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Ubiquitination of the scaffold protein IQGAP1 diminishes its
interaction with and activation of the Rho GTPase CDC42
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IQ motif-containing GTPase-activating protein 1 (IQGAP1) is a
scaffold protein that interacts with numerous binding partners
and thereby regulates fundamental biological processes. The
functions of IQGAP1 are modulated by several mechanisms,
including protein binding, self-association, subcellular localiza-
tion, and phosphorylation. Proteome-wide screens have indi-
cated that IQGAP1 is ubiquitinated, but the possible effects of
this post-translational modification on its function are un-
known. Here we characterized and evaluated the function of
IQGAP1 ubiquitination. Using MS-based analysis in HEK293
cells, we identified six lysine residues (Lys-556, -1155, -1230,
-1465, -1475, and -1528) as ubiquitination sites in IQGAP1. To
elucidate the biological consequences of IQGAP1 ubiquitina-
tion, we converted each of these lysines to arginine and found
that replacing two of these residues, Lys-1155 and Lys-1230, in
the GAP-related domain of IQGAP1 (termed IQGAP1 GRD-
2K) reduces its ubiquitination. Moreover, IQGAP1 GRD-2K
bound a significantly greater proportion of the two Rho
GTPases cell division cycle 42 (CDC42) and Rac family small
GTPase 1 (RAC1) than did WT IQGAP1. Consistent with this
observation, reconstitution of IQGAP1-null cells with IQGAP1
GRD-2K significantly increased the amount of active CDC42
and enhanced cell migration significantly more than WT
IQGAP1. Our results reveal that ubiquitination of the CDC42
regulator IQGAP1 alters its ability to bind to and activate this
GTPase, leading to physiological effects. Collectively, these
findings expand our view of the role of ubiquitination in cell
signaling and provide additional insight into CDC42 regulation.

The IQ motif-containing GTPase-activating protein (IQGAP)>
family of scaffold proteins has three members, termed IQGAP1,
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IQGAP2, and IQGAP3 (1). IQGAPs contain several domains
that mediate protein-protein interactions. These domains
include a calponin homology domain (CHD), a region contain-
ing two tryptophans (WW), four IQ motifs (IQ), a Ras GTPase-
activating protein-related domain (GRD), and a RasGAP C ter-
minus (RGCT) (2). The multidomain composition of IQGAPs
mediates the formation of protein complexes required for cel-
lular processes (1). By scaffolding multiple proteins, IQGAP1,
the most well-characterized member of the IQGAP family,
integrates signaling pathways and coordinates cellular activities
including cell migration (3), cell proliferation (4), intracellular
signaling (5), vesicle trafficking (6), and cytoskeletal dynamics
2,7).

The Rho GTPases cell division cycle 42 (CDC42) and Rac
family small GTPase 1 (RAC1) are among the best character-
ized IQGAP1-binding partners (8). These GTPases cycle
between a GTP-bound active state and a GDP-bound inactive
state (9). Guanine nucleotide exchange factors (GEFs) pro-
mote the exchange of GDP for GTP, whereas GAPs enhance the
intrinsic GTPase activity of the small G proteins, promoting
hydrolysis of the bound GTP. The activities of these GEFs and
GAPs are regulated by signaling pathways, including pathways
initiated by ligand binding to cell-surface receptors (10). For
example, platelet-derived growth factor and epidermal growth
factor (EGF) promote GEF activity and therefore GTPase acti-
vation (11-13). Active CDC42 and RAC1 modulate actin fila-
ment reorganization, which contributes to numerous biological
processes such as cell polarity, cell adhesion, the formation of
lamellipodia and filopodia, and cell migration (14, 15).

Although similar in sequence to the catalytic domain of Ras-
GAPs, the GRD of IQGAP1 does not have GAP activity (16).
Instead, the GRD of IQGAP1 binds to GTP-bound CDC42 and
RAC1, and inhibits their intrinsic GTPase activity (17, 18). As a
consequence, IQGAP1 stabilizes CDC42 and RACI in their
active forms and induces reorganization of the actin cytoskele-
ton (8, 19). Consistent with these observations, overexpression
of IQGAP1 increases the amounts of active CDC42 and RAC1
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Figure 1. Ubiquitination of IQGAP1. A, HEK293 cells were transfected with (+) or without (—) Myc-IQGAP1 and/or His-ubiquitin (Ub). Where indicated, cells
were incubated with MG132 (+) or DMSO (—) (vehicle) for 4 h. Equal amounts of protein lysate were loaded directly onto gels orimmunoprecipitated (/P) with
anti-Myc beads. Proteins were analyzed by SDS-PAGE and immunoblotting (/B) using anti-ubiquitin and anti-IQGAP1 antibodies. B, HEK293 cells were trans-
fected with (+) or without (=) His-ubiquitin and incubated with MG132 (+) or DMSO (—). His-ubiquitin was pulled-down (PD) by incubating equal amounts of
protein lysate with TALON beads. Lysates and complexes were resolved by Western blotting. The PVDF membranes were probed with anti-ubiquitin and
anti-IQGAP1 antibodies. All data are representative of at least three independent experiments.

in cells, promoting cell motility (3). Moreover, CDC42 and
RACI1 participate in [QGAP1-stimulated proliferation and aug-
mentation of tumorigenesis of human breast epithelial cells
(20). In addition, through its interaction with CDC42, IQGAP1
regulates invasion of Salmonella (21). Thus, the association of
IQGAP1 with CDC42 and RACI has biological relevance.

Post-translational modifications increase the functional
diversity of the proteome by the covalent addition of functional
groups to proteins. Reported modifications on IQGAP1 include
phosphorylation (22), acetylation (23), ISG (interferon-stimu-
lated gene 15)-ylation (24, 25), SUMOylation (26), and ubiquiti-
nation (27-30). Many of the studies that have identified these
post-translational modifications, used high throughput MS
methods to identify proteome-wide modifications, with little
subsequent functional analysis.

Ubiquitination results from enzymatic linkage of the poly-
peptide ubiquitin to a lysine residue on target proteins. Follow-
ing monoubiquitination, ubiquitin can itself be modified on any
of its seven lysine residues or at its N terminus, leading to for-
mation of polymeric ubiquitin chains (31). The role of ubiquiti-
nation has been extensively studied in the ubiquitin protea-
some system where substrate-linked ubiquitin provides a signal
for proteasomal degradation of target proteins (32). In addition,
ubiquitination regulates nonproteolytic processes, including
protein activity, localization, and interaction with other pro-
teins (33, 34). Ubiquitinated IQGAP1 peptides have been iden-
tified in large-scale MS analyses of several cellular proteomes
(27-30). However, the sites found globally in these studies often
reflect ubiquitination of newly synthetized proteins that are
misfolded and therefore targeted for immediate degradation
(27). We are not aware of any studies where a detailed charac-
terization of IQGAP1 ubiquitination was carried out or where
the functional consequences of IQGAPI1 ubiquitination was
determined.

In this study, we investigated ubiquitination of IQGAP1 and
its functional consequences. Using biochemical and MS analy-
sis we demonstrate that IQGAP1 is ubiquitinated in HEK293
cells and identify the ubiquitination sites. Replacement of ubiq-
uitinated lysine residues with arginine reduces ubiquitination
of IQGAP1 in cells. In addition, mutation of the ubiquitinated

SASBMB

lysines in the GRD increases the interaction of IQGAP1 with
CDC42 and RAC1, and increases the amount of active CDC42
in cells.

