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IQGAP1 stimulates branched actin filament nucleation by
activating N-WASP, which then activates the Arp2/3 com-
plex. N-WASP can be activated by other factors, including
GTP-bound Cdc42 or Rac1, which also bind IQGAP1.
Here we report the use of purified proteins for in vitro
binding and actin polymerization assays, and F€orster (or
fluorescence) resonance energy transfer (FRET) micros-
copy of cultured cells to illuminate functional interactions
among IQGAP1, N-WASP, actin, and either Cdc42 or
Rac1. In pyrene-actin assembly assays containing N-
WASP and Arp2/3 complex, IQGAP1 plus either small G
protein cooperatively stimulated actin filament nucleation
by reducing the lag time before 50% maximum actin poly-
merization was reached. Similarly, Cdc42 and Rac1 modu-
lated the binding of IQGAP1 to N-WASP in a dose-
dependent manner, with Cdc42 enhancing the interaction
and Rac1 reducing the interaction. These in vitro reconsti-
tution results suggested that IQGAP1 interacts by similar,
yet distinct mechanisms with Cdc42 versus Rac1 to regu-
late actin filament assembly through N-WASP in vivo. The
physiological relevance of these multi-protein interactions
was substantiated by 3-color FRET microscopy of live
MDCK cells expressing various combinations of fluores-
cent N-WASP, IQGAP1, Cdc42, Rac1, and actin. This

study also establishes 3-color FRET microscopy as a
powerful tool for studying dynamic intermolecular inter-
actions in live cells. VC 2013 Wiley Periodicals, Inc.
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Introduction

The IQGAP proteins are broadly represented among
eukaryotic species ranging from unicellular organisms

to humans, and are defined by a common, minimal set of
structural features. All IQGAPs contain a RasGAP-related
C-terminal region that is not associated with GAP activity,
and function in cellular processes that require actin fila-
ments [Briggs and Sacks, 2003; Mateer and Bloom, 2003].
Vertebrates express three such proteins, IQGAP1 [Weiss-
bach et al., 1994], IQGAP2 [Brill et al., 1996], and
IQGAP3 [Wang et al., 2007], which share a uniform
domain organization and are �60 to 70% identical to each
other in primary sequence. In addition to the signature
domains of all IQGAPs, the vertebrate members of this fam-
ily contain a variety of domains that have been functionally
characterized, primarily for IQGAP1. These include, but
are not limited to an N-terminal calponin homology
domain (CHD); a series of tandem, a-helical coiled coil
repeats for homodimerization; multiple IQ motifs that bind
calmodulin or related calcium binding EF hand proteins;
binding sites for MAP kinases, cell adhesion molecules,
microtubule plus end tracking proteins, N-WASP, the Dia1
formin, growth factor receptors and the exocyst-septin com-
plex; and a GAP-related domain, or GRD, which is neces-
sary, but not sufficient for binding activated forms of the
Rho family GTPases, Cdc42 and Rac1 [Hart et al., 1996;
McCallum et al., 1996; Bashour et al., 1997; Joyal et al.,
1997; Kuroda et al., 1996, 1998; Weissbach et al., 1998;

Additional Supporting Information may be found in the online ver-
sion of this article.

Ying Cai’s present address is Trius Therapeutics, San Diego, CA,
USA.

Xiaolan Fang’s present address is Wake Forest University School of
Medicine, Winston-Salem, North Carolina.

Ho-Man Kan’s present address is University of Connecticut School
of Medicine, Farmington, Connecticut.
*Address correspondence to: George S. Bloom, Department of

Biology, University of Virginia, Charlottesville, Virginia.
E-mail: gsb4g@virginia.edu

Published online 16 October 2013 in Wiley Online Library
(wileyonlinelibrary.com).

RESEARCH ARTICLE
Cytoskeleton, December 2013 70:819–836 (doi: 10.1002/cm.21146)
VC 2013 Wiley Periodicals, Inc.

819 �



Fukata et al., 2002; Mateer et al., 2002, 2004; Watanabe
et al., 2004; Yamaoka-Tojo et al., 2004; Roy et al., 2004,
2005; Bense~nor et al., 2007; Brandt et al., 2007; Le
Clainche et al., 2007; Rittmeyer et al., 2008; Sakurai-Yageta
et al., 2008]. This structural richness of IQGAP1 underlies
its roles as a scaffolding protein that couples extracellular
signals to regulation of cellular motility, morphogenesis and
adhesion via control of actin assembly and secretion.

IQGAP1 regulates actin assembly through alternate path-
ways that respectively require either the Dia1 formin [Brandt
et al., 2007] or the Arp2/3 complex [Bense~nor et al., 2007;
Le Clainche et al., 2007]. In the latter case, IQGAP1 binds
directly to N-WASP and thereby enables it to activate the
Arp2/3 complex, which then nucleates new actin filaments
from the sides of pre-existing filaments. This process is initi-
ated upstream by direct binding of IQGAP1 to ligand acti-
vated growth factor receptors, such as VEGFR2 and
FGFR1, which causes branched actin filament networks to
be assembled in the immediate vicinity of the activated
receptors [Yamaoka-Tojo et al., 2004; Bense~nor et al., 2007].
Growth of these filament networks provides the force for
plasma membrane protrusion during cell motility and mor-
phogenesis, which also requires IQGAP1-dependent secre-
tion of new membrane into the expanding region of the cell
surface [Rittmeyer et al., 2008; Sakurai-Yageta et al., 2008].
Superimposed on the ability of IQGAP1 to stimulate
branched actin filament nucleation is its ability to bind actin
filaments directly via its CHD [Bashour et al., 1997; Fukata
et al., 1997; Mateer et al., 2004]. This property of IQGAP1
may further stimulate actin filament nucleation by helping
to recruit activated Cdc42 or Rac1, and N-WASP to pre-
existing actin filaments.

Further complicating actin assembly regulation by
IQGAP1 is the fact that activated Cdc42 and Rac1 directly
bind both IQGAP1 and N-WASP [Hart et al., 1996; Kur-
oda et al., 1996; McCallum et al., 1996; Miki et al., 1998];
also see Fig. 1A and Fig. S1, Supporting Information), and
activate N-WASP independently of IQGAP1 [Tomasevic
et al., 2007]. In the absence of N-WASP, activated Cdc42
has been reported to enhance the ability of IQGAP1 to
cross-link actin filaments, which implies that Cdc42 bind-
ing increases the affinity of IQGAP1 for F-actin [Fukata
et al., 1997]. In addition, we reported preliminary evidence
that full length IQGAP1 and activated Cdc42 co-stimulate
actin filament nucleation in vitro by N-WASP and the
Arp2/3 complex [Bense~nor et al., 2007].

F€orster (or fluorescence) resonance energy transfer
(FRET), particularly when expressed as energy transfer effi-
ciency (E%), represents a powerful tool to investigate and
quantify protein-protein interactions and molecular co-
localization. FRET is the nonradiative transfer of excited-
state energy from a donor fluorophore to a nearby acceptor
fluorophore via a long-range dipole-dipole coupling mecha-
nism [Jares-Erijman and Jovin, 2003; Wallrabe and Perias-
amy, 2005; Sun et al., 2011]. Evidence for FRET is sought

by exciting donors that can transfer energy to nearby
acceptors, resulting in fluorescence emitted by the acceptor.
FRET requires four conditions: (1) significant overlap
between the donor emission spectrum and the acceptor
absorption spectrum; (2) the average distance between
donor and acceptor should be �1 to 10 nm; (3) optimal
dipole-dipole orientation of donor and acceptor; and (4)
sufficient donor quantum yield and acceptor extinction
coefficient. Since energy transfer is a dipole-dipole interac-
tion, no photons are transferred.

