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Abstract

Nitric oxide (NO) has been shown to negatively regulate c-Jun N-terminal kinase (JNK) through S-nitrosylation. Here, we show that
disruption of an interaction between JNK and its substrate c-Jun is an important mechanism underlying the NO-mediated inhibition of
JNK signaling. Endogenous NO, which was generated by interferon-y treatment, suppressed anisomycin-stimulated JNK activity in
microglial BV-2 cells. The interferon-y-induced suppression of JNK1 activation in BV-2 cells was prevented completely by treatment with
NS-nitro-L-arginine, an inhibitor of NO synthase. A NO donor S-nitro-N-acetyl-pL-penicillamine (SNAP) inhibited JNK activity in vitro,
and this inhibition was reversed by a thiol-reducing agent, dithiothreitol. Nitric oxide disrupts a physical interaction between JNK and its
substrate c-Jun both in vitro and in intact cells without affecting an interaction between SEK1 and JNK. Collectively, our results suggest
that the inhibition of the interaction between JNK and c-Jun may be an integral part of the mechanism underlying the negative regu-

lation of the JNK signaling pathway by NO.
© 2006 Elsevier Inc. All rights reserved.
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Nitric oxide (NO) is a highly diffusible intercellular sig-
naling molecule, which has been implicated in a wide range
of biological effects [1-4]. It is generated by the enzyme
nitric oxide synthase (NOS), which catalyzes the oxidation
of L-arginine into NO and citruline [4]. Three distinct NOS
isoforms have been identified; in neurons, endothelial cells,
and macrophages. Endothelial and neuronal NOS (eNOS
and nNOS) are constitutively expressed enzymes, whereas
macrophage NOS is in an inducible form (iNOS) [5-8].
Each NOS monomer has the N-terminal oxygenase
domain with the binding sites for a P450-like cysteine thio-
late-ligated heme, tetrahydrobiopterin cofactor (H4B), and
L-arginine. The C-terminal reductase domain harbors the
binding sites for FAD, FMN, and the NADPH cofactor.
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These two domains are linked by a functional peptide con-
sisting of 20-25 amino acids, which binds to calmodulin
(CaM) and performs a key function of the enzyme [5-8].
The constitutive isoforms (eNOS and nNOS) generate
low amounts of NO. Their enzymatic activities are regulat-
ed by intracellular calcium flux, or by calmodulin. The
expression and function of iNOS can be induced by a vari-
ety of cytokines, growth factors, and inflammatory stimuli
on target cells. This induction of the enzyme results in the
release of high amounts of NO and is involved in the
immune response of the host [9-12].

The mitogen-activated protein (MAP) kinase-signaling
pathways are primary mediators of extracellular signals.
MAP kinases include the extracellular signal-regulated
kinases (ERKs), p38 kinases, and c-Jun N-terminal kinases
(JNKSs) [13-16]. The MAP kinases are involved in a host of
cellular functions, including proliferation, differentiation,
migration, cell death, and inflammatory responses
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[17-27]. The activation of the MAP kinase pathway often
occurs in response to the growth factor stimulation of
receptor tyrosine kinases, which are coupled to the activa-
tion of Ras G-proteins via Src homology 2 domain-con-
taining proteins, including Shc and Grb2, as well as
guanine nucleotide exchange factors, including SOS [28].
The active GTP-bound form of Ras can activate protein
kinases, such as Raf-1 and MEK kinase-1 (MEKK1),
which phosphorylate and activate the MAP or ERK
kinases (MEKs) that in turn phosphorylate and activate
MAP kinase [29-34]. The MAP kinases regulate the diverse
range of biological functions via the phosphorylation of
transcription factors, various protein kinases, structural
proteins, and other signaling proteins [13-16]. INKs/SAP-
Ks are activated in cellular response to a variety of environ-
mental stresses, including UV irradiation, osmotic stress,
heat shock, and metabolic inhibitors [35-40]. The JNK/
SAPK signaling pathway also includes two MAP2Ks,
SEK1/MKK4 and MKK7, and several MAP3Ks, includ-
ing MEKK1 and ASK1 [41-48]. The JNK/SAPK signaling
cascade appears to play a role in a variety of cellular pro-
cesses, including gene expression, cell proliferation, cell sur-
vival, and apoptosis [49-57].