Results
IQGAP1 is ubiquitinated in cells

Ubiquitination of IQGAP1 was assessed in HEK293 cells.
Cells were transfected with Myc-IQGAP1 and/or His-ubiqui-
tin. Proteins were resolved by SDS-PAGE and the amount of
ubiquitination was determined by Western blotting with anti-
ubiquitin antibodies. Incubation with the proteasome inhibitor
MG132 increases ubiquitination of numerous cellular proteins
(Fig. 1A, upper left panel). Probing lysates with anti-IQGAP1
antibodies revealed a single IQGAP1 band in lysates from cells
transfected with Myc-IQGAP1 alone. In contrast, multiple
higher molecular weight bands were observed in lysates of cells
that express both Myc-IQGAP1 and His-ubiquitin (Fig. 14,
lower left panel). The multiple bands are likely due to multiple
ubiquitination sites and/or polyubiquitination of IQGAPI,
which is enhanced by the expression of His-ubiquitin. Immu-
noprecipitation of Myc-IQGAP1 and Western blotting with
anti-ubiquitin antibodies confirmed that IQGAP1 is ubiquiti-
nated in cells transfected with ubiquitin (Fig. 1A, upper right
panel, compare second and fourth lanes). MG132 increased
ubiquitination of samples where IQGAP1 was immunoprecipi-
tated from cells expressing His-ubiquitin (Fig. 1A, upper right
panel).

In a second approach, IQGAP1 ubiquitination was studied
using a pulldown assay. His-ubiquitin, expressed in HEK293
cells, was isolated with TALON beads. Enhanced ubiquitina-
tion of multiple proteins was observed in both the lysates and
pulldowns when cells were incubated with MG132 (Fig. 1B).
Western blots revealed that endogenous IQGAP1 was pulled
down with His-ubiquitin. Moreover, additional bands that
migrated above the main IQGAP1 band were observed in the
pulldowns probed with anti-IQGAP1 antibody (Fig. 1B, upper
panel, fifth and sixth lanes). Taken together, the data strongly
suggest that IQGAP1 is ubiquitinated.
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Figure 2. Identification of ubiquitination sites on IQGAP1. A, HEK293 cells were transfected with (+) or without (—) His-ubiquitin (Ub) and incubated with
MG132 (+) or DMSO (—). Lysates were IP with anti-IQGAP1 polyclonal antibodies and resolved by SDS-PAGE. Three gel sections corresponding to IQGAP1 and

the regions above IQGAP1 (1-3; red rectangles) were excised, digested with trypsin, and analyzed by LC-MS/MS as described under “Experimental procedures.

"

A portion of the immunoprecipitated lysate was analyzed by Western blotting and probed with anti-IQGAP1 and anti-ubiquitin antibodies. Aliquots of lysate
not subjected toimmunoprecipitation were processed in parallel (lysate). B, LC-MS/MS analysis of the in-gel tryptic digested samples allowed the identification
of ubiquitinated lysine residues. A representative MS/MS spectrum of a ubiquitinated peptide is shown for peptide IQGAP1 1517-1532 containing ubiquiti-
nated Lys-1528. C, schematic representation of IQGAP1 showing the six ubiquitination sites identified by LC-MS/MS and the tryptic peptides in which each is

located. CC, coiled-coil; WW, tryptophan-containing domain; /Q, IQ domain.

Identification of IQGAP1 ubiquitination sites

We used MS to confirm that IQGAP1 is ubiquitinated and to
identify the specific sites of ubiquitin conjugation. Samples
were prepared from HEK293 cells, transfected with or without
His-ubiquitin, and incubated with or without MG132. Endog-
enous IQGAP1 was immunopurified and a portion of the sam-
ples resolved by Western blotting using anti-IQGAP1 and anti-
ubiquitin antibodies (Fig. 2A, middle and bottom panels). The
remainder of each sample was resolved by SDS-PAGE and
proteins were stained with Colloidal Coomassie. Three gel sec-
tions were excised, digested with trypsin, and analyzed by LC-
MS/MS sequencing. One region (section 3) corresponds to
IQGAP1 itself, whereas the other two (sections 1 and 2) are
higher molecular weight regions (Fig. 24) that would be
expected to contain ubiquitinated IQGAP1. Peptides contain-
ing six specific lysine residues were identified as sites of ubiq-
uitination, namely Lys-556, Lys-1155, Lys-1230, Lys-1465, Lys-
1475 and Lys-1528. A representative MS/MS spectrum of the
ubiquitinated IQGAP1 peptide 1517-1532, containing ubigq-
uitinated Lys-1528 is shown in Fig. 2B. Spectra of peptides con-
taining all six identified ubiquitinated lysines are shown in Fig.
S1. All six ubiquitinated peptides were identified in both gel
sections 1 and 2 (Fig. 24), but they were 2—9 —fold less abundant
in the highest molecular weight region (section I). In sections 1
and 2 of the gel, we also identified tryptic peptides correspond-
ing to polyubiquitin chains on Lys-29 and Lys-48 of ubiquitin.
Here again, these peptides were less abundant in section 1
than in section 2. We were unable to determine the type of
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ubiquitination (mono- or polyubiquitination) at each reported
IQGAP1 site as this information was lost following tryptic
digestion. Taken together, these data suggest that, under our
assay conditions, ubiquitin does not form lengthy polyubiquitin
chains on IQGAPI.

Lys-556 is located in the coiled-coil region, Lys-1155 and Lys-
1230 are in the GRD, and Lys-1465, Lys-1475, and Lys-1528 are in
the RGCT (Fig. 2C). Each of these sites has been previously iden-
tified in more than five high-throughput proteomic experiments,
where ubiquitinated peptides have been enriched from whole cell
lysates (35). Moreover, three of the sites, namely Lys-1230, Lys-
1465, and Lys-1528, have also been reported as sites of lysine acety-
lation (35). Because these modifications (ubiquitination and
acetylation) are mutually exclusive and can have functional conse-
quences, we searched for acetylation on all six lysines residues, but
found no evidence for it.

The ubiquitinated peptides detected with or without MG132
were identical. This observation raises the possibility that ubiq-
uitination of the sites we identified may not be regulated by the
proteasome pathway. In accordance with this hypothesis, the
amount of endogenous IQGAP1 proteins in cells incubated
with MG132 is essentially identical to that in cells incubated
with vehicle (Fig. S2).

Mutation of selected lysine residues reduces ubiquitination of
IQGAP1

To elucidate the effect of IQGAP1 ubiquitination on its func-
tion, we developed constructs in which the ubiquitinated lysine
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Figure 3. Mutation of selected lysine residues of IQGAP1 reduces its ubiquitination. A, schematic representation of IQGAP1 mutant constructs. Individual
lysine residues are replaced with arginine for each construct: CC-1K (Lys-556 is replaced with Arg), GRD-2K (K1155R; K1230R), RGCT-3K (K1465R; K1475R;
K1528R), and 6K (K556R; K1155R; K1230R; K1465R; K1475R; K1528R). All plasmids contain a Myc-tag. B, equal amounts of protein lysate from HEK293 control
(+/+) and IQGAP1-knockdown (—/—) cells generated with the CRISPR/Cas9 system were resolved by Western blotting. PVDF membranes were probed with
anti-IQGAP1 and anti-actin (loading control) antibodies. A representative blot is shown. C, WT Myc-IQGAP1 was expressed in IQGAP1-knockdown HEK293 cells
(—/—). Equal amounts of protein lysate from control (+/+) and knockdown cells were resolved by Western blotting using anti-IQGAP1, anti-Myc, and
anti-actin antibodies. A representative blot is shown. D, IQGAP1-knockdown HEK293 cells were transfected with vector (V), WT IQGAP1 or the indicated
IQGAP1 mutant constructs. Samples were IP using anti-Myc beads. Lysates and immunopurified proteins were resolved by Western blotting. Mem-
branes were probed with anti-IQGAP1 and anti-ubiquitin antibodies. Data are representative of at least four independent experiments. E, the ubiquitin

bands were quantified with Image Studio 2.0 and corrected for the amount of immunoprecipitated IQGAP1 in the corresponding sample. Data are
expressed as mean = S.D. (n = 5to 6), with cells transfected with WT IQGAP1 set as 1. Each mutant protein was compared with WT IQGAP1 using Welch’s

ttest. *, p < 0.05.

residues identified in our MS analysis were replaced with argi-
nine. Four Myc-tagged point mutant IQGAP1 constructs were
generated, namely IQGAP1 CC-1K (K556R), IQGAP1 GRD-2K
(K1155R and K1230R), IQGAP1 RGCT-3K (K1465R, K1475R,
and K1528R), and IQGAP1-6K (K556R, K1155R, K1230R,
K1465R, K1475R, and K1528R) (Fig. 34). To avoid interference
from endogenous IQGAPI1, we expressed the IQGAP1 con-
structs in HEK293 cells that have stable IQGAP1-knockdown
(Fig. 3B). The amount of Myc-IQGAP1 expressed in knock-
down HEK293 cells was similar to that of endogenous IQGAP1
in control cells (Fig. 3C). In addition, similar amounts of each
IQGAP1 constructs are expressed in the reconstituted cells
(Fig. 3D). The extent of IQGAP1 ubiquitination was deter-
mined by quantifying ubiquitin bands and correcting for the
total amount of immunopurified IQGAP1 in the same sam-
ple. Both WT IQGAPI1 and all the lysine mutant proteins
exhibited some ubiquitination (Fig. 3, D and E). The extent of
ubiquitination of IQGAP1 GRD-2K, IQGAP1 RGCT-3K,
and IQGAP1-6K was significantly (~40-50%) lower than
that of WT IQGAP1. Mutation of Lys-556 (IQGAP1 CC-1K)
did not significantly reduce the extent of ubiquitination
(Fig. 3, D and E). These data reveal that mutation of the
identified ubiquitination sites within the GRD or the RGCT
domain leads to a decrease in the overall ubiquitination of
IQGAP1.

