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The proper function of Rho GTPases requires precise spatial and temporal regulation of effector interactions.
Integrin-mediated cell adhesion modulates the interaction of GTP-Rac with its effectors by controlling GTP-Rac
membrane targeting. Here, we show that the translocation of GTP-Rac to membranes is independent of effector
interactions, but instead requires the polybasic sequence near the carboxyl terminus. Cdc42 also requires integrin-
mediated adhesion for translocation to membranes. A recently developed fluorescence resonance energy transfer
(FRET)-based assay yields the surprising result that, despite its uniform distribution, the interaction of activated 
V12-Rac with a soluble, cytoplasmic effector domain is enhanced at specific regions near cell edges and is induced
locally by integrin stimulation. This enhancement requires Rac membrane targeting. We show that Rho-GDI, which
associates with cytoplasmic GTP-Rac, blocks effector binding. Release of Rho-GDI after membrane translocation
allows Rac to bind to effectors. Thus, Rho-GDI confers spatially restricted regulation of Rac–effector interactions.

Spatial and temporal coordination between cell substrate adhe-
sion and actin reorganization is essential for the protrusive
activity that occurs at the leading edge during cell migration1.

Actin organization is regulated by Rho family of low molecular
weight GTPases and functions to extend the cell front, forming
processes called filopodia and lamellipodia2,3. The binding of Rho
GTPases to effector proteins regulates actin reorganization, in addi-
tion to other crucial biological events, such as gene expression and
cell growth4. Interactions with effectors occur only when the
GTPase is in the GTP-bound form, a state that is tightly regulated
by guanine nucleotide exchange factors (GEFs) which stimulate
GTP loading, GTPase activating proteins (GAPs) which catalyse
GTP hydrolysis, and guanine nucleotide dissociation inhibitors
(GDIs) which antagonize both GEFs and GAPs5.

Rho-GDIs also mediate the cycling of Rho proteins between the
cytosol and the membrane. Rho proteins contain a conserved
CAAX sequence at their C termini, which is post-translationally
modified by isoprenylation (through the addition of a geranyl ger-
anyl moiety in the case of RhoA, Rac1 and Cdc42) of the cysteine
residue6. The isoprenoid moiety is inserted into the lipid bilayer,
anchoring the Rho protein to the membrane. Rho-GDIs form
complexes with Rho GTPases in the cytoplasm, keeping them solu-
ble by shielding the hydrophobic isoprenoid moiety5,7. Rho-GDIs
therefore regulate both the GDP/GTP exchange cycle and the mem-
brane association/dissociation cycle.

We recently identified a critical function for integrins in the
membrane association of Rac8. Independent of their effects on GTP
loading, integrins control the translocation of Rac to the plasma
membrane. Growth factors can still activate Rac in non-adherent
cells, but they do not show stimulation of Rac-downstream sig-
nalling events because of a failure of GTP-Rac to translocate to
membranes. Membrane localization of Rac is required for the acti-
vation of its effector, Pak, and GTP-Rac binds with higher affinity
to membranes from adherent cells relative to suspended cells.
Therefore, integrins regulate the ability of Rac to couple with Pak

through an effect on membrane binding sites for Rac8,9. In this
manuscript, we investigated the importance of Rac–effector bind-
ing for integrin-mediated membrane translocation. While studying
Rac activation and localization with a FRET assay10, we made the
unexpected observation that in spite of its homogeneous distribu-
tion throughout the cell, constitutively active Rac interacts with
effectors selectively within specific regions at cell edges. Further
analysis revealed that integrins induce local Rac–effector coupling
by directing Rac to membranes and dissociating it from Rho-GDI.
The data therefore define a new mechanism for the spatial control
of Rac signalling, as well as a new function for Rho-GDI in pre-
venting activation of Rac downstream cascades in the cytoplasm by
blocking effector binding.

Results
Requirements for Rac membrane targeting. Why Rho family
GTPases require GTP-loading to translocate to membranes is unclear.
Some Rac effector proteins, such as Pak, also associate with mem-
branes after cell activation11. We therefore sought to test whether
effector binding was required for membrane translocation. To do this,
we used a series of Rac effector loop mutants that also bear the
GTPase-deficient Q61L mutation, which locks Rac in the ‘active’ GTP-
bound state. The Y40C mutant is unable to bind to CRIB (Cdc42/Rac
interactive binding)-sequence-containing Rac effectors such as Pak.
The F37A mutant does not bind to the effectors POR-1 or
p160ROCK, and the T35S mutation prevents binding to any of the
known Rac effectors12,13. After transient expression in NIH-3T3
fibroblasts and cell fractionation, all of these mutant proteins were
detected in the membrane fraction of adherent cells (Fig. 1a), sug-
gesting that effector binding is not required for membrane localiza-
tion. Rac that was cotransfected with Rho-GDI behaved similarly
(data not shown). As a complementary approach, V12-Rac was
expressed together with the p21-binding domain (PBD) of Pak, which
competes with endogenous, membrane-bound effectors14. Subcellular



© 2002 Macmillan Magazines Ltd

articles

NATURE CELL BIOLOGY VOL 4 MARCH 2002 http://cellbio.nature.com 233

fractionation showed that V12-Rac binds to membranes independ-
ently of Pak-PBD expression (Fig. 1b). Immunofluorescence analy-
sis performed in parallel verified that PBD efficiently blocked cell
spreading, as previously described (data not shown)14. These results
demonstrate that integrins regulate the membrane targeting of Rac
independently of Rac effector binding.

