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IQGAP1 scaffolding links phosphoinositide kinases
to cytoskeletal reorganization
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ABSTRACT IQGAP1 is a multidomain scaffold protein that coordinates the direction and impact of multiple signaling pathways
by scaffolding its various binding partners. However, the spatial and temporal resolution of IQGAP1 scaffolding remains unclear.
Here, we use fluorescence imaging and correlation methods that allow for real-time live-cell changes in IQGAP1 localization and
complex formation during signaling. We find that IQGAP1 and PIPKIy interact on both the plasma membrane and in cytosol.
Epidermal growth factor (EGF) stimulation, which can initiate cytoskeletal changes, drives the movement of the cytosolic pool
toward the plasma membrane to promote cytoskeletal changes. We also observe that a significant population of cytosolic 1Q-
GAP1-PIPKIy complexes localize to early endosomes, and in some instances form aggregated clusters which become highly
mobile upon EGF stimulation. Our imaging studies show that PIPKly and PI3K bind simultaneously to IQGAP1, which may accel-
erate conversion of PI4P to PI(3,4,5)P3 that is required for cytoskeletal changes. Additionally, we find that IQGAP1 is responsible
for PIPKIly association with two proteins associated with cytoskeletal changes, talin and Cdc42, during EGF stimulation. These
results directly show that IQGAP1 provides a physical link between phosphoinositides (through PIPKIy), focal adhesion formation
(through talin), and cytoskeletal reorganization (through Cdc42) upon EGF stimulation. Taken together, our results support the
importance of IQGAP1 in regulating cell migration by linking phosphoinositide lipid signaling with cytoskeletal reorganization.

SIGNIFICANCE IQGAP1 is scaffold protein that can bind to many different proteins simultaneously to organize several
cell signaling pathways by scaffolding. We use advanced imaging methods to visualize IQGAP1 interactions in cells,
specifically with phosphoinositide kinases, that had previously not been detailed. We see that IQGAP1 facilitates several
cellular events upon epidermal growth factor (EGF) stimulation. These effects include the movement of the cytosolic
IQGAP1-PIPKIly complexes toward the plasma membrane, the simultaneous binding of PIPKIy and PI3K to IQGAP1 that
may promote the production of PI(3,4,5)P3, and PIPKIy’s associations with talin and Cdc42—two proteins associated with
cell migration. Overall, we show that IQGAP1 links phosphoinositides and cytoskeletal reorganization in response to EGF,
highlighting the role of IQGAP1 in cell movement.

INTRODUCTION pathways (2,3). Spatiotemporal regulation of phosphoinosi-
tide-mediated biological processes is achieved by adjust-
ments of the phosphorylation states of phosphoinositides
by specific kinases and phosphatases in a time- and space-
dependent manner (4). The majority of PI(4,5)P, is generated
from phosphatidylinositol-4-phosphate (PI(4)P) by type I
phosphatidylinositol phosphate kinases (PIPKIs) (5).
P1(4,5)P; is in turn phosphorylated to PI(3,4,5)P5 by class I
phosphatidylinositol-3-OH kinase (PI3K) (6), which is the
key step in the activation of the PI3K/Akt signaling pathway
promoting metabolism, proliferation, and angiogenesis (7,8).

Cell migration is a dynamic process that involves the

Phosphoinositides are signaling lipids that are located on the
cytoplasmic leaflet of a cell’s plasma and internal mem-
branes. The adaptable phosphorylation of the hydroxyl
groups at the inositol ring positions 3, 4, and 5 gives rise to
seven phosphoinositide species. Phosphoinositides, in partic-
ular phosphatidylinositol-4,5-bisphosphate (PI(4,5)P,) and
phosphatidylinositol-3,4,5-trisphosphate  (PI(3,4,5)P3) (1),
play pivotal roles in the regulation of a wide variety of
cellular processes as secondary messengers of cell signaling
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cytoskeleton and focal adhesions, which in turn require co-
ordination between phosphoinositides and cytoskeletal pro-
teins. Irregular and enhanced cell migration and motility is
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considered a hallmark of several diseases that include can-
cer (9,10). Although the overall cellular concentration of
PI(4,5)P, remains relatively constant, it accumulates at a
protrusive structure characterized by intense actin polymer-
ization essential for cell polarity in migrating cells known as
a leading edges (11,12). Changes in local PI(4,5)P, concen-
trations are controlled by redistribution and activation of
PI(4,5)P, generating enzymes such as PIPKIs (13) among
others. Additionally, the comparatively much smaller
PI(3,4,5)P; pools generated by PI3K activity localize to
the leading edges (14,15). We focus specifically on PIPKIy
whose expression is closely linked to proliferation and can-
cer progression. PI(4,5)P, levels are comparatively much
higher than those of PI(3,4,5)P;, which is primarily pro-
duced in response to receptor-mediated signaling events.
These receptors generally comprise receptor tyrosine ki-
nases such as the epidermal growth factor receptor
(EGFR), whose agonist EGF is a well-studied activator of
the PI3K/Akt pathway (8).

Spatiotemporal coordination and organization of cell sig-
nals, such as those involved in phosphoinositide signaling,
are often provided by scaffolding proteins that form heteroge-
neous complexes with several different partner proteins that
may also have specific cellular localization and may be gener-
ated at specific time points (16). One such scaffolding protein
is IQGAPI1 (IQ-domain containing Ras GTPase Activating
Protein 1), which is a large multidomain protein (195 kDa).
Through scaffolding, IQGAPI is known to affect key cellular
functions, including proliferation, migration, cell adhesion,
motility, and metabolism (17,18). IQGAP1 has been thought
to form distinct scaffolds in terms of cell type and intracellular
localization. However, the spatiotemporal dynamics of these
protein complex formations remain unknown.

Recent studies indicate IQGAP1’s propensity to scaffold
the components of the PI3K/Akt signaling pathway that has
been linked to cell migration (19,20). IQGAP1 associates
with multiple PIPKIs, including the PIPKIa and PIPKIy
isoforms (21), as well as PI3K isoforms. IQGAP1 and PIPKI
isoforms localize to specific sites on intracellular mem-
branes and the plasma membrane that include the leading
edge of migrating cells, cell-cell contact sites, and focal ad-
hesions where they share many binding partners. In addition
to these protein targets, IQGAP1 also binds PI(4,5)P, and
P1(3,4,5)P5 at distinct sites as demonstrated by in vitro
studies (19,21). It has been hypothesized that PIPKI binding
to IQGAPI causes a conformational change that is a prereq-
uisite for interactions with additional partners such as
PI(4,5)P, (17). IQGAP1 is also known to bind to EGFR
(22). The activation of the PI3K/Akt pathway in response
to EGF is affected by IQGAPI1-PIPKI interactions (23)
and, therefore, may play a mediating role in the mainte-
nance of PI(3,4,5)P; levels (19).

IQGAPI1, PIPKIs, PI(4,5)P,, and PI(3,4,5)P5 are known to
interact with several proteins that regulate cytoskeletal reor-
ganization and focal adhesion formation. These cytoskeletal
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regulatory proteins include small GTPases such as Cdc42, a
major initiator of the formation of the leading edge of
migrating cells in the case of IQGAP1 and PI(4,5)P, (24—
26). The polarized distributions of PI(4,5)P, and PI(3,4,5)
P; ensure that actin polymerization occurs at the leading
edge of migrating cells by differentially binding to actin reg-
ulatory and focal adhesion proteins (11,27-29). A recent
study showed that IQGAP1 binds to actin and regulates
actin polymerization by organizing filaments into thin bun-
dles, suppressing barbed end growth, and inhibiting filament
disassembly (30). The PIPKI isoforms mediate PI(4,5)P,’s
associations with actin regulatory and focal adhesion pro-
teins (13), and it is therefore likely that IQGAP1 provides
scaffolding between phosphoinositide signaling and the
cytoskeleton.

Since IQGAPI lacks catalytic activity (31), it participates
in cellular signaling primarily as a scaffold (18). However,
IQGAPI’s interactions, including those with phosphoinosi-
tide kinases, have only been studied by biochemical methods
using recombinant purified proteins, and its ability to coordi-
nate signaling pathways in living cells is not well understood.
Here, we characterize the direct physical interactions between
IQGAPI and different phosphoinositide kinases by using an
array of biophysical fluorescence imaging techniques that
allow us to detect protein-protein interactions both spatially
and temporally. The techniques and the rationale for using
them are described in materials and methods.

