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The p2l' GTPase-activating protein (GAP) is thought to function as both a negative regulator and a
downstream target of p2l1. Here, we have investigated the role ofGAP by using a transient expression assay
with a fos luciferase reporter plasmid. We used GAP deletion mutants that lack the domain involved in
interaction with p2l' and encode essentially only the SH2-SH3 domains. When these GAP deletion mutants
were expressed, we observed a marked induction offos promoter activity similar to induction by activated
p21'. Expression of a full-length GAP construct had no effect on the activity of thefos promoter. Activation
of thefos promoter by these GAP SH2-SH3 regions was inhibited by cotransfection of a dominant inhibitory
mutant of p21', Ras(Asn-17). Thus, the induction of gene expression by GAP SH2-SH3 domains is dependent
on p21' activity. Moreover, induction of fos promoter activity by GAP SH2-SH3 domains is increased
severalfold after cotransfection of an activated mutant of p2l1, Ras(Leu-61), or insulin stimulation of A14
cells, both leading to an increase in the levels of GTP-bound p2l'. The combined effect of Ras(Leu-61) and
the GAP deletion mutants was not inhibited by Ras(Asn-17), indicating that GAP SH2-SH3 domains do not
function to activate endogenous p21' but cooperate with another signal coming from active p2l'. These data
suggest that GAP SH2-SH3 domains serve to induce gene expression by p21' but that additional signals
coming from p21' are required for them to function.

The products of the ras genes play an important role in the
regulation of cellular growth and differentiation. Their po-
tential to induce transformation and their role in signal
transduction have been studied extensively (3, 5, 6). So far,
it seems well established that p2lras proteins are involved in
signaling from a number of receptors of the tyrosine kinase
family (16). This notion is supported by the fact that mito-
genicity induced by a number of growth factors can be
blocked by a neutralizing anti-Ras antibody (27) and by the
action of a dominant inhibitory mutant of p2lras (9). Also,
activation of p21l' by a shift to the GTP-bound form has
been reported to take place upon activation of a number of
tyrosine kinase receptors (8, 11, 14, 30, 31). The mechanism
by which this activation takes place is still unknown. How-
ever, a possible link between p2lms and tyrosine kinase
signaling is provided by the p21rS GTPase-activating protein
(GAP).
GAP can negatively regulate p21l'S activity by increased

hydrolysis of GTP bound to p21r' (33, 36). The COOH-
terminal domain of GAP is responsible for this catalytic
effect on p2lr's GTPase activity (20). In addition, through its
src-homology domains (SH2-SH3), GAP can associate with
tyrosine-phosphorylated proteins (2, 25) such as the platelet-
derived growth factor receptor (18), epidermal growth fac-
tor receptor (19), the insulin receptor (28), v-src (7, 29),
and two proteins of 190 and 62 kDa (12). Also, GAP is
phosphorylated on tyrosine in cells that are stimulated by
platelet-derived growth factor (24), epidermal growth factor
(12), or insulin (28) and in cells expressing v-src (12).
Interestingly, all of these tyrosine kinases have been re-
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ported to activate p2lras to some extent (8, 14, 30, 31), but at
present, no effect of tyrosine phosphorylation on the cata-
lytic activity of GAP on p21r' has been observed. Only GAP
associated with the 190-kDa protein seems to have a reduced
activity (26).
Apart from negatively regulating p2lras, GAP has been

proposed to serve as a downstream target of p2l"s, since it
interacts with a region of p21l'r implicated in effector
function (1, 10). Direct proof for such a function of GAP was
obtained with isolated atrial cell membranes, in which inter-
action between p2lras and GAP can inhibit the carbachol-
induced opening of K+ channels (38). This inhibition most
likely occurs through an uncoupling of the heterotrimeric G
protein (Gk) and the muscarinic receptor. The SH2-SH3
domains of GAP are responsible for this effect (21). These
domains can inhibit the opening of potassium channels in a

ras-independent manner when the region of GAP that inter-
acts with p2l't' is deleted. From these data, a model in
which GAP is enabled to interact with its target through a
conformational change induced upon binding of p2lmS was
proposed (21).

