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Summary

Rho and Arf family small GTPases [1] are well-known
regulators of cellular actin dynamics. We recently
identified ARAP3, a member of the ARAP family of dual
GTPase activating proteins (GAPs) for Arf and Rho
family GTPases [2, 3], in a screen for PtdIns(3,4,5)P;
binding proteins. Ptdins(3,4,5)P; is the lipid product of
class | phosphoinositide 30H-kinases (PI3Ks) [4] and
is a signaling molecule used by growth factor recep-
tors and integrins in the regulation of cell dynamics
[5]. We report here that as a Rho GAP, ARAP3 prefers
RhoA as a substrate and that it can be activated in
vitro by the direct binding of Rap [6] proteins to a
neighbouring Ras binding domain (RBD). This activa-
tion by Rap is GTP dependent and specific for Rap
versus other Ras family members. We found no evi-
dence for direct regulation of ARAP3’s Rho GAP ac-
tivity by PtdIns(3,4,5)P; in vitro, but PI3K activity was
required for activation by Rap in a cellular context,
suggesting that Ptdins(3,4,5)P;-dependent translo-
cation of ARAP3 to the plasma membrane may be
required for further activation by Rap. Our results indi-
cate that ARAP3 is a Rap-effector that plays an impor-
tant role in mediating PI3K-dependent crosstalk be-
tween Ras, Rho, and Arf family small GTPases.

Results and Discussion

ARAP3 Is a GAP for RhoA

We have previously shown that ARAP3 is a PtdIns(3,4,5)
Ps;-dependent Arf6 GAP and that it has a separate, func-
tional Rho GAP domain [3]. To address the substrate
specificity of this Rho GAP domain in vitro, we per-
formed Rho GAP assays under conditions of limiting
substrate concentration. The substrates were [y-*P]JGTP
preloaded recombinant GST-RhoA, Rac, or Cdc42 fu-
sion proteins. Figure 1A shows that ARAP3 is a potent
GAP for RhoA, while it is much less effective on either
Rac or Cdc42. To further define the substrate specificity
of ARAP3’s Rho GAP activity, we also performed Rho
GAP assays against RhoB and RhoC, but neither of
these served as good substrates for ARAP3 in vitro (data
not shown).
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Further titration of the relative levels of ARAP3 and
RhoA in these in vitro assays suggested that 5 nM
ARAP3 could stimulate the GTPase activity of 10 nM
GTP-RhoA approximately 3-fold (not shown). While such
a high enzyme to substrate ratio is not unusual in these
types of assays, to confirm the ability of ARAP3 to act as
a RhoA GAP in vivo, we performed “pull-down” assays
(Figure 1B) from Sf9 cells expressing Rac1 or RhoA
alone or together with ARAP3. Figure 1B shows that
relatively low amounts of ARAP3 were sufficient to cause
a significant decrease in the amount of RhoA-GTP in
the Sf9 cells lysates, while Rac1-GTP levels were not
affected by the presence of larger amounts of ARAP3.
We saw a similar substrate specificity when ARAP3 was
transiently cotransfected with Rac or Rho in COS-7 cells
(Figure S1). We conclude that RhoA is a likely physiologi-
cal substrate of ARAP3.

Rap Binds to ARAP3 and Activates Its Rho

GAP Activity In Vitro

Just C-terminal to ARAP3’s Rho GAP domain lies a
weakly conserved Ras binding domain (RBD; Figure 2A).
To investigate whether ARAP3 binds to Ras family pro-
teins, we immobilized ARAP3 protein on nitrocellulose
and overlayed with [y-**P]GTP preloaded GST-fusion
proteins of several Ras family members. We detected
an interaction with Rap1B and 2B and Rheb but not with
H-Ras, R-Ras, TC21, M-Ras, or RalA (Figure 2B). All
analyzed Ras family members interacted with the Raf
kinase RBD but not with the Rac/Cdc42 binding domain
of PAK (PAK CRIB). To map binding of Rap-GTP to
ARAP3’s putative RBD, a three-dimensional model of
the ARAP3 RBD was constructed manually based on
the structures of the complex of p110y PI3K with Ras
[7] and the complex of the RalGDS RBD with Ras [8].
This suggested that Arg1155 would be central to the Rap
binding interface of ARAP3. A R1155E point mutation
indeed abolished the interaction between ARAP3 and
Rap1B-GTP (Figure 2B). We conclude that the ARAP3
RBD can interact with the small GTPases of the Rap
family and also Rheb.