We previously showed that interferon-y induces the NO-
mediated suppression of JNK via S-nitrosylation in
macrophages and microglial cells [58]. In this study, we
have demonstrated that interferon-y-induced endogenous
NO inhibits anisomycin-stimulated JNK activity. IFN-y
suppresses the phosphorylation of ¢-Jun, but not that of
JNK. Furthermore, NO disrupts a physical interaction
between JNK and its substrate c-Jun without affecting an
interaction between SEKI1 and JNK. The inhibition of
the binding between JNK and c-Jun may be important in
the mechanism underlying the negative regulation of the
JNK signaling pathway by NO.

Materials and methods

Cell culture and transfection. HEK293 and BV2 murine microglial cells
were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum in 5% CO, at 37 °C. For DNA transfections,
the cells were plated on 100-mm dishes at 1 x 10° cells per dish, grown
overnight, and then transfected with the indicated expression vectors,
using either lipofectamine (Invitrogen) or calcium phosphate method.

Immune complex kinase assay. The cultured cells were harvested and
lysed in lysis buffer. The cell lysates were subjected to centrifugation at
12,000g for 10 min at 4 °C. The soluble fraction was immunoprecipitated
with the appropriate antibodies, and the immunopellets were assayed for
the enzymatic activities of indicated protein kinases, as was previously
described. The phosphorylated proteins were separated via SDS-PAGE
and quantified with a Fuji BAS 2500 Phosphorlmager. Purified GST-
cJun(1-79) was used as substrate for JNK. Protein concentrations were
determined via the Bradford method (Bio-Rad).

Immunoblot analysis. The cells were harvested and lysed in RIPA buffer
(50 mM Tris-HCI (pH 7.5)), 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 1 mM DTT, and 2 pg/ml
leupeptin and aprotinin) for 30 min. The cell lysates were subjected to
20 min of centrifugation at 12,000g at 4 °C. The resulting soluble fraction
was then boiled in Laemmli buffer and subjected to SDS-PAGE. After gel
electrophoresis, the separated proteins were transferred via electroblotting
onto polyvinylidene difluoride (PVDF) membranes (Millipore). The

membranes were then blocked with Tris-buffered saline solution (pH 7.4)
containing 0.1% Tween 20 and 5% nonfat milk. The blotted proteins were
probed with anti-phospho JNK1 or anti-phospho c-Jun antibody (Cell
Signaling), and then incubated with anti-mouse horseradish peroxidase-
conjugated secondary antibodies. The blots were developed using an
enhanced chemiluminescence (ECL) system (Pierce).

Coimmunoprecipitation. The cells were lysed in 1 ml RIPA buffer for
30 min at 4 °C. After 20 min of centrifugation at 12,000g, the supernatants
were subjected to immunoprecipitation with the appropriate antibodies,
coupled to protein A-Agarose beads. The resulting immunoprecipitates
were then washed three times in phosphate-buffered solution (pH 7.4).
Laemmli sample buffer was then added to the immunoprecipitated pellets;
the pellets were heated for 5 min at 95 °C and analyzed via SDS-PAGE.
Western blotting was conducted with the indicated antibodies [59].

In vitro binding assay. The recombinant GST-SEK1 and GST-c-Jun
proteins were expressed in the Escherichia coli BL21 strain, using the
pGEX system as indicated. The GST fusion proteins were then purified
with glutathione-Agarose beads (Sigma), in accordance with the manu-
facturer’s instructions. Hexahistidine (6His)-tagged JNK1 was expressed
and purified as previously described [59]. Equal amounts of GST-SEK1 or
GST-c-Jun fusion proteins were incubated with immobilized 6His-JNKI.
After incubation, the beads were washed three times with ice-cold PBS and
boiled with 5x Laemmli protein sample buffer. The pull-down proteins
were analyzed and visualized via Coomassie’s brilliant blue staining.

Results

IFN-y suppresses JNK activation in microglial cells through
NO generation

We previously showed that IFN-y, by inducing iNOS
expression and increasing NO production, suppresses the
activation of JNKI1 in murine macrophage cells and that
this suppression is achieved by means of S-nitrosylation
[58]. In order to test the inhibitory effect of NO production
on JNKI1, JNK2, and JNK3, we treated BV-2 murine
microglial cells with IFN-y and then examined the actions
of IFN-y on the activity of each JNK isoform. IFN-y treat-
ment resulted in a marked decrease in the anisomycin-stim-
ulated activities of all three JNK isoforms in BV-2
microglial cells (Fig. 1). Furthermore, N%-nitro-L-arginine
(L-NNA), a NOS inhibitor, abolished the inhibitory effect
of IFN- on the anisomycin-induced activation of JNKI,
JNK2, and JNK3 (Fig. 1). These data suggest that the
IFN-vy, by inducing NO generation, suppresses the activa-
tion of all of JNK isoforms.

