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Abstract

Aims: Nuclear factor-erythroid-related factor 2 (Nrf2) is a critical transcriptional factor that is used in regulating
cellular defense against oxidative stress. This study is aimed at investigating new interacting protein partners of
Nrf2 using One-strep tag pull-down coupled with LTQ Orbitrap LC/MS/MS, and at examining the impact on Nr2
signaling by the newly identified IQ motif containing GTPase activating protein 1 (IQGAP1). Results: Using the
One-strep tag pull-down and LTQ Orbitrap LC/MS/MS, we identified IQGAP1 as a new Nrf2 interacting partner.
Direct interactions between IQGAP1 and Nrf2 proteins were verified using in vitro glutathione S-transferase (GST)
pull-down, transcription/translation assays, and in vivo utilizing Nrf2 overexpressing cells. Coexpression of
Dsredmono-IQGAP1 and eGFP-Nrf2 increased the stability of eGFP-Nrf2 and enhanced the expression of Nrf2-
target gene heme oxygenase-1 (HO-1). To confirm the functional role of IQGAP1 on Nrf2, knock-downed IQGAP1
using siIQGAP1 attenuated the expression of endogenous Nrf2, HO-1 proteins, and Nrf2-target genes GSTpi,
GCLC, and NAD(P)H: quinone oxidoreductase 1 (NQO-1). Furthermore, the stability of Nrf2 was dramatically
decreased in IQGAP1-deficient mouse embryonic fibroblast (MEF) cells. Since IQGAP1 signaling could be me-
diated by calcium, treating the cells with calcium showed the translocation of IQGAP1/Nrf2 complex into the
nucleus, suggesting that IQGAP1 may play a critical role in Nrf2 stability. Interestingly, consistent with calcium
signaling for IQGAP1, treating the cells with calcium functionally enhanced Nrf2-mediated antioxidant responsive
element-transcription activity and enhanced the expression of the endogenous Nrf2-target gene HO-1. Innovation:
In the aggregate, our current study identifies and functionally characterizes a new Nrf2 partner protein IQGAP1,
which may contribute to Nrf2’s regulation of antioxidant enzymes such as HO-1. Conclusion: IQGAP1 may play a
critical role in the stability and transactivation of Nrf2. Antioxid. Redox Signal. 19, 89–101.

Introduction

De-regulation of redox status can cause irreversible
cellular and tissue damage and result in many diseases,

including cancer. In response to oxidative and electrophilic
stresses, mammalian cells have evolved sophisticated cellular
protective systems, one of which includes the induction of
phase II detoxifying and the antioxidative stress pathway (55).
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key

transcription factor that is involved in this defense system,
and it has been shown to possess a protective role against
cancer, neurodegenerative diseases, aging, diabetes, photo-
oxidative stress, cardiovascular disease, and other diseases
(53). When cells are exposed to oxidative stress, the cellular
defense mechanism will be triggered via the activation of
Nrf2, resulting in the coordinated induction of a large number
of target genes, including phase II detoxifying enzymes,
such as glutathione S-transferase (GST), NAD(P)H: quinone
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oxidoreductase 1(NQO-1), UDP-glucuronosyl transferase (6,
40, 58), antioxidant enzymes, such as c-glutamylcysteine
synthetase (cGCS) (39) and heme oxygenase-1 (HO-1) (1), and
the phase III multidrug ABC transporters, such as multidrug-
resistance-associated protein 1 (MRP1) and MRP2 (18, 54).
In this context, many thiol-reactive dietary or natural phyto-
chemicals on entering the cells will also stimulate an adap-
tive response through the activation of the Nrf2 pathway,
resulting in the coordinated modulation of Nrf2-target genes
(19, 22).

Nrf2 belongs to the Cap ‘‘n’’ Collar family members, which
possess a highly conserved basic leucine zipper (bZIP) region
in their C-terminal region (32). It activates down-stream target
genes through the binding to a cis-acting element called the
antioxidant responsive element/electrophile response ele-
ment [ARE/EpRE, 5¢-(A/G)TGACNNNGC(A/G)-3] at the
5¢-flanking promoter region of many phase II detoxifying
enzymes, phase III transporters, and antioxidant enzymes (34,
38, 47). The biological functions of Nrf2 have been elucidated
in detail using Nrf2 knock-out mouse models. These mice, in
general, are more susceptible to toxic chemicals and carcino-
gens such as hydrogen peroxide-induced tissue injury and
carcinogenic insults (7, 15, 36).

The current accepted dogma of Nrf2 signaling implies that
Nrf2 is activated by the dissociation of Nrf2 from the kelch-
like ECH-associated protein 1 (Keap1), an inhibitory protein
of Nrf2, on exposure to activators of Nrf2. Once disrupted
from Keap1 protein in the cytoplasm, Nrf2 is translocated into
the nucleus; heterodimerizes with small Maf basic leucine
zipper (bZIP) transcription regulators, such as MafF, MafK,
and MafG; binds to the ARE sequences in the target genes (3);
and transcriptionally activates those target genes. Nrf2’s
transactivation activity can be enhanced by some kinases,
such as mitogen-activated protein kinases (MAPKs) (44),
RAC3 (30) protein kinase C (PKC) (23), phosphoinositide-3-
kinase (PI3K) (43), and PRKR-like endoplasmic reticulum ki-
nase (PERK) (13). Multiple serine/threonine residues of Nrf2
have been identified as targets of MAPK-mediated phos-
phorylation, although these modifications may cause some
slight reduction of Nrf2 in its nuclear accumulation (50). The
other kinases identified that are capable of modifying and
regulating the level of Nrf2 in the nucleus include GSK3b (12,
45, 46, 49) and Fyn (24, 28). However, the exact biological
consequences of the phosphorylation of Nrf2 by these kinases

remain to be elucidated, particularly in different healthy
tissues and also in different disease states.

Nrf2 protein activity can be modulated by other proteins in
addition to the kinases. Nuclear coactivator CREB binding
protein (CBP) has been implicated in Nrf2 signaling (29). In
addition, p21 has been shown to interact with Nrf2 and
compete with Keap1 for Nrf2 binding (8). Parkinson protein 7
(DJ-1/PARK7) protects neurons against oxidative stress and
cell death, and it has been shown that DJ-1 is required for Nrf2
stabilization, although the physical interaction between DJ-1
and Nrf2 or Keap1 has not been detected (11). Most recently,
Keap1, a critical partner of Nrf2, has been shown to interact
with proteins such as sequestosome 1 (p62/SQSTM) (33, 35)
and karyopherin a6 (KPNA6) (51). The in vivo biological
consequences of these interacting proteins in animals or hu-
mans remain to be studied.