SASBMB

Reducing IQGAP1 ubiquitination enhances its interactions
with CDC42 and RAC1

The GRD of IQGAP1 binds to the Rho GTPases CDC42 and
RAC1 (17, 36, 37). Because two ubiquitination sites are located
in the GRD (Fig. 2), we evaluated the impact of IQGAP1 ubigq-
uitination on its interaction with CDC42 and RAC1. HEK293
cells lacking IQGAP1 were transfected with WT or mutant
IQGAP1 constructs. Lysates were incubated with purified
GST-CDC42(Q61L) (constitutively active form), and com-
plexes were detected by Western blotting. As expected, trans-
fected WT IQGAP1 binds CDC42 (Fig. 4A). Binding of
IQGAP1 to GST alone is minimal, verifying the specificity of
the interaction with CDC42. The three lysine mutations in the
RGCT did not significantly impact the binding of IQGAP1 to
CDC42 (Fig. 4, A and B). Binding of IQGAP1 GRD-2K to
CDC42 was significantly enhanced; quantification revealed a
1.6-fold increase over WT IQGAP1. IQGAP1- 6K, which con-
tains the same mutations in the GRD as IQGAP1 GRD-2K, also
had 1.6-fold more binding than WT IQGAP1 to CDC42 (Fig. 4,
A and B). By contrast, mutation of Lys-556 in the coil-coiled
region (CC-1K) decreased the interaction between IQGAP1
and CDC42 by 35%.

Similar experiments were performed using GST-tagged
RACI1(Q61L) (constitutively active form). Analogous to the
observations with CDC42, binding of IQGAP1 GRD-2K and

J. Biol. Chem. (2020) 295(15) 4822-4835 4825
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Figure 4. Mutation of ubiquitination sites in the GRD of IQGAP1 enhances its binding to CDC42 and RAC1. A, IQGAP1-knockdown HEK293 cells were
transfected with WT IQGAP1 or the indicated mutant IQGAP1 proteins and incubated with MG132. GST-CDC42(Q61L) or GST alone was incubated with equal
amounts of protein from cell lysates. Complexes were isolated with GSH-Sepharose. Lysates and pulled down (PD) proteins were analyzed by Western blotting
using anti-Myc and/or anti-GST antibodies. B, Myc-IQGAP1 in GST pulldowns was quantified with Image Studio 2.0 (LI-COR) and corrected for the amount of
GST-CDC42 in the same sample. Data are expressed as mean = S.D. (n = 5), with cells transfected with WT IQGAP1 set as 1. Each mutant protein was compared
with WT IQGAP1 using Welch's t test. *, p < 0.05. G, RAC1 pulldown was performed as described above for CDC42, except GST-RAC1(Q61L) was used. D,
Myc-IQGAP1 was quantified as described for panel B, except data were corrected for the amount of GST-RAC1 in the same sample. Data were analyzed as

described for panel B (n = 3, except for IQGAP1-6K with n = 2). *, p < 0.05.

IQGAP1-6K to RACI was 3.3- and 2.7-fold, respectively,
greater than that of WT IQGAP1 (Fig. 4, C and D), although
these differences did not reach statistical significance. IQGAP1
CC-1K exhibited reduced RAC1 binding. Unexpectedly, lysine
mutation within the RGCT region decreased by 29% the bind-
ing of IQGAP1 to RACI. Collectively, these data strongly sug-
gest that ubiquitination of the GRD of IQGAP1 modulates its
interaction with CDC42 and RACI.

Mutation of ubiquitination sites within the IQGAP1 GRD
enhances activation of CDC42

Previous publications from both our laboratory (18, 38) and
other investigators (39) documented that IQGAP1 maintains
CDC42 in its active (GTP-bound) state by inhibiting its intrin-
sic GTPase activity. Moreover, expression of an IQGAP1 con-
struct with deletion of the GRD reduces the amount of active
CDC42 in cells (18). To evaluate the impact of ubiquitination in
IQGAP1 GRD on CDC42 activation, active CDC42 was quan-
tified in cell lysates. Analysis was performed in IQGAP1-knock-
down HEK293 cells transfected with WT IQGAP1, IQGAP1
GRD-2K, or vector alone. Western blotting revealed that the
amount of IQGAPI protein expressed was approximately the
same for all the constructs (Fig. 54). Rescue of IQGAP1-knock-
down cells with WT IQGAP1 increased the amount of active
CDC42 in serum-starved cells by 2.4-fold (Fig. 5, A and B).
Transfecting cells with IQGAP1 GRD-2K further augmented
active CDC42; these cells had 3.7-fold more active CDC42 than
vector-transfected cells (Fig. 5B). Moreover, under serum-free
conditions, cells reconstituted with IQGAP1 GRD-2K had sig-
nificantly (1.6-fold) more active CDC42 than cells transfected
with WT IQGAPI. These findings strongly suggest that ubiq-
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Figure 5. Mutation of ubiquitination sites in the IQGAP1 GRD enhances
activation of CDC42. A, IQGAP1-knockdown HEK293 cells were transfected
with vector (V), WT IQGAP1, or IQGAP1 GRD-2K. Cells were starved of serum
overnightand stimulated with (+) or without (—) 100 ng/ml of EGF for 10 min.
Equal amounts of protein lysate were analyzed by Western blotting using
anti-Myc, anti-pERK, anti-ERK, and anti-actin (loading control) antibodies. B,
equal amounts of protein lysate were used to quantify active CDC42 using
GTPase-specific ELISA (G-LISA) as described under “Experimental proce-
dures.” The amounts of GTP-CDC42 are expressed as mean = S.D. (n = 4, each
performed in triplicate), with unstimulated cells expressing WT IQGAP1 set as
1.% p < 0.05; **, p < 0.001; Welch's t test.

uitination of the GRD of IQGAPI1 regulates activation of
CDC42 in cells.