SNAP suppresses all isoforms of JNKs through a thiol-redox
mechanism

We next examined whether NO directly inhibits the
kinase activities of each isoform of JNKs. We isolated
JNKI1, JNK2, and JNK3 by immunoprecipitating the
lysates of HEK?293 cells with the corresponding antibodies
after the cells were untreated or treated with anisomycin.
We then examined whether S-nitro-N-acetyl-pL-penicilla-
mine (SNAP), an NO donor, could directly inhibit the
kinase activities of the isolated JNK1, JNK2, and JNK3
immunopellets. In vitro kinase assay data revealed that
SNAP suppressed the activities of all three JNK isoforms
and that this suppression by SNAP was reversed by a
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Fig. 1. Effect of IFN-y on JNK activities in microglial BV2 cells. (A-C)
BV2 murine microglial cells were pretreated with IFN-y (100 U/ml) for
16 h and then incubated with 2 mM L-NNA for 30 min. The cells were
then exposed to 10 uM anisomycin for 15 min at 37 °C. Cell lysates were
subjected to immunoprecipitation with antibodies to JNK1 (A), JINK2
(B), or INK3 (C). The resulting immunoprecipitates were examined by
immunocomplex kinase assays using GST-c-Jun as substrate.

A Anisomycin : - -+ o+ 4+
SNAP : - + - + +
DTT: - - - - +
JINK1 o '
assay ‘“ <+—GST-c-Jun
B Anisomycin: - - o+ + %
SNAP: - + - + +
DTT: - - - - +
K2 b “+—GST-c-Jun
assay
C Anisomycin: - - + + +
SNAP : -+ - + 4+
DTT: - - - - +
JNK3
assay <+ GS8T-c~Jun

Fig. 2. In vitro effect of SNAP on JNK activity. HEK293 cells were
exposed to 10 uM anisomycin for 15 min at 37 °C. The cell lysates were
then subjected to immunoprecipitation using (A) anti-JNK1, (B) anti-
JNK2, or (C) anti-JNK3 antibody, as indicated. The resultant immuno-
pellets were treated with 100 uM SNAP on ice for 20 min, incubated for
additional 20 min with 10 mM DTT on ice where indicated, and then
examined for the kinase activities of JNK1 (A), INK2 (B), or INK3 (C) by
immunocomplex kinase assays.

thiol-reducing agent dithiothreitol (Fig. 2). These data sug-
gest that NO inhibits all three isoforms of JNKs (JNKI,
JNK2, and JNK3) through a thiol redox mechanism. In
order to better understand the mechanism of the NO-med-
iated inhibition of JNK activation, we next examined the
effect of INF-y on the phosphorylation status of either
JNK or c¢-Jun in anisomycin-treated cells. Treatment of
HEK?293 cells with anisomycin enhanced the phosphoryla-
tion of JNKI, and this enhancement was not affected by
IFN-y (Fig. 3A). These findings suggest that IFN-y-in-
duced NO generation did not affect the activation process
of JNK1 catalyzed by its upstream kinase such as SEK1.
In contrast, IFN-y suppressed the anisomycin-induced
phosphorylation of c-Jun, suggesting that IFN-y-induced
NO generation inhibits the JNK-mediated phosphoryla-
tion of c-Jun (Fig. 3B).

