells were
labeled with 2P, for 4 h, and labeling was followed by an
analysis of the GTP/GDP ratio bound to p21™**. As a control
for the effects of viral infection, cells were infected with
wild-type vaccinia virus. The lysates were incubated with
Ni?*-NTA agarose to remove recombinant ras(Asn-17) pro-
tein prior to being immunoprecipitated. Incubation with
Ni*>*-NTA agarose for 15 min removed all recombinant
ras(Asn-17) protein, since a second incubation with Ni**-
NTA agarose could not detect any remaining ras(Asn-17)
protein (Fig. 4). Therefore, ras(Asn-17) protein will not
contribute to the nucleotide ratio bound to p21™** immuno-
precipitates. In addition, the expression level of p21™*°(Asn-
17) was estimated to be at least 20-fold lower than that of
endogenous wild-type p21™* in H13IR2000 cells (Fig. 4).
Insulin- and EGF-induced activation of p21™*° occurred
normally in H13IR2000 cells infected with wild-type virus
(Fig. 5). However, the activation of p21™* by both insulin
and EGF was inhibited (85 and 50% inhibition, respectively)
in cells infected with the recombinant ras(Asn-17) vaccinia
virus (Fig. 5). Autophosphorylation of the insulin receptor
occurred normally in these cells, as judged from immuno-
precipitates with an anti-phosphotyrosine antibody (data not
shown).

Inhibition of increased nucleotide binding by expression of
ras(Asn-17). If activation of p217* by insulin or EGF occurs
through activation of an exchange factor for p21™°, as
suggested by our findings, then the activation of nucleotide
exchange by these growth factors should be sensitive to
expression of ras(Asn-17). We investigated the effects of
insulin and EGF on the binding rate of labeled nucleotides to
p21™* in cells infected with the ras(Asn-17) recombinant
vaccinia virus. The increased binding rate observed in
response to insulin was inhibited in cells expressing ras(Asn-
17) (77 to 100% inhibition; Fig. 6). The increased binding rate
induced by EGF was also inhibited by ras(Asn-17) (55%
inhibition) (not shown). This indicates that the enhanced
binding rate in response to insulin and EGF is due to the
activation of a guanine nucleotide exchange factor. How-
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FIG. 3. Binding of [a->?P]JGTP to p21™ and total cellular proteins. H13IR2000 cells were left unstimulated ([) or were stimulated with 10
ug of insulin per ml for 5 min (A). Cells were permeabilized and exposed to [a->?P]GTP for various lengths of time. [a-*?P]GTP was diluted
with unlabeled GTP to 10 pM for measurement of binding to p21™* and total cellular proteins. Following lysis and Triton X-114 phase
separation, p21™ was immunoprecipitated from the detergent phase as usual, and a 100-ul fraction of the aqueous phase was used for filter
binding. (A) Binding of a-?P-labeled guanine nucleotides to immunoprecipitates of p21™ expressed as the percentage of the amount of
binding to p21™* observed at 20 min in stimulated cells (set at 100%). Each point represents the average of four separate measurements, and
error bars indicate standard deviations. (B) Binding of [a-3*?P]GTP to total cellular proteins in lysates from unstimulated or insulin-stimulated
H13IR2000 cells as determined in a filter-binding assay. (C) Unstimulated or insulin-stimulated H13IR2000 cells were permeabilized and
exposed to 3 nM [a-32P]GTP for 10 min. A chase was performed by the addition of excess unlabeled GTP (1 mM). At different time points
after the addition of unlabeled GTP, cells were lysed and p21™ was immunoprecipitated. The amount of a->*P-labeled nucleotide retained on

immunoprecipitates of p21™* was determined as described in the legend to Fig. 2.

ever, the unstimulated binding rate was almost unaltered in
the presence of p21™*(Asn-17) (Fig. 6), suggesting that a
large fraction of this binding occurs through a different
mechanism.

