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Abstract

Rac-dependent NADPH oxidases generate reactive oxygen species used in cell signaling and
microbial killing or both. Whereas the mechanisms leading to NADPH oxidase activation are
fairly well studied, the mechanisms that control downregulation of this enzyme complex remain
unclear. We hypothesized that reactive oxygen species produced by NADPH oxidase may
autoregulate the complex by inhibiting Rac activity. To this end, we searched for binding partners
of Racl and identified a tyrosine-phosphorylated fragment of MKKG®6 that bound to Racl under
redox-stress conditions. Constitutively active MKK® interacted directly with Racl /in vitro, and
this interaction was enhanced when MKK®6 was phosphorylated on tyrosine 219. Both Racl and
Rac2 immunoprecipitated an MKK®6 fragment under conditions that elevate cellular peroxide
levels in 293 and RAW cells, respectively. Constitutively active and wild-type MKK6 enhanced
Rac-GTPase activity /in vitro, and their overexpression inhibited PMA-induced NADPH oxidase
activation in RAW cells. In contrast, a Y219F mutant of MKK®6 only partially enhanced Racl
GTPase activity, and its overexpression did not alter PMA-induced NADPH oxidase activation in
RAW cells. Last, MKK®6 deficiency led to an increase in Rac1-GTP levels in brain tissue. Our
findings suggest that MKK6 downregulates NADPH oxidase activity by enhancing Rac-GTPase
activity.

INTRODUCTION

Invading pathogens are quickly cleared from bodily fluids by the innate immune system.
The first cells to respond to invading pathogens include phagocytes such as neutrophils and
monocytes in the blood and macrophages in tissues (4). These cells are equipped with the
phagocytic NADPH oxidase (Nox29P910/0%) that produces reactive oxygen species (ROS) to
help kill pathogens. The phagocytic NADPH oxidase is a multi-subunit enzyme complex
with membrane and cytosolic components (25). The cytochrome b558 resides in the
membrane and is composed of two subunits, gp91779X and p22P119X. The cytosolic subunits
include p47P1oX p7POX n40PHOX and the small GTPase Racl/2. In the resting state, the
cytosolic components remain quiescent in the cytoplasm, and the membrane-bound
cytochrome b558 complex is inactive. On stimulation, the cytosolic subunits are translocated
to the membrane to bind the cytochrome b558 components, leading to activation of the
NADPH oxidase complex. Included in this activation process is the phosphorylation of
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p47PM10X and p67P19% and the conversion of GDP-bound Rac1/2 into GTP-bound forms
through the activation of a Rac guanine nucleotide exchange factor (RacGEF) (32, 41).

The activated NADPH oxidase complex reduces molecular oxygen by using an electron
derived from NADPH to form superoxide (O,"~) and NADP™* (35). O5°~ in turn is converted
to hydrogen peroxide (H,0,), either by spontaneous or facilitated dismutation viathe
enzymatic activity of superoxide dismutase (SOD). H,0> is believed to act as a second
messenger to facilitate signal transduction of certain pathways through the inactivation of
tyrosine phosphatases. H,O, oxidizes cysteines in the catalytic sites of tyrosine
phosphatases, leading to their inactivation and a net increase in tyrosine phosphorylation of
their target proteins (24, 42).

NADPH oxidase expression was believed for a long time to be confined to phagocytic cells.
However, several studies demonstrated expression of the phagocytic NADPH oxidase in
non-phagocytic cell types (1, 2, 10, 11, 27, 34, 37). Expression of the phagocytic NADPH
oxidase in nonphagocytic cells appears to be important for redox-mediated signal
transduction. For example, NADPH oxidase regulates elements of T cell-receptor signaling
(23). Clearance of NADPH oxidase—derived H,O5 by peroxiredoxin Il has also been shown
to act as a negative regulator of PDGF signaling in vascular smooth muscle cells by
controlling the activity of protein tyrosine phosphatases important in PDGF-receptor
inactivation (13, 38). Recently, it was demonstrated that Nox2 is activated in endosomes
after IL-1 stimulation. In this context, H,O, derived from superoxide generated inside the
endosomal vesicles regulates the recruitment of redox-dependent subunits to the IL-18-
receptor complex on the cytosolic face of the endosome (27).

The increasing identification of functional roles for NADPH oxidases in cell signaling
suggests that this complex is likely under tight regulatory control. Although the mechanisms
that lead to the activation of NADPH oxidases are fairly well studied (25), the mechanisms
that control their inactivation remain poorly understood (17). The p190 and p50 RhoGAPs
are thus far the only GTPase-activating proteins identified capable of inactivating Rac and
inhibiting NADPH oxidase activity (22, 33, 44, 46). However, these RhoGAPs lack
specificity for Rac and also have the ability to associate with and inhibit other Rho GTPases

(3).

In the current study, we sought to investigate whether negative regulators of Rac exist that
influence NADPH oxidase activity in response to H,O,. To this end, we searched for
proteins that associate with Rac in response to cellular treatment with H,O,. We identified a
fragment of MKKG® that is tyrosine phosphorylated after H,O treatment and directly
associates with Rac1/2 when phosphorylated on Y219. Interestingly, a constitutively active
mutant of MKKG®6 had the ability to autophosphorylate Y219 as a bacterial purified fusion
protein and also significantly enhanced Rac-GTP hydrolysis. Wild-type MKK®6 had the
same effect on Racl GTPase activity /n vitro. In vivo expression of either constitutively
active or wild-type MKKG®6 led to a significant inhibition of PMA-induced O,"~ production in
RAW 264.7 cells, whereas the Y219F-CA-MKK6 mutant failed to downregulate NADPH
oxidase activation /n vivo. In addition, brain tissues from MKK®6-deficient mice had
elevated levels of activated Racl compared with those from MKK6 heterozygous
littermates. These findings strongly suggest that MKKG® is a novel redox-regulated Rac-
binding protein that inhibits NADPH oxidase activation after phosphorylation on Y219 by
enhancing Rac-GTPase activity.
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MATERIALS AND METHODS

