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While a significant amount is known about the biochemical signaling pathways of the Rho family GTPase
Cdc42, a better understanding of how these signaling networks are coordinated in cells is required. In
particular, the predominant subcellular sites where GTP-bound Cdc42 binds to its effectors, such as p21-
activated kinase 1 (PAK1) and N-WASP, a homolog of the Wiskott-Aldritch syndrome protein, are still
undetermined. Recent fluorescence resonance energy transfer (FRET) imaging experiments using activity
biosensors show inconsistencies between the site of local activity of PAK1 or N-WASP and the formation of
specific membrane protrusion structures in the cell periphery. The data presented here demonstrate the
localization of interactions by using multiphoton time-domain fluorescence lifetime imaging microscopy
(FLIM). Our data here establish that activated Cdc42 interacts with PAK1 in a nucleotide-dependent manner
in the cell periphery, leading to Thr-423 phosphorylation of PAK1, particularly along the lengths of cell
protrusion structures. In contrast, the majority of GFP-N-WASP undergoing FRET with Cy3-Cdc42 is localized
within a transferrin receptor- and Rabl1-positive endosomal compartment in breast carcinoma cells. These
data reveal for the first time distinct spatial association patterns between Cdc42 and its key effector proteins

controlling cytoskeletal remodeling.

Cytoskeletal remodelling is a highly dynamic, tightly regu-
lated process which drives the formation of cell protrusions
necessary for cell movement. Members of the Rho family of
GTPases regulate cytoskeletal dynamics by cycling between
inactive GDP-bound and active GTP-bound states. Cdc42 ac-
tivation results in a localized increase in actin polymerization
and the formation of filopodia. Immediately downstream of
Cdc42 are p21-activated kinase 1 (PAKI) as well as the Wis-
kott-Aldrich syndrome protein (WASP) family of proteins,
both of which are activated through the binding of GTP Cdc42
via the Cdc42- and Rac-binding domain (CRIB or PBD).
PAKI has been reported to localize to regions of cytoskeletal
assembly, and the activated form can induce cytoskeletal re-
modeling at the leading edge via downstream events such as
microtubule growth and stathmin phosphorylation (11, 60). A
close correlation has been found between the PAKI activity
state and the baseline invasiveness of human breast cancer
cells as well as breast tumor grades (52). Paradoxically, the
same work demonstrated that breast carcinoma cells express-
ing the GTPase binding-deficient H83L, H86L PAK1 mutant

* Corresponding author. Mailing address: Randall Centre, King’s
College London, 3rd Floor, New Hunt’s House, Guy’s Medical School
Campus, London SE1 1UL, United Kingdom. Phone: 44 (0) 20 7848
6835. Fax: 44 (0) 20 7848 6435. E-mail: maddy.parsons@kcl.ac.uk.

£+ M.P., J.M,, and S.M.A.-B. contributed equally to this study.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

1680

exhibited extensive membrane ruffling in the cell periphery.
The lamellipodia formation and membrane ruffling observed
in the presence of PAK1 were subsequently demonstrated by
others to be independent of PAK catalytic activity (13). The
relationship between the local level of PAKI1 activity and the
formation of specific subcellular structures is therefore un-
clear.

The WASP-family proteins and the Arp2/3 complex are im-
portant nucleators of new actin filaments in response to signals
causing cell shape and motility changes. Recent in vitro bio-
chemical studies have shown that a homolog of WASP, N-
WASP, is locked in an inactive closed conformation by an
intramolecular interaction between its GTPase-binding do-
main and the VCA domain (for “verprolin homology and cen-
tral basic and acidic motifs”) (40). The binding of GTP-loaded
Cdc42 and phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P,)
to N-WASP synergistically enhances the activation of N-WASP-
induced actin nucleation by the Arp2/3 complex in vitro (17),
probably by releasing the GTPase-binding domain and basic
region from the VCA domain. A similar paradox exists, how-
ever, for N-WASP, in terms of the spatial correlation between
the activity state of this protein and the formation of specific
cellular structures such as filopodia. In the N-WASP knockout
fibroblasts, filopodia can still be induced at the cell periphery
by microinjecting a mixture of a constitutively active Cdc42
(L61), dominant-negative Rac (to suppress lamellipodia) and
C3-transferase (to inhibit Rho) (23, 46). These results indicate
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that proteins other than N-WASP can trigger F-actin assembly
at the cell periphery. Physiological stimulation by epidermal
growth factor (EGF) has been shown, using a fluorescence
resonance energy transfer (FRET) biosensor (Raichu-Cdc42)
coupled with multiphoton microscopy, to stimulate an increase
of Cdc4?2 activity clearly at lamellipodia and membrane ruffles
(21). A similar FRET biosensor (Stinger) for monitoring the
N-WASP conformation or activity state in situ has been re-
ported (58). EGF stimulation, however, does not significantly
enhance the Stinger activity at peripheral membrane protru-
sion sites (58); instead, activated N-WASP was observed in
both the nucleus and the cytoplasm of resting and EGF-stim-
ulated cells.

In view of these recent findings, we have undertaken fluo-
rescence lifetime imaging microscopy (FLIM)-based measure-
ments (2, 16, 22, 34-36, 38, 39) to establish the spatial distri-
bution of the activator-effector complexes of Cdc42 bound to
its downstream effectors in response to cell signals in situ. The
detection of FRET between a green fluorescent protein (GFP)
donor and a Cy3 acceptor by FLIM requires a spatial separa-
tion between the fluorophores of no more than 9 nm (assuming
an ability to resolve fluorescence lifetime changes of the order
of 100 ps). FRET results in a shortening of the GFP (donor)
fluorescence lifetime. Specifically, we monitored the occur-
rence of FRET to determine the subcellular site of the acti-
vated form of GFP-PAKI [T(P)423] (44) bound to Cdc42, in
comparison to the location of GFP-N-WASP complexed to the
same upstream Rho GTPase in situ. Multiphoton FLIM-based
measurements suggest that different Cdc42 effectors are trig-
gered within different subcellular compartments in response to
the same cytoskeletal remodeling stimulus and may mediate
distinct functions in these subcompartments in breast cancer
cells.