While IQGAP1 has been reported to enhance cell migra-
tion upon EGF stimulation by linking phosphoinositide lipid
signaling with cytoskeletal reorganization, its ability to
simultaneously bind and coordinate these pathways in space
and time have not been elucidated using either biochemical
techniques or confocal imaging. Here, we have used fluores-
cence imaging and correlation methods to investigate and
monitor distinct IQGAP1complexes that include PIPK1y,
PI3K, talin, and Cdc42 in different cellular compartments
with high resolution in the absence and presence of EGF
stimulation. We observe IQGAP1-PIPKIy complexes not
only at the plasma membrane but also on early endosomes
and cytosolic aggregated clusters. We see that IQGAPI1
scaffolds PIPKIy and PI3K that possibly promotes the pro-
duction of PI(3,4,5)P5;. We also see that IQGAPI1 scaffolds
PIPKIY’s EGF-mediated association with talin and Cdc42.
These results directly show that IQGAP1 provides a phys-
ical link between phosphoinositides (through PIPKIy), focal
adhesion formation (through talin), and cytoskeletal reorga-
nization (through Cdc42) upon EGF stimulation.

MATERIALS AND METHODS
Materials

HeLa, HepG2A, and NIH/3T3 cells were obtained from the American Type
Culture Collection (Manassas, VA, USA). Untagged eGFP and mCherry
plasmids were obtained from Clontech (Mountain View, CA, USA).
dsRed-PIPKIy was a kind gift from Dr. Richard Anderson (University of



Wisconsin, Madison, WI, USA). PI4K plasmids, eGFP-PH Btkl, eGFP-
PH-PLC531, and mCherry-PH-SidM were a kind gift from Dr. Tamas Balla
(NIH, Bethesda, MD, USA), PI3K 110 plasmids were a kind gift from Dr.
Jonathan Backer (Albert Einstein School of Medicine, Bronx, NY, USA)
All other plasmids were obtained through AddGene (Boston, MA, USA)
from the following investigators: eGFP-IQGAP1 (Dr. David Sacks),
eGFP- PIPKIy (Dr. Pietro de Camilli), eYFP-p85 PI3K (Dr. Lewis Cant-
ley), mCherry-PH-PLC31(Dr. Narasimhan Gautam), mCherry-PH-
Aktl(Dr. Moritoshi Sato), mCherry-PH-Akt2 (Dr. Ivan Yudishkin),
eGFP-Cdc42 (Dr. Gary Bokoch), mCherry-talin (Dr. Michael Davidson).
On-Target Plus SmartPool IQGAP1-siRNA (GE Dharmacon, Lafayette,
CO, USA) was used to knock down IQGAP1 while the scrambled small
interfering RNA (siRNA) was obtained from Ambion (Thermo Fisher Sci-
entific, Waltham, MA, USA).

Cell culture

HeLa, HepG2A, and NIH 3T3 cells were incubated in high-glucose Dulbec-
co’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific) supple-
mented with 5% fetal bovine serum (Atlanta Biologicals, Flowery Branch,
GA, USA) at 37°C with 5% CO,. Transfection of plasmids and siRNA was
performed using Lipofectamine 3000 (Thermo Fisher Scientific) in anti-
biotic-free medium as per the manufacturer’s instructions. For treatment
with agonist, cells were cultured in a serum-free high-glucose DMEM for
2 h, following which they were supplemented with EGF (100 ng/mL),
isoproterenol (10 uM), or LY2942001 (1 uM) and incubated for at least 1 h.

Imaging

Cells plated on MatTek chambers (MatTek, Ashland, MA, USA) were fixed
using 3.7% formaldehyde and permeabilized with 0.2% nonyl phenoxypolye-
thoxylethanol in phosphate-buffered saline (PBS) for 5 min and then blocked
in PBS containing 1% bovine serum albumin for 1 h. If appropriate, cells were
then incubated with the primary antibody diluted to 1:1000 for 1.5 h at 37°C,
followed by incubation with Alexa-labeled secondary antibody for 0.5 h at the
same temperature. Cells were washed with Tris-buffered saline after the incu-
bations. Images of the cells were obtained using a Zeiss LSM 510 confocal mi-
croscope. Live-cell images were taken on the same microscope while the cells
were incubated in a custom-built chamber at 37°C and 5% CO,. The fluores-
cence images were obtained with a Nikon (Minato, Tokyo, Japan) Eclipse Ti
inverted microscope with a TIRF Illuminator and a Nikon 60x CFI Apo TIRF
oil objective. For excitation sources, coherent 488 nm, 561 nm, and 647 nm
sapphire lasers were used. Images were captured with an Andor3iXon CCD
camera (Belfast, UK). The images were analyzed using Zeiss software and/
or Image]J (32) (National Institutes of Health, Bethesda, MD, USA).

Fluorescence biophysics techniques

Fluorescence lifetime imaging (FLIM) in conjugation with Forster resonance
energy transfer (FRET) allows for visualization and quantification of protein-
protein interactions in live cells. This method utilizes the decrease of the do-
nor’s fluorescence lifetime due to transfer to an acceptor as a means to
generate an image that highlights the cellular location(s) where the pro-
tein-protein interaction occurs. Given the large size of the tagged proteins,
any observed changes in donor lifetime in the presence of the proteins tagged
with an acceptor group can be attributed to changes due to direct physical
protein-protein interactions. We also utilize techniques based on fluorescence
fluctuation spectroscopy, which observes subtle changes in the intensities and
movement of fluorescently labeled proteins in conjugation with fluorescent
microscopy. One such technique is fluorescence correlation spectroscopy
(FCS), which was used in this study to characterize the differences in the
mobility of micropopulations of proteins in small focal areas across a living
cell at both basal and stimulated states. The movement of the fluorescently
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tagged proteins inside the excited focal volume generates a signal that is sub-
sequently autocorrelated to quantify physical quantities such as diffusion co-
efficients and concentrations (33-35). An extension of FCS is fluorescence
cross-correlation spectroscopy (FCCS) whereby we observe concerted pro-
tein movements. In this case, the proteins are labeled with two spectrally
distinct fluorophores that enable the correlative analysis of the dynamic
behavior of the two proteins. Interacting proteins show synchronous diffusion
through the focal volume (36,37), which can be related to the degree of pro-
tein-protein interaction. Additionally, we performed number and brightness
(N&B) studies to study changes in protein localization and oligomerization
state across the whole cell unlike in the case of FCS and FCCS, which are
limited to small focal areas.

Fluorescence lifetime imaging microscopy

FLIM is a method to measure FRET between labeled proteins in cells.
FRET reduces the fluorescence lifetime of a donor molecule due to transfer
of energy to an acceptor. Because of its steep distance dependence in the
low-nanometer range, FRET transfer requires a direct physical interaction
between the proteins to which the probes are attached. If the donor is
excited with intensity modulated light, the phase of the acceptor fluores-
cence will be shifted. The fluorescence lifetime can be calculated from
these phase shifts. We can determine the phase and modulation for each in-
dividual pixel of the image and plot the phase shifts and modulation de-
creases on a phasor plot. The phasor plot is a combined graphical
representation of all the raw FLIM data in a vector space. The phasor space
is constructed by using two phasor vectors (G, S), where each component is
represented as shown in the following equation:

Gry(w) = myycos(p,,) and s, (w) = m,, sin(g,,).

6]

m,, and @, are the modulation ratio and the phase delay measured for a
particular modulation frequency (w) at a pixel location (x,y). For a single
lifetime population, the values from all of the pixels will fall on the phasor
arc with longer lifetimes displayed to the left and shorter lifetimes to the
right. Since FRET shortens donor lifetimes, FRET will manifest itself by
moving the (g(w),s(w)) data point to the right. For a mixed population of
donor molecules, some of which undergoing FRET, the resulting phasor
points localize inside the phasor arc (38). Distributions inside the phasor
arc therefore indicate FRET transfer and, hence, association of the two
labeled proteins. The lifetime of an individual pixel can be calculated by
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For our experiments, we used green fluorescent donors (such as enhanced
green fluorescent protein (eGFP)) or yellow fluorescent donor eYFP, with
red fluorescent proteins such as mCherry and dsRed acting as the FRET
acceptors.

