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Nitric oxide (NO) possesses antiinflammatory effects, which may be
exerted via its ability to inhibit the transcription factor, NF-xB. A
commonly proposed mode of action for inhibition of NF-«xB by NO
involves interference with NF-«B binding to DNA. Because activa-
tion of inhibitory kB kinase (IKK), the prerequisite enzyme complex
necessary to induce NF-«B, is subject to redox regulation, we
assessed whether IKK could present a more proximal target for NO
to inhibit NF-kB activation. We demonstrate here that S-nitroso-
thiols (SNO) caused a dose-dependent inhibition of the enzymatic
activity of IKK, in lung epithelial cells and in Jurkat T cells, which
was associated with S-nitrosylation of the IKK complex. Using
biotin derivatization of SNO, we revealed that IKKB, the catalytic
subunit required for NF-«B activation, was a direct target for
S-nitrosylation. A mutant version of IKKB containing a Cys-179-to-
Ala mutation was refractory to inhibition by SNO or to increases in
S-nitrosylation, in contrast to wild-type IKKB, demonstrating that
Cys-179 is the main target for attack by SNO. Importantly, inhibi-
tion of NO synthase activity in Jurkat T cells resulted in activation
of IKK, in association with its denitrosylation. Moreover, NO
synthase inhibition enhanced the ability of tumor necrosis factor «
to activate IKK, illustrating the importance of endogenous NO in
regulating the extent of NF-«B activation by cytokines. Collectively,
our findings demonstrate that IKK is an important target for the
redox regulation of NF-kB by endogenous or exogenous NO,
providing an additional mechanism for its antiinflammatory
properties.

itric oxide (NO, nitrogen monoxide) is a pleiotropic short-

lived free radical that participates in diverse biological
processes such as the regulation of vessel and airway tone,
inflammation, neurotransmission, and apoptosis. Although in-
teractions with heme groups (such as in guanylyl cyclase) are the
most recognized events associated with the signaling activities of
NO, it is increasingly becoming appreciated that nitrosylation of
protein sulfhydryl groups represents an important NO-
dependent posttranslational modification that impinges on sig-
nal transduction cascades (1). Numerous proteins have been
identified as targets for S-nitrosylation, including H-Ras (2),
caspases (3), c-Jun-N-terminal kinase (JNK) (4), and ornithine
decarboxylase (5), among others. In fact, the inhibition of JNK
by NO was recently described as a potential antiinflammatory
mechanism (4).

NF-«B is a transcription factor that plays a pivotal role in
inflammation, cell survival, and proliferation. NF-kB is main-
tained in a latent form in the cytoplasm via sequestration by
inhibitory B (IkB) proteins. NF-«B-activating stimuli cause the
inducible degradation of IkB proteins, unmasking the nuclear
localization signal of NF-«B, resulting in its nuclear transloca-
tion, binding to NF-«B motifs, and activation of gene transcrip-
tion (6, 7). The enzyme complex responsible for phosphorylation
of IkB on specific serine residues is IkB kinase (IKK), which
consists of at least three subunits: IKKe, IKKB, and IKKry.
Although IKKa and IKKp are both catalytically active, studies
in knockout mice have demonstrated that IKKf is responsible
for degradation of IkB in response to many, but not all, signals
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(6, 8). In contrast, IKK« plays an important role in transcrip-
tional activation of NF-«B-responsive genes by phosphorylating
histone H3 (9, 10). IKKy is the regulatory subunit responsible for
stabilizing the IKK complex and allowing interaction with up-
stream regulatory proteins (11).

Because the activation of IKK is essential to induce NF-«B,
IKK would also be an ideal target for negative regulation to
prevent the activation of NF-«B. Indeed, arsenite (12), cyclo-
pentenone prostaglandins (13), hydrogen peroxide (14), and
4-hydroxy-2-nonenal (15) are all capable of inhibiting IKKp via
targeting of cysteine residue(s) of IKKf, resulting in a failure to
activate NF-«kB. Numerous studies have reported that NO is
capable of modulating the activation of NF-«B (for a review, see
ref. 16). The inhibitory effect of NO on NF-«B is believed to play
an important role in negative feedback regulation of NO pro-
duction. The NOS2 gene promoter contains NF-«B regulatory
sequences required for maximal gene activation (17, 18), and
inhibition of NF-kB therefore decreases NOS2 gene activation
(19), decreasing further production of NO. Multiple mechanisms
have been described by which NO inhibits NF-«B. For instance,
NO has been demonstrated to stabilize I«B (20, 21), induce I«kBa
mRNA (20), and prevent nuclear translocation of NF-«B (22).
Recent emphasis has been focused on S-nitrosylation of Cys-62
of the p50 subunit, which is known to inhibit the ability of NF-«xB
to bind DNA (23-25).

