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Rac GTPases promote formation 
of membrane ruffles, yet how key 

effectors of this small GTPase operate 
in response to intracellular signals is not 
well established. In our recent report, 
“Anchored PKA recruitment of active 
Rac,” we identify a cortical actin cyto-
skeletal signaling complex containing 
an A-Kinase Anchoring Protein (AKAP) 
and the IQGAP2 isoform. We show 
that dynamic assembly of this complex 
requires the combined action of cal-
cium and cAMP signals. Furthermore, 
phosphorylation of IQGAP2 by the 
AKAP220-anchored PKA enhances Rac 
binding and membrane ruffling. We also 
discuss our recent findings and provide 
additional evidence that phosphorylation 
of IQGAP2 brings IQGAP2 to mem-
brane ruffles.

The Rho GTPases are master regulators of 
actin cytoskeletal dynamics. Accordingly, 
this branch of the small GTPase super-
family synchronizes vital cellular pro-
cesses that involve changes in cell shape, 
cell adhesion, polarity and migration.1 
The three best known members of this 
family include Rac1, Cdc42 and RhoA, 
all of which can act as molecular switches 
that regulate actin dynamics in response 
to various extracellular and intracellular 
signals.2 They exist in an inactive, GDP-
bound state until activated by GTP load-
ing. While activation of Rac promotes 
membrane ruffling and lamellipodia, 
Cdc42 functions to support filopodium 
growth, and Rho induces the formation 
of stress fibers.2 Not surprisingly, both 

Sequestering Rac with PKA confers cAMP control of cytoskeletal 
remodeling

Jeremy S. Logue,1,2,† Jennifer L. Whiting1,† and John D. Scott1,*
1Howard Hughes Medical Institute and Department of Pharmacology; 2Molecular and Cellular Biology Program; University of Washington; School of Medicine; 

Seattle, WA USA
†These authors contributed equally to this work.

the nucleotide-bound state and GTPase 
activity of these proteins are carefully con-
trolled. Two classes of effector proteins 
modulate these events. The Guanine-
Nucleotide-Exchange Factors (GEFs) that 
promote activation by GTP loading, and 
the GTPase-Activating Proteins (GAPs) 
that accelerate inactivation by enhancing 
the rate of GTP hydrolysis.3 In addition, 
each GTPase has a complement of down-
stream effectors to propagate individual 
cellular responses.4

In our recent work “Anchored PKA 
recruitment of active Rac,” we look spe-
cifically at the interplay between Rac and 
IQGAP2 in response to a protein kinase-
A (PKA) phosphorylation event. The 
IQGAPs are a conserved family of scaf-
folding proteins that are recognized as Rac 
and Cdc42 effector molecules.5 They are 
named for their IQ-domain repeats and 
observed homology to GAPs, although they 
do not possess GTPase activating activ-
ity.5 The IQGAP1 isoform is ubiquitously 
expressed, whereas the IQGAP2 isoform 
has a more restricted expression pattern.6 
We show that IQGAP2 is regulated by an 
interaction with the A-kinase anchoring 
protein AKAP220. Phosphorylation of 
IQGAP2 via AKAP220-anchored PKA 
leads to enhanced Rac binding. Since 
AKAPs function to direct PKA toward 
specific substrates, we proposed that the 
formation of an IQGAP2/AKAP220/
PKA ternary complex sharpens the 
response to cAMP. Although AKAP220 
is constitutively bound to PKA, we show 
that the association of IQGAP2 occurs 
only in the presence of high intracellular 
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at T716 of IQGAP2. This enhances bind-
ing to AKAP220 and ultimately allows 
the recruitment of active Rac to the com-
plex. In the absence of PKA stimulation, 
formation of the complex can be partially 
recapitulated by the phosphomimetic 
IQGAP2 T716D (Fig. 1A, lane 7 and 

Figure 1. iQGaP2 binding to aKaP220 is en-
hanced in response to increased intercellular 
calcium and caMP. (a) immunoprecipitation 
of either GFP control, lane 1; wildtype GFP-
iQGaP2 (wT), lanes 2, 3, 5, 6; or the phospho-
mimetic GFP-iQGaP-T716D mutant (T716D), 
lanes 4, 7; and detection of co-precipitating 
aKaP220 from COS cells. Lanes 1–4, low intra-
cellular calcium, buffer included cheleators 
(EDTa, EGTa, 1 mM each) for 20 min. Lanes 
5–7, high intracellular calcium, cells were 
simultaneously treated with 5 μM a23187 
for 20 min. Lanes 3 and 6, elevated intracel-
lular caMP, cells were stimulated with 20 μM 
forskolin (Fsk) and 75 μM iBMx for 20 min. 
Co-purifying aKaP220 (top part) and total 
lysate aKaP220 (middle part) was assessed 
by immunoblot. immunoprecipitated GFP 
control, wT and T716D GFP-iQGaP2 protein 
verified using an antibody recognizing the 
GFP tag. (B) aKaP220 co-precipitated with 
iQGaP2 proteins. amalgamated densitom-
etry data from four experiments, arbitrary 
units (aU), mean ± SEM.