Rac contains a polybasic region (KKRKRK) near the C terminus
that is similar to a sequence in K-Ras, which is necessary for the
association of K-Ras with the plasma membrane15. To test the rele-
vance of this sequence for the membrane targeting of Rac, the effects
of overexpression of a Rac mutant, in which the 6 basic residues
were substituted by glutamine (V12-Rac-6Q), was examined. This
mutant was less efficiently translocated to the membrane (Fig. 1c).
Therefore, in addition to the isoprenyl group, the adjacent stretch of
basic residues contributes to adhesion-dependent Rac membrane
targeting. This result explains a previous report showing that this

mutation almost completely abolished the ability of Rac to stimu-
late Pak activity16.
Integrin regulation of Cdc42 membrane targeting. To test whether
the effect of integrin on membrane targeting was exclusive to Rac,
or was shared by its close relative Cdc42, NIH-3T3 fibroblasts were
transfected with a construct in which green fluorescent protein
(GFP) was fused to the amino terminus of wild-type Cdc42 (thus
preserving its membrane-targeting CAAX sequence and the poly-
basic sequence). Adherent or suspended cells were stimulated with
bradykinin, a specific Cdc42 agonist17. Confocal microscopy
demonstrated that bradykinin induces the translocation of
GFP–Cdc42 from the cytosol to membranes maximally at 20–30
min, in a strictly integrin-dependent manner (Fig. 2a).
Interestingly, serial sections showed that Cdc42 was located prima-
rily within the basal regions, near the occupied integrins; apical sec-
tions showed mainly cytoplasmic staining (Supplementary
Information, Fig. S1). Subcellular fractionation confirmed that
bradykinin induced the translocation of endogenous Cdc42 to the
particulate fraction of adherent, but not suspended, cells (Fig. 2b).
Thus Cdc42, like Rac, requires attachment to the extracellular
matrix for growth-factor-induced membrane translocation.

Integrins regulate both the GTP-loading and the membrane tar-
geting of these GTPases (Fig. 2a,b; see also ref. 8). To examine
whether integrins are required for membrane targeting under con-
ditions where GTP-loading (that is, activation) is constant, we used
constitutively activated mutants of Rac and Cdc42 fused to GFP.
Active Rac and Cdc42 were membrane associated only in adherent
cells (Fig. 2c). Confocal analysis again demonstrated that activated
Rac associates at the basal plasma membrane (Supplementary
Information, Fig. S1); similarly, activated Cdc42 was also localized
to the basal plasma membrane (data not shown). In cells that
expressed GFP alone, no membrane localization was detected,
whereas a GFP protein containing a myristylation membrane-tar-
geting sequence was found in association with membranes under
all conditions examined (Fig. 2c). As an additional control, we
examined the localization of activated Rac and Cdc42 in cells,
immediately after detachment. These cells clearly show membrane
localization of Rac and Cdc42, and contrast with cells suspended
for longer times (Fig. 2c). Analysis by subcellular fractionation
yielded very similar results (Fig. 2d). To verify that integrins affect
membrane targeting rather than GTP loading, we performed pull-
down assays. These experiments confirmed that V12-Rac was
equally loaded with GTP in both adherent and suspended cells
(data not shown). Together, these data show that integrins regulate
Rac and Cdc42 membrane translocation separately from their
effects on GTP loading.
Enhancement of GTP-Rac coupling to effectors at regions of the
cell edge. Complex functions, such as cell migration, involve the
integration of multiple signalling networks that need to be spatial-
ly and temporally regulated within living cells1,18,19. An intriguing
observation is that lamellipodia and filopodia are formed exclu-
sively at the leading edge, where integrins establish contacts with
the extracellular matrix3,20. It is possible that active/occupied inte-
grins in the leading edge determine the spatial localization of these
processes by targeting Rac and/or Cdc42 to these sites. In order to
test this hypothesis, we measured localized Rac activation in single
cells with an assay based on FRET between GFP-labelled Rac and
Alexa-546-tagged PBD10. Binding of GFP–Rac to the Alexa–PBD,
which occurs after Rac activation, results in FRET.