To investigate a regulatory role of Rap binding on
ARAP3’s Rho GAP activity, we added GTPyS- or
GDPRS-preloaded Ras family proteins to in vitro Rho
GAP assays. While addition of GTPyS-Rap1B or Rap2B
reproducibly increased ARAP3 Rho GAP activity 2-fold,
GDPBS-Rap1B had no effect on ARAP3 Rho GAP activ-
ity (Figure 2C and data not shown). Adding GTP~yS- or
GDPRS-preloaded H-Ras, R-Ras, M-Ras, TC21, or RalA
did not affect ARAP3 Rho GAP activity (Figure S2A and
not shown). Perhaps surprisingly, despite being able to
interact with ARAP3, GTPyS-Rheb had only a negligible
stimulatory effect on ARAP3 Rho GAP activity (Fig-
ure S2A).

In line with the interaction assays, the ARAP3 RBD
point mutant (R1155E) was not activated as a Rho GAP
by addition of GTPyS-Rap1B (Figure 2D), indicating that
Rap’s ability to regulate ARAP3’s Rho GAP activity is
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Figure 1. ARAP3 Is a GAP for RhoA In Vitro and In Vivo

(A) 1.25 nM RhoA, Rac1, or Cdc42 [y-*?P]GTP preloaded GTPases
were incubated with 10 nM (squares) or 25 nM (triangles) ARAP3 or
with its vehicle (diamonds) at 30°C for the indicated times, at which
point hydrolyzed *P; was extracted and quantified by scintillation
counting. All assays were performed at least four times and data
represent means *+ SD.

(B) For each lane, 5 X 108 Sf9 cells were infected with 1% baculovirus
for RhoA or Rac1 alone or with 1% or 0.1% baculovirus for ARAP3
(indicated by size of plus symbol). 2% of the total lysates were used
for a Western blot to determine the total amounts of the expressed
proteins they contained. The remainder of the lysates were incu-
bated with PAK-CRIB or rhotekin Rho binding domain immobilized
on sepharose beads, washed, and subjected to SDS-PAGE and
Western blotting to visualize the amounts of GTP-loaded Rac and
RhoA, respectively. Experiments were repeated three times (Rac)
and four times (Rho); a representative example is shown.

through its direct interaction with the ARAP3 RBD. While
there are several examples of the regulation of GTP
loading of a Rho family member (Rac) by a Ras family
member (Ras) via GEFs [9], to our knowledge there is
no precedent for the regulation of GTPase activity of
Rho family members by Ras family members via GAPs.
Since a possible Rap GAP activity of ARAP3 could
have confounded our interpretation of the RhoGAP
assay, we performed some Rap GAP assays. These
showed that ARAPS3 is not a Rap GAP (not shown).
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Figure 2. ARAP3 Binds to and Is Activated by the Ras Small GTPase
Rap In Vitro

(A) A schematic diagram of ARAP3 domain structure. The GAP do-
mains are marked Rho and Arf6. The RBD lies just C-terminal to the
Rho GAP domain.

(B) 10 pg of ARAP3 protein and R1155E ARAP3 or equivalent molar
amounts of Raf RBD and Pak CRIB were spotted onto nitrocellulose
membrane (Schleicher and Schiill) using a dot blot apparatus
(Hoefer). Membranes were overlaid with 0.5 g active, [y-*?P]-pre-
loaded Ras family proteins as indicated, followed by washing. Any
bound GTPases were detected by autoradiography.

(C) 1.25 nM [y-*2P]GTP preloaded RhoA was incubated with 10 nM
ARAPS or its vehicle and with GTPyS (top panel) or GDPRS (bottom
panel) preloaded Rap1B (30 nM) or their respective vehicles (as
detailed in Supplemental Experimental Procedures) at 30°C for the
indicated times. Hydrolyzed %P; was extracted and quantified by
scintillation counting. The symbols used are: Rho only, diamonds;
Rho and Rap, squares; Rho and ARAP3, triangles; Rho, ARAP3, and
Rap, circles. Data are means * SD; error bars in this experiment
are within the size of the symbols.