Materials

GTP, GDP, Racl, imidazole, phorbol myristate acetate (PMA), and cellulose PEI matrix
TLC plates were purchased from Sigma-Aldrich Corporation (St. Louis, MO). Dulbecco’s
modified Eagle’s medium (DMEM), penicillin/streptomycin (P/S), 0.25% trypsin-EDTA, L-
glutamine, and fetal bovine serum (FBS) were purchased from Invitrogen Corporation
(Carlsbad, CA). Radioactive nucleotides, glutathione-sepharose beads, liquid scintillation
fluid, and nitrocellulose protein transfer membrane were purchased from Amersham
Biosciences (Piscataway, NJ). Protease-inhibitor cocktail (PIC), EDTA-free PIC, GTP S,
and GDPgS were purchased from Roche Applied Science (Indianapolis, IN). Histidine-
tagged Racl (His-Racl) and glutathione transferase—tagged (GST) p50-Rho-GAP catalytic
domain (p29GAP) were purchased from Cytoskeleton, Inc. (Denver, CO). Dynabeads Talon
and Dynabeads Protein-G were purchased from Dynal Biotech (Lake Success, NY). Bovine
copper/zinc superoxide dismutase (SOD1) was purchased from Oxis Research (Portland,
OR). The Racl activation assay kit was purchased from Upstate Cell Signaling Solutions
(Lake Placid, NY).

Cell culture and treatment

Cells were grown in DMEM with 200 mAM L-glutamine, 10% FBS, and 1% penicillin/
streptomycin in 150-mm tissue-culture plates. Treatment of RAW cells with H,O, was
conducted by adding H,05 to 1 mA/in the media, and the cells were incubated overnight
before harvest.

Recombinant adenoviral vector infection and plasmid transfections

Adenoviral infections were performed in serum-free medium for 2 h at a multiplicity of
infection (MOI) of 0.5-1 x 104 particles/cell, as indicated, followed by the addition of an
equal volume of fresh media containing 20% FBS. Cells were fed with fresh media at 24 h
and then analyzed at the indicated times after infection. Five different previously reported
recombinant adenoviruses were used, including Ad.LacZ (control vector that expresses
LacZ transgene) (18), Ad.SOD1 (copper/zinc superoxide dismutase wild-type enzyme) (51),
Ad.GPx-1 (GPx-1 tagged with a c- Myc epitope at the N-terminus) (28), Ad.catalase (wild-
type catalase enzyme) (9), and Ad.wt-Racl (wild-type Racl GTPase HA-tagged) (54).
Three new adenoviral vectors were generated, including Ad.CA-MKKG®6 (constitutively
active form of MKK6 HA-tagged), Ad.Y219F-CA-MKK®6, and Ad.WT-MKK®6 (wild-type
MKKS®). The details of construction of these viruses are described later. All plasmid
transfections were carried out by using Lipofectamin reagent according to the instructions of
the manufacturer, Invitrogen.

Adenoviral vector construction

Adenoviral vectors encoding HA-tagged WT-MKKG®, constitutively active MKK6 (CA-
MKKS®, incorporating two mutations in the kinase active site S207E and T211E), or Y219F-
CA-MKKG® (incorporating three mutations, S207E, T211E, and Y219F) were constructed by
PCR amplification of cDNA sequences by using primers that were designed to contain an N-
terminal HA-tag for all constructs. The HA-tagged mutant cDNA fragments were inserted
into the pAd.CMVLink containing the CMV promoter and an SV40 polyadenylation
sequence for constitutive transgene expression. Recombinant adenoviruses were generated
by co-transfection of the Nhel-cut pAd plasmid, containing CA-MKKS6, Y219F-CA-MKKG®,
or WT-MKKS®, with Pacl-digested Ad5.sub360 (E3-deleted) viral DNA.

Antioxid Redox Signal. Author manuscript; available in PMC 2013 March 14.
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Assay for O,°~ production by RAW 264.7 cells

The rate of O,"~ production by RAW 264.7 cells was measured by using a cytochrome ¢
reduction assay, as previously described (52). RAW 264.7 cells were scraped off tissue-
culture plates in Hank’s balanced salt solution (HBSS), and cell densities were normalized
for all samples in a given data set (range for all experiments was from 1 to 4 x 10° cells/ml).
Then 50 ul of each cell suspension was used per well of a 96-well plate and stimulated with
1 uM phorbol myristate acetate (PMA) or with vehicle (0.005% DMSO final concentration
in HBSS) for 5 min at 37°C in the presence of 125 uM ferricytochrome ¢ (100 wl total
reaction volume). O,"~ generation was measured in real time as the SOD-inhibitable
reduction of ferricytochrome c¢. The assays were conducted in 96-well plates with two wells
for each experimental sample (one well with 30 g SOD1 and one well without SOD).
Reduction of ferricytochrome ¢ was detected by an absorbance change at 550 nm. The linear
portion of the curve was used to calculate the reaction rate by linear regression analysis.
Superoxide concentrations were calculated by using an extinction coefficient for reduced
cytochrome cat 550 nm of 21 mM/gcm (14).

SDS-PAGE and Western blotting

Cells were washed with ice-cold PBS and lysed in RIPA buffer containing 150 mA/ NaCl,
50 mM Tris pH 7.2, 1% DOC, 1% Triton-X100, 0.1% SDS, and protease inhibitor cocktail
(Roche Applied Science, Indianapolis, IN). Protein concentrations were measured by using a
BioRad Kit (BioRad, Philadelphia, PA). Equal microgram quantities of protein extract were
fractionated by 10% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The proteins were transferred to nitrocellulose membrane and then blocked
overnight at 4°C in blocking buffer containing 4% wt/vol non-fat dried milk and 0.3%
Tween 20 in PBS. Membranes were then incubated with primary antibodies and then with a
peroxidase-conjugated or infrared dye—conjugated secondary antibodies. Proteins were
detected with either an enhanced chemiluminescence (ECL) system (Amersham Pharmacia
Biotech, Little Chalfont, Buckinghamshire, England) or the Odyssey Infrared Imaging
System (LI-COR Biotech, Lincoln, NE). For antiphosphotyrosine blots, Odyssey blocking
buffer was used in place of nonfat milk (LI1-COR Biotech). Antibodies to phosphotyrosine
(PY20) were purchased from Transduction Labs (Lexington, KY), anti-Racl antibody from
Upstate Cell Signaling Solutions (Lake Placid, NY), anti-MKKG®6 antibody from Invitrogen,
anti-HA antibody from Roche Applied Science (Indianapolis, IN), anti-GST and anti-Rac2
from Santa Cruz Biotech (Santa Cruz, CA).