To study Rac targeting without any contribution from receptor-
induced activation, we microinjected NIH-3T3 fibroblasts with a
cDNA encoding GFP–V12-Rac. Staining with anti-Rac antibodies
and quantification revealed that the protein levels of GFP–Rac were
1.51 (± 3.2 s.d., n = 241)-fold higher than the endogenous Rac. Both
GFP–V12-Rac and the Alexa-labelled effector domain were distrib-
uted homogenously throughout the cell (Fig. 4a). The latter result is
consistent with the almost exclusively cytoplasmic distribution of
V12-Rac determined by subcellular biochemical fractionation
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Figure 1 Rac membrane targeting is independent of effector interactions
but requires the C-terminal polybasic sequence. a, NIH-3T3 cells were tran-
siently transfected with empty control vector or Rac mutants, as indicated. After
24 h, cells were transferred to medium containing 0.2% serum. After 48 h cells,
adherent cells were harvested and the particulate (p) and soluble (s) fractions were
isolated (see Methods). Samples (10 µg protein) were analysed by SDS–polyacry-
lamide gel electrophoresis (PAGE) and western blotting with anti-Rac (endogenous
protein, end), anti-Myc (Q61L–T35S-Rac, Q61L–F37A-Rac and Q61L–Y40C-Rac) or
anti-HA (Wild type and V12-Rac) antibodies (left). The anti-integrin β1 subunit and
anti-Rho-GDI were used as markers for the membrane and cytosol, respectively.
Results are representative of four independent experiments. Note that the amount
of protein analysed (10 µg per lane) represents 1–2% of the soluble fraction and
10–20% of the particulate fraction. Quantification of the membrane localization of
the different Rac mutants is also shown (right). Data were normalized according to
the total protein levels of each Rac mutant, and the percentage in the membrane
fraction calculated. Values are means (SEM from four separate experiments). 
b, NIH-3T3 cells were cotransfected with HA–V12-Rac and either Myc–PBD or the
empty vector, serum-starved for 24 h and then separated into particulate and solu-
ble fractions for analysis as above. Quantification of HA–V12-Rac translocation to
the membrane, as in a, is shown (right). Values are means (SEM from three independ-
ent experiments). c, Normal V12-Rac or V12-Rac with a mutated polybasic sequence
in pRK5-myc were transiently transfected into NIH-3T3 cells and processed as above.
Quantification of four independent experiments is also shown (right).
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(Fig. 1b). The levels of injected Alexa–PBD did not inhibit lamel-
lipodia formation (Figs 3 and 4; see also ref. 10). The uniform dis-
tribution of these proteins suggests that the FRET signal should
also be uniform in the cell. Surprisingly, images showed that the
level of the FRET signal was distinctly higher at regions of the cell

edge (Fig. 3a). These areas generally appeared protrusive and very
likely correspond to lamellipodia. As a negative control, we exam-
ined a GFP fusion of the Rac effector mutant Q61L–T35S, which is
activated, but deficient in effector binding12,13. This mutant gave a
low FRET signal that we take as a baseline. Notably, the level of this
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Figure 2 Integrins regulate Cdc42 membrane targeting similarly to Rac. 
a, NIH-3T3 were transiently transfected with GFP–Wt-Cdc42, serum starved for 24
h, replated on coverslips for 6 h or placed in suspension for 2 h before incubation
in medium alone (untreated) or medium containing 100 ng ml−1 bradykinin for vari-
ous times before fixation. Cells in suspension were then transferred to poly-L-lysine-
coated coverslips, and all samples were analysed by confocal microscopy. Basal z-
sections of cells in direct contact with the substrate are shown. The index of
translocation to the plasma membrane was calculated (see Methods). Values are
means (± SEM) from four independent experiments, in which more than 100 cells
were scored for each condition. b, Serum-starved attached (Att) or suspended (Sus)
cells were stimulated with 100 ng ml−1 bradykinin for 30 min at 37 °C and analysed
by subcellular fractionation, western blotting with the anti-Cdc42 antibody and den-
sitometric quantification. Values are means (SEM from four separate experiments).