Quantitative FRET microscopy requires rigorous atten-
tion to spectral bleedthrough, which contaminates the raw
FRET signal. There are two principal sources of spectral
bleedthrough: direct acceptor excitation by the donor exci-
tation beam and donor emission into the acceptor emission
channel. Several algorithms that correct raw FRET signals
for spectral bleedthrough have been developed and were
reviewed recently [Berney and Danuser, 2003]. Most nota-
ble for the present study is our own algorithm that uses sin-
gly labeled reference specimens to correct contaminated
FRET signals on a pixel-by-pixel basis [Elangovan et al.,
2003; Chen et al., 2005; Sun and Periasamy, 2010].

Quantitative 2-color FRET microscopy is now widely
used, but is poorly suited for analyzing processes, like actin
filament nucleation, that require interactions among more
than two proteins. Until recently, FRET analysis of such
complex processes required numerous double-label experi-
ments, which still provided limited spatial and temporal
information about multi-protein complexes. To overcome
this constraint of FRET microscopy, we recently developed
an algorithm for 3-color FRET, in which multiple 2-color
FRET interactions involving three different fluorochromes
are analyzed, and provided proof-of-principle evidence that
it can be used to examine interactions among three
fluorophore-tagged proteins in live cells [Sun et al., 2010].

The present study describes the combined application of
in vitro reconstitution of purified proteins and live cell, 3-
color FRET imaging to determine how actin filament
assembly is affected by the simultaneous action of Rho fam-
ily GTPases, IQGAP1, and N-WASP, and to establish
whether Cdc42 and Rac1 are functionally equivalent or dis-
tinct in this context. Using purified proteins in assays of
multiprotein complex formation and pyrene-labeled actin
polymerizaton, we found only subtle functional differences
between Cdc42 and Rac1. To evaluate the cell physiological
significance of these findings, we co-expressed various com-
binations of fluorescent fusion proteins of Cdc42, Rac1, N-
WASP, IQGAP1 and actin in MDCK epithelial cells, which
were then analyzed by 3-color FRET microscopy. These live
cell experiments confirmed that the protein-protein interac-
tions we had studied in vitro also occur similarly in live
cells. This study also emphasizes the capabilities of this
novel 3-color FRET microscopy for analysis of dynamic,
multimolecular interactions that naturally occur in living
cells, and thus illustrates the capabilities of this approach.
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Fig. 1. Rac1, like Cdc42, binds N-WASP and stimulates actin assembly through the Arp2/3 complex. A) 200 nM GST-Rac1 or
GST-Cdc42 were loaded with GTPgS or GDP, and mixed with 200 nM N-WASP. Protein complexes were then adsorbed to
glutathione-Sepharose beads, and western blotting was used to compare Total versus Bound protein. B) Effects of GTPgS-loaded
Rac1 and Cdc42 on actin assembly were monitored by spectrofluorometry. Samples contained 2 mM G-actin (5% labeled with
pyrene), 50 nM N-WASP, 50 nM Arp2/3 complex and the indicated concentrations of GST-Rac1 or GST-Cdc42. Note: small G
protein concentrations refer to Rac1 and Cdc42 monomers in this and all subsequent figures. C) The number of seconds required
for each sample shown in panel B to reach 50% maximum assembly was plotted versus GTPase concentration.
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Results

To characterize in vitro interactions among IQGAP1, N-
WASP, Cdc42, and Rac1, a series of binding experiments
were performed using purified recombinant versions of
these proteins. The same proteins, along with purified
native versions of actin and the Arp2/3 complex, were also
used to examine the effects of IQGAP and each small
GTPase on actin nucleation and polymerization by Arp2/3
complex and N-WASP (Fig. S1, Supporting Information).
Note that although the Cdc42 and Rac1 used throughout
this study were often in the form of dimeric GST fusion
proteins [Guthenberg and Mannervik, 1981], and full
length IQGAP1 is a natural homodimer [Bashour et al.,
1997], all protein molarities specified in this report refer to
Cdc42 or Rac1 monomers, or IQGAP1 dimers. Moreover,
GST-tagged and untagged small G proteins yielded indis-
tinguishable results in both binding and actin assembly
assays at comparable concentrations of Cdc42 or Rac1.

In Vitro Bimolecular Interactions and Effects on
Actin Assembly

Full length IQGAP1 bound in solution to Cdc42 or Rac1
activated with GTPgS (Fig. S2, Supporting Information),
consistent with reports from other groups [Hart et al.,
1996; Kuroda et al., 1996; McCallum et al., 1996]. Prior
studies of N-WASP [Miki et al., 1998] and the closely
related protein, WASP [Symons et al., 1996] indicated that
both proteins bind activated Cdc42, but not activated
Rac1. Although we did not investigate WASP in the present
study, we did find that N-WASP bound to both Cdc42 and
Rac1 when these small G proteins were pre-loaded with
GTPgS, but not with GDP (Fig. 1A).

To study effects on actin assembly of N-WASP binding
to activated Cdc42 and Rac1, we used a spectrofluoromet-
ric assay to quantify rates of actin polymerization from the
increase in pyrene-actin fluorescence [Bryan and Coluccio
1985; Bense~nor et al., 2007]. As shown in Fig. 1B,
GTPgS-loaded Rac1 or Cdc42 stimulated actin assembly
in the presence of N-WASP and the Arp2/3 complex in a
dose-dependent manner as deduced from the decreased lag
time before half maximal polymerization (50%Pmax) was
achieved (Fig. 1C). In light of the original claim that N-
WASP does not bind Rac1 [Miki et al., 1998], the binding
and actin assembly results presented here explain, confirm
and extend a recent report that activated Rac1, like acti-
vated Cdc42, stimulates actin filament nucleation by N-
WASP and the Arp2/3 complex [Tomasevic et al., 2007].

In Vitro Trimolecular Interactions and Effects
on Actin Assembly

To determine how Cdc42 and Rac1 influence binding of
IQGAP1 to N-WASP, GTPgS-loaded versions of each
small G protein were mixed at various concentrations
between 5 nM and 1.28 mM with fixed concentrations of

IQGAP1 (50 nM) and N-WASP (150 nM), after which the
multi-protein complexes that formed were immunoprecipi-
tated (IP’d) with anti-IQGAP1. Finally, western blotting
was used to reveal the content of IQGAP1, N-WASP, and
Cdc42 or Rac1 in each IP.

As shown in Fig. 2A, Cdc42 increased the amount of
N-WASP in anti-IQGAP1 IPs. Between 0 and 20 nM
Cdc42, approximately 2/3 of the available N-WASP pel-
leted with IQGAP1, but nearly all of the N-WASP was
present in the pellet fraction at Cdc42 concentrations
>80 nM. Maximal levels of Cdc42 in the pellet fraction
were achieved at a total Cdc42 concentration of �40
nM, when �2/3 of the Cdc42 was complexed with
IQGAP1 and N-WASP. Taken together, these data indi-
cate that Cdc42 promotes formation of complexes of N-
WASP and IQGAP1.