FLIM was performed by acquiring images of live cells plated on MatTek
chambers using a 2-photon MaiTai laser (Spectra-Physics, Santa Clara, CA,
USA) (excitation 850 nm at 80 MHz) and a Nikon inverted confocal micro-
scope in an ISS Alba System (Champaign, IL, USA).The Images were
analyzed using ISS VistaVision and Imagel software packages. Atto 425
fluorescent dye (¢ = 3.61 ns) was used to calibrate the sample lifetimes.

Fluorescence correlation spectroscopy

FCS measurements of cells expressing fluorescent fusion protein were done
on a 2-photon MaiTai laser (Spectra-Physics) (excitation 930 nm at 80
MHz) and a Nikon inverted confocal microscope in an ISS Alba System.
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The beam waist, wq, and focal volume were calibrated with various concen-
trations of Alexa 488 dye (D = 425 um?/s). Measurements of each cell were
taken over 30 s and repeated more than four times. For each cell, the traces
were averaged to obtain the final autocorrelation function to be used for
fitting. The power of the excitation laser was adjusted such that there was
sufficient signal-to-noise ratio and minimal photobleaching.

— 4L AT IO
Gir) = 141 (1+TD> (1+SQTD> )

where 7 is the correlation time, 7p is the average time a particle spends in
the confocal volume, N is the average number of molecules in the confocal
volume, and S is the structural parameter. S was set to 100 (quasi-infinite)
for two-dimensional diffusion. The diffusion coefficient, D, is calculated
from the 75 of a molecule using the Einstein relation for diffusion r* =
4D x Tp, where r is the radius of the observation volume.

The concentrations are derived from fitting the experimental data using
the 2-photon cross-correlation fitting model that was provided to us by
ISS, who manufactured our system (39).

This model presumes that:

e Ca and Da (concentration and diffusion coefficient of acceptor) supposed
to be in Chl will exist in Ch1l and cross-correlation channel;

e Cd and Dd (concentration and diffusion coefficient of donor) supposed to
be in Ch2 will exist in Ch2 and cross-correlation channel;

e Cad and Dad (concentration and diffusion coefficient of bounded donor
and acceptor) will exist in Chl, Ch2, and cross-correlation channel;

e w0 and z0 denote lateral radius and axial radius of the focal area, respec-
tively.

Simply,

Ch1 fits with equation

1

Cross correlation fits with equation

Cad
0.6 % (Ca + Cad) x (Cd + Cad) * (2m)'>

1
(W0? + 4 x Dad * x) * sqrt(z0? + 4 « Dad * x)

+ BL
(©6)

Number and brightness

N&B analysis is a powerful tool that has been used previously to quantify
graphically the aggregation state of diffusing proteins in living cells (40—
43). N&B analysis can determine of the number (N) of diffusing particles
within a given focal area and the intrinsic brightness (B) of each particle
represented by pixels in an image and provides a map of brightness for
every pixel using the following equation:

2 _ 2
- — 0p

B= 2 "%
(I) — offset’

)

where I denotes the intensity of the signal, o is the variance of the signal,
002 is the readout noise variance of the detection electronics, and offset is
the detector offset. The analysis has been described in detail earlier (40).
Higher variance in fluorescence is associated with higher-order oligomers.
Therefore, the brightness-versus-intensity map can be used to determine the

Ca

0.6 x (Ca + Cad)? * (2m)'>

Cad

(w02—|—4*Da*x) *\/(202+4*Da*x)

+

+ BL @)

(w02+4*Dad*x) *\/(202+4*Dad*x)

Ch2 fits with equation

1

size of the aggregate at a given location as the brightness B can directly
relate to the dimensions of the fluorescent molecules (41).

Cd

0.6 % (Cd + Cad)? * (2m)'>

Cad

(W02 + 4 % Dd  x) * sqrt(z0> 4 4 % Dd * x)

+ (WO2 + 4 x Dad * x) * sqrt(zO2 + 4 % Dad * x)
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The number of particles can be derived by the formula

(1

a2’

N ®)

‘We prefer to use the B value because it accounts for the immobile fraction
as it assigns them a value of 1. The approximate value of oligomeric state
can be calculated using the following calculation:

¢ (Boligomers _ 1) 9
- (Bmonomers _ 1) ( )

We used untagged eGFP, YFP, and mCherry as controls to calculate the
baseline monomeric values. Specifically for eGFP, the baseline B value was
about 1.05, which was comparable with previous studies. Based on this
observation and adjusting for offset, we chose to use the percentage of
pixels with B values above 1.5 to quantify the oligomeric aggregates in
the cells.

N&B studies were performed by acquiring images of live cells plated on
MatTek chambers (MatTek, MA, USA) using a 2-photon MaiTai laser
(Spectra-Physics) and a Nikon inverted confocal microscope in an ISS
Alba System. The images were analyzed using ISS VistaVision and
SimFCS 4 (Irvine, CA, USA) software packages. The analysis has been
described in more detail elsewhere (42,43).

Coimmunoprecipitation

HeLa cells were lysed with 500 pL of buffer containing 150 mM NacCl,
20 mM HEPES, 2 mM MgCl,, 5 mM 2-mercaptoethanol, 1 mM phenylme-
thylsulfonyl fluoride, and cOmplete protease inhibitor cocktail tablet
(Roche/Millipore Sigma, St. Louis, MO, USA). After preclearing non-spe-
cifically binding proteins by incubating lysate with 20 pL of Protein A
beads (Thermo Fisher Scientific), the lysate was incubated with 5 pL of
anti-IQGAP1 antibody (Abcam, Boston, MA, USA) overnight at 4°C after
the removal of beads. Subsequently an additional 20 pL of Protein A beads
was added to the mixture, which was then gently rotated for 4 h at 4°C. The
unbound proteins were separated from the beads, which were then washed
twice with the lysis buffer. The bound proteins were then eluted from the
beads in sample buffer at 95°C for 3 min and were analyzed using SDS-
PAGE and Western blotting.

Mass spectroscopy

The protein sample obtained from coimmunoprecipitation was run on an
SDS-PAGE gel and stained using Coomassie blue. The pieces of gel con-
taining the protein were cut into 1 x 1 mm pieces and placed in 1.5 mL
tubes with 1 mL of water for 30 min. This sample was sent to a University
of Massachusetts Medical School Mass Spectroscopy Facility (Dr. John
Leszyk) to undergo mass spectroscopy as described previously (44). Raw
data files were peak processed with Proteome Discoverer (version 2.1,
Thermo Fisher Scientific) before database searching with Mascot Server
(version 2.5) against the Uniprot database. Search results were then loaded
into the Scaffold Viewer (Proteome Software, Portland, OR, USA) for pep-
tide/protein validation and label-free quantitation. The data were further
analyzed using the Database for Annotation, Visualization and Integrated
Discovery (DAVID) (45) (National Institutes of Health).

Statistics

All data were analyzed using Sigmaplot (SysStat, San Jose, CA, USA) us-
ing Student’s r-test substituted by the Mann-Whitney rank sum test if the
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data were not normally distributed. A difference between two groups was
considered statistically significant only with a p-value below 0.05.

RESULTS

IQGAP1 associates with PIPKIy at plasma
membrane and in cytosol

Fluorescence confocal microscopy images of HeLa cells ex-
pressing both eGFP-IQGAP1 and dsRed-PIPKIy show a
high degree of colocalization between the two proteins at
the plasma membrane (Fig. 1 A), corroborating previous
studies (21). Fluorescence lifetime imaging microscopy
(FLIM) of these cells expressing eGFP-IQGAP1 generates
an intensity profile image showing that IQGAPI is distrib-
uted across the cytosol and plasma membrane region but
is absent in the nucleus (Fig. 1 B, left). A phasor analysis
(Fig. 1 B, center) provides a graphical representation of fluo-
rescence lifetime distributions that allows the observer to
distinguish and separate individual lifetime populations
within an FLIM image. In the phasor plot, the individual
lifetimes from each pixel in the FLIM image are plotted
as the sine versus the cosine of the phase angle between
the exciting and emitted light (multiplied in each case by
the amplitude modulation ratio). Since phasor representa-
tion does not require fitting, the raw lifetime data without
any modifications are seen (for a detailed description of
the phasor analysis of FLIM images, see (46)). In HeLa cells
expressing only eGFP-IQGAPI, eGFP lifetimes exhibit a
largely homogeneous population as indicated by a single
circular spot on the arc of the phasor plot (Fig. 1 B, center),
analogous to cells expressing only free eGFP (Fig. S1 A).
The pixels constituting this spot represent a uniform lifetime
across the entire cell (Fig. | B, right).