DISCUSSION

Stimulation of tyrosine kinase receptors, including EGF
and insulin receptors, activates p21™* as measured by an
increase in GTP-bound p21™. In this report, we demon-
strate that this increase in the GTP-bound form of p21™ is,
at least in part, due to enhanced guanine nucleotide ex-
change. To study guanine nucleotide exchange on p217*¢, we
have used a Rat-1-derived cell line expressing elevated levels
of p21 H-ras (H13) as well as an H13 cell line transfected
with the human insulin receptor (H13IR2000). Both insulin
and EGF induce activation of p21"* in this latter cell line.
Treatment of H13IR2000 cells with insulin or EGF caused an
increase of GTP-bound p21™, from ~7% of the total nucle-
otide bound to p21™ in unstimulated cells to ~40% in
insulin- or EGF-stimulated cells (Fig. 1A). Since the time
course of ras activation in response to insulin or EGF
followed similar patterns in H13IR2000 cells and Al4 or
Rat-1 cells, respectively (Fig. 1B and C), it seems unlikely

FIG. 4. Expression of wild-type p21™ and recombinant ras(Asn-
17) proteins in vaccinia virus-infected cells. H13IR2000 cells were
infected with wild-type vaccinia virus (lanes 1 and 3) or ras(Asn-17)
recombinant vaccinia virus (lanes 2, 4, and 5), and 16 to 18 h after
infection, cells were harvested. Lysates were precleared with Ni?*-
NTA agarose to bind recombinant ras(Asn-17) protein (lanes 3 and
4), and preclearance was followed by immunoprecipitation of the
remaining p21™* with Y13-259 bound to protein A agarose beads
(lanes 1 and 2) or by a second incubation with Ni**-NTA agarose
(lane 5). Ni?>*-NTA agarose beads and p21™ immunoprecipitates
were boiled in sample buffer and loaded onto a 15% polyacrylamide
gel. Ras proteins were detected as described in Materials and
Methods. Exposure of the blot for detection of the ras(Asn-17)
protein bound to Ni?>*-NTA agarose beads was 10 times longer than
that for detection of p21™ bound to Y13-259. Due to the presence of
6 histidine residues at the amino-terminal end, ras(Asn-17) has a
slightly slower mobility than wild-type p21™°. The positions of
molecular size markers (in kilodaltons) are indicated on the right.
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FIG. 5. Activation of p21™* inhibited by ras(Asn-17). H13IR2000
cells were infected with wild-type vaccinia virus (left panel) or with
the ras(Asn-17) recombinant vaccinia virus (right panel). Eighteen
hours after transfection, cells were labeled with 3?P,. Following
growth factor stimulation, cells were lysed, ras(Asn-17) recombinant
protein was removed with Ni>*-NTA agarose, and p21™ was immu-
noprecipitated. Nucleotides were eluted from immunoprecipitates of
p21™ and separated by TLC. The cells were left unstimulated (lanes
1,2, 5, and 6), stimulated with 10 pg of insulin per ml for 5 min (lanes
3 and 7), or stimulated with 20 ng of EGF per ml for 5 min (lanes 4 and
8). Control immunoprecipitations were performed with the nonre-
lated antibody kT3 (lanes 1 and 5). The percentage of GTP bound to
p21™ relative to the total amount of bound nucleotide (GTP plus
GDP) is indicated at the top of each lane.
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that overexpression of p21 H-ras has a profound effect on
the mechanism of ras activation.

To study the effect of growth factor stimulation on nucle-
otide exchange on p217*°, H13IR2000 cells were used to
measure GTP binding to p21™ in permeabilized cells. Bind-
ing of [a-*’P]GTP to p21™ in permeabilized H13IR2000 cells
was enhanced in response to insulin and EGF (Fig. 2), but
not by 12-O-tetradecanoylphorbol-13-acetate, consistent
with the effect of each of these growth factors on the
activation state of p21™° in intact cells. An increase of
approximately two- to threefold was consistently observed

