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The final stage of mitosis is cytokinesis, which results in 2 independent daughter cells. Cytokinesis has 2 phases:
membrane ingression followed by membrane abscission. IQGAP1 is a scaffold protein that interacts with proteins
implicated in mitosis, including F-actin, myosin and CaM. IQGAP1 in yeast recruits actin and myosin II filaments to the
contractile ring for membrane ingression. In contrast, we show that mammalian IQGAP1 is not required for ingression,
but coordinates nuclear pore complex (NPC) reassembly and completion of abscission. Depletion of IQGAP1 disrupts
Nup98 and mAb414 nuclear envelope localization and delays abscission timing. IQGAP1 phosphorylation increases 15-
fold upon mitotic entry at S86, S330 and T1434, with the latter site being targeted by CDK2/Cyclin A and CDK1/Cyclin A/
B in vitro. Expressing the phospho-deficient mutant IQGAP1-S330A impairs NPC reassembly in cells undergoing
abscission. Thus, mammalian IQGAP1 functions later in mitosis than its yeast counterpart to regulate nuclear pore
assembly in a S330 phosphorylation-dependent manner during the abscission phase of cytokinesis.

Introduction

Cytokinesis is the final phase of cell division that results in
the physical separation of 2 independent cells. It has 2 stages:
(i) membrane ingression, which involves the assembly and
activity of an actin and myosin II contractile ring at the divi-
sion site, and (ii) membrane abscission, which occurs at the
intracellular bridge (ICB) resulting in 2 independent cells.1 If
cytokinesis fails, aneuploidy arises, which can increase onco-
genic potential. In mammalian cells, the division plane or
cleavage site is determined by the position of the mitotic spin-
dle. Actin and myosin II filaments are assembled at the divi-
sion plane, forming the actin-myosin II contractile ring, which
is responsible for the mechanical force that ingresses the cleav-
age furrow.1 Membrane ingression continues until the actin-
myosin II contractile ring has fully ingressed and the midzone
has remodelled to a densely-packed intermediate structure
known as the midbody ring (MR) that lies at the center of the
ICB.1,2 The molecular mechanisms of abscission are starting
to be unravelled and current evidence indicates that the endo-
somal sorting complexes required for transport (ESCRT)
machinery is responsible.3-10 Specifically, ESCRT-III proteins
polymerize to form 17nm long helical filaments that spiral
from the MR toward a secondary ingression zone, (or constric-
tion zone), on one side of the midbody within the ICB.7 This
is thought to be the site of abscission, which subsequently fol-
lows this secondary ingression whereby the MR is inherited by
one of the daughter cells.7,9,11,12

Completion of nuclear pore reassessmbly is co-ordinated with
abscission timing such that the segregated chromosomes re-estab-
lish a nucleocytoplasmic boundary in the new daughter cells prior
to mitotic exit. Immediately after anaphase onset, membranes
and nucleoporins (Nups), such as Nup153 and Nup50, are
recruited to decondensing chromatin to form 2 concentric mem-
brane bilayers that contain nuclear pore complexes (NPCs) to
enclose the DNA.13 Depletion of Nup153 and Nup50 disrupts
reassembly of the nuclear pore, mislocalizes active aurora B from
the midbody to the cytoplasm and increases the number of cyto-
kinetic cells.14,15 Thus NPC reassembly is linked to the aurora
B-dependent surveilance pathway in a similar manner to when
cytokinetic cells harbor chromatin bridges that have resulted
from chromosome segregation defects.16 In both cases, i.e. chro-
matin bridges or incomplete NPC reassembly, aurora B remains
active to prevent abscission. Its dephosphorylation and subse-
quent deactivation presumably allows the abscission machinery
to facilitate abscission.6,16,17 Depletion of other NPC compo-
nents including the protein ELYS, a putative transcription factor,
or members of the Nup107/160 complex (Nup107, Seh1 and
Nup133) also results in an increase in cytokinetic cells,18,19 how-
ever it is unknown if this delayed abscission is due to incomplete
NPC reassembly and persistent aurora B activation.

The Ras GTPase-activating-like protein IQGAP1 is a key reg-
ulator of the cytoskeleton and has been associated with many
diverse cellular roles including cell adhesion, cell migration, cell
polarization and cell cycle.20,21 This is primarily due to its ability
to act at the plasma membrane where it can bundle and cap actin
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filaments and thus tether cortical actin to microtubules. IQGAP1
is an integral component of the yeast actinomyosin contractile
ring and is essential for yeast cytokinesis.22-31 In the budding
yeast S. cerevisiae, Iqg1 co-localizes with filamentous actin and
Myo1p, a myosin II homolog, at the mother-bud junction after
the initiation of anaphase.24,25 Here, it regulates formation of the
contractile ring, as its overexpression results in it premature for-
mation,24 whereas its depletion prevents accumulation of actin in
the cytokinetic ring.25 Similarly, the IQGAP1-related protein
Rng2p is a component of the contractile ring in the fission yeast
S. pombe. It is recruited by Mid1p (anillin-related protein) to the
division site, which recruits ring components.26,27 Rng2 bundles
actin filaments29 and is essential for maintaining myosin-II at the
contractile ring.30

In mammalian cells there are 3 IQGAP proteins, IQGAP1, -2
and -3 among which IQGAP1 and -3 have been linked to cytoki-
nesis. In mouse embryos treated with toxin B, which inhibits
Cdc42, the IQGAP upstream GTPase, IQGAP1 localization is
disrupted, the actin cytoskeleton is rearranged and cytokinesis is
inhibited.32 In HeLa cells, IQGAP1 localizes uniformly to the
cell cortex, whereas IQGAP3 concentrates at the equatorial cell
cortex during cytokinesis.33 Consistent with this localization,
only IQGAP3 interacts with anillin and, in a similar manner to
the mechanism in yeast, anillin is required for IQGAP3 contrac-
tile ring localization. Nevertheless, depletion of IQGAP1 and
IQGAP3 produce analogous cytokinesis failure phenotypes
whereby membrane ingression is unable to complete, resulting in
multinucleation.33 During membrane abscission, IQGAP1
locates to the midbody34,35 where it binds several midbody com-
ponents such as ALG-2 interacting protein (ALIX) and tumor
suscepbility gene-101 (TSG101)/ESCRT-I.8 Thus, IQGAP1
and -3 appear to have overlapping roles during membrane ingres-
sion. However, IQGAP3 is functionally closer to its yeast coun-
terparts, whereas IQGAP1 has additional cytokinetic roles
during abscission.