As just discussed, many proteins have been implicated in
Nrf2 signaling; however, the precise and the exact molecular
mechanisms of Nrf2 signaling remain to be further elucidated,
particularly under different cellular perturbations such as
intracellular calcium flux, as we have shown previously that
calcium would impact Nrf2 signaling (9, 16, 42). Hence, in this
study, we embarked on a search for additional proteins as
potential Nrf2 interacting partners in order to have a better
and more comprehensive understanding of the molecular
signaling mechanisms of Nrf2 and Nrf2’s regulation of
downstream target genes such as antioxidant enzyme HO-1.
In this context, in the current study, we have identified and
functionally characterized a new Nrf2 partner protein IQ
motif containing GTPase activating protein 1 (IQGAP1),
which may contribute to Nrf2 signaling and the regulation of
Nrf2 downstream target genes such as antioxidant HO-1.

Results

IQGAP1 was identified as a new Nrf2-interacting
protein

One-STrEP� purification system was utilized in this study.
The key principle of this technology is that One-STrEP tag of
eGFP-Nrf2 protein can bind tightly to Strep-Tactin bead, and,
subsequently, the eGFP-Nrf2-One-Strep complex can then be
eluted with desthiobiotin in a sequential manner. The eluted
protein complexes can be separated on a sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gel,
and the gel will be stained with silver (Fig. 1A). One-STrEP tag
with eGFP marker (eGFP-Os) alone was performed in parallel
as a control. Representative bands found in the pull down of
eGFP-Nrf2-Os but not eGFP-Os were excised as the potential
Nrf2-interacting partner proteins. The identity of these pep-
tides was analyzed by mass spectrometry using LTQ Orbitrap
LC/MS/MS equipment as described in Material and Meth-
ods. As shown in Figure 1A, six representative bands (F1 to
F6) from the eGFP-Nrf2-Os silver-stained gel were excised
and subsequently subjected to mass spectrometry analysis. To
eliminate nonspecific binding proteins, the bands in the re-
spective positions in the eGFP-O silver stained gel as the F1 to
F6 bands in the eGFP-Nrf2-O gel were cut out for analysis as
well. As a result, several major Nrf2 binding proteins were
identified (five of these are provided in Table 1). Four known
Nrf2-interacting proteins (Keap, MafG, MafF, and MafK)
were identified as expected. Among the other newly identi-
fied Nrf2-interacting proteins, IQGAP1 showed the strongest

Innovation

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key
transcriptional factor in the regulation of antioxidant re-
sponsive element-mediated gene expression in response to
oxidative and electrophilic stresses. The kelch-like ECH-
associated protein 1 (Keap1)-Nrf2 signaling model is
evolving. Keap1 appears to involve dual functions in Nrf2
inhibition and Nrf2 degradation, and the overexpression of
Keap1 shows mainly Nrf2 degradation in the cell culture
system. In this study, we identified and verified IQ motif
containing GTPase activating protein 1(IQGAP1) as a new
Nrf2 partner that binds to Nrf2, increases the stability of
Nrf2, accentuates the translocation of Nrf2 into the
nucleus, and enhances the transcription activation of Nrf2
and the expression of Nrf2-target genes.
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FIG. 1. Purification and identification of novel Nrf2 partners. (A) Eluted samples from the One-strep pull-down assay
were concentrated using Microcon YM-50 (Millipore) and subjected to polyacrylamide gel electrophoresis gel (6%–15%
gradient) electrophoresis for silver staining. The representative protein bands in the lane of eGFP-Nrf2-Os (G-N-Os) were
excised for LC/MS/MS analysis. To minimize the nonspecific background between eGFP-One-strep (G-Os; control) and
eGFP-Nrf2-One-strep (G-N-Os), the same region of G-Os was also cut as a counterpart of G-N-Os. All excised samples were
measured by LTQ_Orbitrap LC/MS/MS equipment (http://cabm-ms.cabm.rutgers.edu), and all mass data were analyzed
using The Global Proteome Machine Organization Proteomics Database (Open Source Software, www.thegpm.org). (B)
Based on the mass identification, same samples from (A) were subjected to Western blot analysis to check and verify the
identified proteins. Newly identified IQGAP1 was blotted using anti-IQGAP1antibody, and four known Nrf2 partners,
Keap1 and Maf F/G/K, were also blotted using anti-Keap1and anti-Maf F/G/K antibodies, respectively. (C) To verify the
binding between IQGAP1 and Nrf2, GST-IQGAP1 protein was incubated with purified His-Nrf2 protein in vitro and followed
by GST pull-down assay. Protein-bead complexes were then subjected to Western blot analysis against His-Nrf2 using anti-
Nrf2 (C-20). (D) Schematic diagram shows the structure of different segments of IQGAP1 utilized for in vitro transcription/
translation-binding assay. (E) IQGAP proteins (full-length or N-terminal fragment) were synthesized by in vitro transcrip-
tion/translation, as described in Materials and Methods, and were incubated with GST-Nrf2. The protein complex was pulled
down by glutathione-sepharose beads and subjected to Western blot analysis using an antibody against IQGAP1. (F) Whole-
protein extract from MEF cells were subjected to co-IP to examine the binding affinity between the endogenous mouse Iqgap1
and Nrf2. (G) Western blot analysis showed that suppressed mouse Nrf2 in the Iqgap1-deficient MEF cells was rescued by
transfection of the different amounts (2, 3, 5 lg) of Dsred-IQGAP1. CHD, calponin homology domain; WW, WW domain; IQ,
IQ motif; GRD, GAP-related domain; RasGAP_C, RasGAP binding C-terminal. S, standard mouse Iqgap1 protein; WT, wild
type; KO, knock-out; Dsred-IQGAP1, Dsredmono-IQGAP1; GST, glutathione S-transferase; IQGAP1, IQ motif containing
GTPase activating protein 1; Keap1, kelch-like ECH-associated protein 1; MEF, mouse embryonic fibroblast; co-IP, coim-
munoprecipitation;.
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signal and the best score from mass spectrometry analysis. To
check and verify the identified proteins, elution samples were
subjected to Western blot analysis using anti-IQGAP1, anti-
Keap1, and anti-Maf F/G/K antibodies. The results showed
that all proteins were clearly detected as eGFP-Nrf2-One-
strep partners (Fig. 1B). Based on these results, we further
investigated the interaction and functional significance of
IQGAP1 in Nrf2 signaling.