c, NIH-3T3 were transiently transfected with different GFP constructs, serum-
starved for 24 h and plated onto fibronectin-coated coverslips or placed in suspen-
sion for 2 h before fixation. In some cases, cells were fixed immediately, or 30 sec
after trypsin treatment. Immediately detached and suspended cells were then trans-
ferred to poly-L-lysine coverslips and samples processed as in a. The translocation
index (showing means ± SEM from three independent experiments), in which more
than 100 cells were scored per condition, is also shown (Inset). d, NIH-3T3 were
transfected with 1.0 µg of total DNA containing 0.1 µg of Myc–Rho-GDI and 0.2 µg
of active Rac or Cdc42. Cells were serum-starved and placed in suspension for 2 h,
or kept stably adherent before subcellular fractionation and analysis by western
blotting. Quantification of active Rac and Cdc42 translocation to the membrane
(SEM from four independent experiments) is shown (right). Scale bar in a repre-
sents 10 µm, and also applies to c.
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signal was not increased in the leading edge (Fig. 3b), as observed
with overexpression of V12-Rac. Thus, the efficiency of interaction
between V12-Rac and a soluble effector domain is enhanced with-
in the edges of spontaneously polarized cells.
Local effect of integrins on membrane targeting. In order to test
the effect of local integrin stimulation on Rac coupling to effectors,
we incubated cells with 5-µm beads coated with fibronectin, which
induce localized occupancy and clustering of integrins21,22. As
expected, the beads were able to induce the clustering of actin (data
not shown). We also observed an increase in the level of the FRET
signal around the bead (Fig. 4a). This signal approached maximal
levels after an incubation of approximately 20–40 min with the
beads (Supplementary Information Fig. S2) and was terminated
after the beads were internalized at later times, as previously
described22. In a fraction of cells, we noticed some accumulation of
GFP–V12-Rac around the beads (for example, Fig. 4b), but this
effect was not dramatic and was much less distinct than the FRET
signal. Overexpression of the Q61L–T35S-Rac mutant resulted in
little increase in FRET around the beads (14 ± 4%, n = 45 beads),
in contrast to V12-Rac (84 ±8 %, n = 55). The effect was integrin-
specific, as FRET was induced by beads coated with anti-β1 inte-
grin antibodies, but only weakly with antibodies to a non-integrin
cell surface adhesion receptor, such as CD44 (Fig. 4b).
Quantification of three independent experiments demonstrated
that 86 ± 9% of anti-β1-integrin-coated beads (n = 25), but only
14 ± 4% of anti-CD44-coated beads (n = 38), induced a positive
FRET signal in cells expressing GFP–V12-Rac. Furthermore, for the
small fraction of anti-CD44-coated beads that had positive signals,
FRET intensity was 3.1 ± 0.2-fold lower than for anti-β1-integrin-
coated beads. We also noticed that, unlike actin or cytoskeletal pro-
teins23, the FRET signal around fibronectin- or anti-integrin-coat-
ed beads was not always confined to the immediate vicinity of the
bead. This result suggests that integrins may initiate signalling, but
that propagation to nearby regions can also occur.

In order to confirm these results with a more physiological indi-
cator, we performed FRET assays with wild-type GFP–Rac. In these
experiments, overall FRET intensities were lower, but fibronectin-

coated beads induced a positive FRET signal (Fig. 4c) and FRET
was also higher at some edges and protrusions. Quantitative analy-
sis showed that 66 ± 11% of fibronectin-coated beads (n = 117) and
69 ± 9% of anti-β1-coated beads (n = 85) induced a positive FRET
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Figure 3 FRET analysis demonstrates that GTP-Rac coupling to effectors is
locally enhanced in lamellipodia. NIH-3T3 cells were microinjected with cDNAs
encoding the indicated GFP–Rac fusion proteins and then with Alexa–PBD protein.
Representative GFP and corrected FRET images from three independent experi-
ments are shown. A colour scale with the equivalent numerical values for the inten-
sity of FRET for all images is displayed. Red represents a high FRET signal and
blue, a low signal. Scale bar represents 10 µm.
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Figure 4 GTP-Rac coupling to effectors is locally induced by integrin stimu-
lation and requires Rac membrane targeting. a, Cells expressing V12-Rac and
Alexa–PBD were incubated for 20 min with 5-µm fibronectin-coated beads, shown in
the phase-contrast image (upper right) and identified by arrowheads in other pan-
els. Images of GFP (lower left) and Alexa (lower right) were recorded in fixed cells,
corrected for background and bleed-through, to generate the corrected FRET
image (upper left). The FRET intensity range for this figure is also shown (far right).
b, Cells injected with GFP–V12-Rac and Alexa–PBD were incubated for 20 min with
anti-β1-integrin-coated beads or anti-CD44 antibodies. GFP, corrected FRET and
phase-contrast images are shown. c, d, Cells were injected with GFP–Wt-Rac (c) or
a V12-Rac polybasic region mutant (d) and processed for FRET as above. Images
are representative of three separate experiments. Scale bar represents 10 µm.
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signal with wild-type Rac. However, this result represents the effect
of integrins on activation and targeting, whereas the effects on acti-
vated Rac mutants represent only targeting. Consistent with the
activation of Rac by the hyaluronic acid receptor CD44 (ref. 24), we
observed that anti-CD44-coated beads induced a weakly positive
signal with GFP–Wt-Rac (35 ± 6%, n = 88). By contrast, beads
coated with an antibody to the non-integrin fibronectin receptor
syndecan-4 (ref. 25) had a negligible effect on GFP–Wt-Rac signal
(8 ± 3%, n = 64).