Despite the current knowledge that the IKK complex is an
important regulatory step in the activation of NF-«kB by many
stimuli (6, 13, 26) and its known sensitivity to redox stress (12,
14, 15), it is unknown whether IKK represents a direct target
for inactivation by NO. If NO indeed is an important regula-
tory molecule in preventing the activation of NF-«B under
(patho)physiological conditions, it is plausible that it might
inhibit the NF-«B cascade upstream of the degradation of I«B,
in addition to inhibiting NF-kB DNA-binding activity, provid-
ing more powerful means to prevent NF-«B activation. There-
fore, the studies described herein were undertaken to assess
whether IKK represents a direct target for S-nitrosylation and
inactivation by NO.

Materials and Methods

Cell Culture and Reagents. A line of spontaneously transformed
mouse alveolar type II epithelial cells (C10) (27) was propagated
in cell culture media-1066 medium containing 50 units/ml
penicillin and 50 pg/ml streptomycin (P/S), 2 mM L-glutamine,
and 10% FBS, all from GIBCO/BRL. Jurkat T cells were
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cultured in DMEM high-glucose medium, supplemented with
P/S and 10% FBS. At least 1 h before adding the test agents, the
cells were switched to phenol red-free DMEM/F12 containing
P/S and 0.5% FBS, except for incubations with N°-monomethyl-
L-arginine (L-NMMA). Tumor necrosis factor (TNF) «, L-
NMMA, S-nitrosoglutathione (GSNO), S-nitroso-N-acetyl-D,L-
penicillamine (SNAP), and S-nitrosocysteine antibody were
purchased from Calbiochem. The JNK1 and IKKB and -y
antibodies were purchased from Santa Cruz Biotechnology, the
IkBa antibody was purchased from Cell Signaling Technology
(Beverly, MA), the phospho-I«kBa antibody was purchased from
BD Biosciences (Bedford, MA), the phosphoserine antibody was
purchased from Zymed, and clasto lactacystin B-lactone was
purchased from Sigma. CSNO was prepared fresh before every
experiment, as described in ref. 28.

Kinase Assays. Cells were exposed to test agents and, at indicated
times, transferred to ice, washed twice with cold PBS, and lysed
in buffer containing 50 mM Hepes, 150 mM NaCl, 1 mM EDTA,
2 mM MgCl,, 10 mM Na3zVOy4, 1 mM phenylmethylsulfonyl
fluoride, 0.1% Nonidet P-40, 10 png/ml leupeptin, 1% aprotinin,
250 uM DTT, and 100 uM NaF (14). Lysates were cleared by
centrifugation at 16,000 X g for 10 min at 4°C. Protein concen-
trations were determined, and the IKK complex was immuno-
precipitated with an IKKy antibody (Santa Cruz Biotechnology)
at 4°C for 1.5 h by using protein G agarose beads. Precipitates
were washed once with lysis buffer and twice with kinase buffer
(20 mM Hepes/20 mM B-glycerolphosphate/1 mM MnCl,/5
mM MgCl,/2 mM NaF/250 uM DTT). The kinase reaction was
performed by using 1 ug of GST-IxBa as a substrate, provided
by Rosa Ten (Mayo Clinic, Rochester, MN), and 5 uCi (1 Ci =
37 GBq) of [y-**P]adenosine triphosphate at 30°C for 30 min.
Kinase assays were performed in presence of 250 uM DTT, the
minimal concentration necessary to maintain maximal TNFa-
stimulated activity (14). Reactions were stopped by the addition
of 2X Laemmli sample buffer. Samples were boiled and sepa-
rated on 15% polyacrylamide gel, and gels were dried and
examined by autoradiography. In separate experiments, the
immunoprecipitated IKK complex or JNKI from TNFa-
stimulated cells was exposed to SNAP or GSNO for 15 min in
lysis buffer in vitro before assessment of kinase activity. The
kinase reaction for JNK was performed by using 1 ug of
GST-c-Jun as a substrate.