To examine whether IQGAP1 interacts with Nrf2 directly,
we performed an in vitro protein binding assay. GST-tagged,
full-length IQGAP1 protein was incubated with purified His-
tagged, full-length Nrf2 protein. The complex was isolated
with glutathione-sepharose beads and analyzed by Western
blotting using the antibodies against Nrf2 or IQGAP1. As
shown in Figure 1C, Nrf2 binding to GST-IQGAP1 was spe-
cific, as no Nrf2 protein was pulled down by GST beads alone.
We confirmed the direct interaction using an in vitro tran-
scription/translation assay (Fig. 1E). Since the calmodulin-
binding domain is located in the N-terminal of IQGAP1 (17,
20), we next examined whether the N-terminal domain of
IQGAP1 can interact with Nrf2 directly. The N-terminal seg-
ment (amino acid residues 2-863) of IQGAP1 (N-IQGAP1)
was synthesized by in vitro transcription/translation and in-
cubated with GST-Nrf2 protein, and the complex was isolated
by glutathione-sepharose beads and analyzed by Western
blotting. As shown in Figure 1D and 1E, specific binding of N-
IQGAP1 to Nrf2 was confirmed, as no N-IQGAP1 was pulled
down when incubated with GST beads alone. This suggests
that the IQGAP1’s function in the Nrf2 signaling may be
through this N-terminal domain.

In addition, we performed coimmunoprecipitation (co-IP)
using an antibody against Nrf2 to detect Iqgap1 in mouse
embryonic fibroblast (MEF) cells. The results showed that the
mouse Nrf2 was bound to Iqgap1 in Iqgap1 + / + MEF
(Fig.1F). Furthermore, Nrf2 protein level was significantly
decreased in Iqgap1-deficient MEF cells and rescued by
Dsredmono-IQGAP1 transfection (Fig.1G). This might be the
result from the instability of Nrf2, because its mRNA was not
altered in the qPCR analysis (data not shown). This suggests
that Iqgap1 may play a critical role in the stability of Nrf2.

IQGAP1 enhances Nrf2 stability and HO-1 expression

To investigate the role of IQGAP1 in Nrf2 signaling, HeLa
cells were transfected with eGFP-Nrf2 and Dsredmono-IQ-
GAP1 constructs for 24 h. Immuoblotting showed that

Dsredmono-IQGAP1 stabilized the eGFP-Nrf2, resulting in a
strong induction of Nrf2 downstream target gene HO-1 (Fig.
2A). In a separate experiment, likewise, eGFP-Nrf2 was also
stabilized by Dsredmono-IQGAP1 (Fig. 2B). To further sup-
port the interaction between Nrf2 and IQGAP1, HeLa cells
were transfected with eGFP-Nrf2 and/or Dsredmono-IQ-
GAP1 for 24 h on cover-glass-bottomed dishes. The expressed
proteins in the cells were then analyzed for their subcellular
localization and the intensity of protein expressed using
fluorescent microscopy. Epifluorescence results showed that
the expression of eGFP-Nrf2 was strongly induced in the nu-
cleus with cotransfection of eGFP-Nrf2 and Dsredmono-IQ-
GAP1 constructs, as compared with the transfection of eGFP-
Nrf2 alone. Furthermore, the localization of IQGAP1 protein
from the cytosol to the nucleus was enhanced after calcium
treatment for 1 h, especially in the eGFP-Nrf2/Dsredmono-
IQGAP1 cotransfected cells (Fig. 2C).

Silencing of IQGAP1 increases the instability
of Nrf2 and results in the inhibition
of Nrf2-mediated target genes

To confirm the function of IQGAP1 in Nrf2 signaling, HeLa
cells were first transfected with siIQGAP (Santa Cruz Bio-
technology) or shIQGAP1 (pGFP-V-RS-IQGAP1-77; Origene)
for different time intervals. The results showed that siIQ-
GAP1, treated for 72 h, knocked down the endogenous IQ-
GAP1 and resulted in the inhibition of endogenous protein
levels of both Nrf2 and HO-1. However, Bach1 protein (14), a
negative regulator of Nrf2, was not changed (Fig. 3A). Like-
wise, IQGAP1 and HO-1 mRNAs were measured after
treatment of the cells with siIQGAP1 for 48 and 72 h. siIQ-
GAP1 decreased the mRNA expression of IQGAP1 and HO-1
in a time-dependent manner (Fig. 3B). In addition, Nrf2 and
Nrf2-target genes NQO-1, GSTpi and GCLC mRNAs were
also measured after siIQGAP1 treatment for 72 h. The results
showed that Nrf2 mRNA expression level was not changed;
however, Nrf2 target genes NQO-1, GSTpi, and GCLC were
decreased by siIQGAP1 (Fig. 3C). These results suggested that
IQGAP1 could play an important role in the stability of Nrf2
protein and that interaction between Nrf2 and IQGAP1 may
be important for Nrf2’s regulation of its downstream target
genes. To examine the effect of calcium on the regulation of
Nrf2 and Nrf2 target genes, such as HO-1, NQO-1, and GSTpi,
mRNA were measured by real-time PCR after the treatment
of HeLa cells with calcium. The results showed that the

Table 1. Identification of Nrf2 Partners from LC/MS/MS Silver-Stained Gel Were Excised

and Subjected to LTQ_Orbitrap LC/MS/MS for Protein Identification

F Identifier log(I) rl log(e) Mr (kDa) Description Source

1 ENSP00000268182 6.13 59 2424.6 189.1 Ras GTPase-activating-like protein
IQGAP1 (p195)

Uniprot/SWISSPROT P46940

3 ENSP00000171111 5.27 11 274.5 69.6 Kelch-like ECH-associated protein 1
(Cytosolic inhibitor of Nrf2)

Uniprot/SWISSPROT Q14145

6 ENSP00000350369 6.05 13 269.5 17.8 Transcription factor MafG Uniprot/SWISSPROT O15525
6 ENSP00000345393 5.62 8 241.0 17.7 Transcription factor MafF Uniprot/SWISSPROT Q9ULX9
6 ENSP00000344903 6.25 17 280.1 17.5 Transcription factor MafK Uniprot/SWISSPROT O60675

IQGAP1 protein and four other known Nrf2 partner proteins were identified. Newly identified proteins are indicated with bold letters.
F, excised gel fraction number; log(I), base-10 log of the sum of the Intensities of the fragment ion spectra; log(e), based-10 of the expectation

that this assignment in stochastic; rl, number of peptides found from this sequence only; Mr, protein molecular mass; Nrf2, nuclear factor
erythroid 2-related factor 2.
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mRNA expression of HO-1, NQO-1, and GSTpi was increased
by calcium and attenuated by shIQGAP1-77 (Fig. 3D).

