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GAP1IP4BP is a member of the GAP1 family of Ras GTPase-activating proteins (GAPs) that includes GAP1m,
CAPRI, and RASAL. Composed of a central Ras GAP-related domain (RasGRD), surrounded by amino-
terminal C2 domains and a carboxy-terminal PH/Btk domain, these proteins, with the notable exception of
GAP1m, possess an unexpected arginine finger-dependent GAP activity on the Ras-related protein Rap1 (S.
Kupzig, D. Deaconescu, D. Bouyoucef, S. A. Walker, Q. Liu, C. L. Polte, O. Daumke, T. Ishizaki, P. J. Lockyer,
A. Wittinghofer, and P. J. Cullen, J. Biol. Chem. 281:9891–9900, 2006). Here, we have examined the mechanism
through which GAP1IP4BP can function as a Rap1 GAP. We show that deletion of domains on either side of the
RasGRD, while not affecting Ras GAP activity, do dramatically perturb Rap1 GAP activity. By utilizing
GAP1IP4BP/GAP1m chimeras, we establish that although the C2 and PH/Btk domains are required to stabilize
the RasGRD, it is this domain which contains the catalytic machinery required for Rap1 GAP activity. Finally,
a key residue in Rap1-specific GAPs is a catalytic asparagine, the so-called asparagine thumb. By generating
a molecular model describing the predicted Rap1-binding site in the RasGRD of GAP1IP4BP, we show that
mutagenesis of individual asparagine or glutamine residues that lie in close proximity to the predicted binding
site has no detectable effect on the in vivo Rap1 GAP activity of GAP1IP4BP. In contrast, we present evidence
consistent with a model in which the RasGRD of GAP1IP4BP functions to stabilize the switch II region of Rap1,
allowing stabilization of the transition state during GTP hydrolysis initiated by the arginine finger.

The Ras-like family of small GTPases are ubiquitously ex-
pressed, evolutionarily conserved proteins that, by undergoing
conformational changes in response to the alternate binding of
GDP and GTP, function as binary switches (28, 31, 35). The
GDP-bound “off” state and the GTP-bound “on” state recog-
nize distinct effector proteins, thereby allowing the regulation
of a variety of downstream signaling events (28, 31, 35). While
Ras is the best-known and best-studied Ras-like GTPase, Rap1
has recently attracted considerable attention (reviewed in ref-
erence 20).

Rap1 was originally identified through its ability, when over-
expressed, to reverse the phenotype of K-Ras-transformed
NIH 3T3 cells (19). As Ras and Rap1 have very similar effector
regions, the ability of Rap1 to reverse the transformed pheno-
type appeared to arise through an ability to compete with
K-Ras effectors. For example, Rap1 binds the Ras effector
Raf1 but this does not lead to its activation (11). This is con-
sistent with a simple model in which Rap1 functions as a Ras
antagonist (6, 37). However, recent work has challenged this
view. Increasing evidence points to Rap1 interacting with its
own panel of effectors through which it controls cell-cell ad-
hesion and cell-matrix interactions (reviewed in reference 20).

Like that of other GTPases, the activation of Ras and Rap1
is regulated through guanine nucleotide exchange factors,
which control activation by stimulating the exchange of GDP
for GTP. Inactivation is driven by GTPase-activating proteins
(GAPs). These enhance the intrinsic GTPase activity of Ras
and Rap1, thereby leading to GTP hydrolysis. A wide variety of
guanine nucleotide exchange factors and GAPs specific for
these GTPases have been identified (14). Through the arrange-
ment of different modular domains, these proteins are regu-
lated following the activation of cell surface receptors. This
occurs either through direct association with the activated re-
ceptor or indirectly through second messengers (4, 5, 14, 41).

Mammalian proteins capable of functioning as Ras GAPs
include NF1 (3, 27, 40), p120GAP (38), the semaphorin 4D
receptor plexin-B1 (29), and members of the GAP1 (reviewed
in reference 41) and SynGAP (DAB2IP, nGAP, and SynGAP)
families (10, 18, 39). These function as Ras GAPs by supplying
a catalytic arginine residue—the arginine finger—into the ac-
tive site of Ras. This stabilizes the transition state of the
GTPase reaction, increasing the reaction rate by more than
1,000-fold (1, 33, 34).

Rap1 GAPs include Rap GAPs I and II, the SPA-1 family
(SPA-1, SPAR, SPAL, and E6TP1), and tuberin (16, 17, 26,
32). Unlike Ras, Rap1 does not possess the catalytic glutamine
residue that is critical for GTP hydrolysis in Ras. This funda-
mental difference means that the mechanisms by which Ras
and Rap1 GAPs function are distinct. Rap1 GAPs do not
employ a catalytic arginine residue (8, 9); instead, they provide
a catalytic asparagine—the asparagine thumb—to stimulate
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GTP hydrolysis (15). Here the asparagine carboxamide side
chain has a function similar to that of the glutamine residue in
Ras, stabilizing the position of the nucleophilic water and
�-phosphate in the transition complex (15, 36).