To test whether these effects were related to Rac membrane
localization, we examined a GFP fusion of the polybasic region
mutant. This mutant is constitutively active because of the V12
mutation, although membrane targeting is reduced (Fig. 1c; results
for the GFP fusion not shown). Fibronectin-coated beads induced
a substantially lower FRET signal with this mutant (Fig. 4d). This
result indicates that the increased FRET around the bead observed
with GFP–V12-Rac (Fig. 4a) requires the targeting of Rac to mem-
branes. The residual weak signal observed with GFP–V12-Rac-6Q
is probably caused by the CAAX motif, which may mediate residual

membrane association (Fig. 1c). This result demonstrates that mem-
brane targeting is required for the binding of Rac to its effectors.
Rho-GDI blocks effector binding. Rho-GDIs regulate the mem-
brane association/dissociation cycle of Rho GTPases. Structural
studies of the complex between members of the GDI family and
Rho family members have identified two important sites of inter-
action26–29. First, the geranyl geranyl moiety of the Rho protein is
inserted into a hydrophobic pocket in GDI. Second, the N terminus
of GDI binds to the switch-I and -II regions of the GTPase, which
are also the binding sites for nucleotides, effectors, GAPs and GEFs.
The binding of GDI inhibits both nucleotide exchange and GTP
hydrolysis. GDI binds to Thr 35 in both Cdc42 and Rac2 (refs
26,27), which mutational studies have shown is an essential residue
for effector binding12,13.

In order to test whether Rho-GDI blocks effector binding, we
measured the binding of recombinant isoprenylated Rac1 to the
PBD effector domain of Pak, in the presence or absence of recom-
binant Rho-GDI. Increasing amounts of the Rho-GDI protein
inhibited the binding of Rac1 to PBD, in a dose-dependent manner
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Figure 5 Rho-GDI blocks GTP-Rac effector coupling. a, Recombinant isopreny-
lated human Rac1 (0.5 µg per lane) was loaded with GDP or GTPγS and then incu-
bated with 0–20 µg of recombinant purified human Rho-GDI for 30 min at 4 °C. The
Rac protein was precipitated by incubation with 0.5 µg of recombinant human
GST–PBD and detected by western blotting with an anti-Rac monoclonal antibody.
Western blotting with an anti-GST monoclonal antibody demonstrated equivalent lev-
els of PBD in each sample (data not shown). Results are representative of five inde-
pendent experiments. b, NIH-3T3 were transfected with 1.0 µg of total DNA con-
taining 0.1 µg of Myc–Rho-GDI and 0.2 µg of HA–V12-Rac. Cell lysates (200 µg of
total cell protein per sample) were precipitated with either 0.5 µg of purified 12CA5
anti-HA monoclonal antibody or 10 µg of GST–PBD. Western blotting with the anti-Myc

antibody identified exogenous Rho-GDI in the precipitates. Western blotting for V12-
Rac demonstrates equivalent protein levels in each sample. Data are representative
of three independent experiments. c, Cells were injected with a prenylation site
V12-Rac mutant fused to GFP. Corrected FRET and FRET:GFP ratio images, which
are representative of three independent experiments, are shown. Scale bar repre-
sents 10 µm. d, Cells were transfected as in b, serum-starved and then placed in
suspension for 2 h, or kept stably adherent. Cell lysates were immunoprecipitated
with the anti-HA monoclonal antibody and the Myc–Rho-GDI/HA–V12-Rac complex
was detected by western blotting. Data are representative of three independent
experiments.
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(Fig. 5a). We also performed a complementary approach in living
cells cotransfected with haemagglutinin (HA)-tagged V12-Rac and
Myc-tagged Rho-GDI. As expected, V12-Rac immunoprecipitated
through the HA tag was associated with GDI. However, when an
equal amount of the activated Rac was precipitated through bind-
ing to the PBD, virtually no GDI was present, demonstrating that
Rac cannot bind to both GDI and the effectors at the same time in
vivo (Fig. 5b).

As Rac is only found in the cytosol when bound to GDI, this
result could explain the failure of cytosolic V12-Rac to bind to its
effectors. To test this idea, we examined the properties of a GFP
fusion to V12-Rac, in which Cys 189 was mutated to Ser, to prevent
prenylation. This mutant is constitutively active, but deficient in
binding to both membranes and Rho-GDI. As expected, when
assayed by fractionation, the construct was exclusively localized to
the cytoplasm (data not shown). When examined with the fluores-
cence assay, the FRET signal was high and concentrated in the cen-
tral thicker part of the cytoplasm. To confirm that the high FRET
signal was caused by a greater volume in this region, we normalized
the FRET signal to Rac concentration by dividing the FRET image
by the GFP image. After normalization to the GFP signal, a more
uniform level of FRET in the cytoplasm was evident (Fig. 5c). To
confirm this effect, we calculated the average pixel intensities for
the V12-Rac and V12-Rac-SAAX FRET signals over the entire cell.
The average FRET/pixel intensities were 37.3 ± 13 for normal V12-
Rac and 49.4 ± 27.7 for the V12/SAAX mutant (n = approximately
30). Taking V12/T35S as the baseline (average intensity = 28.7 ± 9.3),
this result shows that the specific signal for the SAAX mutant was
2.4-fold higher than its prenylated counterpart. This result demon-
strates that a Rac mutant that does not bind Rho-GDI shows high
in vivo binding to the PBD. As expected, fibronectin-coated beads
did not enhance the FRET signal with this mutant (9 ± 4%, n = 90).
This result supports the idea that Rho-GDI prevents Rac coupling
to effectors in the cytoplasm.