Here, we have examined the role of GAP in the induction
of gene expression. Activation of p21lS has been shown to
lead to the induction offos promoter activity in a transient
assay system (23). We tested whether transfection of full-
length GAP or GAP SH2-SH3 domains would result in the
induction of gene expression. The deletion mutants encoding
GAP SH2-SH3 domains strongly induce of fos promoter
activity when transiently expressed, whereas full-length
GAP has no effect. In addition, the effect of GAP SH2-SH3
domains is dependent on the activity of p21r' and cooper-
ates with increased levels of active p21'S.
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FIG. 1. Structure of GAP expression plasmids. The wild-type GAP clone (wt GAP) contains the full-length human type 1 GAP cDNA from
clone 101 (34). At the NH2 terminus, it has a hydrophobic stretch of about 180 amino acids and the src-homology regions, SH2 (1), SH3, and
SH2 (2), adjacent to it. The region important for the activation of p21' GTPase activity is located at the COOH-terminal part of the protein
(amino acids 714 to 1047). The GAP32 deletion mutant lacks amino acids 724 to 1047, a major part of the catalytic domain. GAP37 lacks amino
acids 1 to 180, the hydrophobic stretch, and amino acids 447 to 1047, which are all amino acids COOH terminal to SH2 (2), and encodes almost
only the SH2-SH3 regions.

MATERIALS AND METHODS

Cell culture and transfection. Cells were cultured in Dul-
becco's modified Eagle medium (GIBCO) supplemented
with 10% fetal calf serum (GIBCO) and 0.05% L-glutamine.
A14 cells are NIH 3T3-derived cell lines, expressing approx-
imately 3 x 105 insulin receptors per cell, that have been
described previously (8). Transient transfections in A14 cells
were carried out by using the DEAE-dextran method (15).
Chinese hamster ovary cells (CHO9) were transfected by
using the calcium phosphate method (35) in combination
with a glycerol shock as described previously (23). After
being transfected, cells were cultured for 48 h in Dulbecco's
modified Eagle medium supplemented with 0.5% fetal calf
serum. Where indicated, cells were stimulated with insulin
(10 ,ug/ml) 24 h prior to harvesting. Cells were lysed at room
temperature in a buffer containing 15% glycerol, 1% Triton
X-100, 0.1 M potassium phosphate buffer (pH 7.8), 1 mM
dithiothreitol, and 8 mM MgCl2 for 10 min and collected by
scraping with a rubber policeman. Lysates were cleared by
centrifugation in an Eppendorf centrifuge for 10 min. Lu-
ciferase activity was determined as described before (23).
Recombinant plasmids. The fos luciferase construct and

Rous sarcoma virus (RSV)-driven constructs, RSV.neo,
RSV.Ras(Asn-17), and RSV.Ras(Leu-61), were described
previously (23). The full-length wild-type GAP expression
vector was constructed by insertion of the cDNA from
pUC101 (34), containing the complete human cDNA of
GAP, into pRSV.H20 (23). The construction of cDNAs
encoding GAP37 and GAP32R was described previously
(21). For transient expression, these cDNAs were cloned
into the pcDNA I vector (Invitrogen) under control of the
cytomegalovirus promoter and enhancer.

RESULTS

Induction of c-fos expression by GAP deletion mutants. Two
different GAP deletion mutants were constructed from a
full-length human GAP cDNA. The structure of each of the
GAP constructs is shown in Fig. 1. The wild-type GAP
cDNA contains the complete coding sequence of human
type 1 GAP. It contains a hydrophobic NH2 terminus of
about 180 amino acids, the src-homology regions (SH2-SH3)
directly adjacent to it, and the catalytic domain responsible
for activation of the p2lras GTPase activity in the COOH-
terminal part of the protein (20). GAP32 lacks a substantial