Stimulation of cells with EGF has been demonstrated to
increase the amount of active CDC42 (12). Therefore, we exam-
ined the effect of EGF on the amount of active CDC42 in serum-
starved HEK293 cells. We validated that EGF activates EGF
receptor signaling in these cells by observing increased ERK
phosphorylation (pERK) (Fig. 5A). Interestingly, EGF was
unable to augment the amount of active CDC42 in IQGAP1-
knockdown HEK293 cells (Fig. 5). Reconstitution of IQGAP1-
knockdown cells with WT IQGAP1 enabled EGF to signifi-
cantly increase the amount of active CDC42. By contrast,
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Figure 6. Mutation of ubiquitination sites in the IQGAP1 GRD enhances cell migration. A, expression of GFP-tagged WT IQGAP1 (WT) or IQGAP1 GRD-2K
(GRD-2K) was induced in IQGAP1-null MEF cells (—/—) by adding doxycycline (Dox). Equal amounts of protein lysate from IQGAP1-null (—/-), control (+/+),
and reconstituted MEFs were resolved by Western blotting. Membranes were probed with anti-IQGAP1 and anti-tubulin antibodies. A representative blot is
shown. B, wound healing assays were performed using IQGAP1~/~ MEFs reconstituted with WT IQGAP1 or IQGAP1 GRD-2K. After serum starvation, cells were
incubated with medium containing 0.1% FBS, 100 ng/ml of doxycycline, and 25 ng/ml of EGF, and a wound was generated. Images were taken every 30 min for
24 h.Representative wounds are shown at 0, 4, 8, 16, and 24 h (scale bar, 100 um). A video of the migration is provided in the supporting information (Video S1).
C, open wound areas were analyzed with Fiji/ImageJ as described under “Experimental procedures.” Data are expressed as mean =+ S.D. (1 or 2 fields from at
least 6 independent wells were analyzed; WT IQGAP1 n = 9;IQGAP1 GRD-2K n = 14). Means between the two groups are significantly differentat 3 h (p < 0.05)

and reached p < 0.001 at 4.5 h (Welch’s t test).

addition of EGF to serum-starved cells rescued with IQGAP1
GRD-2K did not produce a significant increase in active CDC42
(Fig. 5).

Mutation of ubiquitination sites within the IQGAP1 GRD
enhances cell migration

To investigate the physiological effects of IQGAP1 ubiquiti-
nation, we developed IQGAP1~/~ MEFs that stably express
WT IQGAP1 or IQGAP1 GRD-2K under control of a tetracy-
cline promoter. The amount of IQGAP1 protein expressed in
the reconstituted IQGAP1~/~ MEFs is similar to that of endog-
enous IQGAP1 in control (IQGAP1 /") MEFs (Fig. 6A). More-
over, similar amounts of WT IQGAP1 and IQGAP1 GRD-2K
are expressed in these cells. We routinely see two bands of GFP-
tagged IQGAP1 (Fig. 6A4), presumably due to cleavage of one
GFP molecule from the dual GFP-tagged IQGAP1 constructs
(40).

Cell motility was evaluated by a wound healing assay using a
confluent monolayer of cells. The cells along the wound edge
were imaged by time-lapse microscopy over a 24-h time period.
Cells reconstituted with WT IQGAP1 or IQGAP1 GRD-2K
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migrated into the wound by cell spreading, not cell division
(Fig. 6B and Video S1). Importantly, cells expressing IQGAP1
GRD-2K reduced the width of the wound more quickly than
cells expressing WT IQGAPI1. Quantification of the cell-free
area of the wound revealed that cells expressing IQGAP1
GRD-2K reduced the wound area by 19 * 6.3% (mean = S.D.,
n = 14) 3 h after the wound was generated (Fig. 6C). By contrast,
cells reconstituted with WT IQGAP1 achieved 14 *= 2.6%
(mean * S.D., n = 9) closure at 3 h. At 16 h, cells expressing
IQGAP1 GRD-2K had 99 = 0.7% closure, whereas WT
IQGAP1 had closed the wound by only 59 *+ 10.3%. These data
strongly suggest that ubiquitination of IQGAP1I elicits effects
on cell function.

Ubiquitination of the GRD likely blocks CDC42 binding

We used a computational approach to depict the spatial
organization of the interaction between the ubiquitinated GRD
and CDC42. The crystal structure of the IQGAP2 GRD (GRD2)
bound to CDC42 has been solved (17). The structure revealed
that four molecules of CDC42-GTP bind to two GRD2 mole-
cules, which in turn bind to each other, giving an overall
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A B
CDC42
(Ex mode binding)

Ubiquitin
(attached to
Lys-1230)
binding)

(RasGAP mode

Figure 7. Ubiquitination of Lys-1155 and Lys-1230 in the GRD of IQGAP1 would impair CDC42 binding. A, two CDC42 molecules (green with red switch
regions) bind to the GRD (yellow). One CDC42 molecule binds to the extra subdomain (Ex mode binding), whereas the other CDC42 molecule binds the middle
region of GRD (RasGAP mode binding). B, ubiquitin (orange) conjugation at Lys-1155 tethers a large molecule very close to the CDC42 Ex mode-binding site;
shown here occupied by CDC42. Inset, a magnified view of the interaction, with Gly-75 and Gly-76 of ubiquitin shown in stick representation. C, conjugation of
ubiquitin at Lys-1230 within the GRD of IQGAP1. D, the same orientation of the GRD with CDC42 occupying the RasGAP-binding site. E, significant steric overlap
would prevent simultaneous ubiquitin conjugation and CDC42 binding to the GRD.

CDC42-to-GRD2 stoichiometry of 2:1. Two CDC42 molecules
bind to the GRD2 “extra” subdomains from each GRD2 (Ex
mode binding), whereas two CDC42 molecules bind the middle
region of each GRD2 (RasGAP mode binding). Although the
crystal structure of the isolated GRD of IQGAP1 (GRD1) has
been solved (36), the complex of GRD1 with CDC42 has not
been crystallized. The 384 residues that comprise the GRDs of
IQGAP1 and IQGAP?2 are over 75% identical in sequence with
the CDC42-contacting residues having >80% identity. This
suggests that the interactions of GRD1 and GRD2 with CDC42
are similar (17). This argument is supported by isothermal titra-
tion calorimetry, mutagenesis, and modeling considerations,
which indicate that GRD1 binds two molecules of CDC42, in a
manner very similar to GRD2 (17). Therefore, we used the
GRD2/CDC42 structure as a guide to evaluate the impact of
ubiquitination of GRD1 on CDC42 binding (Fig. 7).

Like the GRD2/CDC42 complex, the GRD1/CDC42 com-
plex is formed by the binding of two CDC42 molecules (Ex
mode binding and RasGAP mode binding) to one GRD1 mole-
cule (Fig. 7A). The probable effect of ubiquitin conjugation at
Lys-1155 on the binding of CDC42 to GRD1 via the Ex mode is
depicted in Fig. 7B. In GRD2, the residue equivalent to Lys-1155
is surface-exposed Leu-1068, which in the GRD2/CDC42
structure makes favorable van der Waals contacts with Lys-131
and Lys-133 of CDC42 helix a3 (17). In GRD1, Lys-1155 would
likely adopt a rotamer that would allow for a water-mediated
interaction with the backbone oxygen of Ala-130, also within
CDC42 helix a3. Considering the close proximity of Lys-1155
to the Ex mode-binding site, it is likely that covalent attachment
of an 8-kDa ubiquitin would significantly reduce CDC42 bind-
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ing at that site through a combination of steric clash and a
dynamic screening effect by the bound yet mobile ubiquitin
moiety (Fig. 7B). Nevertheless, we cannot completely exclude
the possibility that a specific rotamer conformation for Lys-
1155 along with minimal interference by the attached ubiquitin
might allow for both Lys-1155 ubiquitination and CDC42 Ex
mode binding.

Lys-1230 (Lys-1143 in GRD?2) is located almost in the center
of the RasGAP mode-binding site. In the GRD2/CDC42 com-
plex, this lysine is hydrogen bonding to the carbonyl oxygen of
Phe-37 of CDC42 and within hydrogen bonding distance of two
bound waters trapped at the GRD2/CDC42 interface (17).
When ubiquitin attaches to Lys-1230, different Lys-1230 rota-
mers (if these are in fact sampled through time) would have the
effect of re-positioning and re-orienting the attached ubiquitin
with respect to the GRD. However, because of the central loca-
tion of Lys-1230 within the surface required by CDC42 for Ras-
GAP mode binding, it appears that ubiquitin conjugation
would preclude binding of CDC42 independent of any Lys-
1230 rotamer sampling.