If integrins regulate GTP-Rac membrane targeting, they should
modulate the association of V12-Rac with Rho-GDI.
Co-immunoprecipitation experiments showed a decrease in the
V12-Rac–Rho-GDI complex in adherent cells, as compared with
cells in suspension (Fig. 5d; 1.81 ± 0.17-fold, n = 3). This result
supports the concept that integrin-induced GTP-Rac membrane
targeting is accompanied by the dissociation of Rho-GDI.

Discussion
We propose that growth factors can induce the global GTP loading
of Rac and that under some conditions, GTP-Rac may be present in
the cytosol8, but that the binding of Rho-GDI will prevent GTP-Rac
from coupling to cytoplasmic effectors, and therefore block the
stimulation of downstream cytosolic events (Fig. 6). Whether
GTPase activation can occur in the cytosol or active GTPases disso-
ciate from the membrane is unknown. The activation of GTPases in
the cytosol is consistent with another recent report30, but kinetic
events have not yet been explored in vivo. Integrins stimulate Rac
membrane translocation by increasing the affinity of the mem-
branes for Rac8. We suggest that this increase occurs at specific sites
and enables membranes to compete with Rho-GDI, favouring the
displacement of the geranyl geranyl moiety from the Rho-GDI
hydrophobic pocket towards the hydrophobic membrane phos-
pholipids. The release of GDI after membrane translocation allows
the coupling of activated Rac to effectors, which induces the for-
mation of lamellipodia, thus promoting the extension of the lead-
ing edge of the cell. Therefore, growth factors could activate Rac
globally in the cell, but integrins would determine the specific local
areas where Rac binds to effectors, thus determining where to
extend lamellipodia and facilitating efficient cell migration (Fig. 6).

A Rab GDI-displacement factor (GDF), which releases endoso-
mal Rab GTPases from Rab-GDI, was recently identified, and
might be involved in localizing Rabs to their correct intracellular
compartments31. No such factor has yet been identified for the Rho
family, but if one exists, it could conceivably participate in the
effects described here.

Although local integrin stimulation induces Rac membrane tar-
geting and effector interaction, the FRET signal is not precisely
defined around the bead, showing a more diffuse pattern in some
cases (Fig. 4). This observation is consistent with the more diffuse
FRET signal at cell edges. It could be attributed to a propagation of
integrin-initiated binding sites into the surrounding areas, or to
diffusion of Rac after membrane translocation has occurred.

Our results suggest that GTP exchange need not be localized for
Rac function also to be localized. This concept establishes a major
difference with the Saccharomyces cerevisiae system, where localiza-
tion of GEFs to specific sites is required for polarized budding32,
and overexpression of GTPases randomizes the normal budding
site pattern33. Strikingly, overexpression of V12-Rac or GEFs in
mammalian cells can induce migration rather than paralysis34–36, an
observation that is consistent with our model.

In summary, we have determined a mechanism for the spatial
regulation of Rho family GTPase function. Constitutively active
Rac is diffusely distributed throughout the cell, yet the interaction
with a soluble cytoplasmic effector is enhanced at regions of the
cell edge or near sites of integrin stimulation. This interaction
requires Rac membrane translocation. Rho-GDI, which sequesters
Rac in the cytoplasm, blocks effector binding. However, mem-
brane translocation displaces Rho-GDI and allows effectors to
bind. Therefore, we have identified an unexpected spatial specifici-
ty for Rac–effector interactions and defined a novel function for
Rho-GDI.

Methods
Cell culture and transfections
NIH-3T3 cells were grown in Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10%

calf serum, penicillin and streptomycin (GIBCO-BRL, Gaithersberg, MD). Cells were starved for 24 h in

0.2% serum before stimulation and biochemical assays. For suspension, 2 × 106 cells cultured in DMEM

containing 0.2% BSA were plated into 15-cm bacterial plastic dishes coated with 10 mg ml−1 heat-dena-

tured BSA. For transfections, cells at approximately 50% confluence in 100-mm tissue culture dishes

were transfected (1.0 µg total DNA) with the Effectene reagent, according to the manufacturers instruc-

tions (Qiagen, San Diego, CA). Expression vector DNAs were supplemented with the proper amounts of

the corresponding empty vector. Typically, 0.2 µg of plasmid encoding the various Rho protein mutants

and 0.1 µg of pEFBOS-myc–Rho-GDI were transfected in each condition. Unless a GFP–fusion con-

struct was transfected, 0.1 µg of green fluorescent protein vector (Clontech Laboratory Inc, Palo Alto,

CA) was routinely included to estimate transfection efficiency, which was consistently around 30%. Cell

lysis or fixation and analysis were performed 48 h after transfection, as described for each experiment.