NO inhibits a physical interaction between JNK and c-Jun
in vitro

In order to test the effect of NO on the association
between JNK1 and c-Jun, we performed in vitro binding
assays. Purified 6His-JNK1 was pre-incubated with puri-
fied GST-SEKI1 in the absence or presence of ATP and
then 6His-JNK1 was bound to Nickel-NTA beads. The
6His-JNK1 immobilized on Ni-NTA beads was then incu-
bated with purified GST-c-Jun. Our results revealed that
6His-JNK 1 physically associated with GST-c-Jun and this
interaction was higher in the presence of ATP. SNAP
inhibited the interaction between JNK1 and c-Jun regard-
less of the presence of ATP (Fig. 4A). Next, we examined
the effect of NO on the interaction SEK1 and JNKI. In
vitro binding assays using 6His-JNK and GST-SEKI1
showed that SNAP did not affect the physical association
between SEK1 and JNKI1 (Fig. 4B).
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Fig. 3. IFN- y treatment inhibits the anisomycin-induced phosphorylation
of c-Jun, but not that of INK, in BV-2 cells. BV2 murine microglial cells
were pretreated with IFN-y (100 U/ml) for 16 h, then exposed to 10 uM
anisomycin for 15 min at 37 °C. Cell lysates were subjected to immunoblot
analysis with antibodies to phospho JNK1 antibody (A) or anti-phospho
c-Jun (B).
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Fig. 4. NO inhibits the physical interaction between JNK and c-Jun both in vitro and in intact cells. (A) Recombinant 6His-JNKI1 proteins were
immobilized onto Nickel-NTA-Agarose beads. Purified GST-SEK1 was applied to 6His-JNK1 immobilized on the beads in the absence or presence of
ATP. The beads were exposed to 100 uM SNAP for 20 min on ice. The beads were washed extensively and then incubated with GST-c-Jun in the absence
or presence of ATP. Proteins bound to 6His-JNK1 were eluted and visualized by Coomassie brilliant blue staining. (B) Recombinant 6His-JNK1 proteins
were immobilized onto Nickel-NTA-Agarose beads. Purified GST-SEK1 was applied to 6His-JNK 1 immobilized on the beads in the absence or presence
of ATP. The beads were exposed to 100 pM SNAP for 20 min on ice. Proteins bound to 6His-JNK1 were eluted and visualized by Coomassie’s brilliant
blue staining. (C,D) BV2 murine microglial cells were pretreated with IFN-y (100 U/ml) for 16 h, incubated with 2 mM L-NNA for 30 min, and then
exposed to 10 uM anisomycin for 15 min at 37 °C as indicated. The cell lysates were subjected to immunoprecipitation with antibodies to c-Jun (C) or
SEK1 (D), and then the resulting precipitates were subjected to immunoblot analysis with anti-JNK1 antibody.

IFN-y inhibits the physical interaction between JNKI and c-
Jun in intact cells

Next, we examined the effect of IFN-y on the physical
interaction between two endogenous JNK1 and c-Jun pro-
teins in BV-2 microglial cells by co-immunoprecipitation.
IFN-y treatment resulted in a marked inhibition of the
interaction between JNK1 and c-Jun (Fig. 4C). This inhib-
itory effect of IFN-y on the interaction between JNK1 and
c-Jun was reversed completely by L-NNA. These data sug-
gest that NO mediates the inhibitory effect of IFN-y. Next,
we examined the effect of IFN-y on the physical interaction
between SEK1 and JNK1 in BV2 cells. Co-immunoprecip-
itation data showed that IFN-y failed to affect the interac-
tion between endogenous SEK 1 and endogenous JNKI1 in
intact cells (Fig. 4D).

Discussion

Nitric oxide (NO) has been implicated as a key regulator
of a variety of developmental and cellular signaling proto-
cols, operating through the thiol modification of a host of
intracellular signaling proteins [1-4]. We previously
showed that NO negatively regulates JNKI1 by a thiol
redox mechanism [58]. Herein, we have attempted to
understand two questions: (i) can all three JNK isoforms
be regulated in a redox-sensitive manner? and (ii) what

are the characteristics of the protein—protein interaction
and phosphorylation status of JNK in the presence of
NO? Our findings in this study revealed that all three
JNK isoforms are inhibited by NO both in intact cells
and in vitro, and that this inhibition occurs through a thiol
redox mechanism in a reversible manner.

JNK acquires its activity via the well-known canonical
signaling cascade from a variety of stimuli. The sequential
phosphorylation of JNKI1 occurs via the MEKK1-SEK1
pathway, and transfers this signal to ¢-Jun via both physi-
cal interaction and protein modification [41-48]. Prior to
the transfer of the phosphate group to the downstream
effector, a protein kinase should be bound to the substrate.
Our data indicate that NO inhibits the physical interaction
between JNK1 and c-Jun without affecting the association
between SEK1 and JNK1. NO appears to modify JNK and
to reduce its kinase activities, but is not capable of prevent-
ing the phosphorylation of JNK by SEK1. These findings
thus suggest that the NO-mediated inhibition of JNK
results from the suppression of physical interaction
between JNK and its downstream substrate such as c-Jun.
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