Mutation of Lys-1230 to arginine would very likely not be
disruptive and would still allow for favorable van der Waals or
polar interactions with CDC42. To verify this, we compared the
abilities of pure WT IQGAP1 and IQGAP1 GRD-2K to bind to
pure CDC42 in vitro (Fig. S3). GST-pulldown analysis revealed
no difference in the amount of CDC42 bound (Fig. S3A). Essen-
tially identical data were obtained with binding of the IQGAP1
constructs to RAC1 (Fig. S3B), verifying that replacement of
Lys-1155 and Lys-1230 with arginine does not influence the
interactions of IQGAP1 with CDC42 or RAC1.
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In addition, in an effort to determine whether our conserva-
tive mutations of lysine-to-arginine would have a deleterious
effect on the folding of the GRD, we used SWISS-MODEL to
make an energy-minimized model containing the two arginine
residues at positions 1068 and 1143. We found that the overall
root-mean-square deviation/displacement for 360 Ca carbon
positions is 0.136 A with an average positional deviation of
0.121 A and a maximum positional deviation of 0.363 A. The
Ca displacements at positions 1068 and 1143 are 0.068 and
0.062 A, respectively. These small differences between the
structures suggest that the introduction of arginine residues
would not have a deleterious effect on the proper folding of the
domain. Collectively, it appears that reduced binding of CDC42
is accomplished by mono- or poly-ubiquitin simply blocking
access to the GRD. However, we cannot rule out the possibility
that ubiquitination also induces conformational changes in the
GRD that reduce CDC42 binding.

Discussion

Post-translational modifications are important mechanisms
for regulation of protein function (32—34). Several post-trans-
lational modifications of IQGAP1 have been identified by MS
(35), but only a few studies have demonstrated functional
effects resulting from these changes. Phosphorylation of Ser-
1441 and Ser-1443 of IQGAP1 promotes neurite outgrowth
(22), whereas SUMOylation of Lys-1445 enhances proliferation
and migration of colorectal carcinoma cells (26). Ubiquitination of
IQGAP1 has been detected in proteome-wide ubiquitin screens
(27-30), yet biological role(s) for ubiquitinated IQGAP1 have not
been previously identified.

Although initially thought to modulate only proteolysis, sub-
sequent findings revealed that ubiquitination has important
functions in cell signaling (33, 34, 41). Using MS, we identified
six lysine residues in IQGAPI1 that are ubiquitinated. To
explore the biological relevance of IQGAP1 ubiquitination, we
considered the locations of the sites at which ubiquitin is
attached. These are in three regions of IQGAPI1, namely the
coiled-coil region, the GRD, and the RGCT (see Fig. 2C). Two
ubiquitinated residues, Lys-1155 and Lys-1230, are in the GRD.
The GRD of IQGAP1 is the region that binds to the GTPases
CDC42 and RAC1 (17, 37). These interactions have been the
focus of considerable attention, with numerous papers charac-
terizing these associations (16, 18, 19, 37, 42—44). We hypoth-
esized that ubiquitination in the GRD might influence the bind-
ing of IQGAP1 to CDC42 and RAC1.

To test this, we replaced Lys-1155 and Lys-1230 of IQGAP1
with arginine. Removing these lysine residues decreases
IQGAP1 ubiquitination in cells. Moreover, IQGAP1 GRD-2K
binds significantly more CDC42 than the WT protein. These
observations suggest that ubiquitination of Lys-1155 and Lys-
1230 attenuates the interaction of IQGAP1 with CDC42. Illus-
tration of the GRD/CDC42 complex supports this interpreta-
tion. Ubiquitination of Lys-1230 creates steric hindrance that
precludes CDC42 RasGAP mode binding (see Fig. 7). Although
ubiquitin attached to Lys-1155 of IQGAP1 does not directly
overlap with CDC42 binding at the Ex mode site, the ubiquitin
polypeptide is close to the helical insert of the CDC42 molecule.
Dynamically, ubiquitin attached to Lys-1155 may shift into
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positions where it might exclude CDC42 binding by continually
disturbing its interaction with IQGAP1. Moreover, only
monoubiquitination was assessed. Polyubiquitination of the
GRD would likely create a complete hindrance, abrogating
CDC42 binding. In summary, the illustration strongly suggests
that ubiquitination of Lys-1155 and Lys-1230 prevents the binding
of two molecules of CDC42. In vitro analysis with pure ubiquiti-
nated IQGAP1 and pure CDC42 is required to unequivocally
establish this.

Alignment of the GRDs of IQGAP1, IQGAP2, and IQGAP3
shows that neither Lys-1155 nor Lys-1230 is conserved in
IQGAP3 (Fig. S4). Only one of the two lysine residues is con-
served in IQGAP2; Lys-1143 aligns with Lys-1230. No ubiquiti-
nation of Lys-1143 in IQGAP2 has been reported, suggesting
that Lys-1155 and Lys-1230 of IQGAP1 may be unique sites of
IQGAP ubiquitination.

By interacting with IQGAP1, CDC42 is stabilized in its active
GTP-bound form (3, 39). Stable knockdown of IQGAP1 by 80%
reduced the amounts of GTP-bound CDC42 in MCF-7 human
breast epithelial cells (20). In accordance with these findings,
we observed that HEK293 cells lacking IQGAP1 contain signif-
icantly less active CDC42 than cells reconstituted with WT
IQGAP1. Furthermore, consistent with the CDC42 binding
data, cells expressing IQGAP1 GRD-2K had significantly more
active CDC42 than cells expressing WT IQGAPLI.

CDC42 is known to have a central role in cell migration (15).
Importantly, we previously documented that IQGAP1 pro-
motes cell motility via CDC42 (3). Therefore, we compared the
effects of WT IQGAP1 and IQGAP1 GRD-2K on cell migra-
tion using a wound-healing assay. Cells expressing IQGAP1
GRD-2K closed the wound significantly more quickly than cells
expressing WT IQGAP1. Collectively, our data strongly suggest
that ubiquitination of Lys-1155 and Lys-1230 impairs the bind-
ing of IQGAP1 to CDC42, thereby modulating the amount of
active CDC42 in the cells. Importantly, this post-translational
modification influences at least one of the fundamental biolog-
ical processes in which IQGAP1 participates.

Analogous to CDC42, RACI1 binding to IQGAP1 is modu-
lated by ubiquitination. Mutation of Lys-1155 and Lys-1230 of
IQGAPI increased its interaction with RACI1. In contrast to
CDC42, mutation of the three ubiquitinated lysine residues
(Lys-1465, Lys-1475, and Lys-1528) in the RGCT decreased its
interaction with RAC1. The molecular mechanism underlying
the difference is not known. Although the structure of the
IQGAP1/RAC1 complex has not been solved, indirect evidence
by calorimetry (17) and thermodynamic analysis (42) imply that
the CDC42 and RAC1-binding sites on IQGAP1 are not iden-
tical. Consistent with these published data, initial binding stud-
ies with different fragments of IQGAP1 suggest that, in addi-
tion to the GRD, RACI1 interacts with a site located at the
C-terminal region of IQGAP1, which includes the RGCT.?
Other investigators also suggest that IQGAP1 residues distal to
the GRD are important for binding to RAC1 (45). Together,
these data suggest that post-translational modifications in the
RGCT may serve as a regulatory mechanism for RAC1 binding

3 D. Worthylake, unpublished observations.
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to IQGAP1. In addition, to activating CDC42, IQGAP1
increases the amount of active RAC1 in cells (20). It is therefore
likely that ubiquitination of IQGAP1 will modify RACI signal-
ing. Additional work is required to elucidate the potential con-
sequences of IQGAP1 ubiquitination on RAC1 function. Simi-
larly, it seems reasonable to postulate that ubiquitination of
IQGAPI alters its interaction with and modulation of several
other binding partners. We look forward to future studies that
explore this area of investigation that we hope will be stimu-
lated by our provocative findings presented here.

Mutation of Lys-556 in the coiled-coil region of IQGAP1
decreased CDC42 and RAC1 binding. Neither CDC42 nor
RACI1 binds directly to this region (16, 17, 37). The only protein
known to associate with the coiled-coil region is the transcrip-
tional regulator FOXO-1 (46). Binding of FOXO-1 disrupts
IQGAP1-MAPK pathway interactions (46). Because MAPK
components bind to IQGAP1 outside of its coiled-coil region
(47-49), the effect of FOXO-1 on MAPK signaling is thought to
be due to altered IQGAP1 conformation (46). In a similar man-
ner, ubiquitination of Lys-556 might alter the ability of another
protein to bind to the coiled-coil region of IQGAP1, influencing
CDC42 and RACl1 interactions. Allosteric regulation of CDC42
binding has been previously documented. When Ca*>*/calmod-
ulin binds to the IQ region of IQGAP1, CDC42 is unable to bind
to the GRD (38). Finally, ubiquitination of Lys-556 might
impair dimerization of IQGAP1, which would prevent CDC42
activation (40).