Ca2 + activates Nrf2/ARE-luciferase activity
and induces HO-1 expression

Before the initiation of our current study, the activity of
eGFP-Nrf2-One-Strep was verified using reporter assay by
treatment with sulforaphane (SUL), a naturally occurring
Nrf2-ARE activator (Fig. 4A). Since IQGAP1 has been re-
ported to be involved in calcium/calmodulin signaling, we
examined whether Ca2 + could activate Nrf2/ARE-luciferase
activity and induce endogenous HO-1 protein. The results
showed that Nrf2/ARE-luciferase activity (Fig. 4B) and HO-1
protein (Fig. 4C) were significantly induced after the addition
of CaCl2 to eGFP-Nrf2 transfected cells. Furthermore, the ARE
activity was also activated by CaCl2 in a concentration-
dependent manner (Fig. 4D). To provide further evidence
between Nrf2 activation and the increased intracellular cal-

cium level, HeLa cells were treated with SUL and CaCl2, and
the level of intracellular calcium level was measured. As
shown in Figure 4E, intracellular calcium levels were en-
hanced 16-fold by CaCl2 (2 mM), while SUL (20 lM) increased
by 4-fold.

Nrf2-IQGAP1 complex is translocated
into the nucleus by calcium treatment, resulting
in the induction of HO-1 protein

As just discussed, the direct interaction between IQGAP1
and Nrf2 was verified using GST pull-down assay. To further
investigate the functional importance of partnership between
IQGAP1 and Nrf2, HeLa cells were transfected with pEGFP-
Nrf2 and treated with CaCl2 for different time periods. Cy-
tosolic and nuclear extracts were subjected to IP assay against
EGFP using anti-GFP antibody and immunoblotted against
IQGAP1. The results showed that the translocation of cyto-
solic IQGAP1 into the nucleus began at 5 min, peaked at

FIG. 2. IQGAP1 enhances the expression of Nrf2 and induction of HO-1 expression as well as the stability of Nrf2. (A)
Based on mass data shown in Table 1, the newly identified IQGAP1 was then tested to see whether it could regulate the
expression of HO-1, which is also regulated by Nrf2. HeLa cells were cotransfected with pDsredmono-IQGAP1 and pEGFP-
Nrf2 plasmids for 24 h using jetPEI reagent. The cells were then lysed with RIPA lysis buffer, and 20 lg of proteins were
subjected to Western blot analysis against HO-1, eGFP-Nrf2, and Dsred-IQGAP1 using anti-HO-1, anti-GFP, and anti-
IQGAP1 antibodies, respectively. GAPDH was used for the equal loading control. pCDNA3.1 vector was used for the equal
amount of transfection. GFP-Nrf2, pEGFP-Nrf2; Dsred-IQGAP1, pDsredmono-IQGAP1. (B) To measure the stability of Nrf2
by IQGAP1, HeLa cells were transfected with pEGFP-Nrf2 (500 ng) and either empty vector (pcDNA3.1) or pDsredmono-
IQGAP1 (500 ng) constructs using jetPEI reagent for 24 h. The cells were then treated with cycloheximide (5 lg/ml) for
different time intervals as just indicated. Cell lysates (20 lg) were subsequently subjected to immunoblotting against eGFP-
Nrf2 or Dsred-IQGAP1 using anti-Nrf2 or anti-Dsred antibodies, respectively. Actin was used for the equal loading control.
GFP-Nrf2, pEGFP-Nrf2; Dsred-IQGAP1, pDsredmono-IQGAP1. (C) HeLa cells were plated in glass-bottom culture dishes
and transfected with pEGFP-Nrf2 and pDsredmono-IQGAP1 using jetPEI transfection reagent. After 24 h of transfection, the
cells were fixed with 4% paraformaldehyde, and the images were taken by fluorescent microscopy. Green, Red, and DAPI
filters were used for GFP, Dsred, and nucleus, respectively. GFP-Nrf2, pEGFP-Nrf2; Dsred-IQGAP1, pDsredmono-IQGAP1.
magnification (34 · ). HO-1, heme oxygenase-1.
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60 min after CaCl2 and eGFP-Nrf2 protein also showed a
similar pattern of expression as IQGAP1 (Fig. 5A); Lamin A
was used as a positive control for nuclear protein loading. In
addition, HeLa cells were treated with 2 mM CaCl2 from 0 to
6 h, and the cytosolic extracts were then subjected to Western
blotting using an antibody against anti-HO-1 (C-20) (Fig. 5B).
The results showed that HO-1 protein was induced by single
treatment with CaCl2 (Fig. 5B). The induction of HO-1 protein
was seen at 30 min and peaked at 3 h to 6 h. These results
suggest that calcium triggered the translocation of the Nrf2/
IQGAP complex into the nucleus very quickly ( < 30 min),
resulting in the Nrf2-mediated induction of HO-1.

To further examine IQGAP1-Nrf2-Calcium signaling
pathway, HeLa cells were transfected with eGFP-Nrf2 (G-N2)
or/and Dsredmono-IQGAP1 (D-IQ) constructs and treated
with 2 mM CaCl2 for 30 min. Figure 5C shows that the co-
transfection of eGFP-Nrf2 and Dsredmono-IQGAP1 signifi-
cantly increased the protein expression of eGFP-Nrf2 in both
cytosolic and nuclear extracts as compared with the trans-
fection of eGFP-Nrf2 alone. Furthermore, calcium treatment
enhanced the translocation of eGFP-Nrf2 protein into the
nucleus by either transfection of eGFP-Nrf2 alone or co-
transfection of eGFP-Nrf2 and Dsredmono-IQGAP1 (Fig. 5C).
Interestingly, calcium also induced ERK2 phosphorylation,

and this was intensified in the presence of Dsredmono-IQ-
GAP1 (Fig. 5C), suggesting that ERK2 activation by calcium
may result in enhancing the translocation of Nrf2 into the
nucleus and increase Nrf2-mediated gene expression.

Discussion

Nrf2 is a key transcriptional factor in the regulation of ARE-
mediated gene expression in response to oxidative and elec-
trophilic stresses. Although several functional proteins, such
as Keap1 (31, 41), MAPKs (44), PKC (23), PI3K (43), CBP (29),
and small Mafs (3), have been implicated in the Nrf2 trans-
activation activity, the precise molecular mechanism in con-
trolling Nrf2 signaling under various cellular environments
remains unclear and would probably depend on the cellular
and tissue context.