Transfection. C10 cells were transfected (Lipofectamine Plus,
Invitrogen) by using 2 pg of plasmid [hemagglutinin-tagged
IKKB wild type (wt HA-IKKB) or HA-tagged IKKB C179A;
gifts of Michael Karin, University of California at San Diego, La
Jolla], for 3 h, washed, and used in experiments 24 h later. The
transfection efficiency using this procedure approximates 30%
(data not shown). No effects of empty vector were observed.

Detection of S-Nitrosylation Using Biotin Derivatization Coupled to
Western Blotting. Detection of S-nitrosylated proteins was per-
formed via the biotin switch method (29) with the following
modifications. After treatments, cells were rinsed two times with
PBS containing 0.1 mM EDTA and 0.01 mM neocuproine and
lysed in HEN buffer (25 mM Hepes, pH 7.7/0.1 mM EDTA/0.01
mM neocuproine) containing 0.5% 3-[(3-cholamidopropyl)dim-
ethylammonio]-1-propanesulfonate, 0.1% SDS, and 20 mM N-
ethylmaleimide (NEM) at 4°C for 30 min to block free thiols.
Lysates were cleared by centrifugation at 16,000 X g for 10 min
at 4°C, and excess NEM was removed by protein precipitation by
using cold acetone. Protein pellets were resuspended in HENS
buffer (HEN 1% SDS), SNO bonds were decomposed by adding
20 mM sodium ascorbate, and the resulting free thiols were
reacted with 0.05 mM sulfhydryl-specific biotinylating agent,
N-(3-malemidylpropionyl)biocytin (MPB, Molecular Probes) for
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30 min at room temperature (RT), resulting in biotinylation of
SNO. After removal of excess MPB by another protein precip-
itation using acetone, IKK was immunoprecipitated by using
IKKB or HA (12CAS, Roche Diagnostics) antibodies. Immu-
noprecipitates were washed three times with HEN buffer and
resuspended in 50 ul of HEN containing Laemmli sample buffer,
boiled at 95°C for 5 min, loaded on 10% acrylamide gels, and
transferred to nitrocellulose. Biotinylated IKK was detected on
the membrane by using horseradish peroxidase-linked strepta-
vidin. To confirm equal amounts of IKKp, biotinylated lysates
were also subjected to Western blotting for IKKB or HA. To
confirm the specificity of SNO labeling, addition of MPB or
reduction by ascorbate was omitted in some samples. All pro-
cedures until biotinylation were performed in the dark.

Western Blots. A fraction of the lysates used for in vitro kinase
assays, biotin derivatization, or chemiluminescence was mixed
with 2X Laemmli sample buffer, and samples were boiled and
loaded on a 10% polyacrylamide gel. Proteins were transferred
to nitrocellulose and membranes blocked in 5% milk in Tris-
buffered saline (TBS). After two washes in TBS containing
0.05% Tween 20 (TBS-Tween), membranes were incubated with
primary antibodies against HA, IKKvy, IKKB, JNKI, I«Ba,
phospho-IkBe, or phosphoserine for 1 h at RT. Membranes were
washed three times for 20 min in TBS-Tween and incubated with
a peroxidase-conjugated secondary antibody for 1 h at RT. After
three 15-min washes with TBS-Tween, conjugated peroxidase
was detected by chemiluminescence according to the manufac-
turer’s instructions (Kirkegaard & Perry Laboratories).