A new role for IQGAP1 at the cytoplasmic face of the nuclear
envelope has been suggested.36 Here, it co-localizes with actin
and is proposed to aid in maintaining structural architecture of
the nuclear envelope via a scaffolding function. Consistent with
this idea, the IQGAP1 partner, adenomatous polyposis coli
(APC), binds Nup153 to promote anchorage of microtubules to
the nuclear envelope.37 Perinuclear actin polymerizes at the cyto-
plasmic face of the nuclear envelope.38 This may be important
for completing nuclear envelope reformation prior to membrane
abscission.

The function of many mitotic proteins as well as mitotic pro-
gression is regulated by phosphorylation.39 Globally, a large
number of phosphorylation events are up-regulated upon mitotic
entry.40 Several large scale proteomics analyses have identified
>40 phosphorylation sites on human IQGAP1.41-43 The major-
ity have not been validated in cells nor have they been shown to
regulate IQGAP1 function. The most extensively studied phos-
phorylation sites are S1441 and S1443, both are located immedi-
ately before the RasGAP C-terminal domain (RGCt)
domain.44,45 S1443 is a PKCe substrate in vitro and the phos-
pho-mimetic S1441E/S1443D mutant enhances the ability of

IQGAP1 to promote neurite outgrowth and regulate the cyto-
skeleton of neuronal cells.45 S1443 also plays a role in regulating
conformational changes of IQGAP1.44 In yeast, there is evidence
linking IQGAP1 phosphorylation to its cytokinesis function.46,47

The presence of several consensus CDK phosphorylation sites
have been identified in C. albicans CaIqg1 and S. cerevisiae
Iqg1.25,46 CaIqg1 is phosphorylated by Cdc28 in vitro.46 Muta-
tion of 15 consensus CDK sites results in a marked reduction in
CaIqg1 phosphorylation in vivo.46 Most yeast cells fail cytokine-
sis due to defects in assembly and disassembly of the actin-myo-
sin contractile ring, thus it is believed that CDKs regulate
cytokinesis in C. albicans partly by direct phosphorylation of
CaIqg1.46 A large scale proteomics study has shown up-regula-
tion of human IQGAP1 phosphorylation on S330 and S1443
during mitosis.40 Therefore, phosphorylation of human IQGAP1
is likely to regulate its mitotic functions.

Here, we show that mammalian IQGAP1 does not play a role
in recruiting key contractile ring components for membrane
ingression, in contrast to its yeast counterpart. Instead it is associ-
ated with reassembly of the nuclear envelope during the abscis-
sion phase. IQGAP1 is mitotically phosphorylated on 3 sites:
S86, which is a novel site, as well as S330 and T1434, both were
previously identified in large-scale proteomics studies.40,48,49

Phospho-deficient mutation of S330 delayed abscission and dis-
rupted mAb414 nuclear envelope, localization reminiscent of
delayed reformation, suggesting that phosphorylation of
IQGAP1 at S330 is associated with NPC reassembly and com-
pletion of abscission.

Results

IQGAP1 depletion and overexpression induce
multinucleation

To determine if IQGAP1 is required for cytokinesis in mam-
malian cells we assessed the mitotic phenotypes of IQGAP1-
depleted HeLa cells using siRNA. Immunoblotting and immu-
nostaining revealed that at 72 h post-transfection, IQGAP1
expression was abolished by 2 independent siRNAs compared to
untransfected and luciferase siRNA-treated cells (Fig. 1A and
1B). Depletion of IQGAP1 resulted in a significant 2.fold5-
increase in multinucleated HeLa cells, indicative of mitotic fail-
ure (Fig. 1B and 1C). IQGAP1 depletion also significantly
increased the number of cytokinetic cells (Fig. 1C), suggesting
that completion of cytokinesis is delayed. As both IQGAP1 siR-
NAs generated similar cellular phenotypes, IQGAP1–1 siRNA
was used in all subsequent experiments. The effect of IQGAP1-
depletion on mitosis was not cell line specific, as a significant
increase in multinucleation was also observed inU-87MG cells
(Fig. S1A and S1B). Thus, IQGAP1 is required for successful
completion of mitosis.

To confirm the increase in multinucleation was due to lack of
IQGAP1, we asked if this phenotype could be rescued by overex-
pressing siRNA resistant wild-type GFP-tagged IQGAP1 in
IQGAP1-depleted HeLa cells. Both GFP alone and GFP-
IQGAP1 were resistant to IQGAP1 siRNA (Fig. 1D). The
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Figure 1. For figure legend, see page 2061.
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multinucleation phenotype induced by IQGAP1 siRNA was par-
tially rescued by expressing GFP-IQGAP1 (Fig. 1E), demon-
strating that the depletion of IQGAP1 is responsible for
inducing multinucleation. Multinucleation was also significantly
increased in GFP-IQGAP1 expressing cells (Fig. 1E). Therefore
IQGAP1 is associated with completion of mitosis.

Depletion of IQGAP1 delays abscission, not ingression
Live cell imaging analysis was used to determine the point of

action of IQGAP1 during mitosis. IQGAP1-depleted cells spent
a significantly longer period of time in mitosis (Fig. 2A and 2B).
To determine if IQGAP1 is associated with cytokinesis and if so
which stage, we assessed the time cells spent in (i) ingression (ana-
phase to complete membrane ingression) and (ii) abscission (for-
mation of the ICB to generation of 2 independent or
multinucleated cells). IQGAP1-depletion did not change the
timing of membrane ingression in HeLa cells (Fig. 2A and 2C),
but significantly delayed the time required for abscission (Fig. 2A
and 2D). This was observed in cells that either failed cytokinesis
resulting in multinucleation or completed successfully (Fig. 2A).
This is consistent with the increase in the number of cytokinetic
cells under these conditions. Therefore within cytokinesis
IQGAP1 is associated with completion of abscission in a timely
manner, not ingression.