When we coexpress eGFP-IQGAP1 and dsRed-labeled
PIPKIy, eGFP-IQGAP1 localizes primarily toward the
plasma membrane (Fig. 1, A and C). The average eGFP-1Q-
GAPI1 lifetime decreases by ~10% due to FRET to dsRed-
PIPKIy compared with cells that express only eGFP
(Fig. S1 B). This decrease in fluorescence lifetime is signif-
icantly greater than the ~1%-3% decrease in lifetime typi-
cally associated with nonspecific binding and indicates an
interaction between IQGAP1 and PIPKIy (Fig. S2, A and
B). In phasor plots, the eGFP/dsRed FRET results in a shift
of the eGFP lifetimes inside the arc, giving the data a comet-
like appearance. The points inside the phasor arc correspond
to a reduced lifetime due to FRET. The phasor representation
of the data allows us to distinguish between distinct FRET
(i.e., inside the arc) and non-FRET (on the arc) pixel subpop-
ulations (Fig. 1 C, center). When these lifetimes (identified
in the phasor plot by four circles) are visualized in the
whole-cell image (Fig. | C, right), we can identify the lower
lifetime FRET populations corresponding to high IQGAP1/
PIPK1y complexes. Surprisingly, we see these FRET popu-
lations not only at the plasma membrane but also across the
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FIGURE 1 IQGAPI1 strongly associates with
PIPKIy. (A) A representative image showing co-
localization between eGFP-IQGAPI and dsRed-
PIPKIy in HeLa cells. (B) A false-color image of
a representative cell (left) shows that eGFP-1Q-
GAPI expressed in HeLa cells has a broad distri-
bution across the cell except the nucleus. Plotting
the raw lifetime values of each pixel in the image
as a phasor plot (described in materials and
methods, center) shows that eGFP-IQGAPI has a
single fluorescent lifetime indicated by a homoge-
nous population on the phasor arc. The pixels
included in the green circle of the phasor plot (life-
time center = 2.56 ns) are false-colored green and
overlaid on a grayscale image of the cell (right),
leading to the conclusion that the fluorescence life-
time is similar throughout the cell. The green
pixels completely cover the gray of the cell. (C)
When coexpressed with dsRed-PIPKIYy, the repre-
sentative cell image (left) shows that IQGAPI is
primarily localized to the membrane. The phasor
plots (center) show distinct eGFP-IQGAPI life-
time populations both on the arc and inside the
arc due to reduced lifetimes caused by FRET.
The distinct regions on the phasor plots are high-
lighted by a green circle indicating higher (non-
FRET) lifetimes (lifetime center = 2.55 ns, top)
or by blue, orange, and magenta circles indicating
shortened lifetimes (blue lifetime center = 2.1 ns,
orange lifetime center = 1.9 ns, magenta lifetime
center = 1.7 ns). The pixels underlying these cir-
cles are false colored and overlaid on grayscale
cell images (right). (D) After stimulation with

P:‘f Cytc:;ol 100 ng/mL EGF, we still see a comet-like projec-
— — tion in cells expressing both eGFP-IQGAPI and
o . dsRed-PIPKIy in the phasor plots (center),

showing distinct eGFP-IQGAP1 lifetime popula-
tions both on the arc and inside the arc due to
reduced lifetimes caused by FRET. The distinct re-
gions on the phasor plots from the representative
image (left) are highlighted as described above
(right). n > 10 in at least two individual experi-
ments. (E) The ratios of FRET pixels in the mem-
brane versus FRET pixels in the cytosol were
quantified per image from the experiments
described above in basal and EGF treatment

*
&

groups. (F) Representative correlation curves from HeLa cells expressing eGFP-IQGAP1 and dsRed-PIPKIy simultaneously. (G) Concentrations of the 1Q-
GAP1-PIPKIy complexes were derived from the cross-correlated curves of plasma-membrane-localized focal areas on HeLa cells expressing eGFP-IQGAP1
and dsRed-PIPKIy both at a basal state and after being stimulated with EGF (100 ng/mL for 1 h). ¢ denotes fluorescence lifetime in figure legends. n > 10 in
at least two individual experiments; siRNA treatment was used for the control groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not
significant. Error bars denote standard deviation. Scale bars, 10 um. To see this figure in color, go online.

cytoplasm, indicating previously unknown subcellular loca-
tions of IQGAP1-PIPKIy interactions (Fig. 1 C, right).

We then stimulated HeLa cells expressing fluorescently
tagged proteins with EGF to observe its effects on IQ-
GAPI1-PIPKIy interactions. Under these conditions, we
see the comet-like appearances inside the phasor arc endure
(Fig. 1 D, left). Additionally, FRET and non-FRET pixel
subpopulations remain across the cytosol and on the plasma
membrane (Fig. 1 D, right). While there is no difference in
the overall (global) lifetime decrease with stimulation
(Fig. S2 B), analysis of membrane-localized and cytosolic
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FRET reveals that the relative proportion of FRET between
IQGAPI1 and PIPKIy on the plasma membrane increases
upon EGF stimulation (Fig. 1 E).

To better understand IQGAP1-PIPKIy complexes at the
plasma membrane, we monitored their correlated movement
by FCCS. These measurements show three correlation curves
from fluctuations of eGFP-IQGAP1 particles, dsRed-PIPKIy
particles, and the cross correlation, which synchronizes with
the shape of the other two curves only when there is a phys-
ical interaction between the two proteins (Fig. | F). Deriving
the concentrations of the IQGAP1-PIPKIy complexes after



fitting the cross-correlation curves revealed a statistically sig-
nificant concentration increase of the plasma membrane resi-
dent IQGAPI1-PIPK1y complexes upon EGF stimulation
(Fig. 1 G). Thus, the interactions between IQGAP1 and PIP-
KIy on plasma membrane significantly increase when stim-
ulated with EGF. A similar interaction between IQGAP1
and PIPKIY is also seen in NIH 3T3 fibroblasts and the liver
cancer cell line HepG2 (Fig. S2 C).

EGF-induced changes to PIPKIy localization are
partly mediated by IQGAP1

We used FCS to quantify the concentrations and diffusion
coefficients of eGFP-PIPKIy populations localized at the
plasma membrane. The concentrations of eGFP-PIPKIy
particles can be derived from the FCS correlation curves af-
ter fitting the raw data from plasma-membrane-localized

eGFP-PIPKIly concentration
(plasma meTbrane)

— 0.025-

2000+
0.020+

IQGAP1 scaffolds regulate cytoskeleton

focal areas (Fig. 2 A; representative curves, Fig. 2 B). The
data reveal a statistically significant increase in the plasma
membrane concentrations of PIPKIy upon EGF stimulation.
Moreover, the diffusion coefficients of eGFP-PIPKIy parti-
cles also show a statistically significant increase in their
values. An siRNA-mediated knockdown of IQGAPI
(Fig. S3 A) abrogates any EGF-mediated changes in PIPKI
diffusion and concentrations. These results suggest that 1Q-
GAPI1 is partly responsible for alterations to PIPKI particle
behavior induced by EGF (Fig. 2 C).