Growth factor

Rho-GDI

Rho-GDI

Rac-

Rac-Rac-

Effector

Effector
Integrin

ECM

xGTP

GTP GTP

Figure 6 Model for integrin-regulated localized enhancement of Rac mem-
brane targeting and effector coupling. Growth factors could increase Rac GTP-
loading globally in the cell, but Rho-GDI would prevent GTP-Rac binding to effectors
in the cytoplasm. Integrins would determine the specific local areas where Rac tar-
gets to membranes, leading to the dissociation of Rho-GDI.
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DNA plasmids and constructs
HA-tagged Rac and Cdc42 mutant cDNAs were inserted into the pcDNA3 vector and Myc-tagged

Pak–PBD cDNA was inserted in pCMV6, as previously described14. Rac effector mutant cDNAs in

pRK5 were obtained from A. Hall (London, UK)12, and pEFBOS-myc–Rho-GDI was obtained from Y.

Takai (Osaka, Japan)37. The plasmid pCA-GAP–GFP-S65A, containing the membrane-anchoring signal

of growth associated protein (GAP)-43 fused to GFP, was obtained from K. Moriyoshi (Kyoto, Japan)38.

Plasmids encoding GFP-tagged Wt-Rac, Wt-Cdc42, V12-Rac and V12-Cdc42 have been described pre-

viously39. pRK5-myc–V12-Rac-6Q was kindly provided by J.H. Jackson (La Jolla, CA)16 and was sub-

cloned in-frame into the BamHI site of pEGP-C1 (Clontech), a mammalian expression vector that

adds an N-terminal GFP tag to expressed proteins. pBK-CMV-V12-Rac-C189S (a gift of T. Reid,

Amsterdam, The Netherlands) and pRK5-myc–(Q61L–T35S-Rac) were used as templates for PCR-

amplification of the mutated Rac inserts that were then subcloned as EcoRI-BamHI fragments into

pEGFP–C1, to generate GFP–(V12–C189S-Rac) and GFP–(Q61L–T35S-Rac), respectively. All the

newly generated constructs were confirmed by DNA sequencing. DNA for microinjections and trans-

fections was purified on caesium gradients.

Purification of recombinant proteins
PBD of human Pak (residues 65–150), with a single cysteine added in the penultimate N-terminal

position, was expressed as a C-terminal hexahistidine (His6) fusion protein from the pET23 vector

(Novagen, Madison, WI) and purified from Escherichia coli, as described40. His6–PBD was then labelled

with Alexa-546–maleimide (Molecular Probes, Eugene, OR), as described10. In Rac pull-down assays,

PBD was purified as a glutathione S-transferase (GST) fusion protein, as previously described8,41.

Recombinant His6–N-terminal-tagged human Rho-GDI in a modified pET22B vector was purified

from the BL21(DE3) E. coli strain, as described42. S. cerevisiae yeast strain SY1 transformed with the

YepPGAL–His6–Rac1–tPMA1 was cultured and lysed to purify recombinant isoprenylated human Rac1,

as described42,43. Fibronectin was prepared from human plasma, as described44.

Subcellular fractionation
Adherent and suspended cells were washed, drained and treated with ice-cold hypotonic lysis buffer

(10 mM Tris-HCl at pH 7.4, 1.5 mM magnesium chloride, 5 mM potassium chloride, 1 mM dithio-

threitol, 0.2 mM sodium vanadate, 1 mM phenyl methylsulphonyl fluoride, 1 µg ml−1 aprotinin and 1

µg ml−1 leupeptin) for 5 min. Adherent cells were scraped and cell lysates were homogenized with 15

strokes of a Dounce homogenizer. Homogenates were centrifuged at 700g for 3 min to pellet nuclei

and intact cells. The supernatants were then spun at 40,000g for 30 min at 4 °C in a refrigerated cen-

trifuge to sediment particulates. The cytosol-containing supernatant was removed and the crude mem-

brane pellet gently washed with hypotonic lysis buffer. Membrane and cytosol fractions were then

assayed for total protein. Equal amounts were analysed by western blotting and quantified by scanning

densitometry. Typically, 10 µg of protein was analysed, representing 1–2% of the cytoplasmic fraction

and 10–20% of the membrane fraction.

Immunofluorescence microscopy and quantification of the translocation
index
Glass coverslips in 24-well plastic dishes were coated overnight with 20 µg ml−1 human fibronectin or

1 mg ml−1 poly-L-lysine at 4 °C. Dishes were washed three times with PBS, and the fibronectin dishes

blocked with 10 mg ml−1 heat-denatured BSA. After plating, cells were fixed with 3% paraformalde-

hyde-PBS for 30 min, permeabilized in 0.2% Triton-X100 in PBS for 5 min, and blocked with 10%

normal goat serum. Images were acquired using a BioRad 1024 MRC laser scanning confocal imaging

system, and represent the basal z-section of the cells in direct contact with the substrate. GFP-positive

cells were selected and scored 0 for no detectable GFP in the plasma membrane, 1 for weak GFP plas-

ma membrane staining, and 2 for bright GFP localization in the plasma membrane. The index of

translocation to the plasma membrane was calculated as: (y +2z)/(x + y + z), where x, y and z are the

number of cells that were scored as 0, 1, or 2, respectively. Each experiment was scored blind inde-

pendently by two investigators.