IQGAP1 changes localization during mitosis
IQGAP1 localizes to membrane ruffles and leading edges dur-

ing interphase (Fig. 3A), consistent with previous reports.50

Upon mitotic entry (prophase) it is found in the cytosol and
begins to accumulate at the cell cortex. As cells progress through
mitosis (metaphase to ingression) the majority of IQGAP1 accu-
mulates at the cell cortex, as previously described.33 During telo-
phase and the ingression phase of cytokinesis, it accumulates at
the division site (Fig. 3A), analogous to its contractile ring locali-
zation in yeast.23,24,46 During abscission, IQGAP1 resumes an
interphase-like localization but also concentrates along the length
of the ICB, excluding the MR (Fig. 3A). During cytokinesis, a
small pool of IQGAP1 was also evident at the nuclear periphery.
Staining was absent in IQGAP1-depleted cells illustrating speci-
ficity of the IQGAP1 antibody and localization (Fig. S1C). Simi-
lar localization patterns were observed in glioblastoma U-87MG
cells (Fig. S1D). Thus, IQGAP1 has a diverse subcellular distri-
bution throughout mitosis suggesting that it may play several dis-
tinct mitotic roles.

Depletion of IQGAP1 does not disrupt the contractile ring
localization or ICB

To investigate the involvement of IQGAP1 in ingression we
next asked if it contributes to the recruitment and formation of
the contractile ring in an analogous manner to the yeast system.
The localization of filamentous actin was assessed using phalloi-
din-TRITC (Fig. S2A), while active myosin II was assessed with
an antibody that specifically recognizes myosin regulatory light
chain (MRLC) phosphorylated at S19 (Fig. S2B). Both proteins
were concentrated at the ingressing division site during anaphase
and telophase, as previously described,51,52 and were unaffected
by IQGAP1-depletion. Therefore IQGAP1 is not involved in
recruitment of actin and myosin II to the contractile ring or to
contractile function.

We next assessed whether IQGAP1 is involved in regulating
recruitment and localization of key ICB components: g-tubulin
(a MR component),53 aurora B (presence and dephosphorylation
at the ICB promotes abscission),16 calmodulin (CaM - protects
aurora B from being ubiquitinated),54 calcineurin (CaN -
dephosphorylates proteins such as dynamin II prior to abscis-
sion),55,56 and PRC1 (required for microtubule polarization as
well as protein recruitment to the ICB).57 Of these, CaM directly
binds IQGAP1.58,59 At cytokinesis in untreated cells, g-tubulin
and aurora B localized to the MR, while CaM, CaN and PRC1
localized to regions on either side of the MR (Fig. S2C), as previ-
ously reported.16,54,55,60 None of these localizations were affected
by IQGAP1 depletion (Fig. S2C). Thus, its role during abscis-
sion lies upstream of these targeting events and/or contributes to
alternate functional pathways.

IQGAP1 regulates the timing of NPC reassembly
Given the nuclear periphery localization of IQGAP1 during

abscission (Fig 3A)36 we next investigated a role for IQGAP1 in
NPC reassembly. Nucleoporin localization was assessed using
anti-Nup98 and anti-Nup153 antibodies and with an antibody
(mAb414) targeting NPC proteins containing the FXFG repeat
sequence, which include nucleoporins p62, p152, p90 and other
proteins.61 In interphase, Nup98, Nup153 and mAb414 deco-
rated the nuclear envelope (Fig. 4A–C). During the ingression
and abscission phases, they also localized to the nuclear envelope
(Fig. 4A–C), consistent with timing of NPC reassembly. Deple-
tion of IQGAP1 did not alter the localization of nucleoporins
during interphase and membrane ingression (Fig. 4A–C).
Nup153 nuclear envelope localization was also not affected by
IQGAP1 depletion during abscission (Fig. 4D). In contrast, a

Figure 1 (See previous page). IQGAP1 depletion causes mitotic failure in HeLa cells which is partially rescued by wildtype GFP-IQGAP1. (A) HeLa cells
were either untreated, or treated with luciferase siRNA or 2 siRNAs targeting IQGAP1. At 72 h post-transfection, protein lysates (100 mg) were immuno-
blotted with anti-IQGAP1 antibody. Actin was used as loading control. (B) HeLa cells were transfected as described in (A) then fixed 6h post-synchronisa-
tion at the G2/M boundary and immunostained for IQGAP1 (green), a-tubulin (red) and DAPI (blue). Multinucleated (open triangles) and cytokinetic cells
(solid triangles) cells are shown. Scale bars, 10 mm. (C) Graph shows the mean § SEM from three independent experiments of the percentage of multi-
nucleated cells and cytokinetic cells. n > 200 cells for each sample in each experiment. **, P < 0.01; ***, P < 0.001 (One-way ANOVA) compared to
untreated control cells. (D, E) Rescue experiment. Untreated and IQGAP1 siRNA-treated HeLa cells were transfected with GFP alone or wildtype GFP-
IQGAP1. Protein lysates (200 mg) were immunoblotted for GFP, IQGAP1 and actin (D). In parallel, cells were fixed and immunostained for a-tubulin and
scored for multinucleated cells (E). The graph shows the mean § SEM from three independent experiments. n > 150 cells per sample in each experi-
ment. **, P < 0.01; ***1, P < 0.001; ***2, P < 0.0001 (One-way ANOVA).
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Figure 2. IQGAP1 depletion delays abscission but not ingression. HeLa cells were either untreated, or treated with luciferase siRNA or siRNA targeting
IQGAP1 and visualised by time-lapse microscopy. (A) Selected frames are shown from representative time-lapse movies of the indicated cells, from ana-
phase to mitotic completion or multinucleation. (B) The graph shows the time each individual cell (which completed mitosis within the 20 h time-lapse
period) took to undergo mitosis, and specifically how long these cells took to complete the ingression (C) and abscission (D) phases of cytokinesis. The
solid red line represents the median time. Data shown was from one representative experiment where n > 100. Similar results were obtained from 2
additional independent experiments. ns, not significant; ***, P < 0.0001 (One-way ANOVA).
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significant percentage of IQGAP1-depleted cells showed dis-
rupted localization of both mAb414 (Fig. 4E) and Nup98
(Fig. 4F) during abscission. mAb414 was in punctate structures
rather than uniformly coating the nuclear envelope (Fig. 4B),
and Nup98 was largely absent from the nuclear envelope
(Fig. 4C). Therefore IQGAP1 depletion delays reassembly of the
nuclear envelope specifically during abscission.