MATERIALS AND METHODS

Cells and antibodies. All cells were maintained in Dulbecco minimal essential
medium supplemented with 10% fetal calf serum. For FRET/FLIM analysis,
cells were microinjected using an Eppendorf microinjection system. Postinjec-
tion, the cells were returned to the incubator and allowed to quiesce or express
the protein of interest for 3 to 4 h. They were then fixed in 4% paraformaldehyde
for 15 min, permeabilized with 0.2% Triton X-100-phosphate-buffered saline
(PBS), and then either viewed directly or stained with a Cy3-anti-HA immuno-
globulin G (IgG) Fab fragment (and Cy5-labeled organelle marker antibodies
where indicated). Organelle marker antibodies used were as follows: anti-trans-
ferrin receptor (Santa Cruz Biotechnology), mouse monoclonal anti-caveolin 2
(Transduction Laboratories), anti-TGN antibody (Transduction Laboratories),
anti-N-WASP (a gift from T. Takenawa), and anti-Rab11 (a gift from S. Tooze).
The anti-T(P)423 PAK1 polyclonal antibody was produced as follows. The phos-
phopeptide SKRST(P)YMVGTPYC, derived from amino acid residues 419 to 429
in human PAK1 (43), was synthesized and coupled to keyhole limpet hemocya-
nin via a COOH-terminal linkage. The coupled peptide was injected into rabbits,
and the resulting antisera were purified by protein A—-Sepharose chromatogra-
phy. The sera were then affinity purified, first by passage over a nonphosphory-
lated peptide column to remove antibodies that react with nonphosphorylated
epitopes and then by passage over a phosphopeptide column. The sera were
eluted in 1-ml fractions from this column with 0.1 M glycine (pH 2.5), immedi-
ately neutralized by the addition of 1 M Tris (pH 9.5), and extensively dialyzed
against PBS.

Plasmids. Full-length N-terminal GFP-N-WASP was generated by PCR and
cloned into the Xhol and HindIII sites of pEGFPCI1 (Clontech) by using sites
introduced in the primers. The GFP-N-WASP H211D mutant was generated by
QuikChange site-directed mutagenesis (Stratagene) using forward (5" CCAAG
CAATTTCCAA GACATTGGACATGTGGG 3') and reverse (5" CCCACAT
GTCCAAT GTCTTGGAAATTGCTTGG 3’) oligonucleotides, where bases
shown in bold indicate the His211-to-Asp changes. Full-length wild-type (WT)
Cdc42 and p16A were generated by PCR and cloned into the BamHI and EcoRI
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sites of pRKS5 Myc vector with the Myc epitope tag at the N terminus. Full-length
N-terminal Myc epitope-tagged PAKI1 has been described previously (43). The
NHE-1-HA construct was a gift from D. Barber. GFP-PAK-1 PIX-binding
mutant constructs were generated using GFP-PAK1 as a template. QuikChange
site-directed mutagenesis was performed as above, using forward (5'CCACCA
GTGATTGCTCCAGGCGCAGAGCACACAAAATCTGTATAC3') and re-
verse (5'GTATACAGATTTTGTGTGCTCTGCGCCTGGAGCAATCACTG
GTGG 3') oligonucleotides, where bases shown in bold indicate the amino acid
changes.

Coimmunoprecipitation and Western analysis. Immunoprecipitation and
Western analysis were carried out as previously described (38).

Immunostaining and confocal microscopy. Cells were permeabilized with
0.2% (vol/vol) Triton X-100-PBS following fixation in 4% (wt/vol) paraformal-
dehyde. Primary antibodies were diluted 1:200 to 1:500 in PBS containing 1%
bovine serum albumin, except for the fluorophore-conjugated antibodies, which
were used at 1:10 to 1:50. The Cy5-labeled conjugates were obtained from
Jackson ImmunoResearch Laboratories. Slides used for FRET analysis were
fixed again following antibody staining. Confocal images were acquired on a
confocal laser-scanning microscope (model LSM 510; Carl Zeiss Inc.) equipped
with both 40X/1.3Plan-Neofluar and 63x/1.4Plan-APOCHROMAT oil immer-
sion objectives. Each image represents a two-dimensional projection of sections
in the Z-series, taken across the depth of the cell at 0.2-um intervals unless
otherwise indicated. Colocalization coefficients (between N-WASP and organelle
markers) were calculated using Zeiss colocalization coefficient function software,
applying the following formula:

_ piXelschl coloc
pixelscni total

_ pixelScn coloc

and C,=—
pixelScn total

1

where all pixels above background are taken into account and the relative
number of colocalizing pixels in channels (Chl and Ch2) are calculated com-
pared to total number of pixels above threshold. Data are presented as a value
between 0 and 1, where 0 indicates no colocalization and 1 indicates that all
pixels colocalize.

Sucrose gradient fractionation. Cells were cotransfected with GFP-N-WASP
and Cdc42-HA and then homogenized for 30 min on ice in 10 mM Tris-HCl
buffer containing 1 mM EDTA, 5% glycerol, 1% Triton X-100, 5SmM B-mercap-
toethanol, 0.15 M NaCl, 10 mM MgCl,, and protease inhibitors. Lysates were
fractionated on a small-scale sucrose gradient (1.6 ml of 40% sucrose, 2 ml of
20% sucrose, 1.6 ml of 5% sucrose) and centrifuged in a Beckman SW55 rotor
for 18 h at 35,000 rpm at 4°C. Fractions (410 ul) were collected and analyzed by
immunoblotting.

Fluorescence lifetime measurements by time-correlated single-photon count-
ing (TCSPC or time-domain FLIM) and analysis. Time-domain FLIM was
performed with a multiphoton microscope system, based on a modified Bio-Rad
MRC 1024MP workstation, comprising a solid-state-pumped (10 W Millennia X,
Nd:YVO4; Spectra-Physics), femtosecond Ti:Sapphire (Tsunami, Spectra-Phys-
ics) laser system, an afocal scan head, and an inverted microscope (TE200;
Nikon) (1). Enhanced detection of the scattered component of the emitted
(fluorescence) photons was afforded by the use of fast single-photon response
(R7401-P; Hamamatsu) non-descanned detectors, developed in-house, situated
in the reimaged objective pupil plane. Fluorescence lifetime imaging capability
was provided by time-correlated single-photon counting electronics (SPC 700;
Becker & Hickl). A 40X objective was used throughout (CFI60 Plan Fluor N.A.
1.3; Nikon), and data were collected at 500 + 20 nm through a bandpass filter
(35-50 40; Coherent Inc.). Laser power was adjusted to give average photon-
counting rates of the order 10* to 10° photons s~ ! (0.0001 to 0.001 photon count
per excitation event) to avoid pulse pileup.