Cells for FRET assays and binding to beads
NIH-3T3 cells were grown for 48 h on coverslips in dishes prepared as described45, and placed in an

open chamber with atmospheric and temperature control. Cell nuclei were microinjected with

50 µg ml−1 expression vector cDNA, coding for different Rac mutants fused to GFP. After 2 h, cells

expressing GFP–Rac were microinjected into the cytoplasm with Alexa–PBD (50 µg ml−1) as

described10,40,46. After injection, cells were returned to the 37 °C incubator for 30 min, then fixed in 2%

formaldehyde for 15 min. Coverslips were rinsed in PBS and mounted onto glass slides with

immunomount (ICN, Aurora, OH).

In some cases, after PBD injection cells were incubated for 20 min with 5-µm polystyrene divinyl-

benzene beads (Duke Scientific Corporation, Palo Alto, CA) at a cell to bead ratio of 1:40. Beads were

prepared by washing according to the manufacturer instructions, incubation overnight with 20 µg ml−1

fibronectin or 1 mg ml−1 poly-L-lysine at 4 oC, and then washing with cold PBS and resuspension by

sonication in an ultrasonic bath (Laboratory Supplies Co. Inc, Hicksville, NY). For antibody conjuga-

tion, beads were incubated with either 25 µg ml−1 rabbit anti-hamster IgG (Sigma Chemicals, St. Louis,

MO) and then 10 µg ml−1 HMβ1-1 hamster anti-mouse β1 integrin IgG (Pharmingen, San Diego, CA)

or 25 µg ml−1 goat anti-rat IgG (Sigma), then 10 µg ml−1 5D2-27 rat anti-mouse CD44 IgG

(Developmental Studies Hybridoma Bank, The University of Iowa, Iowa City, IA).

Microscopy for FRET assays
Imaging was performed with a BioRad 1024 Confocal Microscope. Filters for these experiments were:

(1) GFP–Rac: excitation 488 nm, emission 522 nm; (2) Alexa-546: excitation 568 nm, emission 598

nm; (3) FRET: excitation 488 nm, emission 598 nm. GFP and FRET images were acquired simultane-

ously and Alexa-546 images were acquired separately at the same plane. Only cells expressing moderate

levels of GFP–Rac and Alexa-PBD were studied; high- and low-expressing cells were avoided. GFP and

FRET images of cells injected with GFP–Rac only, and Alexa and FRET images of cells injected with

Alexa–PBD only, were also obtained in order to determine bleed-through corrections and background

corrections, as described10,40. The ratio of bleed-through and background correction were then subtracted

from the original raw FRET image (8-bit 512 × 512, 0–256 fluorescence intensity range, (arbitrary

units)) with Innovision ISEE software (Raleigh, NC). The resultant corrected 8-bit FRET images typi-

cally had an average fluorescence intensity range of 0–125. This fluorescence intensity range was dis-

played using a colour spectrum, where blue was closest to 0 and red closest to 125. Positive FRET in

images typically appeared between 63 and 125 (green/yellow to red range). A bead was considered pos-

itive when there was an area in the vicinity of the bead scoring a FRET intensity greater than 63, which

corresponds to the baseline determined by inactive regions of the cells and by the inactive T35S-Rac

mutant. A more quantitative method was employed with cells injected with GFP–V12-Rac and incu-

bated with anti-integrin-β1- or anti-CD44-coated beads. In this case, the integrated FRET value of an

area of 500 pixels surrounding the bead was measured and compared between both groups. The aver-

age FRET value was calculated by dividing the total FRET intensity of the cell by the cell area in pixels.

Rac pull-down experiments and immunoprecipitation
Rac GTPase assays from whole cells were performed essentially as described8. For in vitro binding,

recombinant isoprenylated human Rac1 purified from yeast was loaded with GDP or GTPγS, as

described47, and 0.5 µg of protein was incubated with different amounts of recombinant purified

human Rho-GDI for 30 min at 4° C. Then, 0.5 µg of recombinant human GST–PBD in binding buffer

(0.5% NP-40, 50 mM Tris-HCl at pH 7.4, 150 mM sodium chloride, 1 mM magnesium chloride, 1

mM EGTA, 1 mM phenyl methyl sulphonyl fluoride) was added. The PBD was collected on glu-

tathione–agarose beads (Sigma) for 30 min at 4° C, washed and then eluted with SDS sample buffer.

Bound Rac was analysed by western blotting with a monoclonal anti-Rac antibody (0.25 µg ml–1;

Upstate Biotechnology, Lake Placid, NY). For immunoprecipitation of V12-Rac, lysates of cells trans-

fected with pcDNA3-HA–V12-Rac were precipitated with purified anti-HA 12CA5 monoclonal anti-

body (10 ng ml–1) before incubation with protein G Sepharose beads (Pharmacia, Uppsala, Sweden),

and analysis by western blotting.
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