part of the region for p2lras interaction. GAP37 lacks both
the hydrophobic stretch and the catalytic domain and en-
codes essentially only the SH2-SH3 regions. Both proteins
were shown to function in a manner independent of p2lras in
the uncoupling of the muscarinic receptor from its G protein
in a previous study (21). We used Chinese hamster ovary
cells (CHO9) and an NIH 3T3-derived cell line expressing
high levels of the human insulin receptor (A14) to test the
effect of the GAP deletion mutants. Transfection of the
full-length GAP construct did not affect the expression
driven by thefos promoter (Fig. 2). In contrast, a severalfold
induction was observed after the transfection of GAP32 and
GAP37 clones in both cell lines (Fig. 2). Transfection of the
GAP37 construct especially resulted in a strong induction (5-
to 10-fold) offos promoter activity.
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FIG. 2. Induction of gene expression by GAP SH2-SH3 do-
mains. Cells were transfected with 4 pg offos luciferase in combi-
nation with 6 ,ug of RSV.neo, RSV.GAP, CMV.GAP32, or CMV.
GAP37 per 9-cm dish. The results for CHO9 cells transfected by
calcium phosphate precipitation of DNA (A) and A14 cells trans-
fected by DEAE-dextran-mediated DNA uptake (B) are shown.
After being transfected, cells were grown on Dulbecco's modified
Eagle medium supplemented with 0.5% fetal calf serum. Lysates
were made 48 h after transfection and tested for luciferase activity.
Activities are expressed relative to the activity found in cells
transfected with GAP37. Error bars represent the standard deviation
for each value (n = 6).
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FIG. 3. Ras dependence of induction by GAP SH2-SH3 do-
mains. A14 cells were transfected with 4 p.g of fos luciferase in
combination with 6 pg of CMV.GAP32 or CMV.GAP37 or 4 pLg of
RSV.Ras(Asn-17) where indicated (A). As a control for the speci-
ficity of inhibition by Ras(Asn-17), A14 cells were transfected with
4 p,g offos luciferase in combination with 2 ,ug of RSV.Ras(Leu-61)
[ras(leu6l)] with or without 4 jg of RSV.Ras(Asn-17) [ras(asnl7)]
(B). The total amount of DNA in all precipitates was adjusted to 14
jig with RSV.neo. After being transfected, cells were grown on
Dulbecco's modified Eagle medium plus 0.5% fetal calf serum, and
lysates were made after 48 h. Luciferase activity in these lysates is
expressed relative to the activity found in cells transfected with
GAP37. Error bars represent the standard deviation in each value (n
= 4).

Ras dependence of gene induction by GAP32 and GAP37.
We examined the Ras dependence of induction by GAP32
and GAP37 in A14 cells by using cotransfection with a
dominant inhibitory mutant of p2lras. This mutant, Ras(Asn-
17), has been shown to specifically inhibit the induction of
gene expression by normal p2lr' (23), most likely through
competition for the exchange factor of p2lr' necessary for
activation (13). Cotransfection of Ras(Asn-17) with either
GAP32 or GAP37 resulted in an inhibition of fos promoter
activity (Fig. 3). The residualfos promoter activity after the
cotransfection of GAP SH2-SH3 domains and Ras(Asn-17)
may suggest that induction of gene expression by GAP
SH2-SH3 domains can also take place by a route indepen-
dent of p21ras. Also, in CHO9 cells, cotransfection of
Ras(Asn-17) inhibited GAP32- and GAP37-induced activa-
tion of the fos promoter (data not shown). As a control for
inhibition with Ras(Asn-17), we transfected this construct
together with an activated mutant of p21rS, Ras(Leu-61).
The induction of fos promoter activity observed with
Ras(Leu-61) was not affected by Ras(Asn-17) (Fig. 3), dem-
onstrating that Ras(Asn-17) specifically inhibits activation of
normal p21.

Cooperation between GAP37 and activated p21'. The Ras
dependence of gene induction by GAP32 and GAP37 sug-
gests that the SH2-SH3 regions function upstream of p21ras,
since inhibition at the level of p21rS blocks their activity.
However, another possible explanation for these findings
could be that SH2-SH3 domains require another signal from
p21ras in order to function. We therefore examined whether
an increase in the level of active p2lras would lead to an
increased activation of the fos promoter by the SH2-SH3
regions. In fibroblasts that overexpress the insulin receptor,
like the A14 cells (approximately 3 x 105 receptors per cell),
insulin stimulation leads to a rapid activation of p2lras (8). As
a consequence, the luciferase expression is induced about

GAP37 - + - + _ + _ + - + _ +
ras(asnl7) - - + + - - + + - - + +

basal insulin-induced ras(leu6l)-induced
FIG. 4. Cooperation between active p2lr'S and GAP37. A14 cells

were transfected with 4 ,ug offos luciferase in combination with 6 sLg
of CMV.GAP37 (GAP37) in the presence or absence of 4 Fg of
RSV.Ras(Asn-17) [ras(asnl7)] where indicated. Cells were left un-
treated (basal) or treated with insulin 24 h after transfection (insulin-
induced), or 2 p.g of Ras(Leu-61) was cotransfected [ras(leu6l)-
induced]. The amount ofDNA in each precipitate was normalized to
16 ,ug with RSV.neo. Lysates were made 48 h after transfection, and
luciferase activity was determined. Luciferase activity is expressed
relative to the activity observed in cells transfected with GAP37 and
stimulated with insulin. Error bars represent the standard deviation
for each value (n = 3).