When binding experiments were performed using mix-
tures of Rac1, IQGAP1, and N-WASP, a different result
was obtained. In contrast to Cdc42, Rac1 negatively influ-
enced binding of N-WASP to IQGAP1 (Fig. 2B). Nearly
all of the available N-WASP pelleted with IQGAP1 in the
absence of Rac1, but addition of Rac1 caused a dose-
dependent shift of N-WASP from the pellet to the superna-
tant fraction. Although binding of N-WASP to IQGAP1 in
these examples was more complete in the absence of Rac1
(Fig. 2B) than in the absence of Cdc42 (Fig. 2A), this dif-
ference may simply reflect experimental variation. At the
upper range of total Rac1, nearly half of the available N-
WASP was excluded from the pellet fraction. Conversely,
the amount of Rac1 in the pellet with IQGAP and N-
WASP increased in a dose-dependent manner until satura-
tion binding was achieved at a Rac1 concentration of �80
nM. Rac1 and Cdc42 thus have opposite effects of the asso-
ciation of IQGAP1 with N-WASP, with Rac1 inhibiting
and Cdc42 promoting association. This effect is far from
dramatic, however, as a substantial amount of N-WASP co-
pelleted with IQGAP1 even at saturating levels of Rac1.

To determine if the different effects of Rho GTPases on
N-WASP-IQGAP1 interactions influence the actin
nucleation-promoting activity of N-WASP, pyrene-actin
assembly assays were performed using fixed concentrations
of actin (2 mM), N-WASP (50 nM), Arp2/3 complex (50
nM) and IQGAP1 (45 nM), and in the presence or absence
of either 100 to 200 nM Cdc42 or Rac1 that had been acti-
vated with GTPgS (Fig. 2C; fluorescence time course plots
from the identical experiments are shown in Fig. S3, Sup-
porting Information). The maximal rate of actin assembly
by Arp2/3 complex and N-WASP was much faster in the
presence of either Cdc42 or Rac1 at all concentrations tested
than with IQGAP1 alone. However, in combination with
IQGAP1, low concentrations of either Cdc42 or Rac1 sup-
ported robust actin assembly comparable to that achieved
with the highest concentrations of either Rho GTPase alone,
as indicated by a reduction in the lag before 50%Pmax was
achieved (Fig. 2C). Thus, IQGAP1 cooperates with Cdc42
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or Rac1 to stimulate actin filament nucleation under condi-
tions in which either Rho GTPase is limiting.

Live Cell Imaging Strategy

To assess the physiological significance of the in vitro binding
and actin assembly assays, live MDCK cells were analyzed by

3-color FRETmicroscopy while transiently co-expressing flu-
orescent fusion proteins of low (F1), intermediate (F2), and
high (F3) wavelength relative to each other (Fig. S4, Sup-
porting Information). The following fluorophore-tagged
protein combinations were used, with each set listed
by ascending wavelength: (1) CFP-Cdc42 1 Venus-
IQGAP1 1 mCherry-actin; (2) CFP-Rac1 1 Venus-

Fig. 2. Cdc42 and Rac1 differentially affect association of N-WASP with IQGAP1. Solutions of 100 nM IQGAP1 plus 150 nM
N-WASP were adsorbed to Protein G-Sepharose beads that were pre-saturated with anti-IQGAP1, and then were mixed with the
indicated concentrations of GST-Cdc42 (A) or GST-Rac1 (B) that had been pre-loaded with GTPgS. The beads were then collected
by centrifugation, and the Pellets and Supernatants were analyzed by western blotting. C) Actin assembly was monitored by spectro-
fluorometry. Samples contained 2 mM total G-actin (5% labeled with pyrene), 50 nM N-WASP, 50 nM Arp2/3 complex, 45 nM
IQGAP1 (homodimers) and the indicated concentrations of GTPgS-loaded GST-Cdc42 or GST-Rac1. The number of seconds
required for each sample to reach 50% maximum assembly was plotted versus GTPase concentration; the original spectrofluorometer
tracings are shown in Fig. S2, Supporting Information. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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IQGAP1 1 mCherry-actin; (3) Teal-N-WASP 1 Venus-
IQGAP1 1 mRFP1-Cdc42; or (4) Teal-N-WASP 1 Venus-
IQGAP1 1 mRFP1-Rac1. As controls, we expressed corre-
sponding combinations of the unfused fluorescent proteins
(CFP 1 Venus 1 mCherry, and Teal 1 Venus 1 mRFP1).

As illustrated in Fig. 3, and described in greater detail in
the Materials and Methods, a five-step process was followed
to produce 3-color FRET data. All such data were derived
from either of two subcellular regions where IQGAP1 is
known to function: at peripheral regions in lamellipodia,
where IQGAP1 modulates plasma membrane protrusion
during cellular motility and morphogenesis [Mataraza

et al., 2003; Yamaoka-Tojo et al., 2004] through control of
actin assembly [Bense~nor et al., 2007; Le Clainche et al.,
2007]; and at sites of cell-cell contact, where IQGAP1 regu-
lates intercellular adhesion through E-cadherin [Kuroda et al.,
1998]. Figs. 4, 5, 7, and 8 include micrographs highlighting 3
3 3 pixel regions of interest (ROIs) where 3-color FRET was
detected in at least one pixel, as well as the conventional fluo-
rescence images from which the FRET images were derived.

To be classified as a 3-color FRET site, a pixel must
simultaneously exhibit 2-color FRET between each pair of
fluorescent fusion proteins that are known to bind directly
to each other. For example, in cells expressing empty vector

Fig. 3. 3-color FRET image acquisition, processing and analysis procedure. Step 1. Triple-label and single-label control specimens
were imaged using identical conditions. The algorithm requires the acquisition of single-label control images with comparable fluores-
cence ranges to the triple-label specimens for reliable spectral bleedthrough correction. Step 2. Based on non-transfected cell speci-
mens, imaged at identical conditions, the background noise level was established and deducted from all labeled images. Step 3. Using
the Venus-IQGAP1 images (Venus excitation/Venus emission) of the triple-labels as a reference, cell-peripheral and cell-cell boundary
regions were manually isolated in ImageJ. Step 4. 3x3 pixel ROI’s where 3-color FRET occured were selected within the regions iso-
lated in the prior step. Step 5. The 3-color FRET software processed all selected ROI’s to remove spectral bleed-through in each
pixel, and calculated a complete set of data by ROI. These data included fluorescence gray levels, corrected FRET (PFRET), intensity
ratios, E% and distances between fluorochromes exhibiting PFRET.
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combinations or Teal-N-WASP (F1) 1 Venus-IQGAP1
(F2) 1 mRFP1-Rac1 or mRFP1-Cdc42 (F3), a 3-color
FRET pixel must comprise all of the following 2-color
FRET interactions: F1�F2, F1�F3, and F2�F3. In con-
trast, co-expression of CFP-Rac1 or CFP-Cdc42
(F1) 1 Venus-IQGAP1 (F2) 1 mCherry-actin (F3) would
require only F1�F2 and F2�F3 FRET to yield 3-color
FRET because neither Rac1 nor Cdc42 binds directly to
actin [Ma et al., 1998]. Based on these criteria, 9–14% of
the IQGAP1-positive ROI’s that were located at cell periph-
eries or sites of cell-contact exhibited 3-color FRET.

To discriminate FRET dominated by specific versus ran-
dom interactions, we adapted an assay developed earlier for
2-color FRET analysis of clustered polymeric IgA and trans-
ferrin receptors after ligand binding in crowded membranes
[Wallrabe and Periasamy, 2005; Wallrabe et al., 2003,
2007]. The assay is based on the principle that FRET can
result from either specific binding of a donor (D) to an
acceptor (A) or by chance D-A encounters, and that scatter
plots of E% (FRET efficiency) versus D:A ratios, as in Figs.
6 and 9, yield least squares regression lines that indicate the
degree of randomness. All donor molecules, including those

Fig. 4. Representative images of cells co-expressing Teal-N-WASP, Venus-IQGAP1, and mRFP1-Rac1, and exhibiting 3-color
FRET. Single fluorescence and composite images are shown, along with ROI’s and E%’s for the indicated protein pairs that exhibited
FRET within each ROI.
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not engaged in FRET, are included in the E% calculation.
Because E% for specifically clustered fluorophores is sensitive
not only to the distance between them, but also to the pro-
portion of donors engaged in FRET, E% decreases as the
D:A ratio approaches or exceeds a level that yields maximum,
specific D:A binding. For randomly clustered fluorophores,
however, as D:A ratios rise, E% also tends to rise because of a
concentration-dependent increase in random D-A interac-
tions. When absolute concentrations of randomly interacting
donor and acceptor pairs are sufficiently low, however, E%
can be insensitive to the D:A ratio. Thus, least squares regres-

sion lines for E% versus D:A ratio plots have negative slopes
when specific interactions dominate, and positive or neutral
slopes when random interactions prevail [Wallrabe et al.,
2003, 2007; Wallrabe and Periasamy, 2005].