Measurement of SNO Content by Chemiluminescence. The total
cellular SNO concentration (protein-bound plus free) was mea-
sured in lysates of cells treated with SNO in the presence or
absence of L- or D-cys. After three washes with PBS, cells were
lysed in the same buffer as was used for the biotin switch method,
nitrate was quenched with 0.6% sulfanilamide in 1 M HCl for 10
min at RT, and samples where injected into 5 ml of a solution of
45 mM KI and 10 mM I in glacial acetic acid at 60°C, contained
within a purge vessel and connected to a NO chemiluminescence
analyzer (Ionics, Boulder, CO) (30). The amount of NO released
from samples was estimated from a standard curve generated by
injection of L-CSNO stock solutions. IKK was immunoprecipi-
tated from Jurkat T cell lysates by using a monoclonal IKKf
antibody and protein G agarose beads. After washing the
immunoprecipitates three times with HEN buffer (25 mM
Hepes, pH 7.7/0.1 mM EDTA/0.01 mM neocuproine) contain-
ing 50 mM NaCl to minimize coassociating proteins, antigen—
antibody complexes were removed from the beads by three
10-min incubations in 50 ul of 100 mM glycine, pH 3.0, at 4°C.
The eluates were treated with 0.6% sulfanilamide before the
assessment of the SNO content via chemiluminescence, as
described. As a control, some lysates or immunoprecipitates
were treated with 4.4 mM HgCl, for 10 min at RT, followed by
20-min incubation at 4°C and 10-min incubation with sulfanil-
amide at RT. To confirm that IKK3 was the predominant protein
immunoprecipitated under these conditions, Laemmli sample
buffer was added to the immunoprecipitate, and samples were
boiled and evaluated on a silver-stained gel. All experiments
were repeated at least two times, and similar results were
obtained.

Results

In Vitro Effects of SNO on the Enzymatic Activity of IKK. We first
determined whether SNAP or GSNO were capable of inactivat-
ing isolated active IKK. For that purpose, C10 cells were
stimulated with TNFa for 5 min to induce maximal enzymatic
activity (14). The IKK complex was then immunoprecipitated
from cell lysates by using an IKK+y antibody and exposed to
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Fig. 1. Inactivation of IKK but not JNK by SNAP in vitro. (A) C10 cells were
exposed to 10 ng/ml TNFa for 5 min to induce IKK activity. Immunoprecipiated
IKK was then exposed to indicated concentrations of SNAP for 15 min, and an
in vitro kinase assay was performed by using GST-IkB as a substrate. IB,
Western blotting for IKKy. (B) C10 cells were treated with 10 ng/ml TNFa for
15 min to activate JNK, and JNK1 was immunoprecipitated from lysates. After
a 15-min exposure to the indicated concentrations of SNAP or GSNO, an in
vitro kinase assay was performed by using GST-c-Jun as a substrate. IB, Western
blotting for JNK1.

SNAP or GSNO for 15 min at concentrations ranging from 100
uM to 1 mM before the kinase reaction. Both SNAP (Fig. 14)
and GSNO (data not shown) caused a dose-dependent decrease
in IKK enzymatic activity. For comparison, we verified whether
these SNO also were capable of inhibiting the activity of JNK,

A TNFa

another serine-directed kinase that was recently demonstrated to
be sensitive to inhibition by NO (4). In contrast to these previous
observations, results in Fig. 18 demonstrate that concentrations
of SNAP or GSNO up to 1 mM failed to inhibit JNK enzymatic
activity. These results demonstrate that SNO inhibit the enzy-
matic activity of IKK, but not JNK in vitro.