Immunoprecipitation

Cell samples were washed with ice-cold PBS twice followed by lysis with RIPA buffer at
4°C for 15 min. Cell lysates were cleared by centrifugation at 10,000 g for 10 min at 4°C.
Protein concentrations were determined by using a BioRad Kit, and 600 p.g cellular protein
and 4 ug primary antibody were mixed with 0.5 ml RIPA buffer at 4°C for 1 h. Then 50 ul
Protein-A Agarose Beads (Santa Cruz Biotech, Santa Cruz, CA) was then added to the
mixture and rotated for 2 h. The beads were spun down at 5,000 rpm for 5 min at 4°C and
washed with ice-cold PBS 3 times before SDS-PAGE analysis of immunoprecipitates.

Pull-down assays with His-tagged proteins

His-Racl (25 picomoles) was incubated with Dynabeads Talon in PBS at room temperature
for 30 min with intermittent gentle agitation. The proteins were either used directly or
preloaded with 1 mM GTP »S or GDPSS in GTP-binding buffer containing 50 mA/ HEPES,
pH 7.6, 150 mM NacCl, and 0.1 mM EDTA for 10 min at room temperature followed by the
addition of MgCl, to 10 mM final concentration. Immobilized proteins were then washed in
10 mM MgCI,/PBS, and 25 pmoles of the various GST-MKK®6 fusions was then added to
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each tube in 10 mAM/ MgCl,/PBS. Samples were incubated at RT for 30 min, with
intermittent gentle agitation. Beads were then washed 3 times with 10 mA/ MgCI,/PBS to
remove unbound protein. The fourth wash was carried out in 50 mAM Tris, pH 6.8. Proteins
were eluted by boiling in SDS-PAGE reducing loading buffer and separated by SDS-PAGE
for Western blotting.

Racl GTPase assay

Racl GTPase assays were performed as previously described, with modifications (26).
Twenty-five pmoles of Rac1 (Sigma) was incubated with 25 pmoles 32P-labeled »-GTP in
GTPase buffer containing 50 mAM/HEPES, pH 7.6, 150 mAM NaCl, and 0.1 mMEDTA for
10 min at room temperature in a total volume of 192 ul and then placed in ice water. A 1-ul
aliquot was then taken for TLC analysis as time zero, before initiating the GTPase reaction.
GST-tagged MKKG6 proteins or p29GAP was diluted in GTPase buffer with supplemented
MgCls,. To initiate the GTPase reaction, 10 ul GTP-loaded Racl was mixed with 30 ul of
the MKKG® fusion proteins or p29GAP to give a 40-ul reaction volume containing a final
concentration of 5 nM of each protein and 10 mAM MgCl, at 15°C. One microliter aliquot
from each sample were spotted on the TLC plate at different time points. The TLC was run
for 90 min at room temperature in 1 Macetic acid with 0.8 M LiCl running buffer. To
quantify GTP hydrolysis, the free phosphate (Pi) bands were cut out along with the
corresponding GTP bands. Each was put in liquid scintillation fluid and counted by liquid
scintillation spectrometry. Percentage of GTP hydrolyzed was calculated by the equation, P;/
(Pj + GTP) x 100.

Generation of GST-MKK6 mutants and HA-tagged MKK6 and Rac1 constructs

Bacterial expression construct for GST-tagged CA-MKKG®6 (constitutively active MKK6b
mutant, 334 amino acids) was a generous gift from Dr. Jiahuai Han (Professor of
Immunology, the Scripps Research Institute, La Jolla, CA). Wild-type and Y219F-CA-
MKK®6 GST-fusion constructs were generated by using the Gene Editor /n vitro site-directed
mutagenesis system (Promega, Madison, WI1). All bacterial fusion construct mutations were
confirmed by complete DNA sequencing. DNA sequence encoding an HA-tag
(YPYDVPDYA) was inserted at the N-terminus of MKK®6 mutants, wild-type MKKS®, or
L61Racl by PCR. The constructs were then inserted into a CMV-driven mammalian
expression plasmid (pAdCMVLink).

Expression and purification of bacterial GST-tagged proteins

The GST-tagged expression constructs were transformed into Escherichia coliby using
ampicillin selection. Bacterial colonies harboring the wild-type and mutant constructs were
grown in LB medium containing 100 gg/ml ampicillin in 1-L flasks at 37°C until the cell
density reached A600 = 0.6. Isopropyl-D-thiogalactopyranoside (IPTG) was then added to 1
mMto induce the expression of GST-tagged proteins and cultures were grown for 6 h at
37°C. The bacteria were collected by a 4,000 g spin for 15 min at 4°C and resuspended in
PBS on ice. The bacteria were then lysed on ice by five 30-sec sonicator pulses by using a
virsonic cell disruptor (VirTis, Gardiner, NY). The bacterial lysate was then centrifuged at
30,000 gfor 30 min to pellet debris. The fusion proteins were purified from cellular extracts
with an AKTA FPLC high-performance liquid chromatography system with a GSTPrep FF
16/10 Column (Amersham Biosciences), according to the manufacturer’s instructions. GST-
fusion proteins were eluted with 15 mAM glutathione, 50 mM Tris-HCI, pH 7.5, and 120 mM
NaCl. The purity of fusion proteins was assessed by Coomassie stained SDS-PAGE and
protein concentrations were normalized by using the Bradford method. Finally, all purified
proteins were dialyzed against PBS.

Antioxid Redox Signal. Author manuscript; available in PMC 2013 March 14.
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In vitro phosphatase and kinase assays

Twenty-five pmoles of purified GST-CA-MKKG6 was incubated with 0.1 unit alkaline
phosphatase in phosphatase buffer containing 50 mA/ Tris-HCI, pH 7.9, 100 mA/ NacCl, 10
mM MgCl,, and 1 mAM/ dithiothreitol for 15 min at 37°C. The phosphatase reaction was
stopped by incubating samples on ice. GST-CA-MKKG6 was then captured on glutathione-
sepharose beads (Amersham Biosciences) for 1 h at 4°C. The beads bearing the GST-tagged
protein were pelleted and washed 3 times in PBS by centrifugation. Finally, samples were
then resuspended in SDS-PAGE loading buffer or kinase buffer containing 30 mAM HEPES
pH 7.4, 20 mM pB-glycerol phosphate, 10 mA/magnesium sulfate, 1 mA/DTT, 100 uM
sodium orthovanadate, and 400 M ATP. The kinase reactions were incubated at 37°C for
30 min, and the reaction was terminated on ice followed by re-suspension of the beads in
SDS-PAGE loading buffer.