Intracellular Interactions Among Rac1/Cdc42,
IQGAP1, and N-WASP

To determine if Cdc42 and Rac1 form complexes with
IQGAP1 and N-WASP, as we observed in vitro (Fig. 2),
cells were transfected to co-express Teal-N-WASP, Venus-

Fig. 5. Representative images of cells co-expressing Teal-N-WASP, Venus-IQGAP1 and mRFP1-Cdc42, and exhibiting 3-color
FRET. Single fluorescence and composite images are shown, along with ROI’s and E%’s for the indicated protein pairs that exhibited
FRET within each ROI.
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IQGAP1, and mRFP1-Rac1 (Fig. 4) or mRFP1-Cdc42
(Fig. 5). Because the range of arbitrary gray-level fluores-
cence values for N-WASP in the Cdc42 combination was
approximately twice (10–100) that of the Rac1 combina-
tion (10–45), the two data sets were made statistically com-
parable by ignoring within the Cdc42 group all N-WASP
data points whose arbitrary fluorescence level exceeded 45.
As shown in Figs. 4 and 5, the most robust FRET was
between Teal-N-WASP and Venus-IQGAP1, with average

E% for this pair at �36% for the Rac1 combination and
�27% for the Cdc42 group. Based on the correspondence
between E% and theoretical intermolecular distance for any
pair of fluorochromes that exhibit FRET [Sun et al., 2009],
these E% values equate to an �6 nm separation between
the Teal and Venus tags when co-expressed with mRFP1-
Rac1 (Fig. 4) and an �6.6 nm separation when co-
expressed with mRFP1-Cdc42 (Fig. 5). This pattern was
repeated for E% and intermolecular distances for each small

Fig. 6. FRET Efficiencies (E%’s) plotted as a function of donor-to-acceptor (D:A) ratio for cells co-expressing Teal-N-WASP,
Venus-IQGAP1, and mRFP-Rac1 or mRFP1-Cdc42, and exhibiting 3-color FRET. Each data point represents a single ROI at
either the cell periphery or cell-cell boundary. Data for cell expressing unfused Teal 1 Venus 1 mRFP1 are also shown. Least squares
linear regression was used to generate the straight line plot for each data set, and P values derived from t-tests for each pair of data
sets are shown in Table S1, Supporting Information.
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G protein versus N-WASP and IQGAP1, with average dis-
tances to Rac1 always being closer than to Cdc42. Average
E% values for FRET from Venus-IQGAP1 to mRFP1-Rac1
and mRFP1-Cdc42 were �30% and �20%, respectively,
corresponding to average distances of 6.1 nm and 6.6 nm
between the fluorescent moieties. Average E% between Teal-
N-WASP and mRFP1-Rac1 or mRFP1-Cdc42 was lower, at
�14% or 11% respectively, signifying intermolecular distan-
ces of 6.9 nm or 7.4 nm. It should be noted that Teal-N-
WASP could interact with mRFP1-Rac1 or mRFP1-Cdc42
either directly, or indirectly through Venus-IQGAP1 (Fig.
S3C, Supporting Information), but prior evidence from an
analogous study suggests that the indirect route contributed
negligibly to the measured overall FRET [Sun et al., 2010].

Peripheral Versus Cell-Cell Border Complexes
of Rac1/Cdc42, IQGAP1, and N-WASP

Endogenous IQGAP1 is concentrated in lamellipodia,
where it helps to drive leading edge protrusion through
stimulation of branched actin filament assembly [Bense~nor
et al., 2007; Le Clainche et al., 2007], and is also enriched
at sites of cell-cell interaction, where it regulates intercellular
adhesion through interactions with E-cadherin and b-
catenin [Kuroda et al., 1998]. Venus-IQGAP1 and the
other fluorescent fusion proteins studied here also localized
to lamellipodia and cell-cell interaction sites (Figs. 4, 5, 7
and 8), prompting us to investigate the spatial distributions
of complexes formed by exogenously encoded,
fluorescently-tagged IQGAP1, N-WASP, Rac1 and Cdc42
using 3-color FRET microscopy. Such comparisons were
made by plotting E% versus D:A fluorescence ratio for each
D:A pair at both peripheral and cell-cell contact sites, and
as described earlier in the Live Cell Imaging Strategy sec-
tion, using least squares regression analysis of the raw data
points to evaluate the specificity of FRET interactions (Fig.
6). Cells expressing unmodified vectors for Teal, Venus, and
mRFP1 were used as controls.

We found predominantly specific interactions between
Teal-N-WASP and Venus-IQGAP1, with the linear regres-
sion lines having negative slopes, particularly at the periph-
ery. In contrast, linear regression line slopes were positive
for the unfused fluorescent proteins, a sign of largely ran-
dom interactions. The fusion proteins demonstrated higher
E% values (�30–40%) at the lowest D:A ratios, with sub-
stantial E% values (�10–25%) even at the highest D:A
ratios. The E% values were slightly more when Teal-N-
WASP and Venus-IQGAP1 were co-expressed with
mRFP1-Rac1 than with mRFP-Cdc42, and were also
slightly higher at sites of cell-cell adhesion than at lamelli-
podia (Fig. 6, upper panels). Paired t-tests comparing E%
values between Teal-N-WASP plus Venus-IQGAP1 in the
presence of either mRFP1-Cdc42 or mRFP1-Rac1 indi-
cated significant differences (P 5 1.26E-32 at cell-cell
boundaries and P 5 4.03E-38 at cell peripheries; Table S1,
Supporting Information). These results imply that Rac1

and Cdc42 differentially modulate intracellular complexes
comprising N-WASP and IQGAP1, as we observed in vitro
using purified proteins (Figs. 1 and 2). The majority of the
E% values for the unfused fluorescent proteins
(Teal 1 Venus with mRFP1) ranged from 5 to 90%, a con-
siderably different pattern than observed for the fluorescent
fusion proteins. Paired t-tests also demonstrated robust dif-
ferences between the unfused flourescent protein set and
each of the two fluorescent fusion protein combinations (P
values ranging from 4.6E-05 to 1.35E-31; Table S1, Sup-
porting Information).

The linear regression lines for E% versus the D:A ratio
of Teal-N-WASP paired with mRFP1-Rac1 or mRFP-
Cdc42 in the presence of Venus-IQGAP1 had slightly
negative or neutral slopes, indicating a greater degree of
random D:A interactions than we observed for the Teal-
N-WASP:Venus-IQGAP1 pair (Fig. 6, middle panels). In
addition, the E% values were lower, in the range of �10
to 15%, and were virtually indistinguishable for mRFP1-
Rac1 versus mRFP1-Cdc42. By t-test analysis, though,
the E% populations for Teal-N-WASP:mRFP1-Rac1 were
significantly different than for Teal-N-WASP:mRFP1-
Cdc42 (P 5 1.70E-09 at cell-cell borders and P 5 3.33E-
06 at the cell peripheries). There was no striking differ-
ence in the average E% level between cell-cell boundary
and peripheral sites, and the unfused fluorescent proteins
(Teal 1 mRFP1 with Venus) were dramatically different
than either corresponding set of fluorescent fusion pro-
teins (p-values ranging from 1.47E-01 to 3.28E-101;
Table S1, Supporting Information). Taken together, these
data indicate that at both cell-cell boundaries and cell
peripheries N-WASP forms specific complexes differen-
tially with Rac1 and Cdc42.