(D) Assays were carried out as in (C, top), except that wt ARAP3
was substituted with the R1155E point mutant. Symbols used are
as in (C). All of these GAP assays were performed four times.

We have seen that PtdIns(3,4,5)P; is essential for
ARAP3’s Arf6 GAP activity and drives a plasma mem-
brane recruitment of GFP-ARAP3 in pig aortic endothe-
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lial (PAE) cells [3]. To see whether PtdIns(3,4,5)P; regu-
lates ARAP3 Rho GAP activity, we did in vitro Rho GAP
assays with or without GTPyS-Rap1B in the presence
of lipid vesicles that did or did not incorporate small
molar fractions of Ptdins(3,4,5)P;. As was previously ob-
served, lipid vesicles in the Rho GAP assays caused a
decrease in the intrinsic GTPase activity of Rho and in
the Rho GAP activity of ARAP3 independently of the
presence or absence of PtdIns(3,4,5)P; [3]. However,
neither “control” lipid vesicles nor those containing
PtdIns(3,4,5)P; had any significant effect on the ob-
served activation of the ARAP3 Rho GAP activity by
GTPvyS-Rap (Figure S2B). We conclude that the direct
interaction of Rap-GTP with ARAP3 can cause an in-
creased Rho GAP activity of ARAP3, but we could find
no evidence for an effect of PtdIns(3,4,5)P; in vitro.

Rap and PtdIns(3,4,5)P; Activate ARAP3 Rho GAP
Activity In Vivo

To test whether a Rap family member activates ARAP3’s
Rho GAP activity in vivo, we performed more Rho-GTP
pull-downs from Sf9 cells expressing Rho, ARAP3, and
Rap1A. We carefully titrated ARAP3 expression levels
such that there was only a minimal effect on Rho-GTP.
Under these conditions, expression of Rap1A caused
a significant increase in ARAP3-dependent RhoA GAP
activity (Figure 3A); Rap by itself did not affect the
amount of Rho-GTP found in the Sf9 cell lysates (Fig-
ure S3).

To address a potential involvement of PISKin ARAP3’s
Rho GAP activity in vivo, we expressed p110y together
with ARAP3 and Rho in Sf9 cells. We previously showed
that expression of p110vy in this context substantially
elevates PtdIns(3,4,5)P; [10]. Contrasting our in vitro ob-
servations, we detected a substantial activation of
ARAP3 Rho GAP activity in the presence of elevated
PtdIns(3,4,5)P; (Figure 3A). By itself, p110vy had no effect
on Rho-GTP levels (not shown). In experiments where
ARAP3, p110vy, and Rap levels were so low that only a
minor effect of any two on ARAP3 GAP activity was
detected, they had an additive effect (not shown).

To determine whether the effect of Rap on ARAP3'’s
Rho GAP activity was mediated by a direct interaction
in vivo, we expressed Rho, Rap, and the R1155E ARAP3
point mutant and performed further Rho-GTP pull-
downs. R1155E ARAP3 was not activated by Rap as a
Rho GAP, but it was significantly activated by p110y
(Figure 3B). These results strongly suggest that Rap
can directly regulate ARAP3’s Rho GAP activity in vivo.
Moreover, the effect of p110y on ARAP3’s Rho GAP
activity is not mediated entirely via an effect on Rap.