Inhibition of IKK by SNO in Intact Cells. We next established whether
SNO are also capable of inhibiting IKK activity in intact cells.
TNFa-induced IKK activity was not inhibited after administra-
tion of SNAP or GSNO alone, at the doses and time point
selected, but was markedly inhibited in intact C10 (Fig. 24 Left)
and Jurkat T cells (data not shown) in the presence of L-cys,
whereas L-cys itself had no effect. On the other hand, L-CSNO
inhibited IKK activity in the absence of extra L-cys in Jurkat T
cells (Fig. 24 Right) and C10 cells (data not shown). In contrast,
D-CSNO or GSNO/D-cys failed to inhibit IKK activity (Fig. 2B).
Although exposure to GSNO increased the SNO content in
TNFa-stimulated cells (TNFea, 0.19 = 0.01 pmol/ug protein;
TNFa + GSNO: 5.78 = 0.05 pmol/pg protein) this increase was
more pronounced in the presence of L-cys (13.65 * 0.82 pmol/ug
protein) but not in the presence of D-cys (8.36 * 0.66 pmol/ug
protein). Collectively, these findings indicate that L-cys mainly
facilitates the cellular uptake of NO from SNAP or GSNO
through intermediate formation of L-CSNO, thereby promoting
inhibition of IKK. Dose-response analyses revealed that inhibi-
tion of TNFa-induced activation of IKK (Fig. 2C) or phosphor-
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Fig. 2. Repression of IKK activity in intact cells by exposure to SNO. (A Left)
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15 min before exposure to 10 ng/ml TNFa for 5 min, and an in vitro kinase assay was performed. IB, Western blot of IKKB. (Right) Jurkat T cells were treated
with 500 uM L-CSNO for 30 min and subsequently with 10 ng/ml TNFa for 10 min, and an in vitro kinase assay was performed. (B) C10 cells were treated with
250 uM L- or b-CSNO, or 500 uM GSNO in presence of 500 uM of L- or b-cys for 15 min, before stimulation with 10 ng/ml TNFa for 5 min. The activity of IKK was
assessed in an in vitro kinase assay. IB, Western blot of IKKB. (C) C10 cells were treated with indicated concentrations of L-CSNO for 15 min and subsequently with
10 ng/ml TNFa for 5 min. The activity of IKK was assessed in an in vitro kinase assay. Results were quantified by phospho-image analysis and expressed as the
percent kinase activity compared with TNFa-only-treated cells. (D) C10 cells were incubated with 2.5 uM clasto lactacystin g-lactone for 30 min to block
proteasomal degradation of proteins and then exposed to L-CSNO for 15 min, followed by a 5-min incubation with 10 ng/ml TNFa. The amount of phosphorylated
IkBa (p-IkBa, Upper) and total IkBa (IkBa, Lower) was assessed by Western blotting. (E) C10 cells were treated with 250 uM L-CSNO for 15 min and subsequently
with 10 ng/ml TNFa for 5 min. IKKB was immunoprecipitated from lysates, and phosphoserine content was assessed by Western blot by using a phosphoserine
antibody. IB, Western blot of IKKB.
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S-nitrosylation of IKKB. (A) Jurkat T cells were treated with 1 mM L-CSNO for 30 min and subsequently with TNFa for 10 min. IKKB was

immunoprecipitated from lysates containing 2.2 mg of protein by using an IKKgB antibody. A control immunoprecipitation was performed by using an
isotype-matched Ig (IgG). After immunoprecipitation, selected samples were treated with HgCl,, and all samples were treated with sulfanilamide to ensure
specificity. S-nitrosylation of IKKB was assessed by chemiluminescence. *, P < 0.05 (Student’s t test) compared with NO signal obtained in the TNFa + L-CSNO
subjected to immunoprecipitation with the IgG control antibody. (B) IKKB was immunoprecipitated from untreated Jurkat T cells, samples boiled in sample
buffer, separated on SDS/PAGE gel, and silver stained. The location of IKKB is indicated. HC, antibody heavy chain; LC, antibody light chain. (C) Cells were treated
asin A, and lysates were subjected to biotin derivatization. Biotinylation of IKKB was detected after immunoprecipitation of the IKKB-containing complex and
Western blotting using streptavidin-horseradish peroxidase. In control samples, reduction by ascorbate (—vitC) was omitted. IB, anti-IKKB immunoblot; ns,

nonspecific reactivity.

ylation of IkBa (Fig. 2D) was detectable at concentrations of
L-CSNO as low as 10 uM, which are believed to reflect patho-
physiological amounts of extracellular SNO (31).

The possibility exists that SNO inhibit IKK activity by inter-
fering with its phosphorylation, which is required for kinase
activity. Results in Fig. 2E demonstrate that exposure of cells to
SNO did not interfere with TNFa-induced serine phosphoryla-
tion of IKKp, suggesting that SNO do not act upstream in the
activation pathway of IKK but rather inhibit the phosphorylated
enzyme directly, consistent with our findings in Fig. 14 dem-
onstrating that SNO can readily inhibit active IKK in vitro.