The dogma of Nrf2-Keap1 signaling which states that Nrf2
is regulated by Keap1 anchoring to the perinuclear region of
cytoskeletal proteins, such as F-actin (27), is evolving. For
instance, this hypothesis may have been modified by Ve-
lichkova and Hasson (52), where they proposed that Keap1
does not anchor Nrf2 to the cytoskeleton. In response to
oxidative stress, Nrf2 may not be released from the Keap1
anchored to actin but instead facilitate Keap1-Nrf2’s

FIG. 3. siIQGAP1 decreases the
stability of Nrf2 and attenuates
HO-1 expression and ARE-lucif-
erase activity. (A) HeLa cells were
transfected with siIQGAP1 for 72 h
using Lipofectamin 2000 reagent to
silence or knockdown the endoge-
nous IQGAP1 gene expression. The
expression levels of endogenous IQ-
GAP1, Nrf2, HO-1 and Bach1 were
measured by Western blot analysis.
(B) IQGAP1 and HO-1 mRNAs were
measured by qPCR after transfection
with siIQGAP1 for different time
periods (48 and 72 h). (C) Nrf2,
NQO-1, GSTpi, and GCLC mRNAs
were also measured from the siIQ-
GAP1-72 h-transfected samples. (D)
HeLa cells were transfected with
pGFP-V-RS-Sc plasmid or pGFP-V-
RS-IQGAP1-77 for 3 days and trea-
ted with 2 mM CaCl2 for 6 h. Isolated
mRNA was subjected to real-time
qPCR for HO-1, NQO-1, and GSTpi.
Beta-Actin was used for the normal-
ization. *p < 0.05 **p < 0.01. Sc,
scramble; siIQ, siIQGAP1; ARE,
antioxidant responsive element;
NQO-1, NAD(P)H: quinone oxido-
reductase 1; NS, not significant.
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translocation from the cytoplasm to the nucleus. This notion
appears to be supported by Watai et al. (57), suggesting that
the complex between Keap1 and actin cytoskeleton or cyto-
plasmic scaffold may not be that simple and straightforward,
as they show no clear-cut colocalization between endogenous
Keap1 and actin filaments (F-actin). In this context, the mo-
lecular mechanism based on the perinuclear localization of
Keap1 may still be evolving.

To investigate the potential new interacting protein part-
ners of Nrf2, the One-strep tag purification system coupled
with the LCTQ_Orbitrap LC/MS/MS was utilized. This
system is designed to purify intact protein complexes under
physiological conditions inside the cells. One-strep tag con-
sists of two strep tag II sequences (SAWSHPQFEK) along the
edges, which would facilitate the binding affinity between
One-strep tag and streptavidin bead (Strep-Tactin bead).

Before the purification of the Nrf2 complex, we have first
performed a preliminary study on the potential role of cal-
cium in Nrf2 activation utilizing Nrf2/ARE-luciferase re-
porter gene and Western blotting against HO-1 protein, an
Nrf2-target gene. From these purification processes, we were
able to isolate many possible Nrf2-partner proteins and
identified them using LTQ_Orbitrap LC/MS/MS. Table 1
shows some of the representative proteins of the newly
identified proteins (some of the newly identified proteins,

other than IQGAP1, were not shown, as we are in the process
of performing further investigation). In addition, some of the
proteins that have low rl (a number of peptides were found
from the sequencing) values were also not shown.

The involvement of calcium in Nrf2/ARE signaling was
hypothesized and published by our group (9). Tertiary bu-
tylhydroquinone-induced Nrf2/ARE-luciferase activity and
HO-1 expression were dramatically attenuated by treatment
with EGTA, a chelating agent of Ca2 + , in both HT-29 cells
and HepG2 cells (data not shown). In contrast, Nrf2/ARE-
luciferase activity and HO-1 expression were significantly
increased by calcium in HeLa cells (Fig. 4B–D). It has been
reported that diallyltrisulfide, a garlic organosulfur com-
pound that can activate the Nrf2-ARE pathway, could also
increase the intracellular level of calcium in the early hours of
treatment (48). It has been reported that an increased level of
intracellular calcium is associated with reduced glutathione
level (26), and that calcium-dependent calcium/calmodulin-
dependent protein kinase is implicated in a stress-mediated
cellular defense response (21). Furthermore, microarray data
reported by Lee et al. (37) showed that Nrf2 + / + mouse pri-
mary neuronal cultures have higher expression levels of genes
encoding calcium homeostasis protein, such as visinin-like 1,
calbindin-28K, synaptotagmin-1, hippocalcin, and calmodu-
lin III, as compared with cells obtained from Nrf2 - / - mice,
suggesting that calcium may play an important role in Nrf2
signaling. Based on all these reports, it is possible that in-
creased intracellular level of calcium by Nrf2 activators could
play an important role in the overall Nrf2 signaling.

IQGAP1, as a scaffolding protein, can assemble with many
proteins, such as calmodulin, actin, Cdc42, Rac1, E-cadherin,

FIG. 4. Calcium induces the activity of ARE-luciferase
and the expression of Nrf2 target proteins. (A) To verify the
Nrf2-One-strep tag construct for this system, HeLa cells were
transfected with pEGFP-Nrf2-Os and pTI-ARE-Luc plasmids
for 24 h, and the Nrf2 transactivation activity was examined by
reporter assay after 6 h of treatment with 25 lM SUL, as an
Nrf2 inducer. pEGFP-Os was also transfected as a control. (B)
To check the involvement of the calcium ion in Nrf2 activity or
Nrf2 partner complex, after cotransfection with pEGFP-Nrf2
and pTI-ARE-Luc constructs, HeLa cells were treated for 6 h
with various concentrations of CaCl2. ARE-luciferase activity
was then measured by reporter assay. (C) The level of en-
dogenous HO-1 was also measured by Western blotting using
the same samples from (B). (D) HeLa cells were transfected
with pGL3-luc or pTI-ARE constructs for 24 h and treated with
different concentrations of CaCl2 for 3 h, and ARE luciferase
activity was measured. (E) To measure the changes in the in-
tracellular calcium level, HeLa cells were treated with SUL, an
ARE activator and CaCl2. The cells were seeded in 12-well
plates and cultured overnight. Intracellular calcium level was
measured using FluoForte� Calcium Assay Kit (ENZO Life
Sciences) according to the manufacturer’s instructions. Briefly,
the cultured medium was removed, and the cells were incu-
bated with 1 ml of FluoForte� Dye-Loading Solution for
40 min at room temperature. Then, 20 lM SUL or 2 mM CaCl2
was added to the incubation solution. After 1 min of incuba-
tion, the cells were immediately imaged with a fluorescence
microscope (Carl Weiss, Axiovert S100) using the FITC channel
(left panel). Right panel shows a densitometry analysis of the
pictures, which represent the relative intracellular calcium
levels. Con, Control (0.1% DMSO); SUL, sulforaphane; Mag-
nitude, · 32. *p < 0.001 (vs. control).
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b-catenin, and CLIP-170, for coordinating different signaling
pathways (5). As such, IQGAP1 complexation with other
protein partners can be modulated by calmodulin association
with the calcium ion [reviewed in ref. (4)]. Calcium ion, as an
intracellular messenger, is ubiquitously distributed in the cells
and plays an important role in controlling numerous cellular
events (2). The major mediator of Ca2 + signaling is calmod-
ulin, which modulates the function of various downstream
targets (10). A rise in intracellular Ca2 + concentration induces
conformational changes in calmodulin followed by binding
to specific domains on target proteins. Taken together, our
present results suggest that the intracellular calcium ion
concentration [Ca2 + ]i may enhance the binding of calcium-
binding proteins to IQGAP1, resulting in the translocation of
the IQGAP1-Nrf2 complex to the nucleus and subsequently
enhancing the expression of Nrf2-target genes (Fig. 5). The
question remains as to how the IQGAP1-Nrf2 complex would
activate Nrf2 transcription activation, and further studies will
be needed.