To see whether PtdIns(3,4,5)P; is required for activa-
tion of ARAP3 by Rap, we pretreated Sf9 cells with the
PI3K inhibitor wortmannin such that little Ptdins(3,4,5)P;
would be present in the Sf9 cells [10]. Inhibition of PI3K
in this manner interfered with the activating effect of
Rap on ARAP3 Rho GAP activity (Figure 3C). Similarly,
R307,8A ARAP3, which cannot interact with Ptdins(3,4,5)P;
[3], is not significantly activated by Rap in the pull-down
assays (not shown). We conclude that PI3K activity is
required for Rap-GTP to activate ARAP3 Rho GAP activ-
ity in vivo and that this effect requires direct interaction
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Figure 3. ARAP3 Rho GAP Activity Is Regulated by Rap and
PtdIns(3,4,5)P; In Vivo

(A) Sf9 cells were infected with baculoviruses to produce RhoA and
a small amount of ARAP3 alone or together with Rap1A or p110y
as indicated (0.2% baculoviral stock for both ARAP3 and Rap1A
and 1% for RhoA and p110y were used). Lysates were used for pull-
down experiments with rhotekin Rho binding domain as in Figure 1B.
(B) Experiment was as in (A) except that cells were infected with a
baculovirus encoding the R1155E point mutant of ARAP3.

(C) Experiments were carried out essentially as in (A), except that
the indicated dishes were treated with 200 nM wortmannin 40 min
prior to the start of the assay to inhibit Sf9 cell PI3K and deplete
cells of Ptdins(3,4,5)P.. The pull-downs were repeated two (C), three
(B), or seven (A) times. Representative examples are shown and
quantification of the shown blots by densitometric scanning are
plotted in the graphs below.
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of Ptdins(3,4,5)P; with ARAP3. (It is also possible that
PI3K activity is additionally required for maximal activa-
tion of Rap, but this cannot be assessed from these
experiments.) Given that the stimulation of PI3K leads
to the plasma membrane translocation of GFP-ARAP3
in transfected cells [3], the most likely role of PI3K with
respect to ARAP3 Rho GAP regulation is to recruit
ARAP3 from a cytosolic pool to the plasma membrane
where its substrates, RhoA-GTP and Arf6-GTP, are lo-
calized and where its Rho GAP activity can be further
activated by Rap-GTP. There are reports that Rap-GTP
[11], Arf6-GTP [12, 13], and RhoA-GTP [14, 15] localize
to the plasma membrane. Such a “translocation plus
subsequent activation” model of ARAP3 activity also
then provides an explanation for the apparently high
basal activity of ARAP3 toward RhoA combined with
the low fold-activation observed by Rap-GTPyS in the
in vitro assays. It is also likely that this “colocalization
model” determines the precise Rap family member that
is involved in regulating ARAP3 in a particular cell re-
sponse.

Rap Does Not Affect ARAP3 Arf6é GAP Activity

We looked also at any possible role of Rap in regulating
ARAP3 Arf6é GAP activity. Incorporation of GTPyS-Rap
into Arf6 GAP in vitro assays did not activate ARAP3
Arf6é GAP activity alone or cause an increase in the acti-
vation of ARAP3 Arf6é GAP activity seen by Ptdins(3,4,5)P;
(Figure S4). We were unable to address this question
in vivo, since effective Arf6-expressing baculoviruses
have yet to be created.

PI3K and Rap Regulate ARAP3 Rho GAP Activity

in Transiently Transfected PAE Cells

To address the regulation of ARAP3 by PtdIns(3,4,5)P;
and Rap in mammalian cells, we exploited the fact that
overexpressed ARAPS3 in pig aortic endothelial cells in-
terferes with their normal ruffling response to PDGF
stimulation [3]. We expressed GFP fusions of wild-type
ARAP3 or of full-length protein incorporating single point
mutations in its GAP domains or regulatory regions,
stimulated the starved cells with PDGF, and observed
membrane ruffling. Control transfected PAE cells pro-
duce several large, spread lamellipodia with smooth ruf-
fles when stimulated with PDGF (Figure 4A). However,
stimulated PAE cells overexpressing wild-type ARAP3
cannot produce normal lamellipodia/ruffles, but display
numerous filopodia and striking retractions indicating a
loss of adhesion to the substratum (Figure 4B; this was
confirmed by time-lapse imaging; not shown). Cells ex-
pressing ARAP3 point mutants in the RBD (R1155E; Fig-
ure 4C) or in the Rho GAP domain (R982A; Figure 4D)
have similar phenotypes: they retain a similar shape to
control cells, but on PDGF stimulation their lamellipodia
are characteristically “ragged” with filopodia-like protru-
sions. In contrast, cells expressing the ARAP3 Arf GAP
domain point mutant (C504A; Figure 4E) can produce
smooth ruffles when stimulated but their cell bodies
are severely retracted. Mutations in the N-terminal PH
domain of ARAP3 (R307,8A; Figure 4F) largely abolish
any effect of overexpressing ARAP3, as do mutations
in both the Arf GAP and Rho GAP (C504A, R982A; Figure