Figure 2. Phosphomimetic iQGaP2 is recruited to membrane ruffles. (a–C) Detection of GFP tagged iQGaP2 in cultures of HEK 293 cells. F-actin was 
stained with fluorescently conjugated phalloidin. (C) Composite image showing GFP-iQGaP2 (green) and F-actin (red). Nuclei were identified with 
DraQ5 stain (blue). (D–F) Expression of GFP-iQGaP2 T716D phosphomimetic mutant. (F) Composite image showing GFP-iQGaP2 T716D (green) and 
F-actin (red). Membrane ruffles are evident in this cell.

calcium, such as that elicited by growth 
factor stimulation.7 Bringing PKA to 
this location provides an environment for 
anchored kinase to influence the associa-
tion of active Rac with IQGAP2.

An important facet of our model is that 
formation of the AKAP220/IQGAP2 

complex requires calcium. Additional 
data presented here in Figure 1 confirms 
the formation of the AKAP220/IQGAP2 
complex can only be detected when 
experiments are performed in the pres-
ence of the calcium ionophore A23187. A 
secondary event is PKA phosphorylation 
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the utility of local signal integration in the 
regulation of related cellular processes.10-12
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dynamic state of rapid release and binding 
of IQGAP2 to AKAP220 could ensue. As 
a result, AKAP220 is able to process mul-
tiple molecules of IQGAP, thus favoring 
IQGAP2 phosphorylation and amplify-
ing the signal (Fig. 3C). This succession 
of events augments binding of Rac to 
IQGAP and actin remodeling (Fig. 3C). 
These events are also likely to be affected 
by our finding that binding of IQGAP2 
to AKAP220 is augmented by cAMP 
(Fig. 1). Additional studies are needed to 
examine the dynamics of this interaction 
in response to a physiological ligand.

This work extends previous findings 
implicating IQGAPs as effectors of the 
small GTPase Rac and expands our under-
standing of how AKAP220 participates 
in the regulation of cytoskeletal events. 
It may be noteworthy that IQGAPs and 
AKAP220 have been implicated in the 
development of certain malignancies.8,9 
Additional investigation is needed to bet-
ter understand the roles these proteins 
play in cancer biology and to elucidate 
the signaling pathways that particpate in 
these processes. Furthermore, this study 
offers new insight into how diverse sec-
ond messengers like calcium and cAMP 
can be managed by anchoring and scaf-
folding proteins at discrete locations 
inside the cell. Additional anchoring pro-
teins including WAVE1, AKAP-Lbc, and 
Gravin are also engaged in regulation of 
the actin cytoskeleton, thus underscoring 

Fig. 1B). Furthermore, expression of this 
phosphomimetic protein was enriched 
in these regions of the cell and increased 
membrane ruffling (Fig. 2). It may also 
be possible that active Rac is recruited to 
ruffles by phosphorylated IQGAP2.

Since Cdc42 binding to IQGAP is 
unaffected under all conditions examined 
so far, we can conclude that recruitment of 
Rac is a principle binding event that pro-
motes formation of membrane ruffles. A 
role for AKAP220 in this process is solely 
as an organizational platform to orient 
anchored PKA in a manner that favors the 
phosphorylation of IQGAP2 on T716. 
This molecular event facilitates the relay 
of information via recruitment of active 
Rac to the actin cytoskeleton. A coinci-
dent factor in this process is the fluctuation 
of intracellular calcium levels. Our cur-
rent findings have been consolidated into 
a hypothetical model which is presented 
in Figure 3. Under resting conditions, 
intracellular calcium levels are kept low, 
which prevents IQGAP2 association with 
AKAP220 (Fig. 3A). Upon growth factor 
stimulation calcium levels sharply rise and 
IQGAP2 is able to bind the anchoring pro-
tein (Fig. 3B). If cAMP levels are elevated 
concomitantly the anchored PKA preferen-
tially phosphorylates IQGAP2 (Fig. 3B). 
Following a sustained growth factor stimu-
lus, intracellular calcium levels decline to 
an intermediate concentration. By lower-
ing the affinity of IQGAP for AKAP220, a 

Figure 3. Model depicting dynamic binding of iQGaP2 to aKaP220 in response to a growth factor. (a) in resting cells, intracellular calcium levels are 
kept low. Under these conditions, iQGaP2 is unbound. (B) Stimulation with growth factors causes calcium levels to sharply increase allowing binding 
of iQGaP2 to aKaP220. a simultaneous rise in caMP concentration activates PKa allowing this kinase to phosphorylate anchored iQGaP2 which leads 
to increased association with active rac. (C) in the later phases of growth factor treatment, the concentration of calcium decreases to an intermediate 
level. we propose that this permits passage of many iQGaP2 molecules through the aKaP220 signaling complex. Coordination of these events by 
aKaP220 and iQGaP2 promotes actin remodeling and membrane ruffling.
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