sixfold in A14 cells after insulin treatment (Fig. 4), similar to
the level obtained with GAP32 or GAP37 alone. When
GAP37 and insulin were combined, we observed a marked
increase in insulin-induced luciferase activity (Fig. 4), sug-
gesting a cooperation between active p2lras and GAP37 in
the induction of gene expression. However, this combined
effect could be caused by a synergism between insulin and
GAP SH2-SH3 domains at a different level. In order to
exclude this possibility, we cotransfected GAP37 with an
activated mutant of p2lras, Ras(Leu-61). Transfection of
Ras(Leu-61) withfos luciferase also gave rise to an induction
of luciferase activity, and cotransfection of GAP37 resulted
in an even stronger induction (Fig. 4), which shows that
GAP37 actually cooperates with active p2lras. The effect of
GAP37 and insulin together could be inhibited with Ras(Asn-
17) (Fig. 4), as was expected, since both insulin- and
GAP37-induced gene expression is abolished by this mutant.
The activity of Ras(Leu-61) is not affected by Ras(Asn-17)
(Fig. 3 and 4); also, the combined effect of GAP37 and
Ras(Leu-61) was unaltered in the presence of Ras(Asn-17)
(Fig. 4). This excludes the possibility that the additional
effect of GAP37 on Ras(Leu-61) induction is caused by the
activation of normal endogenous p2lras, since this effect
would be inhibited by Ras(Asn-17). Therefore, it is very
unlikely that GAP37 functions through activation of endog-
enous p2lras to activate the fos promoter.

DISCUSSION
We examined the role of p2lras GAP in the induction of

gene expression by p2lr'. By using a transient expression
assay with a fos luciferase reporter plasmid, we found that
fragments of GAP that encode the SH2-SH3 regions but lack
the catalytic domain (GAP32 and GAP37) can elevate the
activity of thefos promoter to a level similar to that observed
after transfection of activated p2lras, whereas the full-length
GAP construct was inactive. Assuming that the full-length
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GAP construct was expressed properly, this result suggests
that the catalytic domain of GAP inhibits the GAP effector
function. This would be in agreement with the results
obtained by Martin et al. (21). They reported that GAP32 and
GAP37 can inhibit the carbachol-induced opening of potas-
sium channels in isolated membranes from chicken atrial
cells in a p21ras-independent manner, whereas full-length
GAP can only do so in the presence of active p2lr'.
Apparently, activated p2l' overcomes the inhibitory effect
of the catalytic domain of GAP, probably by binding to it.

In a manner analogous to that of the model proposed by
Martin et al., the activation of fos promoter activity by
GAP32 and GAP37 was expected to be independent of
p2lras. However, the induction by GAP SH2-SH3 domains
was found to be largely dependent on the activity of p2lras,
since we could inhibit the activation of gene expression with
a dominant inhibitory mutant of p2lras, Ras(Asn-17). The
Ras dependency of gene induction by GAP SH2-SH3 do-
mains suggests that GAP SH2-SH3 domains can cause the
activation of normal endogenous p2lras, resulting in the
induction offos promoter activity. This would imply that the
mechanism by which GAP SH2-SH3 domains activate the
fos promoter is different from the mechanism by which GAP
SH2-SH3 domains inhibit the carbachol-induced opening of
potassium channels. An alternative explanation is that GAP
SH2-SH3 domains trigger a p21ras-independent pathway
similar to that observed for the inhibition of the opening of
potassium channels, but that they need an additional signal
from p2lnJS to activate the fos promoter. To discriminate
between these two possibilities, we have introduced active
p2lr'S into this system by two methods, i.e., stimulation with
insulin in A14 cells or transfection with activated p2lras,
Ras(Leu-61). If GAP SH2-SH3 domains cause an activation
of normal endogenous p2lr', it is expected that high levels
of introduced active p2lr'S would overrule the GAP32 and
GAP37 effect. We observed a marked increase in fos pro-
moter activity after the transfection of GAP37 in A14 cells
treated with insulin. Also, GAP37 cooperated with Ras(Leu-
61) in the activation of thefos promoter. The possibility that
this additive effect is due to an extra increment in GTP-
bound p2lr' induced by GAP37 is unlikely, since insulin
(which activates endogenous p2lras) does not enhance the
effect of Ras(Leu-61) on fos promoter activity in A14 cells
(data not shown). Moreover, the fact that the additional
effect of GAP37 on Ras(Leu-61)-induced gene expression is
insensitive to Ras(Asn-17) excludes the possibility that GAP
SH2-SH3 domains function through the activation of endog-
enous p21r'. Therefore, our results strongly suggest that the
GAP SH2-SH3 domains function separately from p21raS to
induce fos promoter activity but require an additional signal
coming from p2lras.
The cooperation of a GAP SH2-SH3-induced signal with a