Detection of cellular ROS production by using HoDCFDA

Samples were infected with adenoviral vectors 48 h before treatment. Stock solutions of
H,DCFDA (Molecular Probes) were generated in DMSO at a concentration of 50 pg/ml
immediately before use. Cells were washed twice with PBS before treatment with
H,DCFDA (10 M) for 10 min in PBS at 37°C in the dark. Cells were then washed in PBS
then fixed for 5 min in 4% paraformaldehyde in PBS. Cells were subsequently mounted in
antifadent and were examined by fluorescent microscopy for DCF signal. Exposure settings
were constant for all experimental samples.

MKK6 knockout mouse model

Transgenic MKK®6 knockout mice were a generous gift from Dr. Roger Davis (Professor of
Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School,
Worcester, MA) (45). The strain was maintained on a C57BL/6 background, and offspring
were derived from breeding heterozygous carrier females to homozygous MKK6 knockout
males. Genotypes were confirmed by PCR with the following primers: (a) forward primer
for the wild-type MKKG® allele 5'-GAAAACCCAAATAGATGTGTGGTC-3, (b) forward
primer for the knockout MKKG6 allele 5'-GTGGGGTGGGATTAGATAAATGC-3', and (c)
reverse primer for both wild-type and knockout alleles 5'-
GAAAAGAGGATGTTCGGCACTG-3'.

Rac1l activation assays

Rac1 activation assays were performed by using a kit purchased from Upstate Cell Signaling
Solutions (Lake Placid, NY) following the manufacturer’s instructions. In brief, this assay
uses a GST-PBD-binding domain of PAK specifically to bind GTP-Racl (PBD encodes the
p21 binding domain of Pak1). Tissue lysates were normalized for protein concentration by
using the Bradford method. GTP-bound Racl was precipitated from 3 mg of lysate with
GST-PBD immobilized on agarose beads. The precipitated pellet was evaluated with
Western blotting for Racl and compared with the level of Racl in the starting sample crude
lysate. The intensity of Racl immunoreactivity correlates with the level of GTP-bound Racl
in the sample.

RESULTS

MKK6 associates with Rac1 after redox stress

We hypothesized that enhanced production of intracellular HoO, may signal negative
regulators of Racl to downregulate the activity of NADPH oxidase and hence intracellular
ROS production through this complex. To identify such factors, we searched for proteins
that associated with Racl in response to cellular treatment with H,O,. We used the murine

Antioxid Redox Signal. Author manuscript; available in PMC 2013 March 14.
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monocyte/macrophage cell line RAW 264.7 to address this hypothesis. HA-tagged wild-type
Racl expressed from a replication-deficient recombinant adenovirus was used as bait for
redox-induced Rac regulators. Immunoprecipitated (IP) HA-Rac1 from H,0,-treated RAW
cells led to the identification of a unique protein band in Coomassie-stained SDS-PAGE.
With matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF) of the trypsin-digested protein band, we identified an apparently cleaved fragment of
MKKG® as a binding partner for Racl after H,O5 treatment (data not shown). Interestingly,
this MKK6 fragment matched only when a potential phosphorylated amino acid was present
on MKKG®.

Given this interesting but preliminary finding, we sought to confirm that Rac indeed binds to
MKKGS in cells after redox stress. Additionally, we sought to provide a more physiologic
means of cellular H,O, stress by overexpressing copper/zinc superoxide dismutase (SOD1)
from a recombinant adenoviral vector. Overexpression of SOD1 was shown previously to
up-regulate cellular ROS levels by enhancing dismutation of cellular superoxide to H,0,
(40). Indeed, SOD1 overexpression upregulated cellular ROS, as detected by DCFH-DA
fluorescent staining, which was inhibited by co-expression of glutathione peroxidase 1
(GPx-1) or catalase (both enzymes scavenge H,05) (Fig. 1). These findings confirmed that
SOD1 overexpression elevates cellular H,O,. Overexpression of SOD1 in 293 cells
significantly promoted MKKG6 association with ectopically expressed HA-tagged wild-type
Racl (Fig. 2A). Similarly, overexpression of SOD1 in RAW cells also promoted MKK6
association with endogenous Rac? (see Fig. 2A). These findings confirmed that an increase
in cellular hydrogen peroxide results in enhanced MKK®6 binding to Rac1/2, as suggested by
MALDI-TOF findings. To determine whether MKKG6 preferentially bound to active (GTP
bound) or inactive (GDP bound) forms of Racl or both, we performed pull-down
experiments in the presence of ectopically expressed HA-tagged wild-type, L61-Racl
(constitutively activated locked in the GTP-bound state), or N17-Racl (dominant-negative
locked in the GDP-bound state). Results from these experiments in 293 cells demonstrated
that immunoprecipitated L61-Racl most avidly associated with MKK®6, whereas N17 Racl
failed to bind MKKG6 (see Fig. 2B). Hence, MKKG6 binds to wild-type Racl only under redox
stress and preferentially binds to the activated GTP-bound form of Rac1.

To test whether Racl and MKKG®6 proteins can interact directly, we performed /n vitro
association assays by using bacterial purified His-tagged Racl and GST-tagged forms of the
constitutively active (CA-MKKS®6) or wild-type (WT-MKK6) MKK® protein. CA-MKKG6 has
two mutations in the active site, S207E and T211E. These studies demonstrated that Racl
bound CA-MKKG to a significantly greater extent than WT-MKKG6 (see Fig. 2C). These
experiments suggested that the full-length constitutively active form of MKK6 (CA-MKKG®6)
directly binds to Rac1 most efficiently.