Given such distinct catalytic mechanisms, surprisingly, some
Ras GAPs, while having no detectable sequence homology
with any Rap1 GAPs, are capable of stimulating the GTPase
activity of Rap1. The first protein found to display such dual
activities was GAP1IP4BP (13) (also known as RASA3, GAPIII,
and R-Ras GAP). This is a member of the GAP1 family, which
also comprises GAP1m, CAPRI, and RASAL (2, 23–25).
These proteins are characterized by a domain architecture
comprising amino-terminal tandem C2 domains, a highly con-
served central Ras GAP-related domain (RasGRD), and a
carboxy-terminal pleckstrin homology (PH) domain that is as-
sociated with a Bruton’s tyrosine kinase (Btk) motif (41). Con-
sistent with the presence of the RasGRD, all proteins display
Ras GAP activity, although each is differentially regulated fol-
lowing receptor stimulation (41). With the notable exception
of GAP1m, all GAP1 proteins also possess efficient Rap1 GAP
activity (22). Such dual specificity is not restricted solely to
GAP1 proteins. Recently, C2 domain-containing SynGAP—a
neuronal Ras GAP—has also been shown to display Rap1
GAP activity (21), an activity that appears to require, alongside
the RasGRD, the presence of a single C2 domain (30).

Here we have examined the mechanism behind the dual Ras
and Rap1 GAP activities of GAP1IP4BP. Through the genera-
tion of a series of GAP1IP4BP/GAP1m chimeras, we have es-
tablished that while the C2 domains of GAP1IP4BP are re-
quired to stabilize the RasGRD, these domains do not supply
catalytic residues required for Rap1 GAP activity. Rather, the
Rap1 GAP catalytic machinery appears to reside solely within
the RasGRD. By the site-directed mutagenesis of selected
asparagine and glutamine residues within this domain—se-
lected following the generation of a predicted molecular model
of the GAP1IP4BP RasGRD-Ras(Rap1) complex—we estab-
lish that the ability of GAP1IP4BP to function as a Rap1 GAP
does not occur via a mechanism that utilizes a classic aspara-
gine thumb. Rather, we suggest that the GAP1IP4BP RasGRD
functions to stabilize the switch II region of Rap1 in a manner
that allows a catalytic arginine finger from GAP1IP4BP to drive
the hydrolysis of GTP.

MATERIALS AND METHODS

cDNAs. The human isoforms of the GAP1IP4BP, GAP1m, Ras, and Rap1
cDNAs were used in this study.

Generation of GAP1IP4BP deletion constructs. GAP1IP4BP�PH/C-tail was gen-
erated by digesting pEGFP-C1-GAP1IP4BP with ApaI and religating the larger
fragment, thereby deleting the PH/Btk domains and the C terminus.
GAP1IP4BP�C2, GAP1IP4BP�GRD/PH/C-tail, and GAP1IP4BP�C-tail were gen-
erated as previously described (7).

Generation of GAP1IP4BP and GAP1m C2 domain chimeras. Site-directed
mutagenesis was used to introduce the following unique restriction sites into
GAP1IP4BP and GAP1m: an XbaI site between the C2A and C2B domains and
a SpeI site at the end of the C2B domain. The restriction sites were introduced
sequentially with the QuikChange XL kit (Stratagene) according to manufactur-
er’s instructions with pEGFP-C1-GAP1IP4BP and pEGFP-C1-GAP1m as tem-
plates. The primers used were GAP1IP4BP (XbaI) fwd (5�-GGGCAAAGTGCA
TCTAGAGCTGCGGCTGAGCG-3�), GAP1m (XbaI) fwd (5�-GGGTAAAGT
TCATCTAGAATTAAAACTGAATG-3�), GAP1IP4BP (SpeI) fwd (5�-CTCTG
CGGGACCTACTAGTGAAGTCTGCGGATG-3�), and GAP1m (SpeI) fwd
(5�-CTTTGAAAACTTTACTAGTAAAATCACCAGATG-3�). The reverse
primers were exactly complementary to the forward primers, and the underlined

sequences indicate the positions of the restriction sites. Introduction of the SpeI
restriction site resulted in an amino acid change from L308 to V in GAP1IP4BP

and from L334 to V in GAP1m. Following the generation of the hybrid proteins,
the SpeI site was therefore removed from each protein with the QuikChange XL
kit (Stratagene) and primers GAP1IP4BP/m (minus SpeI) fwd (5�-CTCTGCGG
GACCTGCTGTTAAAATCACCAGATG-3�) and GAP1m/IP4BP (minus SpeI)
fwd (5�-CTTTGAAAACTTTGCTGCTGAAGTCTGCGGATG-3�). Again, the
reverse primers were exactly complementary to the forward primers.

Generation of GAP1IP4BP and GAP1m PH/Btk domain chimeras. The PH/Btk
domain chimeras of GAP1IP4BP and GAP1m were generated as described in
reference 12.