Finally, we also noted a difference between Rac1 and
Cdc42 in cells that co-expressed Venus-IQGAP1 with
mRFP1-Rac1 or mRFP1-Cdc42 in the presence of N-
WASP (Fig. 6, bottom panels). At low D:A ratios the lin-
ear regression lines indicated higher E% values for
mRFP-Rac1 (�30%) than for mRFP1-Cdc42 (�20%) at
cell-cell interaction and peripheral sites, but the slopes of
the E% versus D:A ratios were positive for mRFP1-Rac1
and negative for mRFP1-Cdc42 at both intercellular loca-
tions. Compared to mRFP1-Cdc42, mRFP-1Rac1 there-
fore seems to have more frequent random interactions
with Venus-IQGAP1. Curiously, the linear regression lines
for the unfused fluorescent proteins (Venus 1 mRFP1
with Teal) had negative slopes for the E% versus D:A
ratio plots, raising the unexpected possibility that naked
Venus and mRFP1 can interact specifically. This result,
along with the surprising finding that Venus-IQGAP1
interacts in a predominantly random manner with
mRFP1-Rac1 (Fig. 6, bottom panels), but as expected, in
a predominantly specific manner with CFP-Rac1 (Fig. 9,
upper panels), signifies anomalous FRET behavior of
Venus and mRFP1 as a D:A pair.
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Intracellular Interactions Among Rac1/Cdc42,
IQGAP1, and Actin

To extend the 3-color FRET approach to actin we co-
expressed CFP-Rac1 or CFP-Cdc42 with Venus-IQGAP1
and mCherry-actin (Figs. 7 and 8). Significant FRET
occurred between CFP-Rac1 or CFP-Cdc42 and Venus-
IQGAP1, and between Venus-IQGAP1 and mCherry-actin
at both cell peripheries and sites of intercellular contact.
FRET was similar between CFP-Rac1 or CFP-Cdc42 and
Venus-IQGAP1 with average E% values of �23% and
�20%, corresponding to average separation distances of

�6 nm and �6.2 nm for the Rac1 and Cdc42 pairs, respec-
tively. The corresponding average E% values for Venus-
IQGAP1 to mCherry-actin were �26% (�6.7 nm) in the
presence of CFP-Rac1 and �31% (�6.4 nm) in cells
expressing CFP-Cdc42. In contrast, FRET from CFP-Rac1
or CFP-Cdc42 to mCherry-actin was considerably lower
with E% averages ranging from 4.5 to 8.7% and a large
proportion being less than 5%, corresponding to distances
at the limit of FRET detection. These data, along with
prior evidence that neither Rac1 nor Cdc42 binds directly
to actin [Ma et al., 1998], strongly indicate that the

Fig. 7. Representative images of cells co-expressing CFP-Rac1, Venus-IQGAP1 and mCherry-actin, and exhibiting 3-color
FRET. Single fluorescence and composite images are shown, along with ROI’s and E%’s for the indicated protein pairs that exhibited
FRET within each ROI.
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infrequent, low level FRET between CFP-tagged small G
Proteins and mCherry-actin represented random
interactions.

Peripheral Versus Cell-Cell Border Complexes
of Rac1/Cdc42, IQGAP1 and Actin

Scatter plots and linear regression analyses derived from
cells co-expressing CFP-Rac1 or CFP-Cdc42 with Venus-
IQGAP1 and mCherry-actin are shown in Fig. 9, along
with analogous data for cells expressing the corresponding
unfused fluorescent proteins (CFP, Venus, and mCherry).
Venus-IQGAP1 served as an effective and specific FRET
acceptor for CFP-Rac1 and CFP-Cdc42 (Fig. 9, upper pan-
els), with negatively sloped linear regression lines demon-
strating E% values of �25% at low D:A ratios for both
small G proteins at both cell-cell boundaries and peripheral
sites. In all cases for these FRET pairs, E% values dropped
steeply as D:A ratios rose, indicating that specific, clustered
interactions dominated FRET from either CFP-Rac1 or
CFP-Cdc42 to Venus-IQGAP1, irrespective of subcellular
location. In contrast, when the unfused fluorescent proteins
were expressed, the plots of E% versus D:A ratios had large
positive slopes, signifying predominantly random interac-
tions. These results firmly imply that the binding of Rac1
and Cdc42 to IQGAP1 observed in vitro (Fig. S2, Support-
ing Information) does, indeed, occur in the cytoplasm of
live cells. t-test P values comparing relevant data set pairs
for these experiments and the others presented in Fig. 9 are
shown in Table S1, Supporting Information.

Similar results were obtained for FRET from Venus-
IQGAP1 to mCherry-actin (Fig. 9, middle panels). At low
D:A ratios, negatively sloped linear regression lines indi-
cated E% values of �25 to 35%, with the higher values
appearing in cells that co-expressed CFP-Cdc42, as
opposed to CFP-Rac1. Again, the negative slopes of the lin-
ear regression lines signified that clustered, rather than ran-
dom interactions dominated the FRET signals from Venus-
IQGAP1 to mCherry-actin, and no obvious differences
between peripheral versus cell-cell interaction sites were
observed. In contrast, cells that expressed unfused Venus
and mCherry in the presence of CFP the linear regression
slopes were strongly positive, as expected for mainly ran-
dom interactions. These results imply direct binding of
IQGAP1 to actin at both locations, modulated similarly by
Rac1 and Cdc42.

Lastly, FRET from CFP-Rac1 or CFP-Cdc42 to
mCherry-actin was barely detectable, with �80% of
ROI’s having E% values of 10% or less and �60% hav-
ing values no more than 5%, independently of D:A
ratios, and at both peripheral and cell-cell interaction sites
(Fig. 9, bottom panels). These values were nearly identical
to the E% values we found when the corresponding
unfused fluorescent proteins (CFP 1 mCherry) were
expressed along with unfused Venus. Taken together, these
data constitute strong evidence that neither Rac1 nor
Cdc42 binds directly to F-actin in cells, as was previously
established by in vitro biochemical assays [Ma et al.,
1998].

Fig. 8. Representative images of cells co-expressing CFP-Cdc42, Venus-IQGAP1 and mCherry-actin, and exhibiting 3-color
FRET. Single fluorescence and composite images are shown, along with ROI’s and E%’s for the indicated protein pairs that exhibited
FRET within each ROI.
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Fig. 9. FRET Efficiencies (v’s) plotted as a function of donor-to-acceptor (D:A) ratio for cells co-expressing CFP-Rac1 or
CFP-Cdc42 plus Venus-IQGAP1 and mCherry-actin, and exhibiting 3-color FRET. Each data point represents a single ROI at
either the cell periphery or cell-cell boundary. Data for cell expressing unfused CFP 1 Venus 1 mCherry are also shown. Least squares
linear regression was used to generate the straight line plot for each data set, and P values derived from t-tests for each pair of data
sets are shown in Table S1, Supporting Information.
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Discussion

IQGAP1 is one of several proteins that stimulates actin fila-
ment assembly by direct activation of N-WASP, which then
activates the Arp2/3 complex, thereby promoting nuclea-
tion of new "daughter" filaments from the sides of pre-
existing "mother" filaments [Bense~nor et al., 2007; Le
Clainche et al., 2007]. N-WASP can also be activated by
GTP-bound forms of Cdc42 [Rohatgi et al., 1999, 2000]
or Rac1 [Tomasevic et al., 2007] (see also Fig. 1A), both of
which are tight binding partners for IQGAP1 as well [Hart
et al., 1996; Kuroda et al., 1996; McCallum et al., 1996]
(see also Fig. S1, Supporting Information). We therefore
sought to determine how actin assembly mediated by N-
WASP and the Arp2/3 complex is affected by the simulta-
neous presence of IQGAP1 and either Cdc42 or Rac1, and
whether these closely related Rho GTPases are functionally
equivalent in this context.