FLIM analysis can be enhanced by application of global analysis (i.e., assump-
tion of globally invariant fluorescence lifetime components and calculation over
all available data sets, or pixels) to data obtained using either time-domain-based
(4, 5) or frequency domain-based (53-56) methods. The spatially invariant life-
times are assumed to pertain to the donor molecular species in the presence or
absence of FRET, with the relative amplitudes of the components being pro-
portional to the molar fractions (hereafter referred to as the “populations”) of
the two species.

Immunogold electron microscopy. Cells were scraped carefully and fixed in 4%
paraformaldehyde for 1 h before being processed for routine sectioning on a
Leica ultracryotome for immunolabeling. Single and double labeling was carried
out as described previously (45). In the double labeling, the first antibody used
was a monoclonal anti-HA IgG recognized by 10-nm-diameter protein A-gold
(PAG); this was followed, after an additional glutaraldehyde fixation step (1%
monomeric glutaraldehyde for 5 min to cross-link the primary antibody), by a
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FIG. 1. Site of PAK1-Cdc42 interaction in cells. Multiphoton FLIM was undertaken to determine the extent of FRET between the GFP-PAK1
donor and anti-HA-Cy3 acceptor in cells coexpressing GFP-PAK1 and HA-tagged Cdc42 (WT and N17 variants). FRET results in a shortening
of the GFP fluorescence lifetime (7 in nanoseconds). In the uncomplexed state, GFP fluorescence generally undergoes a single exponential decay.
When a significant proportion of GFP undergoes FRET, biexponential decay kinetics are observed and can be analyzed to determine the
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rabbit anti-GFP antiserum (a kind gift of D. Shima, ICRF) detected with 5-nm-
diameter PAG. In some studies, the second antibody was omitted to control for
cross-reactivity of the 5-nm PAG with the first antibody. After antibody labeling,
sections were examined using a Jeol 1010 microscope.

RESULTS

Visualizing the Cdc42-bound PAK1 species by multiphoton
FLIM. MDA-MB-231 breast carcinoma cells expressing GFP-
PAK1 and WT or dominant negative (N17) variants of
Cdc42-HA were imaged by multiphoton FLIM, and the inter-
action between these two molecules was assessed by the degree
of donor fluorescence lifetime shortening. In the uncomplexed
state, GFP fluorescence generally undergoes a single exponen-
tial decay. When a significant proportion of GFP undergoes
FRET, biexponential decay kinetics are observed. Lifetime
maps (referred to hereafter as “lifetime”) shown for each ex-
ample of FRET data indicate the lifetime of the GFP at each
pixel as imaged (i.e., the raw data). For example, the global
lifetime of GFP species not undergoing FRET in this case is
2.23 ns whereas the global lifetime of GFP undergoing FRET
with the Cy3 acceptor is 0.74 ns. These data can subsequently
be analyzed to determine the percentage of the population of
GFP undergoing FRET at each image pixel (referred to here-
after as the “FRET population”). Figure 1 shows a reduction
in the GFP lifetime of GFP-PAKI in cells coexpressing the WT
form of Cdc42. This reduction in lifetime, as well as the FRET
population, was positioned strikingly at membrane protrusions
(indicated by white arrows in Fig. 1). High-magnification im-
aging of membrane protrusions (bottom panels of Fig. 1) in
cells overexpressing GFP-PAK1 and Cdc42-HA-Cy3 demon-
strates a clear interaction between these two molecules along
the lengths of cell protrusion structures. In contrast, when N17
Cdc42 was coexpressed with GFP-PAKI, no biexponential de-
cay kinetics were observed and the resultant monoexponential
lifetime indicates that there was no significant FRET popula-
tion. GFP-PAKI1 binding to Cdc42 is therefore dependent on
the guanine nucleotide exchange of the Rho GTPase. No
FRET was detected between GFP-PAK1 and another Cy3-
labeled plasma membrane-targeted protein (NHE-1-HA-Cy3)
(see Fig. S3 in the supplemental material).

PAK activation occurs at the cell periphery after Cdc42
binding. On binding to GTPases, PAK1 is known to autophos-
phorylate at several sites, including Thr423 within the activa-
tion loop of the kinase domain. Phosphorylation at Thr423 is
strongly correlated with activation (44). A Thr-to-Glu (which
mimics a phosphorylated Thr residue) substitution at this site
renders the molecule constitutively active (27). Antibodies
raised against the peptide sequence SKRST(P)MVGTPY
from PAKI, which contains phospho-Thr423 [T(P)423], also
cross-react with other PAK-related kinases such as Mst2 (44),
making their use to specifically detect activated PAKI1 in cells
by immunofluorescence difficult. Donor FLIM, however, over-
comes the nonspecific binding of phosphospecific antibodies by
directly assessing the proportion of the specific protein of in-
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terest (GFP-PAK1) that is bound to the antibody (36). In the
experiment whose results are shown in Fig. 2A, cells were coin-
jected with GFP-tagged WT PAKI1 and WT, V12, or N17
Cdc42 constructs, and then stained with an antibody specific to
the T(P)423 form of PAKI, directly labeled with Cy3 dye.
Multiphoton FLIM images of GFP-PAK indicate that where
the WT Cdc42 is coexpressed in cells, PAK1 activation occurs
at the membrane, particularly at the tips of cell protrusion
structures (indicated by white arrows in Fig. 2A). High-mag-
nification images (bottom panels, Fig. 2A) demonstrate that
PAK1 T423 phosphorylation takes place at the cell periphery
and along the lengths of cell extensions, similar to those seen
in Fig. 1. Expression of the N17 inactive Cdc42 did not signif-
icantly induce PAK T423 phosphorylation, and hence no
FRET signal was detected in these samples. Cumulative effi-
ciency data from these experiments (n = 7) were also compiled
(Fig. 2B), where FRET efficiency = 1 — (14,/74) (T4a is the
pixel-by-pixel fluorescence lifetime of the donor in the pres-
ence of acceptor, and 7, is the average lifetime of the donor in
the absence of acceptor). In these breast carcinoma cells, the
extent of GFP- PAK activation was similar when coexpressed
with either the WT or the V12 variant of Cdc42. Together with
the GFP-PAK-Cdc42 binding data, these results indicate that
active WT Cdc42 binds to and activates PAK1 while the inac-
tive N17 variant does not.