Phosphorylation of IQGAP1 on S86, S330 and T1434
during mitosis

IQGAP1 expression levels did not grossly change throughout
the cell cycle (Fig. 5A). To determine if IQGAP1 mitotic func-
tion is regulated by phosphorylation, we performed quantitative
mass spectrometry to identify all phosphorylation sites on human
IQGAP1 that are upregulated during mitosis. Immunoblotting
and mass spectrometry identified similar amounts of IQGAP1
and its binding partners actin and myosin,62-64 in all cell cycle
phases (Fig. 5A, lower panel). Four phosphosites were phosphor-
ylated on IQGAP1 in all cell cycle stages examined: one novel
site (S86) and 3 previously described phosphorylation sites,
S330, T1434 and S1443 (Fig. S3).40,44,48,49 Quantitative
iTRAQ analysis revealed that S86, S330 and T1434 increased in
phosphorylation upon mitotic entry (prometaphase) by >15-
fold and remained elevated throughout mitosis (metaphase and
cytokinesis; Fig. 5B). Thus, IQGAP1 is mitotically phosphory-
lated within the calponin homology domain (CHD; S86),
coiled-coil region (S330) and an unspecified region immediately
before the RGCt domain (T1434; Fig. S4A).

All three phosphorylation sites conform to the consensus site
for CDK phosphorylation, with S86 and S330 conforming to
the minimal site (S/T-P) sites and T1434 conforming to the opti-
mal site (S/T-P-X-R/K) site (Fig. S3B–D). Sequence alignment
of IQGAP1 compared to human IQGAP2 and IQGAP3 and
IQGAP-related proteins from frog (X. laevis), mouse, rat, C. albi-
cans (CaIqg1), S. Cerevisiae (ScIqg1) and S. pombe (Rng2)
showed conservation of all 3 phosphosites across all animal spe-
cies, whereas S330 was also conserved in lower organisims (Fig.
S4B), highlighting it as a potential critical functional regulatory
residue.

Using an in vitro protein kinase phosphorylation assay we
show that GST-IQGAP1 was phosphorylated in vitro by CDK2/
Cyclin A, CDK1/Cyclin A and CDK1/Cyclin B complexes with
similar efficiencies once GST-IQGAP1 protein loading was taken
into account (Fig. 5C). A physiological reference CDK substrate,
retinoblastoma protein (pRb), was also phosphorylated by all

Figure 3. IQGAP1 localization during mitosis. HeLa cells were fixed and
stained for IQGAP1 (green), a-tubulin (red) and DNA (blue). Representa-
tive microscopy images showing the subcellular localization of IQGAP1
at the indicated mitotic stages. Arrows indicate nuclear periphery stain-
ing. Zoom shows the ICB region of cells in the abscission phase. Scale
bars, 10 mm.
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3 kinase complexes with
similar efficiency (Fig. S5A).
Phospho-deficient (alanine)
GST-IQGAP1 mutants of
S86, S330 and T1434 were
subjected to in vitro kinase
assays. IQGAP1 phosphoryla-
tion by all 3 kinase complexes
was not impaired by the S86A
and S330A mutations
(Fig. 5C). In contrast, muta-
tion of T1434 to alanine
almost completely abolished
IQGAP1 phosphorylation
mediated by all 3 CDK/
Cyclins (Fig. 5C), suggesting
that the optimal conforming
consensus site, T1434, is the
major in vitro IQGAP1 phos-
phorylation site by CDKs.

Phosphorylation of S330
regulates abscission timing
and reassembly of the NPC

To gain insight into the
biological significance of
IQGAP1 phosphorylation at
S86, S330 and T1434, we
sought to determine the effect
of GFP tagged phospho-defi-
cient (alanine) and phospho-
mimetic (glutamic acid)
mutants of each on cytokinesis
and NPC reassembly. Wild-
type GFP-IQGAP1 as well as
all 3 GFP-IQGAP1 phospho-
deficient mutants (S86A,
S330A and T1434A) caused a
significant increase in multinu-
cleation compared to GFP
alone (Fig. 6A). GFP-
IQGAP1 phospho-mimetic
mutants had no significant
effect (Fig. 6A). These find-
ings were confirmed in rescue
experiments whereby the
GFP-IQGAP1 phospho-
mimetic mutants (S86E,
S330E and T1434E), but not
the phospho-deficient mutants
(S86A, S330A and T1434A)
inhibited multinucleation in
IQGAP1-depleted cells
(Fig. 6B). In all experiments,
relatively equal expression of
all GFP-IQGAP1 proteins was

Figure 4. IQGAP1 is required for timely reassembly of nuclear pore complexes during cytokinesis. (A–C) Repre-
sentative microscopy images of Nup153 (A), mAb414 (B) and Nup98 (C) (red) and IQGAP1 (green) localization in
untreated and IQGAP1 siRNA-treated HeLa cells during interphase (top panel), telophase (middle panel) and cyto-
kinesis (bottom panel). DNA was stained with DAPI (blue). (D–F) The graphs show the percentage of cells with
disrupted Nup153 (D), mAb414 (E) and Nup98 (F) localization at the nuclear membrane during cytokinesis as
observed in (A–C), respectively. Values represent the mean § SEM from three independent experiments, where
n > 30 cells per sample per experiment. Scale bars represent 10 mm. **, P < 0.01; ***, P < 0.001 (One-way
ANOVA).
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confirmed (Fig. S5B). Thus, phosphorylation of IQGAP1 on
S86, S330 and T1434 is associated with successful completion of
mitosis.

We next used time-lapse microscopy to determine the time
taken by cells expressing wildtype and GFP-IQGAP1 phospho-
mutants to complete ingression and abscission. The S86 and