Using purified proteins for in vitro binding and actin
assembly assays, we found that Cdc42 and Rac1 have oppos-
ing effects in modulating interactions between N-WASP and
IQGAP1, but similarly support actin nucleation in the pres-
ence of IQGAP1 (Fig. 2). Whereas Cdc42 promoted associ-
ation of N-WASP with IQGAP1, Rac1 antagonized that
association. A substantial amount of N-WASP remained
associated with IQGAP1 at supramolar levels of Rac1, how-
ever, and in the context of actin filament nucleation in vitro,
low concentrations of either Rac1 or Cdc42 worked cooper-
atively with IQGAP1 to activate the nucleation promoting
function of N-WASP. Rac1 and Cdc42 therefore appear to
work similarly with IQGAP1 to activate N-WASP.

To assess the cell physiological relevance of these results,
we adapted a recently developed method for live cell, 3-
color FRET microscopy [Sun et al., 2010] to analyze
MDCK epithelial cells that simultaneously expressed fluo-
rescently tagged versions of IQGAP1, Cdc42 or Rac1, and
N-WASP or actin (Figs. 3–9 and Fig. S4, Supporting Infor-
mation). These live cell experiments supported the conclu-
sions that all of the direct binding interactions we observed
using purified proteins in vitro (Cdc42-IQGAP1, Rac1-
IQGAP1, Cdc42-N-WASP, Rac1-N-WASP, and IQGAP1-
N-WASP) occur in living cells, as well, and that protein
pairs that bind only indirectly in vitro (Cdc42-actin and
Rac1-actin) also do not interact directly in live cells.

3-Color FRET

It is important to emphasize that the 3-color FRET
approach employed here identifies individual 2-color FRET
events (F1�F2, F1�F3 and F2�F3; see Figs. 3–9 and S4,
Supporting Information) that occur simultaneously in space
and time within an individual cell. This is a major advance
beyond conventional 2-color FRET, for which the closest
equivalent data would have to be generated in three separate
experiments with two components each, with each experi-
ment requiring its own unique cell culture. This multiple

2-color FRET approach would still be limited to analysis of
just one type of intermolecular interaction per culture,
however, whereas three different intermolecular interactions
can be monitored in each culture by the 3-color FRET
method.

Since the actin nucleation process is fast, with transient
associations among the proteins of interest, we frequently
detected pixels in which just two of the three fluorescent
fusion proteins were within FRET distance when images
were captured. We ignored these pixels for the present
study, and with one caveat, focused solely on pixels with
confirmed FRET between all fusion protein pairs. The
caveat concerned FRET between CFP-Rac1 or CFP-Cdc42
(F1), and mCherry-actin (F3) in cells that also expressed
Venus-IQGAP1 (F2). Because neither small G protein
binds directly to actin [Ma et al., 1998], we neither
expected nor detected non-random F1�F3 FRET in these
experiments.

Having selected only pixels in which processed FRET
(PFRET: corrected for background and spectral bleed-
through) occurred, it became possible to interpret fluores-
cence data by a variety of quantitative strategies. Because it
has the advantage of being insensitive to donor or acceptor
fluorescence levels, we also explored fluorescence lifetime
imaging microscopy (FLIM) as a readout for FRET [Perias-
amy and Clegg, 2010] in cells expressing three FRET-
compatible fluorescent fusion proteins. In practice, how-
ever, the long image acquisition times (>1 min) required to
collect adequate FLIM signals with our available equipment
made this approach impractical for monitoring the dynamic
interactions that are the subject of this study and occur on a
much shorter time scale.

An obvious unique value of 3-color FRET is its capacity
to monitor interactions among three proteins in live cells in
real time with spatial resolution that vastly exceeds the reso-
lution afforded by conventional live cell fluorescence
microscopy or even by super-resolution microscopy (1–10
nm for FRET versus �200 nm or �20 nm for conven-
tional or super-resolution fluorescence, respectively).
Immunoprecipitation out of cell or tissue extracts is widely
used to isolate and characterize multimolecular complexes,
but cannot typically discriminate between direct and indi-
rect protein-protein interactions, will not provide detailed
information about where proteins that interact in extracts
were actually localized within cells or tissues, and requires
destruction of the biological specimen, thereby precluding
its subsequent evaluation.

Live cell 3-color FRET largely overcomes these limita-
tions, but there are restrictions to what can be accomplished
by the 3-color FRET approach described here. For example,
we initially hoped that 3-color FRET would allow us to
determine if Cdc42 and Rac1 respectively promote and
inhibit binding of IQGAP1 to N-WASP in live cells, as
observed in vitro (Fig. 2), but at least a few confounding
factors prevented any such conclusions to be made. Most
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notably, the in vitro binding and actin assembly experi-
ments allowed us to use known concentrations of all of the
proteins being studied and to vary their concentrations sys-
tematically, but as explained in the following paragraph,
this was not feasible for the 3-color FRET experiments.

We could determine relative concentrations of exoge-
nously encoded fluorescent fusion proteins based on their
fluorescence intensities, and it would even be possible to
equate fluorescence intensities with absolute concentrations
of the respective proteins. Because each fusion protein was
expressed on the background of unlabeled, endogenously
encoded counterparts, whose concentrations may have varied
from cell to cell and within distinct intracellular regions,
however, we were reluctant to use the fluorescence signals as
reliable indicators of the total amount (labeled plus endoge-
nous) of Rac1, Cdc42, N-WASP, IQGAP1 or actin present
within each ROI where 3-color FRET was detected. This
restriction could be overcome in principle by using RNA
interference to reduce levels of endogenous counterparts of
exogenously encoded fluorescent fusion proteins, or by
expressing fluorescent versions of proteins that are not found
naturally in a particular cell type. To cite one hypothetical
example, it should be possible to express fluorescent versions
of each of the three neurofilament subunit proteins in fibro-
blasts, whose endogenous neurofilament genes are silent, and
use 3-color FRET microscopy to study neurofilament assem-
bly under conditions in which the concentrations of all three
subunit proteins can be accurately measured.

The study documented here revealed peculiar FRET
behavior between Venus and mRFP1 as a D:A pair for
two reasons. First, the linear regression line slopes of E%
versus D:A ratio for unfused Venus and mRFP1 were
negative, implying that these fluorescent proteins can
interact specifically when they are not fused to other pro-
teins. Secondly, and in contrast, the linear regression line
slopes for Venus-IQGAP1 and mRFP1-Rac1 were positive
(Fig. 6, bottom panels), indicating mostly random inter-
actions, even though purified, untagged IQGAP1 and
Rac1 bind directly to each other (Fig. S2, Supporting
Information) and linear regression slopes for the CFP-
Rac1 and Venus-IQGAP1 D:A pair were strongly nega-
tive, signifying predominantly specific interactions (Fig. 9,
upper panels). These results suggest that Venus and
mRFP1 are not reliable FRET partners, despite the appa-
rently favorable overlap of the emission spectrum of
Venus with the excitation spectrum of mRFP1. Perhaps
this anomalous behavior reflects the fact that mRFP1 has
two excitation peaks, one of which nearly coincides with
the single excitation peak of Venus (Fig. S4, Supporting
Information). None of the other FRET pairs used in this
study exhibited any such irregular behavior.