In summary, we have isolated and identified IQGAP1 as a
new Nrf2 signaling-partner protein using One-strep tag pu-

rification system. IQGAP1, a scaffold, actin, and calmodulin
binding protein, was subsequently studied for physical
interactions, signaling, and functions with Nrf2. IQGAP1 di-
rectly interacts with Nrf2 and enhances the stability of Nrf2,
resulting in increased induction of Nrf2-target genes, includ-
ing HO-1. In addition, since calcium mediates IQGAP1
signaling, treating the cells with calcium facilitates the trans-
location of the IQGAP1-Nrf2 complex into the nucleus, re-
sulting in the enhanced induction of Nrf2-target genes such as
HO-1 through the Nrf2/ARE pathway. Taken together, our
present study suggests that IQGAP1 may play an important
role in Nrf2 signaling and the regulation of Nrf2-mediated
antioxidant enzymes such as HO-1.

Materials and Methods

Materials

Minimum essential medium (MEM), fetal bovine serum
(FBS), penicillin/streptomycin antibiotics mixture, lipofecta-
min 2000 reagent, and Dynabead G were obtained from In-
vitrogen. The anti-IQGAP (H-109), anti-GFP (B-2), anti-Dsred
(C-20), and anti-Maf F/G/K (H-100), anti-HO-1 (C-20), anti-
Bach1 (C-20), anti-actin, anti-Lamin A primary antibodies,
and secondary antibodies were purchased from Santa Cruz
Biotechnology. The anti-pp38, anti-p38, anti-pERK1/2, and
anti-ERK were purchased from Cell Signaling. ECL femto
signal substrate and silver SNAP staining kit were obtained
from Thermo Scientific. Transfection reagent jetPEI was pur-
chased from Polyplus-Transfection (Bioparc). Strep tactin
cartridge was obtained from EMD chemicals. Polypropylene
column was purchased from Qiagen. Cover-glass-bottomed

FIG. 5. Translocation of Nrf2-IQGAP1 complex into the
nucleus by calcium treatment and induction of HO-1 pro-
tein. (A) To verify the involvement of calcium in endogenous
Nrf2-IQGAP1 complexes, HeLa cells were transfected with
pEGFP-Nrf2 (8 lg/100 mm dish) for 24 h and treated with
CaCl2 (2 mM) for different times. Then, cytosolic and nuclear
proteins were isolated using the M-PER kit (Thermo Scien-
tific). Equal volumes of cytosolic and nuclear fractions were
subjected to IP with the GFP antibody using Dynabead G
(Invitrogen) beads. The procedures of this experiment are
described in Materials and Methods. The IP samples were
then subjected to Western blotting against endogenous IQ-
GAP1 and eGFP-Nrf2 using anti-IQGAP1 or GFP antibody.
Lamin A was used for nuclear fraction marker protein. *,
represents nonspecific protein. (B) To examine the time course
of induction of HO-1 by CaCl2, HeLa cells were treated with
CaCl2 for different times. Then, cell lysates were subjected to
Western blotting against HO-1 using anti-HO-1 (C-20) anti-
body. Actin was used for the control of the equal loading of
protein. (C) To test whether calcium treatment facilitates the
Nrf2 translocation into the nucleus, HeLa cells were trans-
fected with pEGFP-Nrf2 (4lg) or/and pDsredmomo-IQGAP1
(4 lg) constructs on 100 mm dishes for 24 h and treated with
2 mM CaCl2 for 30 min. Cytosolic and nuclear fractions were
isolated using the NE-PER kit (Thermo Scientific). Then,
fractionated lysates (15 lg) were subjected to Western blot
analysis. Lamin A was used as an indicator of a nuclear
fraction. Both eGFP and Dsredmono control vectors were
used for equal transfection. CBB staining was used as an equal
loading control. G, EGFP; D, Dsredmono; G-N2, eGFP-Nrf2;
D-IQ, Dsredmono-IQGAP1; CBB, Coomassie brilliant blue
staining; LE, longer exposure; SE, shorter exposure; Ca, CaCl2.
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culture dishes were purchased from MatTek Corporation.
Polyvinylidene difluoride (PVDF) was obtained from Milli-
pore. SUL was purchased from Alexis. Protease inhibitor
cocktail was from Roche Molecular Biochemicals. Mamma-
lian expression vectors, pEGFP-C3, and pDsredmono-C1
were obtained from Clontech. All other chemicals used were
of an analytical grade or the highest grade available.

Cell culture

HeLa cells from ATCC were maintained at 37�C in a
humidified atmosphere of 5% CO2/95% air in MEM supple-
mented with 10% heat-inactivated FBS and 50 U/ml of peni-
cillin/streptomycin mixture (Gibco BRL). Cells were grown to
60%–80% confluence and trypsinized with 0.05% trypsin
containing 2 mM EDTA.

Iqgap1( + / + ) and Iqgap1( - / - ) MEF cells (25) were main-
tained at 37�C in a humidified atmosphere of 5% CO2/95% air
in DMEM supplemented with 10% heat-inactivated FBS and
50 U/ml of penicillin/streptomycin mixture (Gibco BRL).