Several extracellular stimuli, including EGF (12, 50, 51) acti-
vate CDC42. Consistent with the published literature, we
observed that EGF increases active CDC42 in HEK293 cells.
However, this effect was abrogated when IQGAP1 was
knocked-down in the cells. The molecular mechanism by which
IQGAP1 facilitates this effect of EGF is unknown. We previ-
ously documented that IQGAP1 binds to the EGFR and is
required for maximal activation of the receptor by EGF (52).
Moreover, we showed that IQGAP1 scaffolds components of
the phosphoinositide 3-kinase (PI3K) signaling cascade and is
required for maximal activation of this pathway by EGF (53).
Both EGFR and PI3K have been reported to participate in acti-
vation of CDC42 (54, 55). Whether these scaffolding functions
of IQGAP1 have a role in the EGF-mediated increase in GTP-
CDC42 is not known. Regardless of the mechanism, our data
reveal that IQGAP1 is essential for EGF to increase the amount
of active CDC42 in HEK293 cells.

Unexpectedly, we observed that EGF did not significantly
increase the amount of active CDC42 in cells in which endog-
enous IQGAP1I is replaced by IQGAP1 GRD-2K. This observa-
tion implies that ubiquitination of Lys-1155 and Lys-1230 of
IQGAP1 may be important for this effect. Additional studies
are required to elucidate the mechanism.

Both Rho GTPases and their canonical regulators, GEFs and
GADPs, are regulated by post-translational modifications. Phos-
phorylation and sumoylation regulate GTPase activity, whereas
ubiquitination modulates protein levels of Rho GTPases, GEFs,
and GAPs via the ubiquitin proteasome system (56). In addi-
tion, ubiquitination of some GTPases alters their interactions
with regulators or effectors. For example, ubiquitination of
Rab5 disrupts its association with downstream effector pro-
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Table 1
Antibodies used in this study

Dilution for

Protein detected Reference immunoblots
Actin Santa Cruz, sc-8432 1:2000
CDC42 Cytoskeleton, ACDO03 1:500
GST Santa Cruz, sc-138 1:1000
pERK1/2 Cell Signaling, 43775 1:1000
ERK1/2 Cell Signaling, 9107S 1:1000
IQGAP1 Rabbit antiserum (38) 1:1000
Myc Millipore, 06549 1:1000
RAC1 Cytoskeleton, ARC03 1:500
Tubulin Sigma, T5201 1:2000
Ubiquitin Life Sensors, VU101 1:1000

teins, such as EEA1 and Rabaptin5 (57). Similarly, ubiquitina-
tion of Ras impedes its interaction with GAP (58) and leads to a
preferential association with PI3K and Raf (59). Our data
extend the findings of these prior publications to identify an
additional role of ubiquitination, namely that ubiquitination of
a GTPase-binding protein influences GTPase signaling. We
demonstrated that ubiquitination of IQGAP1 modulates acti-
vation of CDC42 by altering its binding to this GTPase. To the
best of our knowledge, this is the first demonstration that ubiq-
uitination of a GTPase regulator alters CDC42 activation inde-
pendently of the proteasome pathway. A recent study suggests
ISGylation of IQGAP1 as a post-translational modification that
regulates IQGAP1 function (24). Analogous to our observa-
tions with ubiquitination, reduction of ISGylation of IQGAP1
increased GTP-bound CDC42 in cells.

Although regulation of protein degradation by ubiquitina-
tion has been well-characterized (32), the roles of protein ubiq-
uitination in cell signaling is less understood. In this study, we
identified ubiquitination sites on IQGAP1 and describe a pre-
viously uncharacterized role for ubiquitinated IQGAP1. Our
findings strongly suggest that ubiquitination of IQGAP1 regu-
lates its association with CDC42, thereby modulating activation
of the GTPase, resulting in physiological effects. These obser-
vations expand our comprehension of ubiquitination signaling
and provide additional insight into CDC42 regulation.

Experimental procedures
Antibodies and reagents

The pMPT107-His-ubiquitin plasmid was described previ-
ously (60). The EZVIEW Red anti-c-Myc affinity gel was from
Sigma-Aldrich (catalogue number E6654). GSH-Sepharose and
protein A-Sepharose beads were purchased from GE Health-
care. MG132 (catalogue number 17-485), Lipofectamine™™
2000 Reagent (catalogue number 11668019), Lipofectamine
LTX Reagent (catalogue number 15338500), hygromycin (cat-
alogue number 10687010), doxycycline (catalogue number
BP26531), and Colloidal Blue Staining Kit (catalogue number
LC6025) were obtained from Thermo Fisher Scientific. Instant-
Blue Protein stain was purchased from Expedeon (catalogue
number ISB1L). Human EGF (catalogue number SRP3027) was
obtained from Sigma-Aldrich. Antibodies and dilutions used
are listed in Table 1. Blocking buffer and IR dye-conjugated
(IRDye) secondary antibodies were purchased from LI-COR
Biosciences.
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Cell culture and transfection

HEK293 cells were purchased from American Type Culture
Collection. Knockdown of IQGAP1 in HEK293 cells using the
CRISPR/Cas9 strategy has been previously described (61).
Immortalized MEFs isolated from embryos of IQGAP1 ™/~ and
control mice were described previously (47). HEK293 and MEF
cells were grown at 37°C in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin and streptomycin. Cells were
transfected with plasmids using Lipofectamine 2000 according
to the manufacturer’s instructions. Briefly, plasmids expressing
Myc-IQGAP1 and/or His-ubiquitin were incubated with Lipo-
fectamine 2000 in minimal essential medium (Opti-MEM,
Gibco) for 20 min at 22 °C, then added to the cells. Then 6 h
later the medium was replaced with 10% FBS in DMEM. After
48 h, cells were washed twice with phosphate-buffered saline
(PBS) and lysed with 500 ul of lysis buffer (50 mm Tris-HCl, pH
7.4, 150 mm NaCl, and 1% Triton X-100, containing protease
and phosphatase inhibitors (Thermo Scientific)). Lysates were
subjected to two rounds of sonication for 10 s each, and insol-
uble material was precipitated by centrifugation at 20,000 X g
for 10 min at 4 °C. Supernatants were frozen at —80 °C before
experiments.

Purification of CDC42 and RAC1

pGEX-CDC42-Q61L (residues 1-184) and pGEX-RACI-
Q61L (residues 1-192) were generously donated by Darerca
Owen, University of Cambridge, Cambridge, UK (42). The
Q61L mutation stabilizes the active GTP-bound form of
CDC42 or RAC1, which constitutively activates these GTPases.
GST fusion proteins were expressed in Escherichia coli BL-21
and isolated using GSH-Sepharose chromatography, essen-
tially as previously described (38). His-CDC42(Q61L) and His-
RACI1(Q61L) were generated from pGEX-CDC42-Q61L and
pGEX-RACI1-Q61L by excision and insertion into pRSET as
previously described (62).

Myc-IQGAP1 constructions

Site-directed mutagenesis was performed on IQGAPI1 to
replace selected lysine residues with arginine. Mutagenesis was
performed on pBlueScript vectors containing fragments of
IQGAPI; these are the IQGAP1 Pacl/Clal (amino acids 544 —
1193) or IQGAP1 Clal/Xbal (amino acids 1193-1657) regions,
essentially as previously described (63). Mutations K556R,
K1155R, and K556R/K1155R were made in the Pacl/Clal
region. Mutations K1230R, K1465R/K1475R/K1528R, and
K1230R/K1465R/K1475R/K1528R were made in the Clal/Xbal
region. These pBlueScript vectors were digested by the enzyme
pairs Pacl/Clal or Clal/Xbal. The resultant fragments were
inserted into the pcDNA3-Myc-IQGAP1 plasmid at Pacl/Clal
or Clal/Xbal sites to generate six individual Myc-IQGAP1 con-
structs. The constructs were given the following abbreviations:
IQGAP1 CC-1K (K556R), replacement of Lys-556 in the coiled-
coil region; IQGAP1 GRD-2K (K1155R; K1230R), replacement
of Lys-1155 and Lys-1230 in the GRD; IQGAP1 RGCT-3K
(K1465R; K1475R; K1528R), replacement of Lys-1465, Lys-
1475, and Lys-1528 in the RGCT; IQGAP1-6K (K556R;
K1155R; K1230R; K1465R; K1475R; K1528R), replacement of
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Lys-556, Lys-1155, Lys-1230, Lys-1465, Lys-1475, and Lys-
1528. The sequence of all constructs was confirmed by DNA
sequencing,.

