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The classical nuclear factor �B (NF-�B) signaling pathway is
under the control of the I�B kinase (IKK) complex, which consists
of IKK-1, IKK-2, and NF-�B essential modulator (NEMO). This
complex is responsible for the regulation of cell proliferation, sur-
vival, and differentiation. Dysregulation of this pathway is associ-
ated with several human diseases, and as such, its inhibition offers
an exciting opportunity for therapeutic intervention.NEMObind-
ing domain (NBD) peptides inhibit the binding of recombinant
NEMOto IKK-2 in vitro.However, direct evidenceof disruptionof
this binding by NBD peptides in biological systems has not been
provided. Using a cell system, we expanded on previous observa-
tions toshowthatNBDpeptides inhibit inflammation-inducedbut
notbasal cytokineproduction.Wereport that thesepeptides cause
the release of IKK-2 from an IKK complex and disrupt NEMO-
IKK-2 interactions in cells. We demonstrate that by interfering
with NEMO-IKK-2 interactions, NBD peptides inhibit IKK-2
phosphorylation, without affecting signaling intermediates
upstreamof the IKKcomplexof theNF-�Bpathway. Furthermore,
in a cell-free system of IKK complex activation by TRAF6 (TNF
receptor-associated factor 6), we show that these peptides inhibit
the ability of this complex to phosphorylate downstream sub-
strates, such as p65 and inhibitor of �B� (I�B�). Thus, consistent
with the notion that NEMO regulates IKK-2 catalytic activity by
servingasa scaffold, appropriatelypositioning IKK-2 foractivation
by upstream kinase(s), our findings provide novel insights into the
molecular mechanisms by which NBD peptides exert their anti-
inflammatory effects in cells.

The transcription factor nuclear factor �B (NF-�B)3 is
responsible for the regulation of amultitude of diverse, context-

dependent cellular outcomes, including cell proliferation dif-
ferentiation and survival (1). A number of stimuli, including
proinflammatory cytokines and engagement of innate immune
receptors and antigen receptors, as well as various environmen-
tal stimuli trigger NF-�B activation (1). In most cell types,
NF-�B family members in their resting state are retained in the
cytosol as homo- or heterodimers in complexes with inhibitors
of �Bs (I�Bs) (2). Upon stimulation, I�Bs are rapidly phos-
phorylated, ubiquitinated, and subsequently degraded via the
proteasome complex (2, 3). FreeNF-�Bdimers then translocate
to the nucleus and up-regulate the expression of various target
genes. NF-�B activation is transient and tightly regulated.
Consistently dysregulated and prolonged NF-�B-mediated
responses are associated with several human diseases, includ-
ing autoimmune disorders and certain cancers (4). Accord-
ingly, the suppression of NF-�B-mediated cell signaling offers
an exciting opportunity for therapeutic intervention.
I�B phosphorylation is carried out by the I�B kinase (IKK)

complex. This complex consists of two catalytically active sub-
units, IKK-1 and IKK-2, that share 50% sequence similarity, and
a regulatory subunit referred to as NF-�B essential modulator
(NEMO). NEMO is a primarily helical protein containing sig-
nificant stretches of coiled-coil structure as well as a zinc finger
domain (5). NEMO-deficient cells show neither increased IKK
activity nor NF-�B DNA binding activity in response to several
proinflammatory stimuli, including tumor necrosis factor-�
(TNF-�), interleukin-1� (IL-1�), and lipopolysaccharide (LPS)
(6).However, the actual role ofNEMO in IKKactivationhas not
been fully elucidated. It has been proposed that NEMO can
recruit IKK complexes to activated receptors, where IKKs are
activated by oligomerization, conformational changes, or
trans-autophosphorylation (7–9). NEMO may also orient the
catalytic subunits for targeted phosphorylation of the activa-
tion loop by an upstream kinase or enable the IKKs to interact
with their substrates.
The specific molecular mechanisms of NEMO-IKK interac-