Figure 4. ARAP3Is Regulated by PI3K and Rap in Transiently Trans-
fected PAE Cells

Pig aortic endothelial cells were transiently transfected by electro-
poration [17] with pEGFP vector as control (A) or with full-length
PEGFP-ARAP3 fusion constructs: wt (B), R1155E RBD mutant (C),
R982A Rho GAP mutant (D), C504A Arf GAP mutant (E), R307,8A
PH domain mutant (F), R982A, C504A double GAP domain mutant
(G), and R1155E RBD and C504A Arf GAP mutant (H). Transfected
cells were serum starved for 12 hr and then stimulated with 10
ng/ml PDGF for 5 min. Cells were fixed and filamentous actin was
visualized by staining with phalloidin.

4G) or Arf GAP and RBD (C504A, R1155E; Figure 4H)
domains. Taken together, these results support our con-
clusions from the in vitro and Sf9 cell assays that the
RBD governs ARAP3’s Rho GAP activity while N-ter-
minal PH domain binding to Ptdins(3,4,5)P; is an overrid-
ing regulatory feature for both ARAP3’s Arf and Rho
GAP activities.

With a protein as multifunctional as ARAPS, it is diffi-
cult to ascribe the individual regulatory contributions it
may make to a physiological cell response. However,
its PtdIns(3,4,5)Ps;-regulated Arf6 GAP activity and
PtdIns(3,4,5)P;- and Rap family-regulated RhoA GAP ac-
tivity clearly place this protein in a regulatory web down-
stream of receptors that control the cell cytoskeleton/
adhesion/motility via the activation of class | PI3Ks and
Raps. The role of class | PI3Ks in these cellular re-
sponses is well documented [4], but that of Raps less so,
though there are clear examples of their role in signaling
downstream of integrin and growth factor receptors
[6, 16]. The challenge now is to establish the molecular
links between endogenous ARAP3’s control of Rho and
Arf family proteins and their targets with their relative
importance in cellular responses such as cell motility
and phagocytosis.

Supplemental Data

Supplemental Data including Experimental Procedures and several
figures may be found online at http://www.current-biology.com/cgi/
content/full/14/15/1380/DC1.



Current Biology
1384

Acknowledgments

We would like to thank Dr. Harry Mellor for RhoB and RhoC con-
structs and Professors Pete Cullen, Julian Downward, Alan Hall,
Chris Marshall, and Fred Wittinghofer for Ras constructs. Professors
Peter Gierschik and Marc Symons provided us with the RhoA and
the Rap baculoviruses, respectively. S.K. is supported by Cancer
Research UK, and P.T.H. holds a BBSRC Advanced Research Fel-
lowship.

Received: January 22, 2004
Revised: April 13, 2004
Accepted: June 11, 2004
Published: August 10, 2004

References

1. Takai, Y., Sasaki, T., and Matozaki, T. (2001). Small GTP-binding
proteins. Physiol. Rev. 81, 153-208.

2. Miura, K., Jacques, K.M., Stauffer, S., Kubosaki, A., Zhu, K.,
Hirsch, D.S., Resau, J., Zheng, Y., and Randazzo, P.A. (2002).
ARAP1: a point of convergence for Arf and Rho signalling. Mol.
Cell 9, 109-119.

3. Krugmann, S., Anderson, K.E., Ridley, S.H., Risso, N., McGregor,
A., Coadwell, J., Davidson, K., Eguinoa, A., Elison, C.D., Lipp,
P., et al. (2002). Identification of ARAP3, a novel PI3K effector
regulating both Arf and Rho GTPases, by selective capture on
phosphoinositide affinity matrices. Mol. Cell 9, 95-108.