IKKB Is a Target for S-Nitrosylation. Because the kinase activity of
the B subunit of the IKK complex is responsible for phosphor-
ylation of IkBe in response to TNFa, and this was inhibited on
treatment with SNO (Figs. 14 and 2), we next wanted to assess
whether IKKp represents a direct target for S-nitrosylation. For
this purpose, we immunopurified IKKB from TNFa-stimulated
Jurkat T cells treated with SNO and performed chemilumines-
cence analysis to determine the SNO content of IKK. Although
we could not detect a SNO signal from IKKB immunopurified
from lysates of untreated cells (data not shown) or cells stimu-
lated with TNFa (Fig. 34), IKKB obtained from cells exposed to
L-CSNO and TNFa demonstrated a marked increase in SNO
content. The observed chemiluminescence signal was not due to
contaminating nitrite, because samples were treated with sulfa-
nilamide to quench nitrite. In addition, the chemiluminescence
signal was completely ablated after HgCl, treatment, indicating
that the measured NO is derived from SNO within the immu-
nopurified protein. Control immunoprecipitations with equal
amounts of an isotype-matched control antibody resulted in a
barely detectable signal. Analysis of the immunoprecipitate by
silver staining (Fig. 3B) revealed that IKKB was the major
detectable protein under the conditions used here, confirming
that the measured NO was likely derived from SNO bonds in
IKKp and not from other coimmunoprecipitated proteins.
Alternatively, we used the biotin derivatization method to
assess whether the IKKB subunit is directly targeted by S-
nitrosylation. For this purpose, Jurkat T cells were treated as
described, and cell lysates were derivatized to selectively biotin-
ylate SNO moieties. IKKB was subsequently immunoprecipi-
tated from the lysates, and its biotinylation was assessed by using
streptavidin—horseradish peroxidase on a Western blot. Results
in Fig. 3C demonstrate detectable endogenous S-nitrosylation of
IKKp in untreated cells, which was decreased in response to
TNFa. Furthermore, SNAP/L-cys or L-CSNO caused an in-
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crease in S-nitrosylation of IKKp. Biotin labeling was absent
when ascorbate was omitted in the derivatization procedure,
showing the specificity of biotinylation for detection of SNO.

Cysteine Residue 179 of IKKp Is a Target for S-Nitrosylation. Cys-179
is located between Ser-177 and -181, which are required for
activation of IKKB by TNFa. Because it has been shown that
Cys-179 is a target for inhibition by arsenite (12), we wanted to
investigate whether this residue was specifically targeted by
S-nitrosylation. For this purpose, wt HA-IKKB or Cys-179-to-
Ala mutated HA-tagged IKKB (C179A HA-IKKp) were trans-
fected into C10 cells, which were then treated with SNO to assess
the extent of inhibition of TNFa-stimulated enzymatic activity.
As is apparent from Fig. 44, both GSNO/L-cys as well as
L-CSNO inhibited the activity of wt HA-IKKB. In contrast,
C179A HA-IKKp was largely refractory to inhibition by SNO.
Accordingly, treatment of cells with GSNO/L-cys increased
S-nitrosylation of wt HA-IKKp but not of C179A HA-IKKR, as
revealed by immunoprecipitation using an antibody directed
against SNO and Western blotting for HA (Fig. 4B Left). The
selectivity of the SNO antibody was demonstrated by incubating
lysates of L-CSNO-treated cells with HgCl, before immunopre-
cipitation with the SNO antibody, which resulted in a markedly
lower amount of wt HA-IKKp recovered by immunoprecipita-
tion (Fig. 4B Right Upper), whereas HgCl, did not affect the
amount of C179A HA-IKKB immunoprecipitated with SNO
antibody (Fig. 4B Right Lower), illustrating some nonspecific
reactivity of this antibody. Collectively, these data demonstrate
that Cys-179 of IKKp is a major target for S-nitrosylation and
inhibition by SNO.