Construction of plasmids

To identify and purify the unknown proteins in the Nrf2-
partner complexes using Strep-tactin bead, a pEGFP-Nrf2-
One-strep plasmid was constructed. Nrf2 gene (NM 006164,
605 aa) was first amplified with specifically designed primers
(forward: 5¢-AAA CTC GAG ATG ATG GAC TTG GAG CTG
CCG CCG CCG GGA C-3¢ and reverse: 5¢-AAA GGA TCC
TTA TTT TTC GAA CTG CGG GTG GCT CCA CGA TCC
ACC TCC CGA TCC ACC TCC GGA ACC TCC ACC TTT
CTC GAA CTG CGG GTG GCT CCA GTT TTT CTT AAC
ATC TGG CTT CTT AC-3¢) for tagging One-strep tag
(SAWSHPQFEK(GGGS)2GGSAWSHPQFEK) in the C-terminal
of Nrf2. Then, the Nrf2-One-strep gene was amplified using
the Platinum pfx DNA polymerase kit (Invitrogen) following
the manufacturer’s instructions. Briefly, cDNA (0.5 lg) was
denatured at 95�C for 2 min, cycled 24 times at 94�C for 15 s,
55�C for 15 s, and 68�C per min/per kb. The PCR reaction
ended with an additional 10 min incubation at 68�C. The
amplified PCR product was cut with BamHI and XhoI re-
striction enzymes and subcloned into pEGFPC3 vector.
For the control, the One-strep tag was also linked to the C-
terminal of eGFP gene. Based on the results of LC/MS/MS,
IQGAP1 cDNA was subcloned into the pDsredmono-C1
vector (Clontech). The IQGAP1 cDNA was purchased from
the I.M.A.G.E clone consortium (Invitrogen) and amplified by
the PCR method with specifically designed primers contain-
ing appropriate restriction enzyme sites. Amplified IQGAP1
gene was cut by XhoI/ApaI restriction enzymes, and then
subcloned into the pDsredmono-C1 vector. All PCR reaction
conditions were the same as those in the previous experiment.
We used the commercially available siIQGAP1 and shIQGAP
plasmids (pGFP-V-RS-shIQGAP1-77) from Santa cruz bio-
technology (Santa cruz, CA, USA) and Origene, respectively.

Nrf2 partner pull-down with One-strep tactin system

HeLa cells from 20 plates (15 cm) were scrapped and lysed in
4 ml of lysis buffer (25 mM NaCl,5 0 mM Tris-HCl containing
protein inhibitor cocktail [Roche] in 0.2% Triton-X100, and
7.5% glycerol, W/O ETDA, pH 7.4). Cell lysis was performed
by four freezing/thawing cycles in liquid nitrogen. After every

single thawing cycle, pippetting was performed to disrupt the
cells. After lysis, all procedures were followed by One-STrEP
purification system (IBA GmbH). Briefly, lysates were then
centrifuged at 15,000 rpm for 20 min at 4�C. The supernatant
was applied to the One-strep tactin bead column packed with
1 ml bead in polypropylene column with gravity flow rate.
Columns were then washed 5 times with 1 ml washing buffer
(150 mM NaCl, 50 mM Tris-HCl, 0.2%, Triton X-100, and pH
8.0) and eluted with 500 ml elution buffer (150 mM NaCl,
50 mM Tris-HCl, 2.5 mM Desthiobiotin, and pH 8.0). This was
repeated four times. Each small fraction was subjected to gel
electrophoresis and silver staining to verify the elution of the
Nrf2 complex. After silver staining of the gel, the eluted com-
plexes were concentrated by centrifugation for 20 min at 4�C in
Microcon YM50 (Millipore). Concentrated samples were sub-
jected to PAGE gel electrophoresis and silver stained. Candi-
date bands were excised and analyzed for protein identification
using LTQ_Orbitrap LC/MS/MS (Thermo Fisher Scientific) in
the Rutgers/UmDNJ proteomic core facility (http://cabm-ms
.cabm.rutgers.edu/index.html). Mass data were analyzed us-
ing The Global Proteome Machine Organization Proteomics
Database (Open Source Software; www.thegpm.org).

Transient transfection and reporter gene
activity assays

For the Nrf2 partner pull-down study using One-strep
tactin system, HeLa cells (50% confluence) were plated in 20 of
15 cm culture dishes per group, and cells were cultured
overnight. The cells were then transfected with either pEGFP-
Nrf2-One-strep or pEGFPC3-One-strep plasmid for 24 h.
Twelve micrograms of plasmid were mixed with jetPEI re-
agent (Polyplus-Trasfection�; Illkirch) in a ratio of 1 lg DNA
to 4 ll jetPEI. Before harvesting, eGFP expression was checked
for transfection efficiency using FITC filtered fluorescence
microscopy. The cells were immediately washed once with ice
cold phosphate-buffered saline (PBS, pH 7.4, w/o EDTA),
scraped, and subjected to the Nrf2 partners pull-down ex-
periment as described next. For the reporter gene activity
assay, HeLa cells were plated in six-well plates at *4.0 · 105

cells/well. Sixteen hours after plating, cells were transfected
with given plasmids using the jetPEI reagent according to the
manufacturer’s instructions. To each well, either 500 ng of
pEGFP-Nrf2 and/or 200 ng of ARE-Luciferase construct (56)
were added into 100ll of NaCl (150 mM). Then, jetPEI reagent
was added into a separate tube of 100ll of NaCl (150 mM). The
two different tubes were vigorously mixed and incubated at
room temperature for 25 min. After that, the cells were incubated
with transfection complexes for 20–24 h in a 37�C incubator. The
cells were then washed once with PBS, scraped, and lysed in
200ll of reporter lysis buffer (Promega) on ice for 10 min. After
centrifugation at 12,000 rpm for 5 min at 4�C, 10ll of lysate was
mixed with luciferase substrate (Promega), and the ARE-lucif-
erase activity was measured using a Sirius luminometer (Bert-
hold Detection System). Luciferase activity was normalized by
measuring the conventional b-gal activity by the transfection
with pCDNA3.1-lacZ plasmid coding galactosidase.

Expression and purification
of recombinant IQGAP1 and Nrf2 proteins

The constructs that encode human proteins GST-IQGAP1
(in pGEX-4T), GST-Nrf2 (in pGEX-4T), and His-Nrf2 (in
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pET28) were expressed in Escherichia coli BL21 cells. GST-Nrf2
or His-Nrf2 proteins were induced using 1 mM isopropyl b-D-
thiogalactopyranoside (IPTG) for 4 h at 30�C. Expression of
GST-IQGAP1 protein was induced by 0.5 mM IPTG for 8–10 h
at room temperature. The recombinant proteins were purified
by affinity chromatography using Glutathione Sepharose 4B
beads (GE Healthcare) for GST-IQGAP1 or GST-Nrf2; or
nickel-nitrilotriacetic acid agarose beads (Qiagen) for His-
Nrf2. The concentration and purity of the recombinant pro-
teins were evaluated by Coomassie brilliant blue staining.

In vitro binding assays

Eluted His-Nrf2 protein was incubated for at least 2 h at 4�C
with GST-IQGAP1 protein in 0.5 ml incubation buffer (25 mM
Tris-phosphate [pH 7.8], 2 mM DTT, 2 mM 1, 2- diaminocy-
clohexane-N,N,N¢,N,-tetraacetic acid, 10% glycerol, 1% Triton
X-100, and protease inhibitors). GST was used as a negative
control for the in vitro binding assay. The complexes were
isolated with glutathione-sepharose beads, resolved by SDS-
PAGE gel, and processed by Western blotting using Nrf2 and
IQGAP1 antibodies.