Notwithstanding the expressed caveats of 3-color FRET,
the data reported here confirmed that numerous protein-
protein interactions detected in vitro using purified pro-
teins, do indeed occur in live cells at physiologically rele-

vant intracellular locations. Furthermore, the results
indicate that the association of IQGAP1 with other proteins
that regulate actin dynamics occurs similarly at lamellipodia
and cell-cell interaction sites, and that interactions of
IQGAP1 with Rac1 or Cdc42 lead to very similar func-
tional consequences.

Materials and Methods

Protein Purification

Previously published methods were used to purify rabbit
muscle actin [Bashour et al., 1997], recombinant, his-
tagged IQGAP1 [Mateer et al., 2004], recombinant
untagged rat N-WASP [Miki et al., 1998] and native
bovine calf thymus Arp2/3 complex [Higgs et al., 1999],
and for covalently coupling pyrene to actin [Bryan and
Coluccio, 1985]. GST-Cdc42, GST-Rac1 and unmodified
GST were expressed in transformed Escherichia coli (strain
BL21), and were lysed into a GDP containing buffer (50
mM Tris pH 7.5, 100 nM GDP, 20 mM NaF, 1 mM
PMSF, and 2 mg/ml each of chymostatin, leupeptin, and
pepstatin A). The proteins were then purified using
glutathione-Sepharose 4B beads (Pharmacia) and stored at
280�C in GDP containing buffer. Upon thawing, they
were incubated for 10 min at 30� C in loading buffer (5
mM Tris pH 7.5, 20 mM KCl, 6.25 mM EDTA, 1 mM
fresh DTT, 1 mM GTPgS or GDP). 25 mM MgCl2 was
then added to stabilize the loaded conformation for Cdc42
and Rac1, and the proteins were then kept on ice and used
within two hours of preparation.

Affinity Pull Down and Pyrene-Actin Assembly
Assays

All assays were performed using purified proteins that were
dialyzed overnight in buffer A (50 mM Hepes pH 7.4, 50
mM NaCl, 20 mM NaF, 1 mM phenylmethylsulfonyl fluo-
ride [PMSF], and 2 mg/ml each of chymostatin, leupeptin
and pepstatin A). To monitor bimolecular interactions,
glutathione-Sepaharose 4B beads saturated with GTPgS-
loaded GST-Cdc42 or GST-Rac1, or with GST were mixed
with 150 nM N-WASP, and were subsequently incubated
for 1 h at 4� C (Fig. 1A). Alternatively, EZview red
protein-G affinity beads (Sigma) saturated with polyclonal
anti-IQGAP1 [Mateer et al., 2002] were incubated with
100 nM his-IQGAP1. Then 0.5 mM GST-Cdc42, GST-
Rac1 or unmodified GST that had been loaded with
GTPgS or GDP were added and incubated for an addi-
tional 2 h at 4� C (Fig. S1, Supporting Information). To
analyze trimolecular interactions (Figs. 2A/B), IQGAP1-N-
WASP complexes were pre-formed by incubating 100 nM
his-IQGAP1 and 150 nM N-WASP at 4� C for 1 h, and
then immobilizing the complexes to protein G-Sepharose
beads (Sigma) saturated with polyclonal anti-IQGAP1
[Mateer et al., 2002]. GST-Cdc42 or GST-Rac1 loaded
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with GTPgS were then added to final concentrations of 0,
5, 10, 20, 40, 80, 160, 320, 640, and 1280 nM, after
which the bead suspensions were incubated for an addi-
tional hour. Both bimolecular and trimolecular complexes
were collected by brief centrifugation, washed in buffer B
(50 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton X-100,
1 mM PMSF), and analyzed by immunoblotting using rab-
bit polyclonal antibodies to IQGAP1 [Mateer et al., 2002],
N-WASP (Santa Cruz), GST (Invitrogen), Rac1 (Santa
Cruz) or Cdc42 (Santa Cruz), and SuperSignal chemilumi-
nescent reagents (Pierce).

Pyrene-actin assembly assays were performed using a
Photon Technology Incorporated model QM-4/5000 spe-
trofluorometer with 365 nm excitation and 386 nm emis-
sion exactly as described previously [Bense~nor et al., 2007].

Plasmid Construction

The Venus-IQGAP1 was derived from a pmGFP-C1-
IQGAP1 vector generously provided by Dr. Geri Kreitzer
of Weill-Cornell Medical College. Venus cDNA was ampli-
fied by PCR using pVenus-C1 as template and following
primers: 5’ primer: 5’-TTT ACC GGT CGC CAC CAT
GGT GAG CAA GGG C-3’; 3’ primer: 5’-CGT CGA
CTG CAG AAT TCG AAG CTT GAG CTC GAG-3’.
The GFP coding sequence in the pmGFP-C1-hIQGAP1
vector was replaced by PCR-amplified Venus cDNA using
AgeI and XhoI restriction digest sites, and the resulting
modified vector was ligated using T4 DNA ligase (NEB) to
create Venus-IQGAP1.

The Teal-N-WASP vector was constructed by a three-
piece ligation process, as follows. The pYFP-C1 vector
(digested by NdeI and EcoRI), Teal cDNA (digested from
pmTFPC1rC-EBPa by NdeI, BsrGI; kindly provided by
Dr. Richard Day, Indiana University School of Medicine)
and hNWASp (PCR products digested by BsrGI and
EcoRI) were ligated using T4 DNA ligase. hNWASp
cDNA was amplified by PCR from pBluescriptR-hWASL
clone (OpenBiosystems; Clone ID #5264663) and the fol-
lowing primers were used: 5’ primer: 5’-AAA AAA AAA
TGT ACA AGT CCG GAA TGA GCT CCG TCC AGC
AGC A-3’; 3’ primer: 5’-CCG GAA TTC TCA GTC TTC
CCA CTC ATC-3’.

Plasmids encoding constitutively active human mRFP-
Rac1V12 and mRFP-Cdc42V12 were kindly provided by Dr.
Maria Carla Parrini of l’Institut Curie, and were converted
back to wild type sequences by replacement of each valine
at position 12 with a glycine using QuickChange Site-
Directed Mutagenesis Kit (Stratagene). To generate mRFP-
Rac1WT, the following primers were used: 5’ primer: 5’-
GGT GGT GGG AGA CGG AGC TGT AGG TAA
AAC-3’; 3’-primer: 5’-GTT TTA CCT ACA GCT CCG
TCT CCC ACC ACC-3’). To generate mRFP-Cdc42WT,
the following primers were used: 5’ primer: 5’-GTG TGT
TGT TGT GGG CGA TGG TGC TGT TGG TAA AAC-

3’; 3’ primer: 5’-GTT TTA CCA ACA GCA CCA TCG
CCC ACA ACA ACA CAC-3’.

The mCherry-actin plasmid was a kind gift of Dr. Derek
Applewhite of the University of North Carolina at Chapel
Hill. CFP-Rac1 and CFP-Cdc42 were made by inserting
the human coding sequences for each small G protein into
an pECFP-C1 vector. The coding sequence for WT human
Rac1 was derived from the mRFP1-Rac1WT vector
described in the prior paragraph. WT human Cdc42
cDNA was amplified by PCR from pGEX2T-Cdc42-wt
(Adgene) using the following primers: 5’ primer: 5’-CCG
CTC GAG CT ATG CAG ACA ATT AAG TG-3’; 3’
primer: 5’- CG GGA TCC TCA TAG CAG CAC ACA
CC-3’. The pECFP-C1 vector and Cdc42 PCR product
were digested by XhoI and BamHI (NEB), and ligated
using T4 DNA ligase.