Generation of GAP1IP4BP and GAP1m GRD chimeras. Site-directed mutagen-
esis was used to introduce the following unique restriction sites into GAP1IP4BP

and GAP1m: a SpeI site at the end of the C2B domain and an XbaI site after the
GRD. The restriction sites were introduced sequentially with the QuikChange
XL kit (Stratagene) according to the manufacturer’s instructions by using
pEGFP-C1-GAP1IP4BP and pEGFP-C1-GAP1m as templates. The primers used
were GAP1IP4BP (SpeI) fwd (5�-CTCTGCGGGACCTACTAGTGAAGTCTG
CGGATG-3�), GAP1m (SpeI) fwd (5�-CTTTGAAAACTTTACTAGTAAAAT
CACCAGATG-3�), GAP1IP4BP (XbaI bp1671) fwd (5�-CGGTGAAGAACTTT
CTAGATTTGATTTCGTCC-3�), and GAP1m (XbaI bp1754) fwd (5�-CAGTT
AAAAAGTTTCTAGATGAAATTTCATC-3�. The reverse primers were
exactly complementary to the forward primers, and the underlined sequences
indicate the positions of the restriction sites. Following the generation of the
hybrid proteins, the SpeI site was removed from each protein with the primers
described above.

Ras pulldown assays. A glutathione S-transferase (GST) fusion with the Ras-
GTP-binding domain from Raf-1 (GST-RBD) was purified from Escherichia coli
BL21(DE3) cells harboring plasmid pGEX KG containing the Raf Ras-binding
domain (amino acids 1 to 149). After induction of a bacterial culture (optical
density at 600 nm between 0.4 and 0.6) for 3 h at 37°C with 1 mM isopropyl-�-
D-thiogalactopyranoside (IPTG), cells were lysed by sonication in phosphate-
buffered saline (PBS) containing 1 mM EDTA, 1% (vol/vol) Triton X-100, 10
�g/ml aprotinin, and 10 �g/ml leupeptin. The lysate was clarified by centrifuga-
tion, and the resultant supernatant was stored in aliquots at �80°C. On the
required day, aliquots were thawed prior to incubation with glutathione-Sepha-
rose (Amersham Pharmacia Biotech) for 1 h at room temperature. The Sepha-
rose beads were washed twice with PBS–1 mM EDTA–1% (vol/vol) Triton X-100
before finally being suspended as a 1:1 slurry. This was used immediately in
pull-down assays. Here, dishes (100 mm) of CHO-T cells (8 � 105 cells) were
transiently transfected by lipofection (GeneJuice; Novagen) with 2.5 �g H-Ras
cDNA and 1 �g control vector or a vector encoding the particular GAP1 protein.
The cells were serum starved for 2 h at 37°C in serum-free F-12 (Ham; Gibco)
prior to the experimental procedures. Cells were lysed in 1 ml of ice-cold
extraction buffer (50 mM HEPES [pH 7.5], 100 mM NaCl, 1 mM EGTA, 5 �g/ml
benzamidine, 5 �g/ml aprotinin, 5 �g/ml leupeptin, 5 �g/ml pepstatin A, 5 �g/ml
trypsin inhibitor, 0.5 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol
containing 1% [vol/vol] Triton X-100 and 10 mM MgCl2). Nucleus-free super-
natants were incubated with GST-RBD on glutathione-Sepharose beads at 4°C
for 30 min. The beads were then collected by centrifugation and washed three
times with ice-cold PBS–0.1% (vol/vol) Triton X-100–10 mM MgCl2. Ras pro-
teins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and visualized by immunoblotting on nitrocellulose filters with pan-Ras an-
tibodies (F132; Santa Cruz Biotechnology) and enhanced chemiluminescence
(Amersham Pharmacia Biotech). Blots were analyzed by volume integration with
ImageQuant software (Molecular Dynamics) as previously described (22).

Rap1 pulldown assays. For the analysis of active Rap, a GST fusion with the
Rap-GTP-binding domain from RalGDS (GST-RalGDS) was used (22). Dishes
(100 mm) of CHO-T cells (8 � 105 cells) were transiently cotransfected by
lipofection (GeneJuice; Novagen) with 2.5 �g of hemagglutinin (HA)-tagged
Rap1A cDNA and 1 �g control vector or a vector encoding the particular GAP1
protein. The cells were serum starved for 2 h at 37°C in serum-free F-12 (Ham)
medium at 24 h posttransfection. Cell lysis and Rap1A-GTP pulldown assays
were carried out as described above. Immobilized Rap1A was detected with HA
antibodies (Y-11; Santa Cruz Biotechnology). Blots were analyzed by volume
integration with ImageQuant software (Molecular Dynamics) (22).