4. Vanhaesebroeck, B., Leevers, S.J., Ahmadi, K., Timms, J.,
Katso, R., Driscoll, P.C., Woscholski, R., Parker, P.J., and Water-
field, M.D. (2001). Synthesis and function of 3-phosphorylated
inositol lipids. Annu. Rev. Biochem. 70, 535-602.

5. Khwaja, A., Rodriguez-Viciana, P., Wennstrém, S., Warne, P.H.,
and Downward, J. (1997). Matrix adhesion and Ras transforma-
tion both activate a phosphoinositide 3-OH kinase and protein
kinase B/Akt. EMBO J. 16, 2783-2793.

6. Bos, J.L., de Rooji, J., and Reedquist, K.A. (2001). Rap1 signal-
ling: adhering to new models. Nat. Rev. Mol. Cell Biol. 2,
369-377.

7. Pacold, M.E., Suire, S., Perisic, O., Lara-Gonzalez, S., Davis,
C.T., Walker, E.H., Hawkins, P.T., Stephens, L., Eccleston, J.F.,
and Williams, R.L. (2000). Crystal structure and functional analy-
sis of Ras binding to its effector phosphoinositide 3-kinase .
Cell 103, 931-943.

8. Huang, L., Hofer, F., Martin, G.S., and Kim, S.H. (1998). Structural
basis for the interaction of Ras with RalGDS. Nat. Struct. Biol.
5, 422-426.

9. Welch, H.C., Coadwell, W.J., Stephens, L.R., and Hawkins, P.T.
(2003). Phosphoinositide 3-kinase-dependent activation of Rac.
FEBS Lett. 546, 93-97.

10. Welch, H.C., Coadwell, W.J., Ellson, C.D., Ferguson, G.J., An-
drews, S.R., Erdjument-Bromage, H., Tempst, P., Hawkins, P.T.,
and Stephens, L.R. (2002). P-Rex1, a PtdIns(3,4,5)P,- and GRv-
regulated guanine-nucleotide exchange factor for Rac. Cell 108,
809-821.

11. Maridonneau-Parini, |., and de Gunzburg, J. (1992). Association
of rap1 and rap2 proteins with the specific granules of human
neutrophils. Translocation to the plasma membrane during cell
activation. J. Biol. Chem. 267, 6396-6402.

12. Peters, P.J., Hsu, V.W., Ooi, C.E., Finazzi, D., Teal, S.B.,
Oorschot, V., Donaldson, J.G., and Klausner, R.D. (1995). Over-
expression of wild-type and mutant ARF1 and ARF6: distinct
perturbations of nonoverlapping membrane compartments. J.
Cell Biol. 128, 1003-1017.

13. Cavenagh, M.M., Whitney, J.A., Carroll, K., Zhang, C., Boman,
A.L., Rosenwald, A.G., Mellman, I., and Kahn, R.A. (1996). Intra-
cellular distribution of Arf proteins in mammalian cells. J. Cell
Biol. 271, 21767-21774.

14. Takahashi, K., Sasaki, T., Mammoto, A., Takaishi, K., Kame-
yama, T., Tsukita, S., and Takai, Y. (1997). Direct interaction of
the Rho GDP dissociation inhibitor with Ezrin/Radixin/Moesin
initiates the activation of the Rho small G protein. J. Biol. Chem.
272, 23371-23375.

15. Yoshizaki, H., Ohba, Y., Kurokawa, K., Itoh, R.E., Nakamura, T.,
Mochizuki, N., Nagashima, K., and Matsuda, M. (2003). Activity
of Rho-family GTPases during cell division as visualized with
FRET-based probes. J. Cell Biol. 162, 223-232.

16. Katagiri, K., Maeda, A., Shimonaka, M., and Kinashi, T. (2003).
RAPL, a Rap1-binding molecule that mediates Rap1-induced
adhesion through spatial regulation of LFA-1. Nat. Immunol. 4,
741-748.

17. Krugmann, S., Hawkins, P.T., Pryer, N., and Braselmann, S.
(1999). Characterizing the interactions between the two sub-
units of the p101/p110y phosphoinositide 3-kinase and their
role in the activation of this enzyme by Gy subunits. J. Biol.
Chem. 274, 17152-17158.