GFP-IQGAP1 constructions

To make GFP-IQGAPI1 constructs, the plasmid pEGFPx2-
IQGAP1, previously described (40), was cut with Nhel. The
fragment generated, containing the EGFPx2-IQGAPI-N se-
quence, was inserted into vector pEN-TmiRc3 at Spel site.
Then, plasmid pCDNA3-myc-IQGAP1 (WT IQGAPI or
IQGAP1 GRD-2K) was cut with Pacl/Xbal. The resultant
fragment, containing the EGFPx2-IQGAP1-C sequence, was
inserted into pEN-EGFPx2-IQGAP1-N at Pacl/Xbal sites to
generate full-length pEN-EGFPx2-IQGAP1 (WT IQGAPI or
IQGAP1 GRD-2K). Recombination of pEN-EGFPx2-IQGAP1
(WT or GRD-2K) and pSLIK-hygro (gift from L. D. Fraser (64))
was accomplished using a Gateway IR Clonase II Enzyme Mix
kit (Invitrogen). The pSLIK-hygro-EGFPx2-IQGAP1 (WT
IQGAP1 or IQGAP1 GRD-2K) sequence was confirmed by
DNA sequencing. These proteins migrated to the expected
positions on SDS-PAGE.

GST-IQGAP1 constructions

The construction of GST-WT IQGAPI1, generated from
pGEX2T-IQGAP1, was described previously (38). To generate
GST-IQGAP1-GRD-2K, pEGFPx2-IQGAP1-2K was cut with
Pacl/Kpnl. The resultant fragment was inserted into pGEX2T-
IQGAP1 at Pacl/KpnlI sites. The sequence pGEX2T-IQGAP1-2K
was confirmed by DNA sequencing and the expressed protein
migrated to the expected position on SDS-PAGE.

GST pulldown assays

For pulldown from cell lysates, IQGAP1-knockdown HEK293
cells were transfected with Myc-tagged IQGAP1 (WT or
mutant constructs) or Myc vector as described above. After
24 h, cells were incubated with 10 um MG132 for 4 h at 37 °C.
Cells were washed twice with PBS and lysed with 500 ul of lysis
buffer as described above. Equal amounts of protein lysate were
precleared with GSH-Sepharose beads for 1 h at 4 °C, then
incubated for 3hat4 °Cwith 5 ug of GST-CDC42(Q61L), GST-
RAC1(Q61L), or GST alone. All GST proteins were bound to
GSH-Sepharose beads. After washing the beads five times with
lysis buffer, samples were resolved by SDS-PAGE and trans-
ferred to a PVDF membrane. The membrane was incubated
with blocking buffer for 1 h at 22 °C, and then probed with
anti-GST and anti-Myc antibodies. After washing, the mem-
brane was incubated with anti-rabbit and anti-mouse IRDye-
conjugated secondary antibodies for 1 h at room temperature.
Antigen-antibody complexes were detected using the Odyssey
imaging system (LI-COR Biosciences). The amounts of Myc-
tagged proteins were quantified and corrected for the amounts
of GST-CDC42 or GST-RACI in the same sample.

For pulldown of pure proteins, 10 ug of GST-WT IQGAP]I,
GST-IQGAP1 GRD-2K, or GST alone, bound to GSH-Sephar-
ose beads, was incubated for 2 h at 4°C with 3 ug of His-
CDC42(Q61L) or His-RAC1(Q61L). After washing the beads
five times with lysis buffer, samples were resolved by SDS-
PAGE. The gel was cut at ~50 kDa. The upper section of the gel
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was stained with InstantBlue Protein Stain, whereas the lower
section was evaluated by Western blotting probed with anti-
CDC42 and anti-RAC1 antibodies.

Immunoprecipitation of Myc-tagged proteins

HEK293 cells were transfected with Myc-tagged IQGAP1
(WT or mutant constructs) or Myc vector with or without His-
tagged ubiquitin. After 48 h, cells were incubated with 10 um
MG@G132 for 4 h at 37 °C and lysed as described above. Samples
were precleared with GSH-Sepharose beads for 1 h. Protein
concentrations were determined with the DC Protein Assay
(Bio-Rad). Equal amounts of protein lysate were incubated for
2 h at 4 °C with anti-Myc antibodies covalently bound to aga-
rose beads. Samples were washed five times with lysis buffer,
then resolved by SDS-PAGE and Western blotting. Mem-
branes, probed with anti-ubiquitin and anti-IQGAP1 antibod-
ies, were visualized as described above. The amounts of ubig-
uitinated proteins were quantified and corrected for the
amounts of corresponding immunopurified Myc-tagged pro-
teins in the same sample.

His-tag pulldown assays

HEK293 cells were transfected with His-tagged ubiquitin
plasmids as described above and incubated with 10 um MG132
for 4 h at 37 °C. Cells were washed twice with PBS and lysed
with 500 ul of HisTALON xTractor buffer (catalogue number
635651, Clontech Laboratories) containing protease and phos-
phatase inhibitors. Lysates were subjected to two rounds of
sonication for 10 s each, and insoluble material was precipitated
by centrifugation at 20,000 X g for 10 min at 4 °C. Supernatants
were precleared with GSH-Sepharose beads for 1 h. Equal
amounts of protein lysate were incubated with TALON Resin
(catalogue number 635509, Clontech Laboratories) for 2 h at
4 °C. After 2 washes with equilibration buffer (catalogue num-
ber 635651, Clontech Laboratories), samples were transferred
to a 2-ml gravity-flow column (catalogue number 635606,
Clontech Laboratories). After washing columns once with
equilibration buffer, samples were eluted with 50 ul of Elution
buffer (catalogue number 635651, Clontech Laboratories) and
resolved by SDS-PAGE and Western blotting. Membranes,
probed with anti-ubiquitin and anti-IQGAP1 antibodies, were
visualized as described above.

Immunoprecipitation of endogenous IQGAP1 proteins for MS
analysis

Untransfected or His-ubiquitin—transfected HEK293 cells
were incubated with DMSO or 10 um MG132 for 4 h at 37 °C.
Cells were washed, lysed, and spun down as described above.
Supernatants were precleared with GSH-Sepharose beads for
1hat4 °C. Equal amounts of protein lysate were incubated with
anti-IQGAP1 polyclonal antibodies at 4 °C. After 3 h, samples
were incubated with protein A-Sepharose beads for 2 h at 4 °C.
Each sample was washed five times with lysis buffer and ana-
lyzed by Western blotting and probed with anti-ubiquitin and
anti-IQGAP1 antibodies.