Molecular modeling. BLAST searching of the protein database with the se-
quence of GAP1IP4BP picks out p120GAP with a good E value (3 � 10�25) and
a residue identity of 27% over the GRD (amino acids 292 to 550 of GAP1IP4BP).
Beyond the GRD, the sequence matches the PH domains of Btk and TAPP1 with
similar identities (30%) but with fewer gaps in the latter. Similar results are
obtained with the sequence of GAP1m, as expected, since GAP1IP4BP and GAP1m

have 60% sequence identity. Homology models of GAP1IP4BP and GAP1m were
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FIG. 1. Disruption of any aspect of the domain structure perturbs the ability of GAP1IP4BP to function as a Rap GAP in vivo. (A) Schematic
diagram of the GAP1IP4BP deletion constructs used in this study. (i) CHO-T cells were transiently cotransfected with 2.5 �g H-Ras (B) or 2.5 �g
HA-tagged Rap1A (C) and 1 �g of the relevant GAP1IP4BP expression vector. Compared to control cells, the amount of Ras- and Rap1-GTP is
significantly decreased in cells expressing wild-type GAP1IP4BP. This decrease in Ras-GTP only requires a functional GRD (cf. GAP1IP4BP with
GAP1IP4BP �GRD/PH/C-tail; panel B). By contrast, Rap GAP activity of GAP1IP4BP requires the presence of all domains (panel C). Ras-GTP (B,
part ii) and Rap1-GTP (C, part ii) levels from CHO-T cells are expressed as percentages of the pulldown level in control cells (average of six
separate experiments 	 the standard error of the mean).
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FIG. 2. Exchange of the PH and Btk domains between GAP1IP4BP and GAP1m has no effect on the Ras and Rap GAP activities of either hybrid
protein in vivo. (A) Schematic diagram of the PH/Btk domain exchange constructs used in this study. (B, part i) CHO-T cells were transiently
cotransfected with 2.5 �g Ras and 1 �g of the relevant GAP1IP4BP or GAP1m expression vector. Compared to that in control cells, the amount
of Ras-GTP is significantly decreased in cells expressing wild-type GAP1IP4BP and GAP1m, as well as in cells expressing the GAP1IP4BP and GAP1m

PH/Btk domain hybrid proteins. (C, part i) CHO-T cells were transiently cotransfected with 2.5 �g HA-tagged Rap1A and 1 �g of the relevant
GAP1IP4BP or GAP1m expression vector. Compared to that in control cells, the amount of Rap1-GTP is only significantly decreased in cells
expressing wild-type GAP1IP4BP and in cells expressing GAP1IP4BP with the PH/Btk domain from GAP1m. Wild-type GAP1m and GAP1m with the
PH/Btk domain from GAP1IP4BP do not display Rap1 GAP activity. Ras-GTP (B, part ii) and Rap1-GTP (C, part ii) levels from CHO-T cells are
expressed as percentages of the pulldown level in control cells (average of six separate experiments 	 the standard error of the mean).
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FIG. 3. Exchange of the C2A or C2B domains between GAP1IP4BP and GAP1m has no effect on the Ras and Rap GAP activities of either hybrid
protein in vivo. (A) Schematic diagram of the C2A and C2B domain exchange constructs used in this study. (B, part i) CHO-T cells were transiently
cotransfected with 2.5 �g Ras and 1 �g of the relevant GAP1IP4BP or GAP1m expression vector. Compared to that in control cells, the amount
of Ras-GTP is significantly decreased in cells expressing wild-type GAP1IP4BP and GAP1m, as well as in cells expressing the GAP1IP4BP and GAP1m

C2 domain hybrid proteins. (C, part i) CHO-T cells were transiently cotransfected with 2.5 �g HA-tagged Rap1A and 1 �g of the relevant
GAP1IP4BP or GAP1m expression vector. Compared to that in control cells, the amount of Rap1-GTP is only significantly decreased in cells
expressing wild-type GAP1IP4BP and in cells expressing GAP1IP4BP with the C2A or C2B domain from GAP1m. Wild-type GAP1m and the hybrid
forms of GAP1m do not display Rap1 GAP activity. Ras-GTP (B, part ii) and Rap1-GTP (C, part ii) levels from CHO-T cells are expressed as
percentages of the pulldown level in control cells (average of six separate experiments 	 the standard error of the mean).
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FIG. 4. Exchange of the GRDs between GAP1IP4BP and GAP1m transfers the Rap1 GAP activity from GAP1IP4BP to GAP1m in vivo.
(A) Schematic diagram of the GRD exchange constructs used in this study. (B, part i) CHO-T cells were transiently cotransfected with 2.5 �g Ras
and 1 �g of the relevant GAP1IP4BP or GAP1m expression vector. Compared to that in control cells, the amount of Ras-GTP is significantly
decreased in cells expressing wild-type GAP1IP4BP and GAP1m, as well as in cells expressing the GAP1IP4BP and GAP1m GRD hybrid proteins.
(C, part i) CHO-T cells were transiently cotransfected with 2.5 �g HA-tagged Rap1A and 1 �g of the relevant GAP1IP4BP or GAP1m expression
vector. Compared to that in control cells, the amount of Rap1-GTP is significantly decreased in cells expressing wild-type GAP1IP4BP and in cells
expressing GAP1m with the GRD from GAP1IP4BP. Wild-type GAP1m and GAP1IP4BP with the GRD from GAP1m do not appear to have Rap1
GAP activity. Ras-GTP (B, part ii) and Rap1-GTP (C, part ii) levels from CHO-T cells are expressed as percentages of the pulldown level in
control cells (average of six separate experiments 	 the standard error of the mean).