Repression of IKK Enzymatic Activity by Endogenous NOS Activity. If
NO is an important negative regulator of IKK in intact cells,
inhibition of endogenous NOS activity might relieve this repres-
sion, resulting in activation of IKK or enhanced IKK activation
by TNFa. To address this question, Jurkat T cells were incubated
with 1 mM of the NOS inhibitor, L-NMMA. Results in Fig. 54
demonstrate that 4 h after addition of L-NMMA, IKK activity
was markedly enhanced. Furthermore, L-NMMA also potenti-
ated the ability of TNFa to induce IKK activity. Consistent with
these findings, inhibition of NOS caused a decrease in SNO-
dependent biotinylation of IKKp, indicating a lesser extent of
S-nitrosylation. As described above, omission of ascorbate or the
biotin label markedly attenuated biotin reactivity in the sham
sample, indicating specific detection of S-nitrosothiols. These
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Fig. 4. Cys-179 of IKKB is target for S-nitrosylation. (A) C10 cells were transfected with wt or C179A HA-IKKp, treated with 1 mM GSNO/L-cys or L-CSNO for 15
min, before exposure to 10 ng/ml TNFa for 5 min. IKK activity was assessed in an in vitro kinase assay, afterimmunoprecipitation with an HA antibody. IB, anti-HA
immunoblot. (Bottom) Quantitation by phosphoimage analysis. Results are expressed as percentage of IKK activity compared with TNFa-only-treated cells. (B
Left) wt (Upper) or C179A HA-IKKB-transfected C10 cells (Lower) were treated with 1 mM GSNO/L-cys for 15 min before exposure to 10 ng/ml TNFa for 5 min.
S-nitrosylated proteins were immunoprecipitated, by using an S-nitrosocysteine antibody (IP SNO) and IKKg detected by detection of HA by Western blotting.
(Lower) HA Western blots on total cell lysates. (B Right) Assessment of specificity of the S-nitrosocysteine antibody. wt (Upper) or C179A HA-IKKB transfected
cells (Lower) were left untreated (left lane), treated with 1 mM L-CSNO for 15 min (middle lane) or treated with 1 mM L-CSNO for 15 min followed by incubation
with HgCl; (right lane) before immunoprecipitation. S-nitrosylated proteins were then immunoprecipitated by using an S-nitrosocysteine antibody (IP: SNO) and

IKKB detected by Western blotting for HA; (Lower) HA Western blots on total cell lysates.

results illustrate that endogenous NOS activity is an important
repressor of IKK activity in Jurkat T cells.

Discussion

In the present study, we demonstrate that IKKp is a direct target
for S-nitrosylation. This repression of the NF-«B pathway prox-
imal to DNA binding ensures adequate inhibition of NF-«B
activation by NO. The inhibitory action of SNO is not general to
all serine-directed kinases. When we evaluated the inhibitory
action of SNO on JNK, reported to be inhibited by S-
nitrosylation (4), we failed to observe inhibitory effects of SNO.
The discrepancy with published work and our observations is
puzzling and may be related to the differences in cell types and
species investigated. Furthermore, the previous study used ani-
somycin or UV to activate JNK (4), whereas in the current study,
we used TNFa. Nonetheless, our work suggests that the antiin-
flammatory role of NO previously attributed to inhibition of
JNK (4) may also be due to its ability to inhibit IKK.

A LNMMA+
sham LNMMA TNFoo. TNFo

GST-IkB [ % " S8 W 45 5 e

1B: IKKP [T S S S S W
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Fig. 5. Repression of IKK activity in intact cells by endogenous NOS activity.
Jurkat T cells were treated with 1 mM L-NMMA for 4 h followed by stimulation
with 10 ng/ml TNFa for 10 min or mock manipulations. Selected dishes were
treated with TNFa alone. (A) IKK activity was assessed in an in vitro kinase
assay. IB, anti-IKKB immunoblot. (B) Lysates were subjected to biotin deriva-
tization, and biotinylated IKKB was detected after immunoprecipitation of
IKKB and Western blotting by using streptavidin-horseradish peroxidase. In
control samples, reduction by ascorbate (—vit C) or labeling with N-(3-
malemidylpropionyl)biocytin (—biotin) was omitted. IB, anti-IKKB immunoblot.
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In cells exposed to SNO, a transnitrosation reaction, i.e., the
transfer of NO* from the SNO to IKK, likely is responsible for
the decrease in kinase activity. This explains the relative lack of
inactivation of IKK in C10 lung epithelial cells exposed to SNAP
and GSNO alone, which cannot readily enter the intact cells (Fig.
2 A and B). In contrast, coincubation of SNAP or GSNO with
L-cys results in a transnitrosation reaction to form L-CSNO (28,
32), which is taken up by cells via the L-cys amino acid transport
system (33). The transnitrosation mechanism is supported by our
observations demonstrating that in the presence of L-cys, but not
D-cys, the SNO content of cells exposed to GSNO increased,
consistent with inactivation of IKK. Furthermore, direct admin-
istration of L-CSNO, but not D-CSNO, inhibited IKK enzymatic
activity in intact cells. Although cys may convert S-nitrosothiols
to NO extracellularly and thereby promote the formation of
N,0Oj3, which would diffuse into the cells and result in S-
nitrosylation (34), the observed stereoselective effects of cys
argue against such a mechanism and illustrate the importance of
cellular SNO uptake in IKK inhibition.