IQGAP1 is known to bind to both PI(3,4,5)P5 and PI(4,5)
P,. Fluorescently labeled pleckstrin homology (PH) do-
mains have been shown to accurately report the cellular dis-
tribution of PI(4,5)P, and/or P1(3,4,5)P; pools (47,48). The
PH domain of PLC31 binds specifically to PI(4,5)P, (49—
51) while the PH domains of Aktl, Btkl (50), and Akt2
(52) bind PI(3,4,5)P;. For the eGFP-mCherry FRET npair,

FIGURE 2 PIPKI moves to plasma membrane in
response to EGF. (A) Concentrations of eGFP-PIP-
KIy particles derived from FCS correlation curves
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in plasma-membrane-localized focal areas on cells
both at a basal state and after EGF stimulation
(100 ng/mL). (B) Diffusion coefficients of eGFP-
PIPKIy particles derived from FCS correlation
curves in plasma-membrane-localized focal areas
on cells both at a basal state and after EGF stimu-

g ‘Q‘ 0.000 T

o1—E . 0.0001  0.001
Basal +EGF

(o} eGFP-PIPKIly Diffusion

(plasma membrane)
% %k ns

N w
1 ]
L 4

1
Decrease in eGFP ¢ (%)

Diffusion Coefficient (pmzls)
o
1

EGF
IQGAP1 siRNA - - + +

eGFP-PIPKI and mcherry PH Akt1
D FRET

6

0.2 0.4 0.6 0.8 1

T
0.01 0.1 1
Time(s)

eGFP-PIPKI and mcherry PH Akt1
FRET

Basal +EGF

lation (100 ng/mL) in the presence and absence
of IQGAP1 expression. (C) FCS correlation curves
from cells expressing eGFP-PIPKIy that represent
the range of diffusion coefficients (D) from our im-
aging data. The lighter-shade dots represent the raw
data while the darker-colored curve represents the
fitted curve. Here, the green curve represents a
low diffusion curve with a D of 0.004 um?/s while
the red curve represents a D of 1.2 pum?%/s. (D) Im-
ages of a representative HeLa cell coexpressing
mCherry-PH-Akt1 and eGFP-PIPKIy (left), where
the pixels of distinct regions on phasor plots (cen-
ter) are highlighted to show the distinct regions.
The distinct regions on the phasor plots are repre-
sented by a green circle indicating higher (non-
FRET) lifetimes (lifetime center = 2.55 ns) or by
magenta or yellow circles indicating shortened life-
times (magenta lifetime center = 2.00 ns). The
pixels underlying these circles are false colored
and overlaid on grayscale cell images (right). (E)
Coexpression of mCherry-PH-Aktl and eGFP-PIP-
KIy in HeLa cells results in decreased eGFP 1Q-
GAP1 lifetimes due to FRET only when
stimulated by EGF (100 ng/mL). ¢ denotes fluores-
cence lifetime in figure legends. Scrambled
(nonspecific) siRNA treatment was used for the
control groups. n > 10 measured in at least two in-
dependent experiments; *p < 0.05, **p < 0.01,
*xp < 0.001, #*#*##p < 0.0001; ns, not signifi-
cant. Error bars denote standard deviation. Scale
bars, 10 pm. To see this figure in color, go online.
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the distance at which half of the excitation energy of eGFP
is transferred to mCherry is about 5.4 nm (53). Here, we
observe the interactions of IQGAP1 and PIPKIy, respec-
tively, with fluorescently tagged PH domains using FLIM-
FRET. Note that the bound PH domain occludes PI(4,5)P,
from other binding partners, although it is not expected to
substantially interfere with EGF signaling (47,49-51). Us-
ing these sensors, we observe FRET between eGFP-PIPKIy
and mCherry-PH-Aktl upon EGF stimulation. This result
suggests that PIPKIy, which produces PI(4,5)P, from
PI(4)P, is colocalized with the newly generated pools of
P1(3,4,5)P3, presumably through IQGAPI, corroborating
our earlier results (Fig. 2, D and E).

Focusing on the plasma membrane (Fig. 2 D), we find a
high level of FRET between eGFP-PIPKIy and mCherry-
PH- PLC31 in the basal state that is not affected by EGF
signaling. We also observe FRET in cells that express both
eGFP-IQGAP1 and mCherry-PH-PLC31, confirming earlier
results (21) that indicate an interaction between IQGAP1 and
PI(4,5)P,. When the FRET and non-FRET populations are
visualized separately, this interaction seems to be localized
to plasma membrane and the nuclear regions, corroborating
the predominant cellular localization of P1(4,5)P,. This inter-
action is not affected by EGF or the PI3K antagonist,
LY294002. However, EGF stimulation enhances the interac-
tion between eGFP-IQGAP1 and mCherry-PH-Akt1, which
binds PI(3,4,5)P5, within an hour of stimulation, while treat-
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ment with LY294002 instead of EGF results in a loss of the
FRET signal (Fig. S3 B). Taken together, these results sug-
gest that PIPKIy (which produces PI(4,5)P,) remains bound
to IQGAPI as PI3K produces PI(3,4,5)P;.

PIPKIy and IQGAP1 interact in the cytosol

PIPKIy populations outside the plasma membrane have not
yet been studied in detail. We first characterized its cellular
localization by confocal imaging microscopy using fluores-
cent markers such as transferrin or LysoTracker that act as a
sensor for early endosomes and lysosomes, respectively. We
then found that cytosolic populations of IQGAP1 and PIP-
Ky colocalize with transferrin, which predominantly local-
izes in early endosomes (Fig. 3 A), but these populations
localize to a much lower extent to LysoTracker (Fig. S4
A). Quantification using Pearson’s coefficient based on these
immunofluorescence studies confirms that eGFP-IQGAP1
strongly colocalizes with dsRed-PIPKIy. While eGFP-1Q-
GAP1’s colocalization with transferrin is statistically signif-
icant when compared with the negative control (Fig. 3 B),
this interaction is significantly smaller than the interaction
of IQGAPI and PIPKIy. These data suggests that cytosolic
IQGAP1 and PIPKIy interactions are localized to early en-
dosomes as well as other cellular sites.

We used FCS to study the levels and mobility of PIPKIy
in the cytosol. We find that in the basal state eGFP-PIPKIy

Merge

FIGURE 3 PIPKI and IQGAPI1 interact in the
cytosol. (A) A representative image showing coloc-
alization between eGFP-IQGAPI1, dsRed-PIPKIy,
and transferrin that acts as a marker for early endo-
somes in HeLa cells. (B) Colocalization quantified
using Pearson’s coefficient based on immunofiuo-
rescence studies show that eGFP-IQGAP1 strongly
colocalizes with dsRed-PIPKIy significantly
higher than its colocalization with transferrin (pos-

ns itive control = 0.92 = 0.02, negative control =

| — 0.004 = 0.007). (C) Diffusion coefficients of
* eGFP-PIPKIy particles derived from FCS correla-

tion curves in cytosol-localized focal areas on cells

>4 ) both at a basal state and after EGF stimulation

(100 ng/mL) in the presence and absence of 1Q-
GAPI expression. Scrambled (nonspecific) siRNA
treatment was used for the control groups. n > 5
measured in at least two independent experiments;
*p < 0.05, **p < 0.01, #*p < 0.001, ##+*%p <
0.0001; ns, not significant. Error bars denote stan-
dard deviation. Scale bar, 10 pm. To see this figure
in color, go online.



is characterized by significantly lower diffusion coefficients
in the cytosol (Fig. 3 C), where the mobility is significantly
lower in the cytosol (0.29 um?/s) than in the plasma mem-
brane (0.77 pum?/s). Surprisingly, EGF stimulation resulted
in an increase in the diffusion coefficients of these PIPKIy
particles. Like the results with the membrane-localized
PIPKIy particles in Fig. 2 B, we see that there is no EGF-
mediated response in the absence of IQGAP1 expression,
suggesting that IQGAP1 plays a key role in mediating the
large change in PIPKIy diffusion in response to EGF stim-
ulation (Fig. 3 C; representative curves, Fig. 2 B).

IQGAP1 mediates PIPKIy colocalization with PI3K

IQGAPI has been shown to associate with PI3K subunits
(p85, p110B, and p110a) (19), which we have corroborated
in pull-down studies and immunofluorescence experiments
by quantifying a positive colocalization (Pearson’s coeffi-
cient 0.48 =+ 0.16, Fig. S4 B). A previous study showed
that PIPKIoe coimmunoprecipitated with the PI3K p110a
subunit in the presence of IQGAP1 despite a lack of direct
physical PIPKIy-PI3K binding, suggesting that IQGAP1
scaffolds these kinases together (12). Here, we test the abil-
ity of IQGAP1 to scaffold PIP3K and PIPKIy by observing
FRET between dsRed-PIPKIy with both emGFP-PI3K
p110a and eYFP-PI3K p85, indicating an association be-
tween PIPKIy and PI3K in HeLa cells (Fig. 4 A). The inter-
action between PI3K-p110a and PIPKIy is not affected by
EGF stimulation (not shown). In contrast, the interaction be-
tween the PI3K p85 subunit and PIPKIy increases upon
stimulation with EGF as demonstrated by a statistically sig-
nificant decrease in lifetime (Fig. 4 B). A heterogeneous
lifetime population is seen on the phasor plot (Fig. 4 A, cen-
ter). Lifetime imaging shows that FRET occurs at the
plasma membrane as well as some intracellular structures
(Fig. 4 A, right). Because the two kinases do not bind to
each other, we hypothesize that this interaction is due to
scaffolding mediated by IQGAP1.