3934 KUPZIG ET AL. MOL. CELL. BIOL.



built according to the sequence alignment shown below (see Fig. 5A) with the
templates p120GAP (1WER) and TAPP1 (1EAZ). Residue replacement, loop re-
building (indels), and side chain repacking were performed with InsightII-2005
(Accelrys). Ras and Rap complexes of GAP1IP4BP and GAP1m were generated
based on the structure of the p120GAP/RAS complex (1WQ1) and the corresponding
GTPase structures (5P21 and 1C1Y, respectively). Models were relaxed by energy
minimization according to the following general protocol: hydrogen atoms were
added consistent with pH 7, followed by soaking with a 10-Å layer of water. Protein
backbone atoms were restrained to their initial positions with a force constant of 100

kcal/Å, reducing to 0.5 kcal/Å over a total of 3,000 steps of conjugate gradient
minimization with the consistence valence force field in Discover 2.98 (Accelrys).

RESULTS

For GAP1IP4BP to function as an efficient Rap1 GAP, both
amino- and carboxy-terminal flanking regions on either side of
the RasGRD are required. Previously, we established that

FIG. 5. Molecular modeling of the RasGRD of GAP1IP4BP. (A) The sequence alignment used for modeling of GAP1IP4BP and GAP1m on p120GAP

(GRD 1WER) and TAPP1 (PH domain 1EAZ). The secondary structure of the templates is indicated as follows: helix, wavy overlining; sheet, zigzag
overlining. Residue identities are in red, and similarities are in magenta. The asparagine and glutamine residues in GAP1IP4BP that were mutated to
alanine are underlined. (B) Structure of the Ras/p120GAP complex (1WQ1). The p120GAP GRD is shown as a light blue ribbon with the residues beyond
L991 shown in yellow. Ras is shown as a green ribbon, GDP is shown as pink sticks, and R789 is shown as orange sticks. (C) Model of the Ras/GAP1IP4BP

complex. The GAP1IP4BP GRD (modeled on p120GAP) is shown as a cyan ribbon with the residues beyond E573 shown in dark blue and modeled as a
PH domain. Ras is shown as a green ribbon, GDP is shown as pink sticks, and R371 is shown as orange sticks.
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while full-length GAP1IP4BP displays robust dual Ras and
Rap1 GAP activities (13, 22), the isolated RasGRD loses its
efficiency as a Rap GAP (22). These data led to the proposal
that other regions outside of the RasGRD are necessary to
support the catalytic activity of GAP1IP4BP toward Rap1 (22).
To examine this in more detail, we generated and analyzed a
panel of deletion mutant forms of GAP1IP4BP (Fig. 1A). In
pull-down assays, deletion of either the tandem amino-termi-
nal C2A and C2B domains or the PH/Btk domain and the
carboxyl-terminal tail had no significant effect on the Ras GAP
activity of GAP1IP4BP (Fig. 1B). As expected, however, re-
moval of the RasGRD resulted in catalytically inactive mutant
GAP1IP4BP. These data are entirely consistent with our previ-
ous in vitro analysis and support the conclusion that the cata-
lytic machinery required for Ras GAP activity is located solely
within the RasGRD of GAP1IP4BP (22). In contrast, while
full-length GAP1IP4BP displayed robust Rap1 GAP activity,
deletion of the tandem amino-terminal C2 domains or of the
PH/Btk domain and the carboxyl-terminal tail resulted in mu-
tant GAP1IP4BP proteins that were unable to display significant
Rap1 GAP activity (Fig. 1C). These data establish, therefore,
that both amino- and carboxy-terminal flanking regions on
either side of the RasGRD are required for GAP1IP4BP to
function as an efficient Rap1 GAP.

Generation of GAP1IP4BP and GAP1m chimeras reveals that
the PH/Btk domain is not required for the Rap1 GAP activity
of GAP1IP4BP. To examine the role of these flanking regions
further, we took advantage of the observation that GAP1m is a
specific Ras GAP that lacks the ability to function as a Rap1
GAP (22). Since GAP1IP4BP shows 60% sequence identity with
GAP1m, we decided to generate full-length GAP1IP4BP-
GAP1m chimeras. By utilizing such an approach, we hoped to
identify the flanking domains required for the Rap1 GAP
activity of GAP1IP4BP. Initially, we switched the respective
PH/Btk domains between the two proteins (Fig. 2A). The
chimeras that were generated—GAP1IP4BP containing the
GAP1m PH/Btk domain (termed GAP1IP4BP � GAP1m PH/
Btk) and GAP1m containing the GAP1IP4BP PH/Btk domain
(GAP1m � GAP1IP4BP PH/Btk)—both displayed efficient
GAP activity toward Ras, which was indistinguishable from the
wild-type proteins (Fig. 2B). In contrast, only GAP1IP4BP con-
taining the GAP1m PH/Btk domain displayed GAP activity
toward Rap1 (Fig. 2C). No activity was detected with GAP1m

containing the GAP1IP4BP PH/Btk domain (Fig. 2C). These
data establish that by generating full-length GAP1IP4BP-
GAP1m chimeras one can retain the Rap1 GAP activity of
GAP1IP4BP and hence probe the domains required for this
function. In addition, these data establish that the PH/Btk
domain of GAP1IP4BP does not appear to contain the catalytic
machinery and is hence dispensable for its Rap1 GAP activity.