PAK1-Cdc42 interaction is dependent on the PIX binding
site in PAK. PAKI1 activation and recruitment to focal com-
plexes and the cell periphery have previously been reported to
be partially dependent on PAK1 binding to PAK-interacting
exchange factor (aPIX) (29). To test the dependence of PAK1-
Cdc42 complex formation on the recruitment of PAKI1 to the
membrane via PIX, we generated a GFP-tagged PIX-binding
mutant of PAK1 (R193G/P194A). This mutant was expressed,
and its ability to bind V12 Cdc42 was tested by multiphoton
FLIM analysis. Figure 3A demonstrates that compared to WT
PAKI, the PIX-binding deficient mutant no longer interacts
with active Cdc42. Cumulative FRET efficiency histograms of
WT PAK and Cdc42 variants versus the PAK PIX-binding
mutant (Fig. 3B) demonstrate a significant shift in efficiency
between WT PAK and mutant PAK (n = 6). Since there are
currently no other known binding partners for PAK at this site,
we conclude that the PAK1-Cdc42 interaction is dependent on
the recruitment of PAK, via PIX, to focal complexes along cell
protrusion structures. This is in agreement with a recent report
which shows that the PAK-PIX association is required for PAK
kinase activity in breast cancer cells (47).

GTP-dependent N-WASP-Cdc42 complex formation in situ.
In contrast to the above-described GFP PAK-Cdc42 complex
localization, Fig. 4A shows an association of GFP-N-WASP
with WT Cdc42 in punctate/vesicular cytoplasmic structures in
MDA-MB-231 breast carcinoma cells (marked with white ar-
rows). Our results indicate that both the localization of GFP-
N-WASP and its association with Cdc42 in situ are dependent

percentage of the population of GFP undergoing FRET at each image pixel (the global, i.e., spatially invariant lifetime of GFP undergoing FRET
is 7, = 0.73 ns, shortened from the normal GFP lifetime of T, = 2.23 ns). Where appropriate, the subcellular localization of maximal lifetime
decrease and largest FRET population was indicated by a white arrow. For the N17 Cdc42-expressing cells, the normal, monoexponential decay

GFP lifetime was observed.
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FIG. 3. The PAK1-Cdc42 interaction is dependent on the PIX-binding site in PAK. (A) MDA-MB-231 cells coinjected with WT or a
PIX-binding-deficient mutant of GFP-PAK1 (R193G/P194A) and Cdc42-HA. The cells were stained with anti-HA-Cy3 and multiphoton FLIM was
undertaken as described in the legend to Fig. 2A. (B) Cumulative FRET efficiency histogram compiled from all the data sets (n = 6) for each
plasmid combination including data from Fig. 1 (Cdc42 variants). FRET efficiency = 1 — 74,/74, where 74, is the pixel-by-pixel fluorescence lifetime
of the donor in the presence of acceptor and 7, is the average lifetime of the donor in the absence of acceptor (unstained controls).

on the nucleotide state of Cdc42. The N17 inactive mutant of
Cdc42, unlike its WT counterpart, was unable to associate with
GFP-N-WASP to any significant extent. In the presence of a
coexpressed N17 Cdc42, there was a significant accumulation
of GFP-N-WASP in the nuclear region (marked with red ar-
rows in Fig. 4A). This phenotype is similar to that observed for
the GFP-N-WASP GTPase-binding-deficient mutant (H211D,
the bovine equivalent of the H208D mutation in the rat [32]) in
MDA-MB-231 cells. This mutant did not associate with coex-
pressed WT Cdc42 and was also predominantly retained in the

nucleus. High-magnification analysis by FLIM (Fig. 4A, bot-
tom panel) shows the GFP-N-WASP/Cdc42 HA-Cy3 interac-
tion occurs specifically within endosomal vesicular structures
but is not detectable at the cell periphery. In contrast, there
was no significant lifetime reduction within the cell protrusion-
targeted N-WASP subpopulation (indicated by red arrows).
Cumulative analysis of FRET efficiency for each plasmid set (n
= 6) is shown in Fig. 4B. Western analysis showed that coex-
pression of WT Cdc42 increased the amount of Cdc42 by
four-fold over the endogenous protein level (see Fig. S1 in the

FIG. 2. PAKI activation at cell protrusions is dependent on GTP-Cdc42. (A) MDA-MB-231 cells injected in the nuclei with GFP-PAK1 and
Cdc42 constructs as specified. The cells were stained with PAK1 T423(P) phosphospecific antibody directly conjugated to Cy3. Multiphoton FLIM
was then undertaken to determine the localization of activated [T423(P)] PAK1. Where appropriate, the subcellular localization of maximal 7
decrease and highest FRET population is indicated by a white arrow. (B) Cumulative FRET efficiency histogram compiled from all the data sets
(n = 7) for each plasmid combination are shown in the bottom panel. FRET efficiency = 1 — 74,/74;, Where 7, is the pixel-by-pixel fluorescence
lifetime of the donor in the presence of acceptor and T4 is the average lifetime of the donor in the absence of acceptor (unstained controls).
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supplemental material). The GFP-N-WASP/Cdc42 associa-
tion was also confirmed by coimmunoprecipitation (Fig. 4C).

Previous studies, based mostly on yeast two-hybrid and bio-
chemical analysis, suggest that the interaction between
N-WASP and Cdc42 might be regulated (3,49) by the GTP-
GDP state of Cdc42, as shown in Fig. 4A. To investigate more
directly whether the GFP-N-WASP/WT Cdc42 association
was GTP dependent, a myc-tagged Rho GTPase-activating
protein domain (GAP) of RICH-1, which catalyzes GTP hy-
drolysis on Cdc42 and Racl but not on RhoA (41), was coin-
jected. In three independent experiments, less than half of the
cells coinjected with the Rho-GAP construct survived and ex-
pressed the protein domain that was diffusely distributed
throughout the cytoplasm, as seen by anti-myc monoclonal
antibody immunostaining (data not shown). Multiphoton
FLIM analysis of these surviving cells showed a reduction of
FRET efficiency for the GFP-N-WASP/anti-HA Fab-Cy3 (WT
Cdc42) pair in the presence of a coexpressed Rho-GAP do-
main (Fig. 5). Interestingly, in cells coexpressing Rho-GAP
and exhibiting a partial reduction in FRET efficiency, some
residual GFP-N-WASP/Cdc42 complex remained in vesicular
structures (marked with red arrows in Fig. 4). Thus, we con-
clude that the interaction observed between WT Cdc42 and
N-WASP is likely to be restricted to the GTP-bound form of
Cdc42.