The activity of the IKK complex is markedly inhibited in intact
cells by concentrations of SNO as low as 10 uM. Levels of SNO
up to 1 uM have been measured in exhaled breath condensate
of normal individuals (31). Furthermore, a number of disease
states, like pneumonia (35) and inflammatory lung disease (36),
have been reported to be accompanied by increased amounts of
SNO. The doses of SNO used to detect S-nitrosylation of IKK
were higher, likely due to limits of detection imposed by the
assays that were used. Importantly, our studies in Jurkat T cells
point to a crucial role of endogenous NO in repressing baseline
IKK activation and in regulating the magnitude of IKK activa-
tion by cytokines. Consequently, inhibition of NOS activity is
sufficient to activate IKK in Jurkat T cells. However, incubation
of C10 cells with L-NMMA failed to influence IKK enzymatic
activity (data not shown), consistent with a recent observation
demonstrating that the mode of inhibition of NF-«kB by NO is cell
type dependent (37). Nonetheless, our observations may have
important ramifications in inflammatory conditions where the
concentrations of NO, and the sources of its production, are
known to be altered. The consumption of NO by peroxidases
(38) may lower the concentrations of bioavailable NO and
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thereby minimize its ability to repress IKK, resulting in chronic
activation of NF-kB, which accompanies many inflammatory
diseases. Alternatively, direct metabolism of SNO by a recently
identified GSNO reductase, which is conserved from bacteria to
humans, may lower bioavailable SNO (39). In support of the
latter, increased activity of GSNO reductase has recently been
demonstrated in allergic airway inflammation (40).

Structural factors that influence the susceptibility to S-
nitrosylation include neighboring or surrounding amino acids
that affect cysteine reactivity and the presence of a hydrophobic
environment that promotes the formation of S-nitrosylating
species via the reaction between O, and NO (34). This “motif”
can be apparent from the primary structure of the protein but
also as a result of its 3D conformation or protein—protein
interactions (41). This makes it difficult to predict the cysteines
in IKK 3 subject to S-nitrosylation, given that its structure has not
been solved. Additionally, the organization of the IKK complex
is highly complex and consists of many protein subunits that can
associate and dissociate, including Hsp90 and Cdc37 (42, 43). It
is furthermore of importance to consider that endothelial NOS
associates with Hsp90 (44), thereby directly localizing an endog-
enous source of NO to the IKK complex.

Although Cys-179 is not an apparent target for S-nitrosylation
based on its primary sequence (41), our data demonstrate that
this residue is the main target for oxidative modification by SNO.
We have shown that the C179A mutant is refractory to inhibition
by SNO, and that treatment with SNO did not induce enhanced
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S-nitrosylation of this form of IKKpB. Cys-179 has previously
been shown to be redox sensitive and to be oxidized by arsenite
(12) and alkylated by cyclopentenone prostaglandins (13). Cys-
179 is strategically located between the two serines that are
required for activation of IKK by TNFa. It is conceivable that the
TNFa-induced phosphorylation of Ser-177 and -181, which
creates a more negative charge surrounding Cys-179, promotes
its susceptibility to transnitrosation. However, additional exper-
iments are clearly needed to elucidate the interplay between
phosphorylation and S-nitrosylation of IKKpB, as well as the
mechanism by which S-nitrosylation impacts on IKK activity.

The identification of IKKB as a target for S-nitrosylation
provides insights into the mechanisms of inhibition of NF-«B by
NO, and a proposed model of this mechanism is presented (Fig.
6, which is published as supporting information on the PNAS
web site). These observations may provide strategies aimed at
enhancing the inhibitory effect of NO at a level before DNA-
binding activity, to augment its antiinflammatory mode of
action.
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