wild-type infected asnl7 infected

unstimulated insulin-stimulated unstimulated insulin-stimulated

B

2! 5 2! 5! 2 5 2 5

FIG. 6. Inhibition of enhanced nucleotide binding by ras(Asn-
17). H13IR2000 cells were infected with wild-type (left panel) or
ras(Asn-17) recombinant (right panel) vaccinia virus. Sixteento 18 h
after transfection, cells were permeabilized with streptolysin O and
exposed to [a-3?P]GTP. After 2 or 5 min, cells were lysed, ras(Asn-
17) recombinant protein was removed with Ni>*-NTA agarose, and
p21"** was immunoprecipitated. Cells were left unstimulated or were
stimulated with 10 pg of insulin per ml for S min prior to permeabi-
lization, where indicated. The amount of total labeled nucleotide
bound to p21™° was determined as described in the legend to Fig. 3.
Inhibition of insulin-induced nucleotide binding in cells expressing
p21™¢(Asn-17) was reproduced in three separate experiments, with
77, 100, and 100% inhibition, respectively. We also observed similar
inhibition (55%) in the rate of EGF-induced nucleotide binding in
two independent experiments.
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in the initial rate of guanine nucleotide binding to p21™** after
stimulation with insulin (Fig. 3A). Since growth factor stim-
ulation had no effect on the binding of labeled nucleotides to
total cellular proteins (Fig. 3B), we conclude that the in-
creased rate of nucleotide binding in cells treated with
insulin or EGF is not the consequence of a difference in
uptake of [a->’P]GTP or efficiency of permeabilization.
Therefore, the observed difference reflects a real difference
in the binding rate of guanine nucleotides to p21™*, presum-
ably through activation of a guanine nucleotide exchange
factor.

This latter notion was further strengthened by the exper-
iments performed with a dominant negative mutant of p21™,
p217*°(Asn-17). This mutant has a 40-fold-reduced affinity for
GTP, but its affinity for GDP is unaltered (20). Inhibition of
endogenous ras function by this mutant has been proposed
to occur through competition with normal ras for regulatory
proteins which normally promote nucleotide exchange (20).
Indeed, we found that the introduction of p217*°(Asn-17)
almost completely inhibited insulin- and EGF-induced acti-
vation of p21™* in intact cells (Fig. 5). This finding consti-
tutes the first direct proof that p21™°(Asn-17) actually inhib-
its p21™° activation. Remarkably, up to 85% inhibition can
be accomplished, although the expression level of
p21™(Asn-17) in H13IR2000 cells infected with ras(Asn-17)
recombinant virus is at least 20-fold lower than that of
wild-type p21™° (Fig. 4). Clearly, p21™*(Asn-17) is a very
efficient inhibitor of p21™**, suggesting a very high affinity of
ras(Asn-17) for the exchange factor.

The increased rate of nucleotide binding in response to
insulin and EGF was also inhibited by expression of
ras(Asn-17) (Fig. 6). In contrast, unstimulated nucleotide
exchange was only slightly affected by p217#°(Asn-17). Re-
markably, the extent of inhibition of increased nucleotide
binding in response to insulin (77 to 100%) or EGF (55%) is
similar to the level of inhibition of insulin- (85%) and
EGF-induced (50%) activation of p217*° in intact cells. In
conclusion, our findings that p21™**(Asn-17) inhibits both ras
activation in intact cells and growth factor-induced nucle-
otide binding to p21™° in permeabilized cells to similar
extents suggest that the activation of a nucleotide exchange
factor is involved in the activation of p21™* by insulin and
EGF.

Virtually all of the labeled nucleotide bound to p21™* after
stimulation with insulin could be released by the addition of
excess unlabeled GTP (Fig. 3C), stressing the specificity of
the nucleotide binding. However, a certain proportion of the
labeled nucleotide is released very slowly during the chase
experiment. This fraction can be more than 50% of the total
amount of labeled nucleotide recovered from ras immuno-
precipitates in the unstimulated cells (Fig. 3C). The slow
release could be caused by a fraction of p21™° which is not
in contact with an exchange factor and thus represent
intrinsic exchange of nucleotides on p21™, or it could be due
to aspecific binding. This would suggest that a certain
proportion of labeled nucleotide is bound to p21™° in a
manner independent of a guanine nucleotide exchange fac-
tor. In turn, this would explain why unstimulated binding of
nucleotides to p21™*° is hardly affected by expression of
ras(Asn-17). If so, then the guanine nucleptide exchange
factor per se is activated more than two- to threefold by EGF
or insulin.