The N-WASP-Cdc42 association occurs in a transferrin re-
ceptor-positive recycling endosomal compartment. As shown
in Fig. 2, PAK1 activation in the presence of GTP-loaded
Cdc42 appears to occur at the membrane, maximally along the
lengths of cell protrusion structures. We were interested to
determine the precise localization of the N-WASP-Cdc42
complexes in the cell. Cells were injected with GFP-N-WASP
and Cdc42-HA and immunostained using organelle-specific
markers. FRET between GFP and anti-HA Fab-Cy3 was as-
sessed using multiphoton FLIM as described above. Following
this, the same cells were also imaged using a single-photon
confocal microscope to visualize the organelle markers labeled
with Cy5, in relation to the GFP intensity. Figure 6A shows
both lifetime and confocal data indicating that the FRET pop-
ulation, i.e., Cdc42-interacting species of GFP-N-WASP, lo-
calized to a transferrin receptor-positive endosomal compart-
ment (marked with red arrows).

In HeLa cells, the V12 variant Cdc42 localizes to and re-
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cruits N-WASP to the Golgi complex (25). Anti-y-tubulin (the
marker for the microtubule-organizing center [MTOC]), anti-
Golgi marker (trans-Golgi network [TGN]), and caveolin stain-
ing did not show any significant colocalization with the total
population of GFP-N-WASP in any of the cells analyzed,
although the presence of a small subpopulation of GFP-N-
WASP which resides in these compartments cannot be ruled
out (Fig. 6A). Colocalization coefficients for the different or-
ganelle markers (and GFP-N-WASP) were calculated to be
0.68 = 0.16 for transferrin receptor, 0.21 = 0.07 for y-tubulin,
0.31 = 0.10 for caveolin, and 0.19 * 0.09 for TGN.

To ensure that our overexpression system was not causing
mislocalization or aggregation of GFP-N-WASP compared to
the endogenous protein, the localization of endogenous N-
WASP was checked in MDA-MB-231 cells by using a specific
antibody (a kind gift of T. Takenawa). Confocal images were
acquired of uninjected cells and cells overexpressing GFP-N-
WASP on the same coverslip costained with anti-N-WASP and
anti-transferrin receptor antibodies. Figure 6B demonstrates
that the anti-N-WASP antibody recognizes the GFP-N-
WASP, which colocalizes significantly with the transferrin re-
ceptor staining in vesicular structures. Similarly, a significant
portion of the endogenous N-WASP in these cells also local-
izes to the transferrin receptor-positive compartments. The
structures seen for both GFP-N-WASP and endogenous N-
WASP closely resemble those seen in Fig. 6A, where GFP-N-
WASP and Cdc42-HA-Cy3 interact. In the absence of an ul-
trafast laser source in the 1,000- to 1,200-nm excitation range
and using our existing multiphoton FLIM setup, it is unfortu-
nately not possible to excite Cy5 emission from the labeled
organelle markers. Nevertheless, we conclude that the local-
ization of the GFP-N-WASP/Cdc42-HA-Cy3 FRET species to
a transferrin receptor-positive vesicular compartment is not a
consequence of protein overexpression.

To confirm biochemically that the N-WASP-Cdc42 interac-
tion was occurring within a transferrin receptor-positive com-
partment, sucrose gradient cellular fractionation (Fig. 6C) was
also performed on MDA-MB-231 cells transfected with GFP-
N-WASP and Cdc42-HA. Figure 6C demonstrates that GFP-
N-WASP and Cdc42 (predominantly fractions 3 and 4) cofrac-
tionate with the transferrin receptor and Rab11, markers of the
recycling endosomal compartment. Blotting for the plasma
membrane-associated NHE-1 Na/H transporter in parallel ex-

FIG. 4. N-WASP associates with WT Cdc42 in an intracellular vesicular compartment. (A) Cells were microinjected with plasmids encoding
GFP-N-WASP (WT or H211D non-GTPase binding mutant) and HA-tagged WT or N17 inactive mutant Cdc42 (plasmid ratio, 1:2), incubated
for 4 h at 37°C, fixed, and stained with a Cy3-conjugated anti-HA IgG Fab fragment. Multiphoton donor FLIM was undertaken to determine the
extent of FRET between GFP-N-WASP (donor) and anti-HA-Cy3 (acceptor). FRET population determination was possible only with the WT
GFP-N-WASP/WT Cdc42 pair; biexponential decay kinetics were not observed with either the H211D non-GTPase binding GFP-N-WASP or the
N17 inactive mutant of Cdc42 labeled with anti-HA Fab-Cy3. Where appropriate, the subcellular localization of maximal T decrease and highest
FRET population is indicated by a white arrow. Red arrows indicate the accumulation of nuclear GFP-N-WASP in the presence of a coexpressed
or N17 Cdc42 or the GTPase-binding-deficient GFP-N-WASP variant. High-resolution imaging of GFP-N-WASP/WT Cdc42 demonstrates
interaction in vesicles (bottom panels) but no change in the GFP lifetime of the cell protrusion-targeted subpopulation of N-WASP (as indicated
by red arrows). (B) FRET efficiency histogram compiled from all the data sets (n = 6) for each N-WASP plasmid combination. FRET efficiency
=1 — 74./74, Where 74, is the pixel-by-pixel fluorescence lifetime of the donor in the presence of acceptor and 7, is the average lifetime of the donor
in the absence of acceptor (unstained controls). (C) Coimmunoprecipitation of the N-WASP-Cdc42 complex. In panel I, cells were transfected
with various constructs as indicated and lysed. Western blotting was carried out on transfected versus nontransfected cell extracts, and membranes
were blotted for total Cdc42 to allow a comparison between transfected and endogenous Cdc42 levels. In panel II, cells were transfected with
GFP-N-WASP and lysed. Lysates were immunoprecipitated using either a control IgG or anti-GFP antibody. A fraction (one-fifth) of unbound
material (S) was run alongside the antibody-bound protein (P) and Western blotted for GFP and Cdc42 protein.
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FIG. 5. The Rho-GAP domain inhibits the association between GFP-N-WASP and Cdc42. Cells were injected with GFP-N-WASP and WT
Cdc42-HA, with or without the Rho-GAP domain. Lifetime analysis and confocal imaging of the cells were carried out with different microscopes,
and the images were aligned. Some between-cell (n = 5) heterogeneity in FRET efficiency for the GFP-N-WASP/anti-HA Fab-Cy3 (WT Cdc42)
pair was observed in the absence of the RICH-1 Rho-GAP domain, but there was a clear partial reduction in FRET efficiency when the Rho-GAP
domain was coexpressed, as demonstrated in the efficiency histogram (bottom panel). FRET efficiency = 1 — 74,/74, Where 14, is the pixel-by-pixel
fluorescence lifetime of the donor in the presence of acceptor and 7, is the average lifetime of the donor in the absence of acceptor (unstained