Tyrosine 219 is autophosphorylated on constitutively active CA-MKK6

Given that our MALDI-TOF findings suggested that tyrosine-phosphorylated MKK6
appeared to associate with Racl 7n vivo, we sought to determine whether bacterial purified
fusions of MKKG®6 had the capacity to be tyrosine phosphorylated /in vitro. Surprisingly,
GST-tagged CA-MKKG® purified from bacteria was constitutively phosphorylated on one or
more tyrosines (Fig. 3A, lane 1). Because E. colilack the machinery for posttranslational
modification of proteins, we hypothesized that CA-MKKG6 is autophosphorylated on Y219.
We conducted an /n vitro phosphatase reaction by using alkaline phosphatase (AP) to
dephosphorylate the tyrosine-phosphorylated GST-CA-MKKG®6. As shown in Fig. 3A, AP
treatment of the isolated CA-MKKG6 indeed removed all tyrosine phosphorylation from the
purified GST fusion (lane 3). In an attempt to determine whether CA-MKKG6 indeed has the
ability to be autophosphorylated on one or more tyrosines, we immobilized AP-
dephosphorylated GST-CA-MKK®6 on glutathione sepharose beads and conducted /in vitro

Antioxid Redox Signal. Author manuscript; available in PMC 2013 March 14.
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kinase assays. Results from these experiments demonstrated that dephosphorylated GST-
CA-MKKS6 undergoes tyrosine autophosphorylation in the presence of ATP (Fig. 3A, lane
4).

Based on the MALDI-TOF MKKG tryptic fragment identified from the 18-kDa
phosphotyrosine band that associated with Rac1 after H,O, treatment (amino acids 195-224
peptide of the full-length MKKG®6 protein; peak mass 3349.259; sequence MD-
CGFISFYLVDSVAKTIDAGCKPYMAPER), two candidate tyrosine residues (Y203 and
Y219) for phosphorylation were present. By using a phosphorylation-site prediction tool
(Net-Phos server 2.0) (5), we found that tyrosine 219 (Y219) on MKK®6 was more likely to
be phosphorylated. To test whether Y219 was indeed one of the sites of tyrosine
phosphorylation on MKK®6, we generated a Y219F mutant on the CA-MKKG6 (GST-Y219F-
CA-MKK®) backbone and purified the fusion protein from bacteria (Fig. 3B). Interestingly,
neither Y219F-CA-MKKG®6 nor WT-MKK®6 was tyrosine phosphorylated in bacteria as
compared with CA-MKKG6 (Fig. 3C). This result confirmed that tyrosine 219 on MKK6 was
indeed the site of tyrosine phosphorylation, as predicted. Furthermore, it suggested that only
the activated form of MKK®6 undergoes autophosphorylation on Y219, because the wild-
type MKK®6 protein failed to acquire tyrosine phosphorylation.

Y219 phosphorylation of CA-MKK®6 enhances its association with Racl

Next we sought to evaluate whether tyrosine phosphorylation of MKK®6 might control
binding to Racl. To this end, we performed /n vitro association studies by using purified
Racl and the various MKK6 mutants (CA, WT, or Y219F-CA). Furthermore, we sought to
determine whether GTP- or GDP-bound Racl had a preference for MKK® binding /n vitro.
Results from these experiments demonstrated that phosphorylated CA-MKKG®6 bound to
Racl GTP»S more avidly than Rac1-GDPSS (Fig. 3D, compare lanes 1 and 5). These
findings supported earlier observations that constitutively active L61-Racl most effectively
bound endogenous MKKG®6 (see Fig. 2B). Furthermore, unphosphorylated WT-MKKG®6 and
Y219F-CA-MKKG6 binding to Racl was significantly reduced compared with
phosphorylated CA-MKKG®, regardless of the nucleotide loaded on Racl. These results
suggested that MKKG®6 binding to Racl is higher when Racl is bound to GTP and MKKG6 is
phosphorylated on Y219. Similar nucleotide preferences for binding of GTPase-activating
proteins (GAPs) to GTPases have been previously observed. For example, p120Ras-GAP
and neurofibromin each has a 100-fold preference for binding the GTP form of Ras over the
GDP-bound form (6). In contrast, Rho-GAP has only a slightly higher affinity for the GTP-
bound form relative to the GDP-bound form of Racl, RhoA, and G25K GTPases (43).

Tyrosine-phosphorylated CA-MKK6 enhances Rac-GTPase activity in vitro

Given that the active form of MKK®6 associated more avidly with GTP-Racl, we
hypothesized that MKK®6 might regulate Rac1l activation by enhancing Racl GTPase
activity. To test this hypothesis, we conducted a Racl GTPase assay /n vitro using purified
proteins. In these experiments, Rac1 was loaded with [32P] -G TP, followed by a timed
assessment of GTP hydrolysis at 15°C in the presence or absence of phosphorylated GST-
CA-MKKG®6. As a positive control for Rac-GTPase—enhancing activity, the p50 RhoGAP
catalytic domain (P29GAP) was also evaluated. At different time points, aliquots were taken
from the GTPase reaction, and the free phosphate (Pi) was separated from GTP by using
thin-layer chromatography (TLC) (Fig. 4A). Results from these studies demonstrate that
both GST-CA-MKKG6 and p29GAP effectively activated Racl GTP hydrolysis (see Fig. 4B).
However, denaturing GST-CA-MKKG® by boiling before the GTPase assay prevented the
observed enhancement of Rac-GTPase activity. We next evaluated whether WT-MKK®6 and
Y219F-CA-MKKG®6 might also influence Racl GTPase activity /n vitro (see Fig. 4C).
Findings from these experiments demonstrated that both CA-MKK6 and WT-MKKG6
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equally enhanced Rac1-GTPase activity. In contrast, Y219F-CA-MKK®6 had a significantly
reduced ability to enhance Rac1-GTPase activity as compared with CA-MKK6 and WT-
MKKG®, confirming the importance of tyrosine phosphorylation for this function. Given that
Y219F-CA-MKKG6 did retain some ability to enhance Rac1-GTPase activity (albeit at lower
levels than CA-MKKG6 or WT-MKKG®), these data suggest that the regulatory effect of
MKK®6 on Racl is most likely mediated by differential binding affinities of the
phosphorylated and unphosphorylated forms of MKK®6 for Racl, as opposed to inherent
differences in catalytic activity.