All the newly created expression vectors for fluorescent
fusion proteins described here were analyzed by restriction
digestion, verified by sequencing to be correct, amplified in
DH5a E. coli cells, and extracted using HiSpeed Plasmid
Maxi Kits (Qiagen).

Cell Culture and Transfection

MDCK cells growing in 10 cm dishes in Dulbecco’s MEM
(GIBCO) supplemented with HyClone Cosmic Calf Serum
(Thermo Scientific) to 10% by volume and gentamycin
(Sigma) to 50 mg/l were detached using TrypLE (Invitrogen)
and plated at 1 X 106 cells per well on 25mm cover slips in
six-well dishes. Immediately after plating onto the coverslips,
the cells were transfected for simultaneous expression of one,
two or three fluorescent proteins using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. Trans-
fected cells were grown for 24 h before imaging.

3-Color Confocal FRET Microscopy

The 3-color confocal FRET microscopy method was
described in detail recently and requires proprietary analysis
software [Sun et al., 2010]. Imaging required a total of
three excitation wavelengths (Ex1, Ex2, Ex3) and three
emission channels (Em1, Em2, Em3) for detecting fluoro-
phore 1 (F1: Teal or CFP), fluorophore 2 (F2: Venus) and
fluorophore 3 (F3: mCherry or mRFP1). As shown in Fig.
3, a five-step procedure was followed to yield 3-color FRET
data. Step 1 involved collecting six images from cells that
co-expressed three fluorescent proteins and six additional
images from singly labeled cells. Images from triply labeled
cells included the following: F1 excite-F1 emit; F1 excite-
F2 emit (raw/uncorrected F1-F2 FRET); F1 excite-F3 emit
(raw/uncorrected F1-F3 1 F2-F3 FRET); F2 excite-F2
emit; F2 excite-F3 emit (raw/uncorrected F2-F3 FRET);
and F3 excite-F3 emit. In addition to the raw, uncorrected
FRET signals, these images also contained spectral bleed-
through, which could be measured after collection of 6
analogous images from singly labeled cells. Step 2 involved
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removal of background noise from the raw images by the 3-
color FRET software. Next, Venus-IQGAP1 (F2 excite-F2
emit) images were modified manually in step 3 to highlight
two distinct cellular regions where IQGAP1 functions:
peripheral, lamellipodia-like areas and sites of cell-cell con-
tact. In non-contact regions IQGAP1 modulates plasma
membrane protrusion during cellular motility and morpho-
genesis [Mataraza et al., 2003; Yamaoka-Tojo et al., 2004],
whereas at cell-cell borders it helps to regulate intercellular
adhesion [Kuroda et al., 1998]. Using the 12 background-
corrected images, at step 4 the software automatically
selected, within the previously chosen peripheral and cell-
cell border sites, 3 x 3 pixel regions of interest (ROIs)
defined by having at least one pixel that displayed 2-color
FRET interactions between all fluorescently tagged proteins
known to bind directly to each other. Then (step 5), the
software subtracted spectral bleedthrough, calculated E%
and theoretical intermolecular distances, and produced the
fully corrected images [Sun et al., 2010] of the ROIs shown
in Figs. 4, 5, 7, and 8 and the graphical analyses shown in
Figs. 6 and 9. Each E% value displayed in those figures cor-
responds either to the E% for the sole pixel within an ROI
that displayed 3-color FRET, or to the average E% for all
3-color FRET pixels within an ROI that contained more
than one such pixel.

A Leica TCS SP5 X confocal microscope was used to
collect all light microscopic data, as described earlier [Sun
et al., 2009]. Specimens were placed in a temperature-
controlled stage maintained at 37� in a chamber that
maintained an atmosphere of 5% CO2 in air. All micro-
graphs were acquired as 8-bit images at 512 3 512 or
1024 3 1024 pixels using a 603, 1.2 NA water-
immersion objective. Fluorophore excitation relied on a
458 nm argon laser line (Ex1) for Teal or CFP, a 514 nm
argon laser line (Ex2) for Venus, and a 581 nm line pro-
duced by the tunable white laser for mCherry or mRFP1.
Laser power was controlled through acousto-optical tuna-
ble filters (AOTF), was optimized for each excitation
wavelength, and was kept constant within each individual
3-color FRET experiment. Three emission channels were
defined using an acousto-optical beamsplitter (AOBS):
468–515 nm (Em1) for Teal or CFP, 525–585 nm
(Em2) for Venus, and 595–750 nm (Em3) for mCherry
or mRFP1. Fluorescence was detected by 3 identical pho-
tomultiplier tubes (1 per channel), using the same confo-
cal pinhole, and gain and offset settings.

Micrographs were exported from the Leica SP5X as
TIFF files and were processed by the aforementioned,
proprietary 3-color FRET software [Sun et al., 2010],
which yielded fully corrected, processed FRET (PFRET)
images and data, E% images and inter-fluorochrome dis-
tances, and a spreadsheet file of all ROIs in each image.
Separating ROIs into subpopulations, charts and statistics
were performed using Excel spreadsheet software
(Microsoft).
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Supplementary Materials 

 

Fig. S1. Purified proteins used for the in vitro reconstitution experiments. Multiple 

preparations of each of the indicated purified proteins were used for the experiments documented 

in Figs. 1, 2, S2 and S3. Shown here are representative samples resolved on SDS polyacrylamide 

gels stained with Coommassie blue. 

 

Fig. S2. Rac1 and Cdc42 bind IQGAP1. IQGAP1 binds with Rac1 and Cdc42 in their activated 

GTPγS-charged forms, but not with their GDP-charged forms or naked GST. Shown here are 

total and bound fractions of protein G beads saturated with polyclonal anti-IQGAP1 following 

their incubation with 200nM GST-tagged wild type Cdc42 or Rac1, along with 200nM IQGAP1. 

 

Fig. S3. Actin assembly monitored by spectrofluorometry. Samples contained 2 µM total G-

actin (5% labeled with pyrene), 50 nM N-WASP, 50 nM Arp2/3 complex, 45 nM IQGAP1 

(homodimers) and the indicated concentrations of GTPγS-loaded GST-Cdc42 or GST-Rac1. 

These tracings provided the raw data for Fig. 2C.  
 

Fig. S4. Spectra of the two triple-label Fusion Protein combinations (FPs) and their FRET 
interaction behaviors. (A,B) Each triple set meets FRET spectral pre-conditions in terms of 

spectral overlap. (C) Co-expression of Teal-N-WASP, Venus-IQGAP1, and mRFP-Cdc42 or 

mRFP1-Rac1 yielded FRET between all protein pairs. (D) In contrast, co-expression of CFP-

Rac1 or CFP-Cdc42 plus Venus-IQGAP1 and mCherry-actin yielded FRET between Venus-

IQGAP1 and each complementary fluorescent fusion protein, but not between either CFP-tagged 

small G protein and mCherry-actin.  

 

Table. S1. Comparison of scatter plot data in Figures 6 and 9 by T-test analysis. The 

indicated pairs of the total population data sets from Figs. 6 and 9 were compared by Student's T-

tests assuming unequal variances. Using the upper left panel of Fig. 6 as an example, the unfused 

Teal:Venus data points in the presence of unfused mRFP1 were compared with the Teal-N-

WASP:Venus-IQGAP1 data points in the presence of mRFP1-Cdc42, and separately, with the 
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Teal-N-WASP:Venus-IQGAP1 data points in the presence of mRFP1-Rac1. Shown here are p-

values for each comparison. 
 

 