controls in the upper panels).

periments demonstrates that the plasma membrane and recy-
cling endosomal compartments are well separated in these
samples. These data support the observation in Fig. 6A that
the GFP-N-WASP/Cdc42 complex appears to colocalize with
a transferrin receptor-positive compartment.

Colocalization of GFP-N-WASP and Cdc42 by immunoelec-
tron microscopy. The vesicular compartment where GFP-N-
WASP and Cdc42 interact in cells was also investigated by
electron microscopy of cryosections. Both proteins were found

to be at plasma membrane protrusions. Coclusters of both
HA-tagged Cdc42 (detected by an anti-HA MAD plus 10-nm
PAG) and GFP-N-WASP (detected by a rabbit anti-GFP an-
tiserum plus 5-nm PAG) can be found in the TGN (Fig. 7A)
and subplasmalemmal endosomes (Fig. 7B). GFP-N-WASP
labeling was also observed on clathrin-coated vesicles (Fig.
7C). In contrast, there was no detectable labeling of either
protein in other membranous structures including the mito-
chondria and the nucleus. While we are unable to obtain a
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quantitative distribution of the coclustered anti-GFP-N-
WASP/anti-HA-Cdc42 gold particles at each of these compart-
ments, we conclude that some of the vesicular structures,
where the interacting complexes were visualized in the FLIM
and FRET experiments, can be precisely localized to the TGN
and endosomes beneath the plasma membrane.

N-WASP-Arp2/3 association in the presence of WT Cdc42.
The Arp2/3 complex has been well characterized in the liter-
ature as being a downstream effector of active N-WASP, lead-
ing to local actin nucleation. We were interested to know if the
Cdc42-bound N-WASP seen in endosomal compartments in
these cells was also associated with an intact Arp2/3 complex.
We tested the requirement of WT Cdc42 for the interaction
between N-WASP and the Arp2/3 complex biochemically, by
cotransfecting cells with GFP-N-WASP and myc-tagged p16A
in the presence or absence of HA-tagged WT Cdc42. Figure 8
shows that GFP-N-WASP was coprecipitated with the ex-
pressed pl6A only in the presence of coexpressed Cdc42.
H211D GFP-N-WASP, which did not associate with the coex-
pressed Cdc42, also lacked the ability to coprecipitate the
expressed pl6A (data not shown). Endogenous Arp2 and p34
were also found in the N-WASP-p16A protein complex, indi-
cating that the expressed p16A was functional and capable of
being incorporated into the endogenous Arp2/3 actin-nucleat-
ing complex. We conclude that the N-WASP-Cdc42 complex
localized within the recycling compartment is functional and
linked physically to the Arp2/3 actin-nucleating machinery.

Further clarification of the formation of functional com-
plexes between GFP-N-WASP and Arp2/3 proteins was dem-
onstrated using FRET. GFP-N-WASP and HA-pl6A were
overexpressed in MDA-MB-231 in the presence of WT Cdc42.
The cells were fixed and stained with anti-HA-Cy3 and anti-
transferrin receptor—Cy5; they were then imaged using mul-
tiphoton FLIM technology as above and confocal laser-scan-
ning microscopy to acquire corresponding images of
transferrin receptor staining. Figure 8B demonstrates an inter-
action between GFP-N-WASP and p16A-HA-Cy3 in vesicle
structures, which partially colocalize with transferrin receptor
staining. These structures are again reminiscent of those seen
in Fig. 6A and B, suggesting that N-WASP interacts with
Cdc42 in similar structures to those where N-WASP also in-
teracts with the Arp2/3 complex proteins.

DISCUSSION

The application of multiphoton FLIM to accurately localize
the GFP subpopulation that undergoes fast decay due to
FRET in situ has enabled us to directly visualize the binding of
active Cdc42 to two of its downstream effectors, namely, PAK1
and N-WASP, in breast carcinoma cells. Our findings demon-
strate that the largest population of the Cdc42-bound and
hence activated [T(P)423] species of PAK1 occurs along the
lengths of cell protrusion structures, possibly at PIX-depen-
dent focal contact sites, whereas the transferrin receptor-pos-
itive recycling endosomal compartment is an important cellular
site for the GFP-N-WASP/Cdc42 complex.

Investigation of the spatiotemporal interactions of proteins
in situ is crucial to our understanding of the fundamental
dynamics of cellular processes. Here we have demonstrated the
application of multiphoton FLIM, by TCSPC, to high-resolu-
tion FRET imaging. TCSPC is suited to multiphoton imaging
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where photon fluxes are low (typically ~10* photons s~ ') and
when high temporal resolution (<100 ps) is imperative. Direct
measurement of the excited-state kinetics enables robust de-
termination of the interacting protein population, achieved by
biexponential analysis and statistical interpretation of the re-
sult. This assumes the presence of distinct interacting and
noninteracting populations, with statistically determined spa-
tially invariant lifetimes denoted t1 and 72 (see the figure
legends), respectively, within the resolved volume. In addition,
multiphoton excitation enables the localization of protein in-
teractions to femtoliter compartments of the cellular matrix
without the use of a confocal aperture. The spatial resolution
enhancement thereby afforded by multiphoton FLIM over
wide-field FLIM enables a much more accurate visualization of
protein interactions within individual cellular compartments,
as shown by the clearly defined physical structures evident in
the lifetime maps.