We tested the idea that IQGAP simultaneously scaffolds
PIPKIy and PI3K by measuring their association in cells
treated with siRNA (IQGAP1). We find changes in interac-
tions between PIPKIy and PI3K subunits p85 and pl110a
upon EGF stimulation, unlike the control groups in these
IQGAPI1 knockdown cells (Fig. 4, B and C). Our results
show the dynamic effect of IQGAPI on PIPKI-PI3K inter-
actions where IQGAP1’s scaffolding of PIPKIy and PI3K
is essential for a robust response to EGF that involves the
generation of PI(3,4,5)P;

PI3K-p85 dimerization has been reported earlier (54), and
we wondered whether IQGAP1 could assemble multiple
PI3K-p85 subunits in an EGF-dependent manner. To this
end, we performed N&B studies (Fig. 4 E). We calculated
the percentage of pixels that correspond to a B value of
above 1.5 as a representative of oligomeric species after
background correction and calibration (40). We find that

IQGAP1 scaffolds regulate cytoskeleton

EGF stimulation promotes PI3K-p85 complex formation
only when IQGAPI1 is present. In the absence of IQGAP1
p85 dimerization occurs, but it is not sensitive to EGF stim-
ulation. Thus, IQGAP1 helps to promote EGF signals by
sequestering multiple p85 subunits.

IQGAP1 mediates EGF-induced PIPKIy
interactions with talin and Cdc42

IQGAPI1 has been found to form complexes with Cdc42,
guanine nucleotide exchange factor FGD6, the Rho
GTPase-activating protein ARHGAP10, filamin, and talin
close to focal adhesions (55). Talin-PI(4,5)P, mediates the
activation and the function of integrins (56), including the
formation of talin-integrin clusters (57). eGFP-IQGAP1
strongly binds to mCherry-talin in HeLa cells when quanti-
fied by FLIM-FRET, and this interaction is slightly
enhanced by EGF stimulation (Fig. 5 A). PIPKIy is the
only PIPKI isoform known to bind to talin (58). Using
FLIM-FRET, we see that eGFP-PIPKIy interacts with
mCherry-talin only when the cells are stimulated by EGF.
This EGF-mediated increase in FRET (decrease in donor
lifetime) is completely abrogated when IQGAP1 is knocked
down, indicating that the PIPKIy-talin interaction is scaf-
folded by IQGAP1 (Fig. 5 B).

Cdc42 is a major initiator for the formation of the leading
edge of a moving cell. Cdc42 and the other small GTPases
RhoA and Rac1 are known to stimulate PIPKIy activity and
elevate the cellular levels of PI(4,5)P, (59). However, Cdc42
is not known to physically associate with any PIPKI iso-
forms, unlike Racl and RhoA (60). Interestingly, our studies
reveal that mCherry-PIPKIy exhibits FRET with eGFP-
Cdc42 only when the cells are stimulated by EGF. However,
this EGF-mediated interaction is eliminated when IQGAP1
is knocked down using siRNA, indicating that a PIPKIy-
Cdc42 interaction is promoted by IQGAP1 when cells are
stimulated with EGF (Fig. 5 C). These results directly
show that IQGAP1 provides a physical link between phos-
phoinositides (through PIPKIy), focal adhesion formation
(through talin), and cytoskeletal reorganization (through
Cdc42) upon EGF stimulation.

PI(4,5)P, and PIPKIy have been found to play a major
role in cell migration, especially by modulating actin reor-
ganization and focal adhesion (61,62), in conjugation with
IQGAP1 (19,21,55). A proteomics screen of proteins that
were pulled down with endogenous IQGAP1 in HeLa cells
revealed that IQGAP1 binds to several proteins that are
known to be involved in these roles (Fig. S5). Interestingly,
almost all of these proteins have already been found to
interact with PI(4,5)P,, PIPKIy, or PI(3,4,5)P; (58,63,64).

DISCUSSION

Scaffold proteins play a critical role in fine-tuning cellular
signaling pathways by spatially and temporally organizing
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FIGURE 4 IQGAPI1 mediates an association be-
tween PIPKIy and PI3K. (A) A representative cell
image shows the eYFP fluorescence of HeLa cells
expressing both dsRed-PIPKIy and eYFP-PI3K
p85 (left). e YFP lifetimes for some pixels are inside
the arc due to reduced lifetime caused by FRET
(center). The distinct regions on the phasor plots
are highlighted by a green circle indicating higher
(non-FRET) lifetimes (lifetime center = 2.55 ns)
and a magenta circle indicating shortened lifetimes
(lifetime center = 2.00 ns). The pixels underlying
these circles are false colored and overlaid on
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signaling components. These proteins regulate signaling
pathways through a variety of mechanisms, including teth-
ering, localizing to a specific organelle, coordinating posi-
tive and negative feedback signals, and sequestering
various components. Understanding how scaffolds organize
proteins requires quantification of protein-protein interac-
tions, which have been historically characterized by
biochemical techniques such as Western blots using both re-
combinant proteins and whole-cell lysates, and have been
visualized using imaging techniques such as immunofluo-
rescence. While these techniques are able to suggest interac-
tions, verification of physical association, as well as their
spatial and temporal dynamics, needs to be carried out in
live cells, especially in the case of scaffold protein interac-
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in a green box (B < 1.5) or a magenta box (B > 1.5)
(left). The distribution of these highlighted pixels can
be seen overlaid (right) on a representative cell. This
EGF-stimulated cell shows localization of IQGAP1
clusters at the plasma membrane. (E) There is a sta-
tistically significant increase in the number of pixels
having higher B values (magenta pixels, B > 1.5) that
represent the oligomeric species or clusters of e YFP-
PI3K p85 after the cells are stimulated with EGF
compared with basal levels both in the presence
and absence of IQGAPI. ¢ denotes fluorescence life-
time in figure legends. Scrambled (nonspecific)
siRNA treatment was used for the control groups. n
> 5 measured in at least two independent experi-
ments. In both cases, lifetimes of the control and
IQGAP1 siRNA groups are significantly different
from e YFP-p85 alone and from emGFP-p110a. alone
(p <0.001). *p < 0.05, **p < 0.01, **¥p < 0.001,
###kp < 0.0001; ns, not significant. Error bars
denote standard deviation. Scale bars, 10 pm. To
see this figure in color, go online.

tions. Scaffold proteins are typically large and tend to com-
plex with many different proteins, making it difficult to
characterize limited and temporary protein-protein interac-
tions. Here, we use a variety of advanced imaging tech-
niques to visualize the physical interactions that occur
between these proteins in live cells.

The benefits of live-cell measurements are demonstrated
by our observations of IQGAP1-PIPKIy interactions where
we have used a combination of FLIM-FRET and FCCS to
observe these interactions at both cell-wide and local levels,
and how these change with EGF stimulation. Because of the
primary plasma membrane localization of these proteins, it
had been assumed that their interactions occur exclusively at
the plasma membrane. Using FLIM-FRET, we find that this
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FIGURE 5 IQGAPI interacts with talin and mediates PIPKIy interactions
with talin and Cdc42. (A) There is a decrease in eGFP fluorescence lifetime of
due to FRET between eGFP-IQGAP1 and mCherry-talin. The interaction be-
tween IQGAPI and talin is further enhanced by EGF stimulation (100 ng/
mL). (B) eGFP lifetime also decreases due to FRET in HeLa cells expressing
both eGFP-PIPKIy and mCherry-talin only when stimulated with EGF
(100 ng/mL). These EGF-mediated interactions are abrogated by IQGAP1
downregulation, indicating that IQGAP1 is required for PIPKIy and talin in-
teractions. (C) A similar effect is seen in HeLa cells expressing both eGFP-
Cdc42 and dsRed-PIPKIy where FRET is seen only upon EGF (100 ng/mL)
stimulation but not with IQGAP1. n > 5 measured in at least two indepen-
dent experiments. ¢ denotes fluorescence lifetime in figure legends.
Scrambled (nonspecific) siRNA treatment was used for the control groups.
#p < 0.05, #*p < 0.01, #**p < 0.001, ****p < 0.0001; ns, not significant.
Error bars denote standard deviation. To see this figure in color, go online.

is not the case. In fact, we see IQGAP1-PIPKIy complexes
in the cytosol. We observe increased membrane localization
of PIPKIY in response to EGF stimulation. Based on the re-
sults with the PI(3,4,5)P5 sensor PH-Akt1, we find that this
plasma membrane population of PIPKIy as well as IQGAP1
may be targeted to or create the pools of newly generated
P1(3,4,5)P5. FCS measurements show that this PIPKIy spe-
cies diffuses faster in response to EGF stimulation only in
the presence of IQGAPI1. These results support a model in
which IQGAP1 scaffolds PIPKIy to phosphoinositides in
response to stimuli, suggesting its potential to regulate the
phosphoinositide signaling pathway.