CA-MKK6 and WT-MMK®6 downregulate NADPH-dependent superoxide production,
whereas Y219F-CA-MKKG6 does not

Rac1 plays a major role in the regulation of cellular reactive oxygen species (ROS) through
the activation of several NADPH oxidases (12, 25). We hypothesized that MKK6 might
inhibit NADPH oxidase activity via its ability to enhance Rac-GTPase activity. To test this
hypothesis, we infected RAW 264.7 cells with replication-defective adenoviral vectors that
expressed LacZ (as a negative control), CA-MKK6, WT-MKKG®, or Y219F-CA-MKKG6 (Fig.
5A). The cells were then evaluated for the level of PMA-induced O,"~ generation by using a
cytochrome creduction assay at 48 h after infection. Results from these NADPH oxidase
assays demonstrated that overexpression of CA-MKK6 and WT-MKKS6, but not Y219F-CA-
MKKS, significantly reduced the rate of PMA-induced O,*~ generation by RAW 264.7 cells
(Fig. 5B). These results substantiate /77 vitro Racl GTPase assays demonstrating that WT-
MKKG®6 and CA-MKKG6 have a greater ability to enhance GTP hydrolysis by Racl and
support a mechanism whereby MKKG®6 can inhibit NADPH oxidase activity through Racl.
They also provide /in vivo evidence that Y219 on MKKG® is important for this inhibitory
process.

MKK®6 gene deletion enhances Racl activity in vivo

To demonstrate a physiologic role for MKKG6 in the regulation of Racl, we used an MKK6
knockout mouse model (45). MKKG6 is expressed in brain, heart, liver, muscle, and pancreas,
and several alternatively spliced mRNA species are differentially expressed in these tissues
(20). We chose to focus our analysis on muscle and brain because these two tissues together
express all the known isoforms of MKKG®, including the MKKG6b isoform we have used for
our functional studies (20). These two tissues also express divergent levels of MKK6
(muscle being much higher than brain) (20) that might reflect tissue-specific functions of
MKKS®6. Additionally, muscle and brain express very high levels of Racl (31). To this end,
we evaluated the effect of MKKG6 gene deletion on Racl activity in brain and skeletal
muscle tissue lysates by using a PAK-binding domain (PBD) pull-down assay. In this assay,
GST-PBD binds only to Rac1-GTP and can be used in a pull-down assay to evaluate the
ratio of Rac1-GTP to total Racl levels in tissue lysates. Results from these experiments (Fig.
6) demonstrated that Rac1-GTP levels were significantly higher in mouse brain tissue of
MKKG6-deficient mice as compared with heterozygous littermates. In contrast, no differences
in Rac1-GTP levels were seen in skeletal muscle (data not shown). These findings provide
further support that MKK®6 inhibits Rac1l activity /in vivo.

DISCUSSION

Although the mechanisms of NADPH oxidase activation have been fairly well elucidated
(25), the mechanism(s) that regulate the inactivation of this complex remain poorly
understood. Our data suggest that redox-dependent tyrosine phosphorylation of MKK®6 plays
an active role in downregulating the NADPH oxidase complex by promoting Rac-GTPase
activity. Based on these findings, we hypothesize that Rac-GTP-mediated activation of the
NADPH oxidase complex leads to production of O,°~ and H,0, that can then autoregulate
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the Nox complex by reducing Rac-GTP levels. In this context, the accumulation of H,0,, by
either spontaneous or SOD-mediated dismutation of O,°~, may act to facilitate association of
MKK®6 with Racl/2. Tyrosine phosphorylation of MKK6 on Y219 enhanced its binding to
Rac /n vitro and was also required for the ability of MKKG®6 to inhibit NADPH oxidase
activation /in vivo, suggesting that this phosphorylation event may be a key step in the redox
regulation of MKKG®. Increasing evidence points to the importance of spatially controlled
Nox complex activation in cell signaling at the plasma membrane and within intracellular
vesicles (47). Although a physiologic stimulus for regulation of MKK6 Y219-
phosphorylation has yet to be identified, we anticipate that this pathway may be most
relevant to regulation of Rac-dependent Nox complexes within intracellular membranes,
because local concentration changes of H,O, would occur at sites where Rac/Nox
complexes are most active.

Based on our proposed model, one might hypothesize that the loss of MKK6 would lead to
higher levels of NADPH oxidase activity. Although elevated Rac1-GTP levels in brain
lysates from MKKG6-deficient mice were consistent with MKK®6 being a Rac1-GAP, we did
not observe enhanced NADPH-dependent O, production in fractionated endosomal
membranes prepared from brain homogenates of MKK6 knockout as compared with
heterozygous littermates (data not shown). This may be due to compensatory regulation of
Nox gene expression or other regulator pathways that control Nox activators other than Racl
(25). Additionally, MKK6 may predominantly play a regulatory role in Nox activation after
certain cell stimuli that are yet to be determined. The finding that Rac1-GTP levels were
altered in brain, but not muscle, also supports cell specificity to the function of MKKG6 as a
potential Rac1-GAP. In this context, it is interesting to note that MKKG®6 activation has been
linked to a number of neurodegenerative diseases with known components of oxidative
stress (21, 39, 53).

H»0, is known to act as a second messenger of tyrosine phosphorylation signaling pathways
by reversibly inactivating tyrosine phosphatases (42). Given that MKKG6 can
autophosphorylate Y219, it is plausible that H,O,-mediated inactivation of a yet-to-be-
identified tyrosine phosphatase may mediate the redox activation of MKKG6 into a competent
Rac-GAP. This change in MKKG6 structure appears to facilitate its association with Rac-
GTP, leading to GTP hydrolysis by Racl and subsequent inactivation of the NADPH
oxidase complex. The importance of tyrosine phosphorylation of MKKG6 in mediating GAP
activation is supported by related previous findings in the literature. For example, p190Rho-
GAP is a predominant tyrosine-phosphorylated protein in the brain (8), and tyrosine
phosphorylation of p190Rho-GAP increases GAP activity of this protein (50). In contrast,
tyrosine phosphorylation of ASAP1 (an Arf-1-GAP) inhibits GTPase-activating function of
this protein. It is worth noting that although tyrosine phosphorylation of MKK®6 regulated
Rac1 binding to MKKGS, it did not destroy intrinsic MKK6 Racl-GAP activity /n vitro. This
finding suggests that the regulatory effect of MKK®6 on Racl is most likely mediated by
differential binding affinities of the phosphorylated and unphosphorylated forms of MKK6
for Racl, as opposed to inherent differences in GAP catalytic activity. Although our studies
suggest that MKKG6 acts as an Rac1-GAP, we did not find homology between MKK6 amino
acid sequence and GAP domains. However, GAP functions have previously been observed
for other proteins that lacked an obvious homology to GAP domains (29).