Figure 5. IQGAP1 is phosphorylated during mitosis. (A) IQGAP1 was immunoprecipitated from 6mg of asynchronously growing HeLa cells and from HeLa
cells synchronised at prometaphase, metaphase and cytokinesis using an anti-IQGAP1 antibody. Protein lysates (2% of the input) and immunoprecipi-
tates (6 mg) were immunoblotted for IQGAP1 and actin as well as stained with Coomassie Blue. Mass spectrometry identified IQGAP1, myosin, actin, IgG
heavy chain, and IgG light chains in the immunoprecipitates. (B) The graph (mean § SEM) represents the amount of the 4 IQGAP1 phosphorylated pep-
tides at the indicated mitotic stages relative to the amount in asynchronous HeLa cells, which was set to 1. The change in phosphorylation at S330 and
T1434 was observed in 4 independent experiments, while S86 phosphorylation was only observed in one independent experiment due to variability of
iTRAQ labeling. (C) Wildtype and phosphomutant GST-IQGAP1 were examined for their ability to be phosphorylated by purified CDK2/Cyclin A, CDK1/
Cyclin A and CDK1/Cyclin B kinases in an in vitro protein kinase assay. Phosphorylation was determined by [g¡32P] ATP labeling and revealed that
T1434, not S86 and S330, is a CDK substrate.
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Figure 6. Phosphorylation of IQGAP1 at S330 regulates abscission timing. (A, B) The indicated GFP-IQGAP1 constructs were transfected into untreated
HeLa cells (A) and IQGAP1-depleted HeLa cells. (B) The graphs show the mean § SEM from three independent experiments of the percentage of multi-
nucleated cells. n > 200 cells per sample in each experiment. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (One-way ANOVA). (C–E) HeLa cells were transfected
as described in (A) and analyzed by time-lapse microscopy. Graph shows the time each individual cell took to complete mitosis (C). Shown in
2 additional graphs is the time these cells took to complete the ingression (D) and abscission (E) phases of cytokinesis. Solid red line represents the
median time. Data points are from 3 independent experiments where n > 10 cells were analyzed per sample, per experiment. *, P < 0.05; **, P < 0.01;
***, P < 0.001 (One-way ANOVA).
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Figure 7.Mitotic phosphorylation of IQGAP1 is not required for regulation of its subcellular localization. Representativemicroscopy images illustrating the sub-
cellular localization of the indicated ectopically-expressed GFP-IQGAP1 protein at various stages throughoutmitosis are shown. Scale bars represent 10 mm.
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T1434 phospho-mutants proceeded through mitosis with normal
kinetics (Fig. 6C), including ingression (Fig. 6D) and abscission
(Fig. 6E). However, the S330 phosphomutants showed

significant phosphorylation-dependent differences. The S330A
phosphodeficient mutant delayed overall completion of mitosis
(Fig. 6C) by increasing the time spent in abscission, but not
ingression (Fig. 6D, E). The S330E phosphomimetic mutant
had no effects. Thus, IQGAP1 phosphorylation at S330 is associ-
ated with efficient progression through abscission.

To address the significance of IQGAP1 mitotic phosphoryla-
tion we assessed the mitotic localization of wildtype and phos-
phomutants of GFP-IQGAP1. Wildtype GFP-IQGAP1
accumulated in the cytoplasm of interphase cells and during
mitosis at the cell cortex, ingressing furrow, as well as along the
ICB (Fig. 7), similar to that of endogenous IQGAP1 (Fig. 3A).
Regardless of phosphorylation status, no significant mis-localiza-
tion of GFP-IQGAP1 was found during any stage of mitosis
(Fig. 7). Therefore, phosphorylation at S86, S330 and T1434
does not regulate the subcellular localization of IQGAP1.

To gain insight into how IQGAP1 phosphorylation at S330
contributes to efficient completion of abscission, we assessed the
localization of nucleoporins using mAb414. mAb414 labeled the
nuclear envelope during interphase and in punctae around newly
segregated chromosomes during telophase in cells expressing
GFP-IQGAP1-wt and -S330E (Fig. 8A). This is consistent with
normal nuclear envelope reformation. During abscission,
mAb414 staining was again relatively uniform around the nuclear
envelope, consistent with completion of nuclear envelope assem-
bly. In contrast, punctuate staining of mAb414 was still evident
at the nuclear periphery in abscission cells expression GFP-
IQGAP1-S330A (Fig. 8A and B), suggesting that this process
was not yet complete. These findings suggest that IQGAP1 phos-
phorylation at S330 is required for timely reassembly of the
nuclear envelope and successful completion of cytokinesis.

Discussion

We reveal a new role for IQGAP1 in mammalian cells during
the abscission phase, rather than the ingression phase of cytokine-
sis. IQGAP1 is not required for recruitment and activity of actin
and myosin II filaments at the contractile ring as found for its
yeast counterpart. The new role for IQGAP is at the stage of
nuclear envelope reformation, which is required for completion
of abscission.14,15 We show that the mechanism of IQGAP1
function in abscission involves its phosphorylation-regulated role
in the kinetics of nuclear envelope reassembly. This occurs via
regulation of the nuclear pore complexes that use nucleoporins

Figure 8. Phosphorylation of S330 is associated with efficient nuclear
pore complex reassembly. (A) Representative microscopy images of
HeLa cells during interphase, and the ingression and abscission phases
of cytokinesis expressing wt and the S330 phosphomutants of GFP-
IQGAP1 co-stained for mAb414 (red). DNA was stained with DAPI (blue).
Scale bars represent 10 mm. (B) Graph shows the percentage of cells
with disrupted mAb414 localization at the nuclear membrane during
abscission as observed in (A). Values represent the mean § SEM from
three independent experiments, where n > 20 cells per sample per
experiment. **, P < 0.01 (One-way ANOVA).
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Nup98 and proteins containing FXFG repeat sequences. Deple-
tion of IQGAP1 causes incomplete nuclear envelope reformaton
due to disruption of the nuclear envelope resulting from failure
to correctly assemble these nucleoporins and delays abscission
timing. Regulation of this new role is mediated by an increase in
IQGAP1 phosphorylation at S330.

Our results show that IQGAP1 functions during abscission
and is associated with completion of nuclear envelope reforma-
tion. Depletion of IQGAP1 results in additional time spent in
the abscission phase, failure to complete cytokinesis, and dis-
rupted nuclear envelope staining of Nup98 as well as proteins
containing FXFG repeat sequences during abscission. Consistent
with this idea, IQGAP1 co-localizes with actin at the cytoplasmic
face of the nuclear envelope,36 where it is suggested to aid in
maintaining the structural architecture of the nuclear envelope
via a scaffolding function.37 Our observations that nuclear enve-
lope staining of these nucleoporins was not perturbed in inter-
phase cells depleted of IQGAP1, when the nuclear envelope is
established, indicate that IQGAP1 is required for NPC reassem-
bly. Depletion of IQGAP1, however, did not abolish nuclear
envelope reformation during abscission. This may be due to
incomplete depletion of IQGAP1 by the target siRNA, despite
that the knockdown was found to be extensive. It is also possible
that IQGAP3 can at least partially rescue the IQGAP1 depletion
phenotype. More than 30 nucleoporins form NPCs65 and the
incomplete abscission block may be due to IQGAP1 targeting
only a subset of nucleoporins. For example the nuclear envelope
localization of Nup153 was not affected in IQGAP1-depleted
cells during abscission, although it is required for nuclear enve-
lope reformation and abscission.14,66 Depletion of Nup153 does
not block abscission but reduces the abscission rate,14,66 presum-
ably due to slower kinetics of NPC reassembly and accumulation
of sufficient numbers of NPCs. We propose that IQGAP1 con-
tributes to the rate of reassembly of a subset of NPCs not involv-
ing Nup153, eventually leading to abscission. Abscission is
delayed in Nup153-depleted cells due to mis-localization of
aurora B from the midbody into the cell body. Dephosphoryla-
tion of aurora B at the midbody triggers abscission and this only
occurs after complete reassembly of the NPCs.15 Depletion of
IQGAP1, however, does not disrupt aurora B midbody localiza-
tion, again suggesting that the IQGAP1 role is independent of
Nup153. One possibility is that IQGAP1-mediated disruption
of the NPCs at the nuclear envelope prevents aurora B dephos-
phorylation, resulting in abscission delay. In support of this,
IQGAP1 binds protein phosphastase-2A (PP2A),67-69 which
mediates aurora B dephosphorylation for abscission.70