Mass spectrometry analysis

Endogenous IQGAP1, immunopurified from HEK293 cells,
was separated by SDS-PAGE and the gel was stained with Col-
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loidal Coomassie. For each condition (untransfected and His-
ubiquitin—transfected HEK293 cells incubated with either
DMSO or 10 um MG132), three bands (corresponding to
IQGAP1 (190 kDa) and the region above) were excised from the
stained gel, reduced with 10 mm tris(2-carboxyethyl)phos-
phine, alkylated with 10 mm iodoacetamide and digested over-
night with trypsin at 37 °C. The resultant peptide samples were
injected on an Easy-nLC 1000 UHPLC system (Thermo Scien-
tific). The nanoLC was interfaced to a Q-Exactive Hybrid Qua-
drupole-Orbitrap Mass Spectrometer (Thermo Scientific).
Tryptic peptides were separated on a 25 cm X 75-um inner
diameter, PepMap C18, 2-um particle column (Thermo Scien-
tific) using a 40-min gradient of 2-30% acetonitrile, 0.2% formic
acid and a flow of 300 nl/min. MS-based peptide sequencing
data were acquired by MS using a top 10 data-dependent LC-
MS/MS method. Full MS data were collected in profile mode
from 400 to 2000 m1/z at a resolution of 70,000 using an AGC
target value of 1e6 with a maximum IT of 200 ms. The top 10
peptide ions were then isolated using a 1.5 m/z window and
fragmented with an normalized collision energy of 30. MS/MS
data were collected using an AGC target value of 5e4 with a
maximum IT of 200 ms and a fixed first mass at 145 Da. A
dynamic exclusion of 15 s was applied. These uninterpreted
tandem MS spectra were processed using Mascot Distiller
(Matrix Science version 2.7.1.0) and searched for peptide
matches against the UniProt_Human (version 2014._03) pro-
tein sequence database using Mascot (Matrix Science version
2.6.0). 65,630 total protein sequences were searched using tryp-
sin enzyme specificity with a possibility of 2 missed cleavages
and a precursor mass tolerance of =5 ppm and a fragment mass
tolerance of 0.02 Da. Carbamidomethylation was selected as
fixed modification on Cys residues. Oxidation on Met and Gly-
Gly on Lys (indicative of e-amine ubiquitination following tryp-
sin digestion) were selected as variable modifications. Identi-
fied IQGAP1 ubiquitination sites were further validated using
targeted PRM LC-MS/MS. For PRM data, full MS scans were
collected in profile mode from 350 to 1600 1/z at a resolution of
35,000 using an AGC target value of 3e6 with a maximum IT of
200 ms. 10 specific m/z targets were then sequentially isolated
using a 1.2 m/z window and fragmented with an normalized
collision energy of 30. MS/MS data were collected using an
AGC target value of 2e5 with a maximum IT of 250 ms at a fixed
first mass of 100 Da. The resulting MS/MS spectra were man-
ually reviewed to confirm ubiquitination site identification
(Fig. S1).

CDC42 activation assays

The CDC42 activation assay was performed with GTPase-
specific ELISA (G-LISA) activation kits (catalogue number
BK127, Cytoskeleton) according to the manufacturer’s instruc-
tions. IQGAP1-knockdown HEK293 cells were transfected
with Myc-tagged WT IQGAPL, IQGAP1 GRD-2K, or vector
alone. After overnight serum starvation, cells were incubated
with or without 100 ng/ml of EGF for 10 min at 37 °C. Cells
were washed with ice-cold PBS, lysed, and the G-LISA assay
was performed. Briefly, equal amounts of protein lysate were
incubated in the wells of the G-LISA 96-well-plate that was
coated with CDC42-GTP-binding proteins. Only GTP-CDC42
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binds to the coated well. A positive control (constitutively
active CDC42) included in the kit was processed in parallel.
After washing, the amount of GTP-bound CDC42 was quanti-
fied via an enzyme-linked antibody and colorimetric substrate,
which absorbs light at 490 nm. Absorbance readings were per-
formed with a Biotek Instruments Synergy 4 plate reader. An
aliquot of cell lysate processed in parallel was analyzed by SDS-
PAGE and Western blotting. Membranes, probed with anti-
Myc, anti-pERK, anti-ERK, and anti-actin antibodies were visu-
alized as described above.

Generation of IQGAP1-null MEF cells with stable expression of
IQGAP1

IQGAPI1-null MEF cells were transfected with the pSLIK-
hygro-EGFPx2-IQGAP1 plasmids (WT IQGAPI or IQGAP1
GRD-2K) using Lipofectamine LTX following the manufactu-
rer’s instructions. After 48 h, cells were selected using 200
pg/ml of hygromycin. Expression of EGFPx2-IQGAP1 proteins
was induced with 1 ug/ml of doxycycline and confirmed by
Western blotting.

Migration assay

Expression of WT IQGAP1 or IQGAP1 GRD-2K in
IQGAP1-null MEF cells was induced by adding 1 ug/ml of
doxycycline to DMEM containing 10% FBS. Cells were sus-
pended to a concentration of 3.0 X 10° cells/ml and 70 ul of cell
suspension (21,000 cells) was added to each chamber of an Ibidi
Culture Insert (Ibidi, catalogue number 81176). Cells were
allowed to attach to the dish and reach confluence. After serum
starvation for 12 h, the silicone inserts were removed with ster-
ile forceps and the medium was replaced with DMEM contain-
ing 0.1% FBS, 100 ng/ml of doxycycline, and 25 ng/ml of EGF.
Confocal images were acquired every 30 min for 24 h using a
Zeiss LSM780 microscope equipped with a X20 plan-apochro-
mat (N.A. 0.8) objective lens, transmitted light detector
(T-PMT), and OKO Labs Bold Line stage top incubator to con-
trol the temperature at 37 °C, CO, at 5%, and humidity. Differ-
ential interference contrast images were collected simultane-
ously with confocal images of E fluorescence using 0.461 um
x-y pixel size, 5.0-um optical section thickness, and 12-bit data
depth. Image analysis was performed using FIJI/Image] (65).
GFP-labeled cells were processed using a 10 pixel kernel Gauss-
ian blur, followed by a 10 pixel kernel variance filter. The edges
of the cell monolayer were then segmented by intensity and
filtering for particles >1000 um?. The empty area between the
two edges was quantified at each time point.

Molecular illustration

We previously determined the structure of CDC42 bound to
GRD of IQGAP2 (GRD2) (17). This structure features two
binding sites for CDC42. The very high level of sequence con-
servation between the GRD of IQGAP1 (GRD1) and the GRD of
IQGAP2 (GRD2) (Fig. S4), coupled with calorimetry-based
binding experiments using CDC42, RAC1, and both mutant
and WT GRDs, suggest that CDC42 engages GRD1 in a manner
very similar to its binding to GRD2. Therefore, we have illus-
trated interactions between CDC42 and GRD1 using informa-
tion from our previous study (17). We used the molecular
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graphics program O (66) for in silico mutation of GRD2 (Chain
E; PDB ID 5CJP) residues at positions 1068 and 1143 (equiva-
lent to GRD1 positions 1155 and 1230, respectively) to lysines
or arginines for the purpose of distance measurements and
identification of probable steric clashes using an expanded side
chain rotamer database (67). The program O was also used to
move the coordinates of human monoubiquitin (PDB ID
1UBQ) such that the C terminus of this ubiquitin was within
covalent-bonding distance to the lysine side chain nitrogens on
GRD2. Once the ubiquitin Gly-76 carbonyl carbon had been
positioned ~1.3 A from the lysine side chain nitrogens, the
coordinates were output from O and used in the program
PyMOL (68) to generate the cartoons shown in Fig. 7. No
molecular dynamics or energy-minimization was performed on
the GRD/ubiquitin coordinates. The purpose of this figure is for
illustrative purposes only.

The homology model of GRD2 containing arginine residues
at positions 1068 and 1143 was made using the SWISS-MODEL
server (SCR_018123). To do this, we used the GRD2 sequence
with arginines at 1068 and 1143, and the coordinates of GRD2
chain E (Protein Data Bank ID 5CJP; Chain E) as the structural
template. To address poor geometry, steric clashes, and chem-
ically disfavorable interactions, SWISS-MODEL performs
energy minimization (69). We then used the CCP4 program
LSQKAB (70) to compare the “mutant” GRD2 model to the WT
GRD2 model acquired via protein crystallography.

Statistical analysis

All statistical analysis was performed using Welch’s ¢ test by
Prism7 (GraphPad). Western blotting images were quantified
with Image Studio 2.0 (LI-COR Biosciences) according to the
manufacturer’s instructions. After quantifying the bands, we
calculated the ratio of each IQGAP1 band (WT or mutant) to
the relevant loading control band (actin, tubulin, or GST,
according to the experiment) in the same sample. We normal-
ized data by dividing each ratio by the ratio of WT IQGAP1 to
its loading control. Thus, WT IQGAP1 equaled 1.
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