signal coming from p2l' implies that in unstimulated A14
cells, sufficient p21r' is in the GTP-bound state for down-
stream signaling, since GAP37 alone is able to activate the
fos promoter. Sufficient indications are available for such a

sustained effect of p2lras to be postulated. For instance,
Downward et al. (11) reported constitutive exchange activity
in permeabilized T lymphocytes and fibroblasts, suggesting
that at least a fraction of p21ras is complexed to GTP for a

certain time. Also, in normal fibroblasts or resting T cells, a
small but significant (7 to 15%) fraction of p21r' is in the
GTP-bound state (8, 11). Finally, the fact that inhibition of
the opening of potassium channels by full-length GAP can be
inhibited with Y13-259 indicates that active p21rS is present
in isolated membranes (38).

Our results cannot distinguish whether the GAP SH2-SH3
domains function in a pathway completely independent of
p2lras or the GAP SH2-SH3 domains mimic the full-length
GAP-p21ras GTP complex, as postulated in the model of
Martin et al. (21). However, the fact that full-length GAP is
known to interact with p2lrnS and the proposed role of GAP
as the effector molecule of p2lr' suggest that GAP SH2-SH3
domains mimic this effector molecule and function immedi-
ately downstream from p2lras. Therefore, our current model
is that p2lr'S generates two signals: one mediated by full-
length GAP, which is mimicked by the GAP SH2-SH3
domains, and one whose nature is still elusive. A candidate
protein that could mediate this unknown additional signal is
the product of the neurofibromatosis type 1 gene, neurofi-
bromin, which binds to the effector domain of p2lras. Alter-
natively, it could be that regions of GAP other than the
SH2-SH3 domains are responsible for the additional signal
and that the GAP SH2-SH3 domains might not fully mimic
the full-length GAP-p21ras GTP complex. However, Zhang
and colleagues concluded from their observations on the
effect of full-length GAP on transformation of cells by
activated p2lras that it is unlikely that GAP alone is the target
for p2lras (39).
Assuming that GAP SH2-SH3 domains play a role down-

stream from p2lras, one would not expect an additional effect
of GAP37 on mutant p2lr' and insulin-induced expression
of the fos luciferase reporter, since activated p2lr' would
unfold endogenous full-length GAP, making the presence of
additional GAP SH2-SH3 domains unnecessary. It could be
that the level of endogenous GAP which can interact with
activated p2lras is not sufficient for the full effect or that
competition for binding to active p2lrnS by other proteins
displaces GAP from p2lras. In fact, neurofibromin has been
shown to have an affinity for GTP-bound p2lr' 30-fold
higher than that of GAP (4). If indeed the amount of
full-length GAP is limiting with respect to the induction of
gene expression, one would expect that the introduction of
full-length GAP would potentiate fos promoter activity un-
der circumstances in which excess active p2lr?S is available.
Such an effect was observed several times in the case of
Ras(Leu-61)-induced gene expression (up to fivefold extra
induction [22a]). For insulin-induced gene expression, we
did not observe such a cooperativity with full-length GAP.
This may be due to additional negative effects of the catalytic
domain of GAP on normal p2lr' (39).

In addition to GAP, a large number of proteins which
contain SH2-SH3 domains have been identified, all of which
interact with tyrosine-phosphorylated proteins. For in-
stance, the crk oncogene is analogous to GAP37 in that it
contains merely SH2-SH3 domains (22). This raises the
question of whether the observed effects of the GAP SH2-
SH3 domains are specific. From the work of Kashishian et
al., it is clear that the SH2 domains of phosphatidylinositol-3
kinase, phospholipase C-y, and GAP bind to different phos-
photyrosines on the platelet-derived growth factor receptor,
indicating selectivity in the binding of SH2-containing pro-
teins (17). Furthermore, we observe only a very minor
induction of fos promoter activity with the crk SH2-SH3
domains (unpublished observation). We therefore conclude
that the observed effects of the GAP SH2-SH3 domains
reflect specific interactions. It is attractive to speculate that
the GAP SH2-SH3 domains interact specifically with a
phosphotyrosine-containing protein which serves as the
downstream target of the full-length GAP p21rs-GTP com-
plex. Candidate targets are the GAP-associated tyrosine
phosphoproteins of 62 and 190 kDa. In this respect, the
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recent findings that the 62-kDa GAP-associated protein
might function as a heterogeneous nuclear RNA binding
protein (37) and the 190-kDa GAP-associated protein might
function as a transcriptional repressor (32) are provocative.
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