The role of IQGAP1 in nuclear envelope reassembly may be
indirect. During abscission, we found that IQGAP1 accumulates
within the ICB, a location previously revealed by proteomics.34

Its localization along the ICB, but absent from the midbody
appears to contradict a previous report localizing IQGAP1 at the
MR.71 Nevertheless, ICB localization of IQGAP1 suggests
another, more direct role in abscission. In line with this idea,
despite the disruption in nucleoporin localization in IQGAP1-
depleted cells, we only weakly observed IQGAP1 at the nuclear
periphery of cells. Instead, its depletion may cause a delay in this

process due to a role at the ICB. These two processes could be
linked. IQGAP1 is a scaffold protein and may recruit and/or
tether cytokinetic components at the ICB. We show that g-tubu-
lin, aurora B, CaM, CaN and PRC1 localization within the ICB
are not dependent on IQGAP1. IQGAP1 does not localize to the
MR. Thus it is not surprising that it is not involved in their ICB
recruitment. Nevertheless, IQGAP1 can bind over 90 proteins,21

many which have roles during abscission and include compo-
nents of the actin cytoskeleton72,73 as well as those involved in
membrane trafficking such as Arf6,74 exocyst components
(Exo70, Ex84, Sec3 and Sec8),75,76 and a subunit of ESCRT-I
(TSG101).8 Future investigation into the requirement of
IQGAP1 in these processes during abscission will enable its role
at the ICB to be unravelled. One attractive hypothesis involves
the ability of IQGAP1 to bundle and cap actin filaments as well
as tether cortical actin to microtubules.20,21 Removal of cortical
actin is required for abscission to proceed.10 Therefore, it is possi-
ble that IQGAP1 maintains the structural integrity of cortical
actin within the ICB until all requirements are in place for abscis-
sion to proceed as depolymerization and clearance of cortical
actin would trigger premature abscission.

We confirmed IQGAP1 is phosphorylated in cells on S330,
T1434 and S1443 and found a novel phosphorylation site on
S86. Phosphorylation at S86, S330 and T1434 is up-regulated
>fold15- during mitosis. Of these only T1434 conforms to the
optimal concensus CDK phosphorylation site. We demonstrate
that this site is targeted in vitro by the CDK complexes, CDK2/
Cyclin A, CDK1/Cyclin A and CDK1/Cyclin B. S86 and S330
fit the minimal consensus CDK phosphorylation sites. However,
their mutation did not reduce in vitro phosphorylation of
IQGAP1 by CDK, suggesting they are targeted by alternate
mitotic proline-directed kinases, such as ERK1/2, an interacting
partner of IQGAP1.77,78 Mutation of T1434 to alanine did not
completely abolish CDK-mediated phosphorylation of IQGAP1,
indicating that CDKs can phosphorylate additional residues in
vitro. Sequence analysis reveals 3 putative minimal SP (S440,
S648, S1593) and 2 putative minimal TP (T1117, T1410) sites.
Nevertheless, T1434A resulted in >90% block in CDK-medi-
ated phosphorylation of IQGAP1 indicating that it is the major
site. IQGAP1 mitotic localization is not phosphorylation-depen-
dent at any one of the 3 mitosis-specific phosphorylation sites.
However, its mitotic roles are dependent on phosphorylation at
all 3 sites as the phospho-deficient forms induced multinuclea-
tion. S86, S330 and T1434 likely regulate protein-protein inter-
actions with the IQGAP1 calponin homology domain (CHD,
S86), coiled-coil domain (S330) and RasGAP C-terminal
domain (RGCT, T1434). S86 and T1434 phospho-deficient
mutants did not delay abscission timing, despite causing a similar
level of multinucleation to the S330A mutant. This suggests the
existence of IQGAP1 functions earlier in mitosis that the former
sites regulate, such as mitotic spindle orientation during meta-
phase.79 In this case, phosphomutant-induced multinucleation
would likely result from mis-segregation rather than cytokinesis
failure.

Phosphorylation of IQGAP1 at S330 is associated with effi-
cient nuclear envelope reformation and abscission. S330 is
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located within the coiled-coil region. Overexpression of a trun-
cated form of IQGAP1 containing the coiled-coil region and
WW domain causes multinucleation,35 presumably by acting in
a dominant negative manner. The coiled-coil region is required
for IQGAP1 dimerization as well as its interaction with Sept2
and the exocyst component Exo70.75,76 Both proteins are
required for cytokinesis,80-82 suggesting that IQGAP1 may play a
direct role in this process. Exo70 localizes to the MR and is
required for abscission where it is associated with trafficking of
Rab11 recycling endosomes to the ICB.80,81 This is one of the
final events prior to membrane abscission. Depletion of IQGAP1
causes a similar delay in abscission to depletion of Exo70 and
IQGAP1 can regulate Exo70 subcellular localization.75,76 One
possibility is that IQGAP1 acts as a scaffold for Exo70 at the ICB
and that this association is regulated by S330 phosphorylation.
Alternatively, S330 phosphorylation may regulate interactions
with proteins at the nuclear periphery, which would directly
implicate a role for IQGAP1 in nuclear envelope reassembly.
IQGAP1 has not been shown to interact directly with nucleopor-
ins but can possibly do so via APC,37 which binds Nup153.
However, Nup153 nuclear envelope localization was not affected
in IQGAP1-depleted and IQGAP1-S330A expressing cells (data
not shown). Nevertheless, it is possible that S330 phosphoryla-
tion may regulate a direct interaction between IQGAP1 and
other nucleoporins required for NPC reassembly such as Nup98
and proteins containing FXFG repeat sequences.