Although the release of labeled nucleotides from p217* is
virtually complete within 1 min after the addition of 1 mM
GTP in insulin-stimulated cells (Fig. 3C), it takes at least 20
min for binding of labeled nucleotides to p21™** to reach
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steady-state levels in these cells in the presence of 10 uM
GTP (Fig. 3A). Thus, the measured off rate of nucleotides
bound to p21™ is higher than the measured on rate. Possi-
bly, either the release of GDP or the binding of GTP is
dependent on the concentration of GTP, and the observed
difference in on and off rates is due to the different concen-
trations of GTP used in each experiment (10 uM for binding,
1 mM for release).

Unlike with intact cells, no accumulation of GTP-bound
p21™° is observed in permeabilized cells after stimulation
with insulin or EGF (compare Fig. 1 and 2). However,
[-32P]GTP is sufficiently stable in the permeabilized cells to
obtain significant amounts of ras GTP in cells that express a
mutated ras protein which is unable to hydrolyze GTP (RR3)
(Fig. 2). Thus, it seems that hydrolysis of GTP on p21™ is
responsible for the observed absence of GTP bound to p21™°
in H13IR2000 cells. In our view, this difference between
intact and permeabilized cells is best explained by the
forementioned observation that the on rate might be limited
by the availability of GTP in the experiments using perme-
abilized cells. A submaximal exchange rate in permeabilized
cells would result in the absence of GTP bound to p21™<.
This also explains why our results differ from those of
experiments using permeabilized T cells, in which a clear
increase in the level of GTP bound to p21™*° after T-cell
receptor stimulation has been previously observed (18). In
these cells, regulation of the activation state of p21™° has
been previously proposed to occur through inhibition of
GAP activity (18), which is in contrast to the mechanism
proposed here for the regulation of ras activation in fibro-
blasts. This inhibition of GAP activity may permit the
detection of GTP bound to p21™ from permeabilized T cells.
In fibroblasts, a reduction in GTPase stimulatory properties
in response to insulin or EGF has not been observed thus far
(5, 11). However, a role for p120GAP in the regulation of
p217*° in fibroblasts cannot be excluded at this point, con-
sidering that pl20GAP interacts with all tyrosine kinase
receptors known to activate p217%° (28, 31, 39). Moreover,
EGF stimulation has been previously reported to induce
association of pl120GAP with a 190-kDa phosphoprotein,
which results in a fourfold reduction in GAP activity (36).
Similarly, in T cells the additional involvement of induced
exchange cannot be excluded. It could be that both the rate
of nucleotide exchange on p21™° and the rate of GTP
hydrolysis are changed upon growth factor stimulation.
Therefore, the apparent difference in regulation of the acti-
vation state of p21™° in T lymphocytes and fibroblasts may
be a consequence of the relative contribution of each of the
two mechanisms. Regulation of both nucleotide exchange on
p21™ as well as GTPase activity of p21™* has recently been
suggested to occur in PC12 cells stimulated with nerve
growth factor. Remarkably, an increase in GTPase stimula-
tory activity appears to antagonize the measured increase in
activity of the nucleotide exchange factor (30). Also, by
using a more indirect approach with a number of mutants of
p21™ introduced in NIH 3T3 cells, it was previously shown
that serum- and platelet-derived growth factors most likely
stimulate guanine nucleotide exchange, whereas the p21™*
GTPase activity seems to be affected by cell density (53).
Taken together, these data strongly suggest that the activity
of the exchange factor(s) for p21™* is regulated by growth
factors, leading to the activation of p21”**. The mechanism
by which these growth factors activate the exchange fac-
tor(s) remains to be elucidated.
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