In vitro transcription/translation of IQGAP1 proteins

pcDNA3.1-IQGAP1 and pcDNA3.1-IQGAP1-N plasmid
DNA was isolated using the Qiagen plasmid purification kit.
In vitro transcription and translation (TNT) products were
generated with the TNT Quick Coupled Transcription/
Translation system (Promega) according to the manufactur-
er’s instructions. Briefly, the plasmids (0.5 lg) were incubated
with 40 ll of TNT Quick Master mix at 30�C for 1.5 h. The
products were confirmed by resolving on SDS-PAGE gel and
Western blotting. Ten micro liter of the TNT coupled IQGAP1
proteins were used for the in vitro binding assay with the
purified GST-Nrf2 protein.

Western blot analysis

HeLa cells were plated in 6-well culture dishes at*4.0 · 105

cells/well for 16 h prior to plasmid transfection. After trans-
fection, cells were scraped and lysed with RIPA lysis buffer
(150 mM NaCl, 0.5% Triton X-100, 50 mM Tris–HCl, pH 7.4,
25 mM NaF, 20 mM EGTA, 1 mM DTT, 1 mM Na3VO4, and
protease inhibitor cocktail tablet) for 30 min on ice followed by
centrifugation at 14,800 g for 15 min. The protein concentra-
tion of the supernatant was measured by using the BCA re-
agent. Twenty microgram of protein was loaded onto a 4%–
15% criterion Tris-HCl gel (Biorad) and electrotransferred
onto PVDF membrane in Tris–glycine buffer (pH 8.4) con-
taining 20% methanol. The membrane was then blocked in 5%
fat-free dry milk in PBS with 0.1% Tween-20 for 1 h. Then, the
membranes were probed with primary antibodies and
horseradish peroxidase-conjugated secondary antibody by
standard Western blotting procedures. The proteins were vi-
sualized with the femto signal chemiluminescent substrate
(Pierce) under the image analyzer (Bio-Rad).

Real-time PCR

RNA was isolated by using TRIzol reagent (Invitrogen),
and cDNA was mixed with SYBR green master mix and
subjected to real-time PCR on a 7900HT sequence Detector
(Applied Biosystems). The primer sequences of target mRNA

were followed as Nrf2 (5¢-TCT TGC CTC CAA AGT ATG
TCA A-3¢ and 5¢-ACA CGG TCC ACA GCT CAT C-3¢), IQ-
GAP1 (5¢-CGTCAGAACGTGGCTTATGA-3¢ and 5¢-CTC
CTC CAG TTC TGT GGT GG-3¢), HO-1 (5¢-GAG TGT AAG
GAC CCA TCG GA-3¢ and 5¢-GCC AGC AAC AAA GTG
CAA G-3¢), NQO-1 (5¢-TCC TTT CTT CTT CAA AGC CG-3¢
and 5¢-GGA CTG CAC CAG AGC CAT-3¢), GSTpi (5¢-CTC
AAA AGG CTT CAG TTG CC-3¢ and 5¢-ACC TCC GCT GCA
AAT ACA TC-3¢) and GCLC (5¢-CTT TCT CCC CAG ACA
GGA CC-3¢ and 5¢-CAA GGA CGT TCT CAA GTG GG-3¢).
The results were normalized to beta-actin (5¢-GCA CAG AGC
CTC GCC TT-3¢ and 5¢-GTT GTC GAC GAC GAG CG-3¢).

Epifluorescence

HeLa cells grown on cover glasses were transfected with
various plasmids and then fixed in 4% paraformaldehyde in
PBS (pH 7.4) for 10 min. After briefly washing the cells in PBS
solution, slides were mounted in a medium (VECTASHIELD;
Vector Laboratories, Inc.) containing an antifade agent and
DAPI. Sample images were taken with a fluorescence micro-
scope (Nikon; ECLIPSE E 600 system), and the images were
processed using Photoshop 8.0 (Adobe Systems).

Immunoprecipitation

HeLa or MEF cells were plated on 100 mm dishes and cul-
tured until more than 95% confluence was achieved. Then, the
cells were treated with either CaCl2 (2 mM), EGTA (5 mM) or
BAPTA-AM (10lM) for different times. Next, the cells were
harvested and lysed with M-PER (Pierce) buffer to obtain the
cytosolic extract. Four hundred micrograms of each cytosolic
sample was subjected to IP assay using anti-GFP (B-2) or anti-
Nrf2 (C-20) antibodies. For this experiment, Dynabead G beads
(Invitrogen) were used for IP according to the manufacturer’s
protocol. Briefly, protein extracts were incubated overnight
with primary antibodies in a cold room, and Dynabead protein
G was added and incubated for 1 h. After washing the IP
complexes, the samples were suspended in 200 ll of 2 · SDS
sample buffer. Twenty microliters of aliquots were then
subjected to Western blotting using IQGAP1 (H-109) antibody.

Intracellular calcium measurements

HeLa cells were plated overnight on 12-well plates. Re-
lative intracellular calcium levels were measured using
FluoForte Calcium Assay Kit from Enzo Life Sciences.
Fluorescenced calcium images were taken with an FITC fil-
tered fluorescence microscope.

Statistical analysis

All experiments in this study were performed at least twice
with similar results. The values are presented as mean – SD of
three separate samples. Statistical analysis was performed by
the two-tailed Student’s t-test for unpaired data, with p < 0.05
considered statistically significant.
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Abbreviations Used

cGCS¼ c-glutamylcysteine synthetase
ARE/EpRE¼ antioxidant responsive element/

electrophile response element
CBP¼CREB binding protein
GST¼ glutathione S-transferase

HO-1¼heme oxygenase-1
IP¼ immunoprecipitation

IPTG¼ isopropyl b-D-thiogalactopyranoside
IQGAP1¼ IQ motif containing GTPase activating

protein 1
Keap1¼ kelch-like ECH-associated protein 1

MAPK¼mitogen-activated protein kinase
MEF¼mouse embryonic fibroblast

MEM¼minimum essential medium
MRP1¼multidrug-resistance-associated protein 1

NQO-1¼NAD(P)H: quinone oxidoreductase 1
Nrf2¼nuclear factor erythroid 2-related factor 2
PBS¼phosphate-buffered saline

PERK¼PRKR-like endoplasmic reticulum kinase
PI3K¼phosphoinositide-3-kinase
PKC¼protein kinase C

PVDF¼polyvinylidene difluoride
SUL¼ sulforaphane
UGT¼UDP-glucuronosyltransferase
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