The Rho family of small GTPases are the main upstream
activators of PAK1. Cdc42, Rac1/2/3, and TC10 all bind to the
CRIB domain of PAK1 (20, 28, 33). Binding of active GTPase
may act as more than just a switch to free the catalytic domain,
by promoting the subsequent autophosphorylation events nec-
essary for full kinase activity (7, 10, 61). Recruitment of PAK1
to cell protrusions is likely to be dependent on a number of
factors. PAK1 binds to the adaptor protein Nck, which could
potentially shuttle PAK1 between peripheral membrane struc-
tures and focal adhesions (24). However, a previous publica-
tion suggests that Nck itself is not directly necessary for re-
cruitment of PAK1 to the membrane (6). Similarly, PAK1
binds via intermediary proteins to paxillin, which may also
permit recruitment to active Cdc42 in localized cell mem-
branes (50). However, as the current data demonstrate, the
most likely candidate in our system is the exchange factor PIX.
PIX has been shown to recruit PAK1 to focal complexes down-
stream of Cdc42 activation (29), and our data show that Cdc42-
PAK interaction is dependent on this recruitment process. It is
likely that PIX binding, PAKI is available for GTPase inter-
action at juxtamembrane sites of action. An alternative expla-
nation is that a high proportion of Cdc42 located in close
proximity to its guanine nucleotide exchange factor, PIX, is in
a favorable conformation (GTP bound) to bind to PAKI. Re-
gardless of the mechanism, our demonstration of a substantial
concentration of the activated, phosphorylated form of PAK1
in membrane protrusions lends credence to the notion that the
primary function of the GTPase-bound of PAKI is in cytoskel-
etal remodeling and subsequent cell protrusive events. These
data, however, need to be carefully interpreted, taking into
account the effect of neoplastic transformation. Some of the
cell protrusion structures are indeed bulkier than the filopodia
normally seen in fibroblasts. These features, along with the
corresponding spatial distribution of various actin-remodeling
proteins, are reminiscent of the more recently reported mor-
phological features indicative of neoplastic cells containing, for
instance, protrusive structures that are characteristic of PAK1
overactivity (15). The cell edge feature, which contains the
Cdc42-bound activated PAKI1 in breast carcinoma cells, is
bulkier than filopodia and possibly represents a recently re-
ported form of PAKI-dependent protrusions in neoplastic
cells (15).

We postulate that in our cell system, the activated N-WASP
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FIG. 6. Localization of the GFP-N-WASP/Cdc42 complex in cells. (A) MDA-MB-231 cells were microinjected with plasmids encoding
GFP-N-WASP and a HA-tagged Cdc42 (plasmid ratio, 1:2), fixed, and dually stained with a Cy3-conjugated anti-HA IgG Fab fragment and an
affinity-purified anti-transferrin receptor mouse IgG plus Cy5 secondary conjugate. The GFP intensity image, lifetime map, and distribution of
FRET population in cells, as determined by multiphoton FLIM, are shown, along with the corresponding confocal images, which were obtained
separately using a Zeiss LSM-510 microscope (G, GFP intensity; R, anti-transferrin receptor Cy5). Where appropriate, the subcellular localization
of maximal T decrease and largest FRET population and its colocalization with a transferrin receptor-positive compartment is indicated by a white
arrow. Parallel samples were also dually stained using an anti-y-tubulin (marker for MTOC) caveolin antibody or anti-TGN (marker for Golgi)
antibody, and confocal images alone show that no significant colocalization occurs between GFP-N-WASP and these markers. (B) Confocal images
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is likely to be involved in active shuttling of recycling endo-
somes and the associated cargo proteins to and from the
plasma membrane, thus facilitating the turnover of new pro-
trusions. Both GFP-N-WASP and Cdc42 cofractionate with
the transferrin receptor and Rab11, the latter being associated
with the pericentriolar recycling compartment, post-Golgi ves-
icles, and the TGN (59). This is supported by our finding of a
high degree of colocalization between the active N-WASP spe-
cies and the transferrin receptor-positive compartment, as well
as the recent demonstration that in yeast the WASP homolog
Las17 powers the actin polymerization-dependent motility of
endosomes via activation of the Arp2/3 complex (9). The
Arp2/3 complex is also essential for Golgi polarization in
wound edge NIH 3T3 cells (26). In N-WASP-deficient cells,
the transit of hemagglutinin (as a protein marker) from the
endoplasmic reticulum to the Golgi apparatus is reduced by
40%, demonstrating a specific role for N-WASP as a regulator
of vesicle traffic between the endoplasmic reticulum and the
Golgi complex (48). These findings are consistent with the
notion that N-WASP may be involved in the regulation of
peri-Golgi protein traffic (25) and possibly other endosomal
transport processes (37). In support of the latter, depletion of
endogenous N-WASP by mitochondrial sequestration leads to
an impairment of endocytosis (19). Inhibition of endocytosis by
the dominant inhibitory dynamin (K44A) mutant appears to
significantly reduce the Cdc42-bound N-WASP species in cells
(see Fig. S2 in the supplemental material), again supporting
our notion that the preferred site of the N-WASP-Cdc42 in-
teraction is in endosomes. Finally, our EM data precisely lo-
calize the coclusters of anti-GFP-WASP/anti-HA-Cdc42 gold
particles to TGN as well as endosomes beneath the plasma
membrane, and not to the nucleus or mitochondria. It is pos-
sible that the clathrin-coated vesicle-associated N-WASP is
activated at these sites by Cdc42 and regulates actin dynamics
coupled to clathrin-coated vesicle formation and its subse-
quent transport between the two subcellular structures.

It is possible that the ensemble fluorescence lifetime analysis
may miss WASP-Cdc42 interactions that are rapidly turned
over, particularly at the protruding zones of the leading edge of
the cell. It is important to point out that as a result of the
limitations imposed both by the temporal resolution of our
current optical system in measuring small differences in en-
semble average lifetime, calculated on a pixel-by-pixel basis,
and by biological variability, these fluorescence lifetime assays
will detect only a significant increase in FRET efficiency, above
a certain threshold (of the order of 5% in our case). Lower-
affinity interactions, where the mean separation between the
donor and acceptor fluorophores is greater, and small FRET
populations are both likely to be missed. This may also apply to
interactions that are rapidly turned over, particularly at the
protruding zones of the leading edge of the cell, to which actin
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is actively delivered (at speeds that exceed 5 wm/s) (62). This
hypothesis is in keeping with the immunogold labeling of both
HA-tagged Cdc42 and GFP-N-WASP at the membrane pro-
trusions. Alternatively, recent immunofluorescence studies
have identified several proteins (other than Cdc42) which co-
localize with N-WASP in the actin bundles of microspikes or
filopodia (18, 30). In fact, using purified proteins in the ab-
sence of Cdc42, a small number of components (WASP-coated
beads, actin, Arp2/3 complex, and fascin) are found to be
sufficient for the assembly of filopodium-like bundles (57). A
good candidate for an alternative activator of N-WASP at the
cell periphery in our system is WASP-interacting SH3 protein
(WISH). Published data demonstrate that WISH can bind to
N-WASP in microspikes and enhance Arp2/3 complex activa-
tion independently of Cdc42 (14).