The tandem C2 domains are also not required for the Rap1
GAP activity of GAP1IP4BP. Having established that through
the use of chimeras one could retain the Rap1 GAP activity of
GAP1IP4BP, we next generated a series of six chimeras in which
the C2A and C2B domains were swapped either individually or
together (Fig. 3A; data not shown). All of these C2 domain
chimeras displayed GAP activity toward Ras, which was again
indistinguishable from that of the wild-type proteins (Fig. 3B).
However, upon switching the C2 domains between GAP1IP4BP

and GAP1m, only those chimeras retaining the GAP1IP4BP

RasGRD displayed any GAP activity toward Rap1 (Fig. 3B).
Taken together, therefore, these data, and those from the
Btk/PH domain GAP1IP4BP-GAP1m chimeras, are consistent
with a model in which the Rap1 GAP activity resides within the
RasGRD of GAP1IP4BP. In such a model, the amino- and
carboxy-terminal flanking regions of GAP1IP4BP are required
solely to stabilize the RasGRD fold in such a way as to retain
the conformation required for Rap1 GAP activity.

FIG. 6. Identifying potential asparagine thumbs of GAP1IP4BP.
(A) GAP1IP4BP model showing the asparagine residues (red sticks)
mutated to alanine. The protein is shown as a light blue (GRD) and
dark blue (PH domain) ribbon with R371 as orange sticks.
(B) GAP1IP4BP model showing the glutamine residues (pink sticks)
mutated to alanine. The protein is shown as a light blue (GRD) and
dark blue (PH domain) ribbon with R371 as orange sticks. (C) Ribbon
representations of the GAP1IP4BP (light blue)-and-Ras (green) com-
plex overlaid on the GAP1m (yellow)-and-Rap (red) complex. Resi-
dues V515 (GAP1m) and P489 (GAP1IP4BP) are displayed as sticks to
show their close proximity to GTPase residue 64 on the switch II loop
(Ras, Y; Rap, F). The view is a rotation of approximately 180° on the
vertical axis with respect to panels A and B. R371 in GAP1IP4BP

(orange sticks) and the Ras GTP (pink sticks) are shown for reference.
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Switching the RasGRD of GAP1IP4BP with the correspond-
ing domain from GAP1m confers Rap1 GAP activity upon the
resultant GAP1m chimera. If the catalytic machinery required
for the Rap1 GAP activity of GAP1IP4BP is present within its
RasGRD, one would predict that switching this region with the
corresponding domain from GAP1m should confer upon the
resultant GAP1m chimera the ability to function as a Rap1
GAP. To test this, we generated the RasGRD GAP1IP4BP-
GAP1m chimeras (Fig. 4A). Consistent with the model,
GAP1m containing the RasGRD from GAP1IP4BP not only
possessed robust Ras GAP activity but also was able to stim-
ulate the GTPase activity of Rap1—dual activities that were
similar to those observed with wild-type GAP1IP4BP (Fig. 4B).
Unfortunately, the corresponding GAP1IP4BP chimera con-
taining the GAP1m RasGRD was not expressed as well as the
wild-type protein and this made a comparative analysis of its
GAP activity difficult (Fig. 4C). However, at the level of ex-
pression achieved, Ras GAP activity was observed but we
could detect no significant Rap1 GAP activity. These data are
entirely consistent with the catalytic machinery required for

the Rap1 GAP activity of GAP1IP4BP residing solely within its
RasGRD.

Molecular modeling of the GAP1IP4BP RasGRD reveals po-
tential residues required for its Rap1 GAP activity. Given that
the RasGRD appears to contain the machinery required for
Rap1 GAP activity, we utilized the coordinates from the crystal
structure of the RasGRD of p120GAP and its complex with Ras
to generate a molecular model that predicted the structure of
the RasGRD-Ras complex of GAP1IP4BP (Fig. 5 and Materials
and Methods). This model predicted the insertion of the func-
tionally described GAP1IP4BP arginine finger—arginine 371—
into the active site of the bound Ras-GTP (22), sufficiently
close for it to stabilize the transition state of the GTPase
reaction (Fig. 5C). Importantly, the GAP1IP4BP RasGRD
model also predicted the localization of those asparagine res-
idues (and chemically related glutamine residues) that lie in
close proximity to the Ras-GTP binding site. As Rap1-GTP is
predicted to associate with p120GAP in a manner similar to that
of Ras-GTP (33), the GAP1IP4BP RasGRD model suggested
that asparagine residues 367, 373, and 495 line the predicted