IQGAP1 scaffolds regulate cytoskeleton

Our data show that IQGAPI promotes association of
PI3K subunits and PIPKIy, especially after stimulation
with EGF. These kinases do not bind to each other in the
absence of IQGAPI, indicating that IQGAPI1 scaffolding
enables their proximity. These results support the hypothesis
that IQGAP1 scaffolds PIPKIy and PI3K to the incomplete
phosphorylated phosphoinositides in response to EGF stim-
ulation, hence promoting the production of PI(3,4,5)P; We
find that that the brightness values B in the IQGAP1 siRNA
groups are significantly higher than those of control unsti-
mulated cells but are significantly lower than control cells
stimulated with EGF. It is possible that the absence of higher
IQGAPI levels may allow for some homo-oligomerization
of p85 molecules due to proximity, which may account for
the higher B values when compared with control cells.
This effect could also be caused by a slight increase in
EGFR phosphorylation upon the knockdown of IQGAPI.
These results highlight the lack of a strong EGF response
in the absence of IQGAP1. This EGF response is statisti-
cally larger than the increase caused by the downregulation
of IQGAPI1, suggesting that IQGAP1 is necessary for a
robust response in response to EGF activation. The PI3K
signaling cascade further results in the activation of Akt
by PDKI1, which in turn regulates several downstream part-
ners (65). Several of these downstream components of the
PI3K/Akt pathway are also known to bind to IQGAPI
(66), including Aktl. Hence, our results support the exis-
tence of a complex assembled by IQGAP1-PIPKIy that in-
tegrates the PI3K/Akt signaling pathways at the site of
PI(3,4,5)P5 generation.

We were especially interested in the cytosolic population
of PIPKIy. Although less prevalent than the plasma-mem-
brane-based population, it nevertheless exhibits unique
characteristics. On testing a variety of organelle-specific
markers, the only one that colocalizes with PIPKIy is
transferrin, which is a marker for early endosomes. Thus,
we see that cytosolic IQGAPI and PIPKIy potentially
interact at endosomes. Interestingly, IQGAP1 is also
known to localize to Rabll-associated recycling endo-
somes to a lesser extent than early endosomes or lysosomes
(67). A recent study describes the generation of PI(3,4,5)P5
by PI3K, suggesting an endosomal localization of phos-
phoinositide kinases along the endosomal membrane and
IQGAPI scaffolding at that location (68). We also see
that cytosolic PIPKIy populations are marked by extremely
low diffusion coefficients (<0.5 pm?%/s). Like the plasma-
membrane-localized population, EGF stimulation only af-
fects diffusion in the presence of IQGAPI. It is also
possible that these cytosolic IQGAP1-PIPKIy complexes
are in phase-separated liquid-liquid domains, consistent
with the low diffusion coefficients (69).

The spatiotemporal organization of biological molecules
and reactions is essential for the working of the cell. This
spatiotemporal organization might occur through a process
called liquid-liquid phase separation (LLPS). Biomolecules
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such as proteins or nucleic acids condense into a dense
phase that coexists with a dilute phase during LLPS (70).
Phase separation into liquid droplet-like structures allows
for rapid, reversible condensation of specific proteins and
nucleic acid molecules into discrete assemblies that dynam-
ically exchange biomolecules with the surrounding cytosol.
Some environmental conditions such as temperature and pH
are able to promote LLPS, providing cells with an opportu-
nity to respond to external stimuli. A second step of LLPS
involves the diffusion of specific proteins or other molecules
into the phase without considerably contributing to the sta-
bility of the phase. This process can increase local concen-
trations of molecules by severalfold (71). LLPS eventually
results in the formation of membrane-less organelles that
include nucleoli, stress granules, P granules, and Cajal
bodies, which are involved in multiple cellular processes
including gene regulation, ribosome function, and regula-
tion of signal transduction.

The ability of proteins to undergo LLPS is influenced by
electrostatic interactions between different subdomains, the
amino acid composition, post-translational modifications
(e.g., phosphorylation and acetylation), extension of the
polypeptide chain of the protein, and/or interactions with
other proteins (72). Recent studies show that multivalent in-
teractions between scaffold proteins drive LLPS (71,73,74).
Therefore, it is very likely that IQGAP1 is involved in LLPS
through its versatile scaffolding of its many binding partners
based on cell type and stimuli (71).

Additionally, cells are known to store energy in the form
of neutral lipids packaged into micrometer-sized organelles
named lipid droplets (LDs). LDs consist of a core of tri-
glycerides and sterol esters surrounded by a phospholipid
monolayer. They emerge from the endoplasmic reticulum.
While LDs have been studied for a long time, their biogen-
esis has been poorly understood (75). Both PI(4,5)P, and
its precursor PI(4)P have been identified to be found on
LD surface. Therefore, it is likely that PIPKIs localize
to LDs. A recent study identified that LD formation is
driven by LLPS (76), and another study found that stress
granules and LDs are formed using the same signaling
pathways (77). More studies have established that dysregu-
lated LLPS (78) including accumulation of LDs (79)
and stress granules (80) are a prominent characteristic
of cancer cells. These results suggest that IQGAP1 facili-
tates PIPKIy diffusion and, in turn, its association with
cytosolic supramolecular protein complexes that might be
phase separated. We speculate that IQGAP1 may corral
PIPKIy in these domains in the absence of stimulation to
regulate the levels of PI(4,5)P,, thereby fine-tuning the
phosphoinositide signaling pathway. In the context of the
recent LLPS studies, the cytosolic IQGAP1-PIPKIy popu-
lations might be involved in connecting the protein and
nucleic acid-dominated membrane-less organelles and
lipid-rich LDs during LLPS by forming the nexus of pro-
tein-lipid interactions.
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Cdc4?2 initiates the formation of the leading edge of a
moving cell, which is a site of intense actin polymerization
and cell polarity. Cdc42 and other small GTPases, RhoA and
Racl, stimulate PIPKIy activity and elevate the cellular
level of PI(4,5)P, (59). However, unlike Racl and RhoA,
Cdc42 is not known to physically associate with any PIPKIy
isoforms (60). Therefore, the proximity between PIPKIy
and Cdc42 is probably mediated by IQGAP1 scaffolding.
Cdc42 is required for PI(4,5)P, -induced actin polymeriza-
tion (81), and Cdc42 and PI(4,5)P, together mediate actin
nucleation by activating WASP, which in turn activates actin
regulatory proteins (64). We note that several proteins
involved in actin nucleation and actin polymerization also
bind to IQGAPI1 and PI3K (Fig. S5). Using N&B experi-
ments, we also observe that IQGAP1 promotes the forma-
tion of new actin clusters in HeLa cells, especially along
the plasma membrane, in response to EGF stimulation
(Fig. S6). These results indicate that IQGAP1 promotes
directed actin polymerization by coordinating with Cdc42
and phosphoinositide signaling, thus corroborating earlier
studies that identified the role of IQGAP1-Cdc42 in cell
migration (82—-86). We also demonstrate that IQGAP1 plays
arole in mediating PIPKIy binding to the PI(4,5)P,-binding
focal adhesion protein talin. PIPKIy targets IQGAPI to the
plasma membrane and therefore to phosphoinositides (21).
PIPKIYy is the only PIPKIy isoform known to bind to talin
(58). As this PIPKIy-talin binding is regulated by phosphor-
ylation (87), it is possible that the kinases involved in this
process are also scaffolded by IQGAP1. The interaction be-
tween PIPK1 and talin has been shown to spatially modulate
PI(4,5)P, levels near focal adhesions (58).