The localization of the Cdc42-bound N-WASP species and
hence its subcellular function are likely to be cell type depen-
dent. For instance, in Hela cells, the V12 variant Cdc42 is
known to localize to, as well as recruit, N-WASP to the Golgi
complex (25). In endothelial cells, the activated species of
Cdc42 in response to fluid shear stress is localized to the
MTOC (51). However, our data based on multi-photon FLIM
or immuno-EM do not demonstrate a significant accumulation
of the N-WASP-Cdc42 complex in proximity to the MTOC in
a breast carcinoma cell model (Fig. 5 and data not shown). On
the basis of our findings, we postulate that in breast cancer
cells, the key role of the N-WASP-Cdc42 complex is to drive
the actin polymerization-dependent movement of recycling en-
dosomes carrying membrane receptors, such as various inte-
grin receptors (35, 42), that are essential for directional cell
motility. It will be interesting to determine whether other pro-
teins of the WASP family, such as Scar/WAVE, associate di-
rectly or indirectly with the Rho GTPases (12) more readily in
the cell periphery. Identification of the precise intracellular
localization of these WASP protein-Rho GTPase complexes
holds the key to a better understanding of the functional spe-
cialization among this important family of proteins in situ.

In breast malignancies, carcinoma cells are likely to receive
autonomous stimulatory signals through both autocrine and
paracrine mechanisms which could influence processes such as
cell proliferation, polarization, and directional motility. The
observed effect of the RICH Rho-GAP domain on N-WASP-
Cdc42 complex formation suggests that by modulating the ac-
tivities of Rho GTPase-activating proteins, one may be able to
target the Rho-GTPase-dependent cell protrusion via down-
stream targets such as N-WASP in these cancer cells. Interest-
ingly, aberrant expression levels of p190-B, a Rho-GAP that
stimulates the intrinsic GTPase activities of Rho, Cdc42, and
Rac, have been associated with a subset of mammary tumors
that appear to be less well differentiated and potentially more

of uninjected cells and cells overexpressing GFP-N-WASP on the same coverslip, costained with anti-N-WASP-Cy3 (red) and anti-transferrin
receptor-Cy5 (blue). White arrows indicate some areas of colocalization between the N-WASp and transferrin receptor-positive compartments.
(C) Biochemical identification of N-WASP-Cdc42 complex localization. Cells were cotransfected with GFP-N-WASP and WT Cdc42-HA, lysed,
and subjected to sucrose gradient density fractionation as described in Materials and Methods. All 12 fractions were then run on sodium dodecyl
sulfate-polyacrylamide gels, along with 1/10 of the remaining insoluble cell pellet, and Western blotted. The membranes were probed with various
antibodies to identify the fractions containing GFP-N-WASP, Cdc42 (both expressed and endogenous Cdc42), transferrin receptor, Rab11, and

the plasma membrane-associated Na/H exchanger NHE-1.
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FIG. 7. Colocalization of GFP-WASP and Cdc42 by immuno-EM. GFP-N-WASP and Cdc42 are enriched at plasma membrane protrusions
(a and d), TGN (h and 1), clathrin-coated vesicles (c), and peripheral endosomes (b, e, f, and g). The immunoelectron micrographs show the
localization of HA-tagged Cdc42 (panels d, e, and f to i, 10-nm gold) and GFP-N-WASP (panels a to ¢, 10-nm gold; panels f to i, 5-nm gold)
detected by primary anti-tag antibodies, as described in Materials and Methods, followed by a gold-conjugated secondary antibodies. Arrowheads
point to sites of colocalization between GFP-N-WASP and Cdc42. Bars, 100 nm.
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FIG. 8. N-WASP/p16A colocalization in the presence of WT Cdc42. (A) Cells were cotransfected with GFP-N-WASP and myc-tagged p16A
in the presence or absence of an HA-tagged WT Cdc42. GFP-N-WASP was immunoprecipitated from the detergent-soluble cell fraction by using
an anti-GFP rabbit serum or a nonspecific IgG control. All the bound proteins on the protein G bead (bound) and one-fifth of the unbound
proteins left in the cell extract supernatant after the first centrifugation postprecipitation (unbound) were loaded onto a 10 to 20% Tris-glycine
PAGE gradient gel. After the transfer, the plots were probed with an anti-myc or anti-HA MADb. One of the membranes was stripped and reprobed
with an anti-GFP MAb. Some of the membranes were also stripped and reprobed with an anti-p34 or anti-Arp2 rabbit serum IgG or nonspecific
rabbit IgG. (B) MDA-MB-231 cells were microinjected with plasmids encoding GFP-N-WASP and a HA-tagged p16A (plasmid ratio, 1:2), fixed,
and dually stained with a Cy3-conjugated anti-HA IgG Fab fragment and an affinity-purified anti-transferrin receptor mouse IgG-Cy5 secondary
conjugate. The GFP intensity image, lifetime map, and distribution of FRET population in cells, as determined by multiphoton FLIM, are shown,
along with the parallel confocal images which were obtained using a Zeiss LSM-510 microscope (G, GFP intensity; R, anti-transferrin receptor
Cy5). The subcellular localization of maximal 7 decrease, largest FRET population, and its colocalization with the transferrin receptor-positive
compartment in a corresponding aligned confocal image of the cell is indicated by a white arrow.

aggressive (8). However, in our experiments where a cytosolic that found in B,-chimerins (31), may greatly improve the phar-

Cdc42 Rho-GAP was expressed, only a partial reduction in macological targeting of metastatic cancer cells.
N-WASP-Cdc42 complex formation was obtained, with some
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