FIG. 7. Mutation of asparagine residues within the GRD of GAP1IP4BP has no effect on Ras and Rap1 GAP activities in vivo. (i) CHO-T cells
were transiently cotransfected with 2.5 �g H-Ras (A) or 2.5 �g HA-tagged Rap1A (B) and 1 �g of the relevant GAP1IP4BP expression vector.
Compared to that in control cells, the amount of Ras- and Rap1-GTP is significantly decreased in cells expressing wild-type GAP1IP4BP, as well
as in the cell lines expressing the asparagine point mutations. Ras-GTP (A, part ii) and Rap1-GTP (B, part ii) levels from CHO-T cells are
expressed as percentages of the pulldown level in control cells (average of four separate experiments 	 the standard error of the mean).
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Rap1-GTP binding pocket (Fig. 6). These residues may there-
fore function as asparagine thumbs in stimulating the GTP
hydrolysis on Rap1 (Fig. 6).

Mutagenesis of individual asparagine or glutamine residues
in the proximity of the Ras-binding pocket of GAP1IP4BP has
no effect on Rap1 GAP activity in vivo. To determine whether
any of the asparagines identified from the molecular model of
GAP1IP4BP may constitute a catalytic asparagine thumb, we
mutated each residue individually to either an alanine or, in
some instances, a threonine residue (Fig. 7). The Ras GAP
activity of most of these mutant proteins appeared indistin-
guishable from that of wild-type GAP1IP4BP (Fig. 7A). The
exceptions were GAP1IP4BP(N367T) and GAP1IP4BP(N373T),
where a slight reduction in Ras GAP activity was apparent
(Fig. 7A). This most likely reflects the fact that these residues
lie close to the catalytic arginine finger, GAP1IP4BP-R371, and
hence may perturb activity through an alteration of the effi-
ciency with which this residue is presented in these mutants.
Interestingly, when assayed for in vivo Rap1 GAP activity, all
of the asparagine mutant proteins appeared to display wild-
type activity (Fig. 7B). Such data suggest that the ability of

GAP1IP4BP to enhance the intrinsic GTPase activity of Rap1
does not require a mechanism that utilizes a classic asparagine
thumb.

To further this analysis, we also mutated all of the glutamine
residues that line the predicted GAP1IP4BP Rap1-binding
pocket (Fig. 8). The Ras and Rap1 GAP activities of these
mutant proteins were again indistinguishable from that of wild-
type GAP1IP4BP (Fig. 8A and B, respectively). Taken together,
therefore, these data are consistent with the notion that nei-
ther the asparagine nor the glutamine residues that line the
predicted Rap1 binding pocket of GAP1IP4BP are required for
this protein to function as a Rap1 GAP.

Perturbing the �6c helix of GAP1IP4BP leads to a mutant
protein that, while retaining Ras GAP activity, has reduced
Rap1 GAP activity. It is clear that mutation of arginine 371 of
GAP1IP4BP—the catalytic arginine finger—inhibits the GAP
activity against not only Ras but also Rap1 (22). Although the
mechanistic details of the GAP activity must be different, given
the lack of a corresponding glutamine in Rap1, the mechanism
of Rap1 GAP activity may therefore be a variation upon that
already described for Ras (33). With this in mind, we examined

FIG. 8. Mutation of glutamine residues within the GRD of GAP1IP4BP also has no effect on Ras and Rap1 GAP activities in vivo. (i) CHO-T
cells were transiently cotransfected with 2.5 �g H-Ras (A) or 2.5 �g HA-tagged Rap1A (B) and 1 �g of the relevant GAP1IP4BP expression vector.
Compared to that in control cells, the amount of Ras- and Rap1-GTP is significantly decreased in cells expressing wild-type GAP1IP4BP, as well
as in the cell lines expressing the glutamine point mutations. Ras-GTP (A, part ii) and Rap1-GTP (B, part ii) levels from CHO-T cells are expressed
as percentages of the pulldown level in control cells (average of four separate experiments 	 the standard error of the mean).
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the predicted interaction surfaces between Ras and Rap1 and
the RasGRD of GAP1IP4BP, focusing in particular on the 
6c

helix, which in the p120GAP-Ras complex forms a hydrophobic
interface which stabilizes the important switch II region of Ras
(33). On comparing the molecular models of the 
6c helixes of
GAP1IP4BP and GAP1m (Fig. 6C), the major difference was
that proline 489 in GAP1IP4BP was replaced with valine 515 in
GAP1m. Interestingly, when proline 489 was mutated into a
valine, GAP1IP4BP(P489V) maintained its Ras GAP activity
but had a clearly detectable decrease in its Rap1 GAP activity
(Fig. 9). Such data are consistent with the hypothesis that the
ability of GAP1IP4BP to stabilize the switch II region of Rap1
is an important component of its Rap1 GAP activity, in that it
may allow an unidentified Rap1 residue to stabilize the tran-
sition state during GTP hydrolysis. However, proline 489 can-
not be the only stabilizing feature of the Rap1 switch II region
since the GAP1m(V515P) mutant protein did not display Rap1
GAP activity (Fig. 9).