Our studies demonstrate that activated full-length CA-MKKG®6 can associate with Racl /n
vitro when phosphorylated on Y219. However, in vivo, a non—full-length form of MKK6
(~18 kDa) appears to be the selective target of Y219 phosphorylation. The mechanism by
which this shorter form of MKKG6 is generated remains unclear. MEKK1, a related mitogen-
activated protein kinase kinase kinase family member, has been shown to have caspase-3
cleavage sites important in Fas-mediated apoptosis (16). Given that MKKG6 is a downstream
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target of MEKKZ1, we searched for known caspase 1 through 10 cleavage sites in MKKG6 by
using the EXPASYy proteomics server PeptideCutter; however, none was found. Other studies
have demonstrated specific proteolysis of mitogen-activated protein kinase kinase family
members (including MKK®6) with anthrax lethal factor peptidase at a conserved site (48).
However, whether endogenous factors can process MKK® in a similar fashion remain to be
determined. Because many of the mitogen-activated protein kinase kinase genes are
alternatively spliced (49), this is also one potential mechanism to generate a shorter form of
MKKG®. It is worth noting that when HA-tagged MKK6 was overexpressed in 293 cells, we
observed expression of both the full-length HA-tagged MKK®6 protein (40 kDa) and the
cleaved HA-tagged MKK®6 fragment (20 kDa) (data not shown). This suggests that the likely
mechanism for generating the MKK®6 fragment is an intracellular protein-cleavage event
liberating the c-terminal end of the MKKG®6 protein. However, the protease involved in this
cleavage remains to be determined.

MKKGS is an upstream activator of the p38 mitogen-activated protein kinase, a redox-
regulated signaling factor activated by many environmental stimuli and proinflammatory
cytokines (15, 36). For example, oxidative stress plays an important role in pathogenesis of
cardiac ischemia/reperfusion and hypertrophy; both processes involve the MKK6 and
p38MAPK pathways (7, 19, 30). Despite suggestive evidence in the literature, the links
between the MKK6/p38MAPK pathway and ROS have remained indirect. Here we show
that MKKG® directly binds to Rac1/2 and regulates NADPH oxidase ROS production.
Moreover, we show for the first time that MKKG6 is tyrosine phosphorylated, an event that is
intrinsically regulated by the autokinase activity of MKK®6 and important for regulating ROS
generation through NADPH oxidase. Hence, our findings demonstrate a mechanism of
direct crosstalk between the MKK®6 pathway and Rac/NADPH oxidase—-mediated ROS
production.

Acknowledgments

This work was supported by NIDDK (DK51315, DK067928), the vector core funded through the Center for Gene
Therapy (P30 DK54759), and the Roy J. Carver Chair in Molecular Medicine. We also gratefully thank Dr. Roger
Davis for providing us with the MKK®6 knockout mice, Dr. Jiahuai Han for providing us with the GST-MKKG6E
construct, Jennifer Marden for proofreading this manuscript, and Dr. William Nauseef for his helpful comments
during the course of these studies.

ABBREVIATIONS

Ad.CA-MKK6 adenoviral vector that expresses CA MKK6 HA-tagged on the N-
terminus incorporating two mutations in the kinase active site
S207E and T211E

Ad.Y219F-CA- adenoviral vector that expresses Y219F CA MKK6 HA-tagged

MKK6 on the N-terminus incorporating three mutations S207E, T211E,
and Y219F

ASAP-1 ARF-GAP containing SH3, ANK repeats, and PH domain

CA-MKKG6 constitutively active mitogen activated protein kinase kinase 6

DCFH-DA dichlorofluorescin diacetate

Expasy expert protein analysis system

GAP GTPase-activating protein

GEF guanine nucleotide exchange factor

Gpx-1 glutathione peroxidase 1
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GST glutathione-S-transferase
GST-CA-MKK6 (glutathione-S-transferase)—-tagged constitutively active (S207E
and T211E) MKKG6-purified protein
GST-Y219F-CA- (glutathione-S-transferase)-tagged Y219F CA MKKG6
MKK6 (incorporating three mutations, S207E, T211E, and Y219F)
HA influenza A virus hemagglutinin (HA) tag
H,0, hydrogen peroxide
IL-18 interleukin-1beta
LF lethal factor
MALDI-TOF matrix-assisted laser desorption/ionization-time of flight
MEKK1 mitogen-activated protein kinase kinase kinase 1
MKK6 mitogen-activated protein kinase kinase 6
NADPH reduced nicotin-amide—adenine dinucleotide phosphate
Nox2 phagocytic NADPH oxidase
0, superoxide
PBD PAK binding domain
PDGF platelet-derived growth factor
PMA phorbol myristate acetate
ROS reactive oxygen species
SOD super-oxide dismutase
TLC thin-layer chromatography
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FIG. 1. Overexpression of SOD1 elevates cellular hydrogen peroxide levels

RAW 264.7 cells were infected with the indicated recombinant adenoviral vectors at a
multiplicity of infection (MOI) equal to 5,000 particles/cell for each vector. In the condition
infected with Ad.LacZ alone, a 10,000 particles/cell MOI was used to normalize vector dose
to an equivalent level in all conditions. At 48 h after infection, cells were stained for reactive
oxygen species (ROS) by using DCFH-DA fluorescent staining. Phase-contrast (fop panel)
and fluorescent (bottom panel) photomicrographs are shown. Exposure settings were the
same for all conditions, and photomicrographs are representative of three independent
experiments.
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FIG. 2. The 18-kDa MKKG®6 fragment binds Rac in 293 cells and RAW cells under conditions that
elevate cellular hydrogen peroxide

(A, B) The 293 cells were transfected with the following plasmids expressing HA-tagged
WT-Racl, L61-Racl, N17-Racl, or WT-Rac1+SOD1. HA-Racl was then
immunoprecipitated from the 293 cell lysates by using an anti-HA antibody, and the proteins
that associated with Rac1 were separated by SDS-PAGE and characterized by Western
blotting with the indicated antibodies. In a similar set of experiments, association of
endogenous Rac2 with MKK®6 was assessed in RAW cells infected with Ad.LacZ or
Ad.SOD1. Cell lysate from each condition was immunoprecipitated with anti-Rac2 antibody
and evaluated with Western blot. (C) /n vitro association of purified GST-CA-MKKG®6 and
GST-WT-MKKG6 with His-tagged Racl. His-tagged Racl was immobilized on Dynabeads,
and pull-down assays were performed with an equal amount of purified CA or WT GST-
MKKS®. Proteins bound to Racl were evaluated with Western blot by using anti-GST and
anti-Racl antibodies. All panels are representative for 7= 2-5 independent experiments as
indicated.
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FIG. 3. Tyrosine 219 phosphorylation on MKKG6 is important for binding to Racl