IQGAPI forms protein complexes that regulate cytoskel-
etal dynamics in several different organisms (88). Our re-
sults indicate that IQGAP1 mediates important cell
processes by acting as an interface between PIPKIy,
PI(4,5)P,, actin, focal adhesion proteins, and Cdc42. By
corralling the PI(4,5)P, and PI(3,4,5)P; machinery to the
regulators of the cytoskeletal elements, IQGAP1 may coor-
dinate cytoskeletal rearrangements in response to EGF stim-
ulation. Spatiotemporal coordination allows protein
complexes generated by IQGAPI scaffolding to mediate
cell motility, cytoskeletal reorganization, actin polymeriza-
tion, leading-edge formation, and focal adhesions (for a
model, see Fig. 6).

While the full extent of IQGAP1’s activities in healthy
conditions remain unclear, IQGAP1 is upregulated in
several different types of cancers (89), including hepatocel-
lular cancer (90,91), prostate cancer (92), glioma (93), mel-
anoma, and breast cancer (94). In most studies, perturbing
IQGAPI levels by upregulation or downregulation has a
corresponding effect on cell migration in normal and
cancer cell lines (92-95). IQGAP1 knockout cells have
significantly lower ability to metastasize in in vivo models
(96). In the same vein, mutation and overexpression of
the EGFR family have been closely associated with many



IQGAP1 scaffolds regulate cytoskeleton

Plasma Membrane

PIPKly PISK

L10RR IQGAP1

Lipid Droplets and
»Membraneless Organelles

Early Endosomes

types of cancers, including breast cancer, lung cancer, head
and neck cancer, ovarian cancer, colorectal cancer, gastric
cancer, glioma, melanoma, and medulloblastoma. Mean-
while, dysregulation of the PI3K/Akt signaling pathway
has been linked to enhanced cell migration and motility
in various diseases such as cancer (9,10). It was also
observed that IQGAP1 promotes cell migration in an inter-
dependent manner with PIPKIy. In various cancer cells,
overexpression of either protein led to increased cell migra-
tion that was eliminated by knocking down the other protein
(21). In this context, our studies provide novel insights
into IQGAP1 scaffolding, highlighting the possibility of
IQGAPI1-EGF-phosphinositide signaling as a target for
anticancer therapy.
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SUPPLEMENTARY INFORMATION

Figure S1: Changes in lifetime do not occur for eGFP and mCherry lacking functional
domains: A) A false color image of a representative cell (left) shows untagged eGFP expressed in
HeLa cells. A phasor plot (middle) shows that eGFP has a single fluorescent lifetime indicated by
a homogenous population on the phasor arc. The pixels included in the green circle of the phasor
plot (lifetime center= 2.56 ns) are false colored green and overlaid on a grayscale image of the cell
(right), demonstrating a uniform lifetime throughout the cell. B) Average eGFP lifetime in HelLa
cells transfected with untagged eGFP, eGFP-IQGAP1, eGFP-IQGAP1 with untagged mCherry,
eGFP-PIPKIy, or eGFP-PIPKIy with untagged mCherry. n>5 measured in at least two independent
experiments, no significant differences between with and without untagged mCherry groups. Error
bars denote standard deviation. Scale bar= 10um

Figure S2: IQGAP1 strongly associates with PIPKIy: A) Distribution of each individual pixel
lifetime shifts due to FRET between eGFP-IQGAP1 and dsRed-PIPKIy (Medians 2.35 and 2.15).
This histogram analysis reaches the same conclusion as the phasor plot in Fig. 1. B) Coexpression
of dsRed-PIPKIy with eGFP-IQGAP1 significantly decreases eGFP lifetime. Treatment with EGF
(100 ng/ml) or with LY294002 (1 uM) does not significantly affect this interaction. C) eGFP-
IQGAPI1 shows evidence of FRET when co-expressed with dsRed-PIPKIy in NIH3T3 and
HepG2A cell lines, in addition to HelLa results in decreased eGFP IQGAPI1 lifetimes. n>5
measured in at least two independent experiments, * = p <0.05, **=p<0.01, ***=p<-0.001,
**#%=p<0.0001. Error bars denote standard deviation.

Figure S3: IQGAP1 associates with P1(4,5)P2 and PI(3,4,5)P3 but not PI(4P):: A) Western
blot showing the knockdown of IQGAPI in response to IQGAP1 siRNA mCherry-PH-PLCd1
(PI(4,5)P2 sensor),. B) dsRed-PIPKIy demonstrates FRET when co expressed with eGFP-IQGAP1
demonstrates FRET when co-expressed with mCherry-PH-PLC31 (P1(4,5)P2 sensor), mCherry-
PH-Akt1l and mCherry-PH-Akt2 (PI(3,4,5)P3 sensor) but not mCherry-PH-SidM (PI(4)P sensor)
in HeLa cells. Only the IQGAP1-PH-Akt1 and IQGAP1-PH-Akt2 interactions are altered by EGF.
eGFP lifetimes of all PH-PLC31 and PH-Aktl significantly different from eGFP-IQGAPI1 the
except IQGAP+PH PLCO1+EGF. eGFP lifetimes in cells expressing both eGFP-IQGAPI and
mCherry PH Akt2 are significantly different from cells that express eGFP-IQGAP1 only upon
EGF stimulation. n >5 measured in at least two independent experiments* = p <0.05, **=p<0.01,
*Ex=p<-0.001, ****=p<(0.0001.Error bars denote standard deviation.

Figure S4: IQGAP1 interacts with phosphoinostide kinases and mediates their association:
A) A representative image showing colocalization between eGFP-IQGAP1, dsRed-PIPKIy and
LysoTracker that highlights late endosomes and lysosomes in HeLa cells. B) A representative
image showing colocalization between eGFP-IQGAP1 and anti-PI3K p110a antibody tagged with
Alexa 647 secondary antibody). Scale bar= 10um.

Figure S5: IQGAP1 and PI3K bind to focal adhesion and cytoskeletal proteins: A) A graph
of several focal adhesion proteins that were co-immunoprecipitated with anti-IQGAP1 and anti-
PI3K pl110a antibodies that denotes their percent coverage which is calculated by dividing the



number of amino acids in all found peptides by the total number of amino acids in the entire protein
sequence. The proteins that are known to bind to PI(4,5)P> are highlighted. B) A graph of several
cytoskeletal proteins that were co-immunoprecipitated with anti-IQGAP1 and anti-PI3K p110a
antibodies that denotes their percent coverage which is calculated by dividing the number of amino
acids in all found peptides by the total number of amino acids in the entire protein sequence. The
proteins that are known to bind to PI(4,5)P; are highlighted.

Figure S6: IQGAP1 mediates actin clustering: A) N&B results are plotted using a Brightness
vs Intensity plot, where individual pixels of the images of HeLa cells expressing mCherry--actin
are highlighted either in a green box (B<I.5) or a magenta box (B>1.5) (left panels). The
distribution of these highlighted pixels can be seen overlaid (right panels) on a representative
unstimulated cell. B) A Brightness vs Intensity plot, where individual pixels of the images of HeLa
cells expressing mCherry-f-actin are highlighted either in a green box (B<1.5) or a magenta box
(B>1.5) (left panels). The distribution of these highlighted pixels can be seen overlaid (right
panels) on a representative cell that is stimulated by EGF (100 ng/ml) for 1 hour. C) A statistically
larger number of pixels with higher B values (magenta pixels, B>1.5) that represent oligomeric
species or clusters of mCherry-f-actin are seen after the cells are stimulated with EGF). A similar
but muted response is seen when IQGAP1 expression is downregulated using siRNA but this
increase is statistically lower than the amount of actin clusters in stimulated control cells. n>4
measured in at least two independent experiments. * = p <0.05, **=p<0.01, ***=p<-0.001,
*#x%=p<0.0001. Error bars denote standard deviation. Scale bar= 10um
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Figure S5
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