DISCUSSION

Here we have examined the mechanism by which the GAP1
family member GAP1IP4BP is able to function as dual Ras and
Rap1 GAPs. Through the generation of a series of chimeras
with GAP1m—a close relative of GAP1IP4BP that, while pos-
sessing Ras GAP activity, displays no Rap1 GAP activity
(22)—we have established that the ability of GAP1IP4BP to
function as a Rap1 GAP is not a consequence of either its C2
domains or its PH/Btk domain. These domains are, however,
required in order to stabilize the RasGRD fold in such a way
as to retain the conformation required for Rap1 GAP activity.
Thus, although the isolated GAP1IP4BP RasGRD retains ro-
bust Ras GAP activity, the removal of any one of the flanking
domains results in a mutant protein lacking Rap1 GAP activity
(22).

The overall “hairpinlike” structure of the RasGRD from
p120GAP and NF1 ensures that the amino- and carboxy-termi-
nal regions of the RasGRD actually lie in close proximity to
one another (34). For the GAP1 family, assuming a conserva-
tion of this basic structure, a conclusion supported by our
modeling, the tandem C2 and PH/Btk domains would there-
fore also lie in close proximity to one another. Loss of either
domain may lead to a subtle destabilization of the structure of
the RasGRD, leading to the observed loss of GAP activity
toward Rap1 but not Ras (22). That subtle destabilization of
the RasGRD can have pronounced effects upon the GAP activity
toward Rap1 is further highlighted by the GAP1IP4BP(P489V)
mutant protein.

The ability to transfer the Rap1 GAP activity from
GAP1IP4BP to GAP1m through exchange of the RasGRDs
clearly establishes that it is the RasGRD from GAP1IP4BP that
contains the necessary residues for Rap1 GAP activity. Pre-
cisely how the RasGRD of GAP1IP4BP is able to increase the
intrinsic GTPases activity of Rap1 remains to be determined.
While mutagenesis of the conserved catalytic arginine finger
inhibits both the Ras and Rap1 GAP activities (22), mutagen-
esis of all of the asparagine and glutamine residues within the
GRD, including those that may function as potential catalytic
asparagine thumbs, has no major effect upon the Rap1 GAP
activity of GAP1IP4BP. These data argue for a novel mode of
Rap1 GAP activity for members of the GAP1 family that
nevertheless requires the presence of an arginine finger. A
similar importance of the presence of the RasGRD arginine
finger has recently been described for the Rap1 GAP activity of
SynGAP (30).

In contrast to the situation with SynGAP, where it has been
suggested that the C2 domain may supply catalytic asparagine
residues important in its Rap1 GAP activity (30), our studies
find no role for the tandem C2 domains in the Rap1 GAP
activity of GAP1IP4BP. In contrast, we prefer a model in which
all of the required catalytic residues from GAP1IP4BP are
housed within the RasGRD. We have presented evidence from
deletion mutant proteins and the GAP1IP4BP(P489V) site-di-
rected mutant protein which suggests that, unlike the Ras GAP
activity, the GAP activity on Rap1 is sensitive to subtle changes
in the organization of the RasGRD. It is our view, therefore,
that the RasGRD of GAP1IP4BP is organized to stabilize the
conformation of Rap1, and in particular its switch II region,
such that residues within Rap1 stabilize the transition state

FIG. 9. Mutation of proline 489 to valine largely abolishes Rap1
GAP activity in GAP1IP4BP but has no effect on Ras GAP activity in
vivo. (A, part i) CHO-T cells were transiently cotransfected with 2.5 �g
H-Ras and 1 �g of the GAP1IP4BP, GAP1m, GAP1IP4BP (P489V), and
GAP1m (V515P) expression vectors. Compared to that in control cells,
the amount of Ras-GTP is significantly decreased in cells expressing
wild-type GAP1IP4BP and GAP1m, as well as in cells expressing
GAP1IP4BP (P489V) and GAP1m (V515P). (B, part i) CHO-T cells
were transiently cotransfected with 2.5 �g Rap1 and 1 �g of the
GAP1IP4BP, GAP1m, GAP1IP4BP (P489V), and GAP1m (V515P) ex-
pression vectors. Compared to that in control cells, the amount of
Rap1-GTP is only significantly decreased in cells expressing wild-type
GAP1IP4BP. Wild-type GAP1m, GAP1IP4BP (P489V), and GAP1m

(V515P) do not appear to have Rap1 GAP activity. Ras-GTP (A, part
ii) and Rap1-GTP (B, part ii) levels from CHO-T cells are expressed
as percentages of the pulldown level in control cells (average of four
separate experiments 	 the standard error of the mean).
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during GTP hydrolysis initiated by the arginine finger. The
nature of these residues and the exact mechanism through
which they regulate Rap1 GAP activity await the elucidation of
the crystal structure of the GAP1IP4BP RasGRD-Rap1 com-
plex.
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