Overall, our study reveals a new role for IQGAP1 during
abscission, which is associated with efficient reassembly of NPCs.
This role is regulated by mitotic phosphorylation at S330,
but additional mitotic phosphosites were also detected. The find-
ings also suggest that IQGAP1 may have additional roles during
abscission that are directly involved in the abscission mechanism
at the ICB. Further investigation into how IQGAP1 mediates
the interaction between cytokinetic components will greatly con-
tribute to our understanding of the complex molecular mecha-
nisms that regulate the final phase of mitosis.

Materials and Methods

Cell culture and transfection
HeLa human cervical carcinoma cells as well as HeLa cells sta-

bly expressing mCherry-H2B and U87MG glioblastoma cells
were maintained in RPMI 1640 medium and DMEM, respec-
tively, supplemented with 10% foetal bovine serum (FBS). Cells
were grown at 37�C in a humidified 5% CO2 atmosphere.

Plasmid constructs
GST-IQGAP1 (human sequence, pGEX-2T vector; Addgene

plasmid 30107) and GFP-IQGAP1 (human sequence, EGFP-
C2 vector) plasmids were described previously.83 Phospho-defi-
cient (S864A, S330A and T1434A) and phospho-mimetic
(S864E, S330E and T1434E) mutant forms of GFP-IQGAP1,
phospho-deficient forms of GST-IQGAP1, as well as siRNA
resistant forms of all GFP-IQGAP1 constructs were generated
using the QuickChange site-directed mutagenesis kit

(Stratagene). The identity of all plasmid constructs were con-
firmed by sequencing and details of primers are available upon
request. The siRNA target sequences in the sense orientation for
the following proteins are: IQGAP1–1: 50-UGCCAUGGAU-
GAGAUUGGAdTdT-3084; IQGAP1–2: 50-CAAUAGGGAUG-
GUAGGAUUdTdT-3085; Luciferase: 50-CGUACGCGGAAU
ACUUCGAdTdT-30.

Cell transfection
Cells were transfected with Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s instructions. Cells were seeded
at 50–60% confluence (1.5 £ 105 cells per 10 cm dish, 3 £ 104

cells per well of a 6-well plate). For siRNA analyses, cells were
transfected with 500 pmol of siRNA (per 10 cm dish for immu-
noblotting) or 100 pmol of siRNA (per well of a 6-well plate for
immunofluorescence and time-lapse microscopy experiments).

Alternatively, cells were transfected by electroporation using
the NeonTM Transfection System (Invitrogen) according to the
manufacturer’s instructions. Cells were seeded at 50–60% con-
fluence (1 £ 105 cells per 10 cm dish, 5 £ 104 cells per well of a
6-well plate). For DNA transfections, 0.2 and 1 mg of the indi-
cated plasmid DNA was used per well and dish, respectively. For
siRNA transfections, 1 pmol of siRNA was added to every 1 £
105 cells.

For rescue experiments, HeLa cells were co-transfected with
IQGAP1 siRNA and the relevant siRNA resistant GFP-IQGAP1
plasmid using the NeonTM Transfection System.

Cell synchronization
HeLa cells grown on glass coverslips were synchronized at the

G2/M border by treatment with the selective Cdk1 small mole-
cule inhibitor RO-3306 (9 mM) for at least 18 h. Cells were
allowed to progress through mitosis upon RO-3306 wash out.
Following RO-3306 wash out, cells were incubated at 37�C/5%
CO2 for 60 min (metaphase), 105 min (anaphase), 150 min
(cytokinesis) or 6 h (multinucleation scoring) as previously
reported.55,86,87 Where indicated, cells were synchronised in
mitosis by treatment with 0.5 mg/ml of nocodazole (Sigma-
Aldrich) for 16 h.88 Mitotic arrested cells were collected by
“mitotic shake-off” followed by immunoblotting. Where indi-
cated, cells were allowed to progress through mitosis following
collection by “mitotic shake-off” and further incubation at 37�C/
5% CO2 for 50 min (metaphase) and 135 min (cytokinesis) fol-
lowed by immunoblotting.

Immunofluorescence microscopy
Cells were fixed in ice-cold 100% methanol for 3 min at

¡20�C and blocked in 3% bovine serum albumin (BSA)/PBS
for 45 min prior to incubation with the required primary
antibody. Antibodies used for immunofluorescence microscopy
analysis included: anti-IQGAP1 (H-109, Santa Cruz), anti-
a-tubulin (T9026, Sigma-Aldrich Inc.), anti-nucleoporins
(mAb414, Covance, Inc..), anti-Nup98 (C-5, Santa Cruz) and
anti-Aurora B (611082, BD Transduction Laboratories). Fluo-
rescein- or Texas Red dye-conjugated AffiniPure secondary anti-
bodies (Jackson ImmunoResearch Laboratories, Inc..) were then
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applied. Cell nuclei were counterstained with DAPI (40, 60-dia-
midino-2-phenylindole; Sigma). Cells were washed 3 times with
PBS between each step except for after blocking and viewed and
scored with a fluorescence microscope (Olympus IX80).

Time-lapse microscopy
Immediately following release into the cell cycle, G2/M syn-

chronized cells were viewed with an Olympus IX81 inverted
microscope and a time-lapse series was acquired using a fully
motorized stage, 20£ immersion lenses, and MetaMorph� Soft-
ware (Version 7.7, Molecular Devices, LLC, Sunnyvale, CA)
using the time-lapse modules.55,86 Temperature control was
achieved using the Incubator XL, providing a humidified atmo-
sphere with 5% CO2. Serial images were acquired every 10 min
for 20 h and the time-lapse series was analyzed frame-by-frame
using the MetaMorph� Software to follow the mitotic progres-
sion of individual cells.

For live cell imaging of fluorescently-labeled transfected cells,
the Yokogawa CellVoyagerTM CV1000 spinning-disk confocal
microscope (Olympus Australia Pty. Ltd., VIC) was used due to
its high speed confocal imaging capability. Again, cells were
placed in 37�C temperature controlled humidified atmosphere
with 5% CO2 and immediatedly viewed following release from
G2/M synchronisation. A time-lapse series was acquired using
the CV1000 Software (Version 1.05, Yokogawa Electric Corp.,
Musashino-shi, TYO) with the following channels: Brightfield,
488 nm laser setting (for GFP) and 561 nm laser setting (for
mRFP). Serial images were acquired every 5 min for 10 h by
imaging 11 Z-sections through the cells with 1.5 mm thick sec-
tion each. At each time point a maximum projection image was
generated. The time-lapse series was analyzed frame-by-frame
using the CV1000 Software to follow mitotic progression of indi-
vidual cells.