(A) Phosphotyrosine (PY20) Western blot analysis of purified GST-CA-MKKG6
demonstrating that bacteria expressed CA-MKKGE is tyrosine phosphorylated (lane 1).
Western blots were probed with anti-phosphotyrosine antibody (PY20) or anti-GST as a
loading control. Purified GST-CA-MKKG6 was treated with alkaline phosphatase (AP) before
Western blotting (lane 3) and then reincubated with ATP after removal of alkaline
phosphatase (lane 4). (B) Purity of GST-tagged MKKG6 proteins. Coomassie-stained SDS-
PAGE for GST-MKK®6-purified proteins (arrow). Lanes are as follows: 1 and 2 (MW
markers), 3 (crude bacterial lysate), 4 (GST-column flow through), 5-10 (purification
fractions with lane 7 containing the peak protein fraction). (C) Western blot of MKK6
fusion proteins probed with PY20 and anti-GST antibodies. Both the GST-Y219F-CA-
MKK®6 mutant and GST-WT-MKKG® failed to demonstrate tyrosine phosphorylation in
comparison to GST-CA-MKKS®. (D) /n vitro pull-down of purified His-tagged Racl in the
presence of purified constitutively active (CA), wild-type (WT), tyrosine mutant (Y219F-
CA) GST-MKKG6 proteins followed by Western blotting for GST and Racl (ypper panel).
Free GST protein was also used as a negative control in these studies. The His-tagged Racl
was preloaded with the indicated nucleotide analogues before incubation with MKK6 or
GST proteins. Lower panel, quantification of GST-MKK®6 bands relative to Rac1 bands
from three independent experiments. The relative intensity was normalized for each
experiment to values obtained from CA-MKKG®6 (GTP) before calculating the mean + SEM
for the three experiments. Marked values are significantly different from the CA-MKK®6 +
GTPyS-Racl group; *p < 0.01; Tp< 0.05; Student’s #test.
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FIG. 4. CA-MKK®6 and WT-MKKG6 enhance Rac-GTPase activity in vitro

(A) Autoradiography of a representative thin-layer chromatography plate (TLC) separating
the free 32phosphate [32Pi] from the [32P] y-labeled GTP after hydrolysis by Rac1. Racl
GTPase assays were performed in the presence or absence of GST-tagged CA-MKK®6. Racl
was preloaded with [32P]~GTP, and aliquots of the reaction were analyzed at various time
points by thin-layer chromatography for GTP hydrolysis by assessing the percentage [32Pi]
liberated from [32P]~GTP by Racl. (B) Quantification of the percentage of GTP hydrolysis
by Racl over time in the presence or absence of GST-tagged p5S0Rho-GAP (p29GAP), CA-
MKKS®, or boiled CA-MKKG®6. The graphs shown are representative of three independent
experiments. (C) Quantification of the rate of GTP hydrolysis by Racl in the presence or
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absence of GST or the indicated GST-tagged MKK6 mutants. Values depict the mean +

SEM (n = 3). *Significantly different from Racl alone group; tsignificantly different from
CA-MKK6 and WT-MKK®6 groups (for all comparisons, p< 0.01; Student’s #test).

Antioxid Redox Signal. Author manuscript; available in PMC 2013 March 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

HARRAZ et al.

Page 21

A AdlacZ: + -~ - + -
Ad.CA-MKK6: - + - - o
Ad.Y219F-CA-MKK6: - - 4+ - =
AdWT-MKK6: - - - - +
HA-MKK6 —— — = 40 kDa
B . 1.25 4 " *
?
9 1.00 4
£
€ 0.75
[¢}]
o
s 0.50 - -
@ 4
2 i

Ad.LacZ: + - - - + - . -
Ad.CA-MKK6: - + - - - -
Ad.Y219F-CA-MKK6: - - - - s 5 £
Ad.WT-MKK6: - - - + - - = 3

PMA: - - - - + + o+ +

FIG. 5. CA-MKK®6 and WT-MKKS, but not Y219F-CA-MKKS, inhibit NADPH oxidase activity
(A) Western blot confirmation for the overexpression of the indicated proteins in RAW
264.7 cells after infection with the indicated recombinant adenoviral vectors. (B) Assay for
superoxide production with the cytochrome creduction method. Adenoviruses expressing
CA-MKKG6, WT-MKKS®, Y219F-CA-MKKS®, or LacZ were used to infect RAW 264.7 cells.
At 48 h after infection, the cells were challenged with PMA, and superoxide generation was
measured in real time by using a cytochrome creduction assay. The rate of superoxide
production in nmole/sec is plotted and was calculated from the SOD inhibitable rate of
cytochrome creduction by using linear regression analysis (slope of the line fitting the data
points). Results depict the mean £ SEM rate of superoxide production for 7= 5.
*Significantly different from LacZ group. fSignificantly different from LacZ+PMA group.
*, 1, marked comparisons are significantly different by using the Student’s ftest (p < 0.001).
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FIG. 6. MKKG6 deletion enhances Rac1l-GTP levels in the brain

Rac1-GTP levels in brain lysates from MKKG6-heterozygous (+/-) vs. MKK6-deficient (—/-)
mice were determined by using a PAK-binding domain pull-down assay. ( 7op panel) A
Western blot of representative samples demonstrating GTP-Rac1 levels after the PAK pull-
down assay and total Racl, MKK®6, and GAPDH in crude lysates representing 4% of the
starting material used in the GTP-Racl PAK pull-down assay. (Lower panel) Quantification
of the band intensity ratios for Rac1-GTP relative to total Racl for each sample. These
values were used to calculate the percentage of activated Rac1-GTP levels (mean = SEM for
nindependent animals). Rac1-GTP levels were significantly elevated in brain lysates from
MKK6~/~ mice compared with MKK6*/~ mice (p < 0.05; Student’s #test).
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