Image acquisition and analysis
The subcellular localization of each protein was determined by

acquiring a Z-stack of fluorescent images using an Olympus IX81
inverted microscope and 40£ dry or 100£ oil immersion lenses
containing 31 Z-sections with 0.2 mm thick section each (total
thickness of Z-stack D 6 mm). Images were deconvolved using
the AutoQuant X (Version X2.2.0, media Cybernetics, Inc..,
MD) and a maximum projection image was obtained.

Immunoblotting
HeLa cell lysates were prepared as described previously.89 In

brief, cells were collected by centrifugation, washed with PBS,
then resuspended in ice-cold lysis buffer for sonication [20 mM
Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
0.1 mM PMSF, 1% Triton X-100, 1 mg/mL Leupeptin, and
EDTA-free Complete protease inhibitor cocktail (Roche)] fol-
lowed by incubation on ice for 30 min. The supernatant was col-
lected following centrifugation at 13,000 rpm for 30 min at
4�C. Cell lysates were fractionated by SDS-PAGE for immuno-
blot analysis with the following antibodies: anti-IQGAP1 (33–
8900, Zymed Laboratories), anti-b-actin (AC-15, A3854,
Sigma-Aldrich), and anti-GFP (11814460001, Roche). Antibody

bound to the indicated protein was detected by incubation with a
horseradish peroxidase-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories, Inc..). Blotted proteins were
visualized using the SuperSignal� West Pico Chemiluminescent
Substrate (Thermo Scientific) or SuperSignal� West Dura
Extended Duration Substrate (Thermo Scientific).

Immunoprecipitation of IQGAP1
IQGAP1 was immunoprecipitated from HeLa cell lysate

(6 mg) using 6 mg of anti-IQGAP1 antibody (Santa Cruz) con-
jugated to Protein-G agarose beads (Roche). Beads were washed
with ice-cold lysis buffer. Bound proteins were eluted in SDS
sample buffer and resolved on a 7.5–15% acrylamide gradient
SDS gel. The gel was stained with colloidal Coomassie G-250
for mass spectrometry analyses or processed for immunoblotting.

Tryptic digestion, iTRAQ labeling and phosphopeptide
enrichment

IQGAP1 phosphopeptide enrichment and analysis were per-
formed as previously described.56,90 IQGAP1 gel bands, each
containing immunopurified protein, were excised from colloidal
Coommassie Blue-stained SDS gels. The bands were destained in
3 washes of 50 mM ammonium bicarbonate in a 50% (v/v) ace-
tonitrile solution for 15 min at 37�C. Destained bands were
then dehydrated with 100% acetonitrile solution for 15 min.
IQGAP1 bands were digested for 16 h at 37�C in 50 mM tetrae-
thylammonium bromide (TEAB) containing 15 ng/ml trypsin
for 10 min. Tryptic peptides were extracted using 50% (v/v) ace-
tonitrile aqueous solution with 0.5% (v/v) formic acid in a water
bath with sonication for 30 min. Supernatant was dried down
and collected using the Speed-Vac centrifugal evaporator. Pepti-
des were resuspended in 3 ml of 500 mM TEAB and each of the
4 IQGAP1 samples were labeled at room temperature for 1 h
with different iTRAQ� reagent (114, 115, 116 and 117) in a
3:7 ml ratio (v/v) using iTRAQ� Reagents Multiplex Kit (AB
Sciex) according to the manufacturer’s instructions. ddH2O
(100 ml) was added to each sample to stop the reaction. Samples
were combined and dried down using the Speed-Vac centrifugal
evaporator. Phosphopeptides were enriched using titanium diox-
ide (TiO2) as previously described.

91 Briefly, the iTRAQ labeled
peptides were added to 30 ml of loading solution (5% (v/v) for-
mic acid in 80% acetonitrile aqueous solution) and loaded onto
a GELoader microcolumn tip (Eppendorf) packed with TiO2

that was washed 3 times with loading solution. The flow-through
was kept for identification of non-phosphorylated peptides.
Phosphopeptides were eluted with 28% ammonium hydroxide
solution, immediately dried and then resuspended in 0.5 % for-
mic acid followed by an Oligo R3 Stage tip clean-up.91 Finally,
samples were dried in a Speed-Vac centrifugal evaporator, resus-
pended in 0.5% formic acid and analyzed by nano-liquid chro-
matography tandem mass spectrometry (nano-LC-MS/MS).

Nano-liquid chromatography mass spectrometry
(nano-LC-MS/MS)

An aliquot of the phosphopeptide-enriched IQGAP1 peptides
was injected into a nano-HPLC system (Eksigent NanoLC-ultra
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2Dplus HPLC system) and the eluates were analyzed by a
TripleTOF� 5600 System (AB Sciex). Spectra were recorded
using information-dependent data acquisition. Spectra were
identified by searching against UniProt (Homo sapiens)
(293,280 sequences) using ProteinPilotTM 4.5. The database
search was performed with Cys-CAM and 4-plex iTRAQ
reagents (N-term, K) as fixed modifications and deamidation (N/
Q), oxidation (M), phosphorylation (S/T/Y), and iTRAQ (Y) as
variable modifications. Quantitation using iTRAQ reporter ions
was performed by ProteinPilotTM and exported as a spreadsheet
for further processing. Peptides were sequenced from the TiO2-
enriched phosphopeptide samples. Each spectrum was validated
manually to ensure they had sufficient y- and b-ions for both
identification and assignment of the phosphorylation site.

In vitro protein phosphorylation
GST-IQGAP1 proteins were expressed in Escherichia coli and

purified using glutathione (GSH)-sepharose beads (GE Bioscien-
ces). Purified GST-IQGAP1 proteins were then used as in vitro
substrates for purified recombinant CDK1/Cyclin B, CDK1/
Cyclin A, and CDK2/Cyclin A, as described previously.92,93

Where indicated, purified recombinant GST-pRB773–928 was
used as a control substrate for CDK/Cyclin to ensure equivalent
amounts of kinase activity were added.
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