tions involve a C-terminal hexapeptide core sequence present
on both IKK-1 and IKK-2 (LDWSWL) termed theNEMObind-
ing domain (NBD) (10), with more recent studies expanding
this domain to include additional amino acids spanning this
core sequence (5, 11). Peptides corresponding to the IKK-2
NBDhave been found to disrupt the association of recombinant
NEMO with recombinant IKK-1 or IKK-2 in vitro (12). The
cell-permeable versions of these peptides blocked NF-�B acti-
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vation in various cellular and animal models of inflammation.
Consequently, several studies have revealed reduced osteoclas-
togenesis and joint destruction in collagen-induced arthritis
models, bowel injury in colitismodels, and alleviation of pathol-
ogy in murine models of inflammation-induced brain injury
and Parkinson disease (13–17). Importantly, continuous
administration of NBD peptides in animal models did not
reveal any overt signs of toxicity (14). Interestingly, although
NBD peptides inhibited NF-�B reporter gene activity in
response to proinflammatory stimuli, they did not inhibit basal
reporter gene activity (10). Together, these studies emphasize
the importance ofNBDpeptides in IKK complex activation and
NF-�B signaling and suggest that NEMO-IKK-2 interactions
can be targeted for therapeutic intervention. Blocking inflam-
mation-induced activation of IKK/NF-�B signaling while spar-
ing basal levels of signaling necessary for normal cell mainte-
nance is expected to result in good efficacy without significant
adverse effects.
Mutational analysis of the core IKK-2 NBD sequence identi-

fied Asp738, Trp739, and Trp741 within the peptide as critical
residues for NEMO binding. Mutant NBD peptides containing
alanine replacements at any of these positions lost the inhibi-
tory effects exhibited by the wild-type peptides (10, 12). The
recently solved structure ofNEMO-IKKpeptides provided data
consistent with the mutational study results (5). Structural fea-
tures of the interactionsmay prove to be critical for the rational
design of inhibitors targeting the NEMO-IKK-2 interactions.
Despite the abundant literature on NBD peptides, direct evi-

dence for their role in disrupting the native IKK complex in the
isolated state or in cells is still lacking. In this study, we
expanded on previous reports to show that NBD peptides
inhibited inflammation-induced but not basal cytokine pro-
duction. We also provided evidence for sequential events of
IKK-2 activation during inflammatory responses by showing
that the anti-inflammatory effects of NBD peptides occurred
before, not after, the IKK complex had been activated by cyto-
kines. Furthermore, we demonstrate that disruption of the IKK
complex by NBD peptides resulted in release of IKK-2 from the
complex. Taken together, this study provides novel and intrigu-
ing data regarding the role of NBD peptides in the regulation of
the NEMO-IKK-2 signaling.

EXPERIMENTAL PROCEDURES

Reagents—Dulbecco’s modified Eagle’s medium (DMEM),
L-glutamine, sodium pyruvate, penicillin/streptomycin,
HEPES, and trypsin were obtained from Invitrogen. Fetal
bovine serum (FBS) originated from SAFC Biosciences
(Lenexa, KS), and recombinant human IL-1� was from R&D
Systems (Minneapolis, MN). Polyclonal anti-IKK-1/2 antibod-
ies (Abs), anti-IRAK-1Abs, anti-JNK1/2Abs, anti-p65Abs, and
anti-IKK-2 Abs were purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA); anti-phospho-TAK-1 Abs, anti-
phospho-HSP27 Abs, anti-phospho-JNK Abs, and anti-phos-
pho-IKK-1(Ser180)/IKK-2(Ser181) Abs were fromCell Signaling
Technologies (Danvers, MA). Anti-I�B� monoclonal antibod-
ies (mAbs) were made in house. Anti-NEMO mAbs were pur-
chased from BD Pharmingen (San Jose, CA), and anti-tubulin
Abs were obtained from Abcam Inc. (Cambridge, MA). Com-

plete protease inhibitor mixture was from Roche Applied Sci-
ence, and phosphatase inhibitor mixtures, dimethyl sulfoxide
(DMSO), LPS, dithiothreitol, Tween 20, bovine serumalbumin,
and Protein A-agarose beads were from Sigma. The protein
assay kit was purchased from Bio-Rad. NuPage sample buffer,
Novex native Tris/glycine sample buffer, Tris/glycine SDS-
polyacrylamide gels, and SimplyBlue SafeStain were from
Invitrogen. ImmEdge pen was obtained from Vector Laborato-
ries (Burlingame, CA) and DuoLinkTM 100 Detection Kit 563
from OLINK Bioscience (Uppsala, Sweden). Antennapedia
homeodomain-conjugated IKK-2 11-mer NBD peptides
(TALDWSWLQTE and TALDASALQTE) were purchased
from Calbiochem. IKK-2 45-mers (PAKKSEELVAEAHNLCTL-
LENAIQDTVREQDQSFTALDWSWLQTE and PAKKSEEL-
VAEAHNLCTLLENAIQDTVREQDQSFTALDASALQTE) were
purchased from American Peptide Inc. (Sunnyvale, CA). The
IKK-2-selective inhibitor, PHA-408 (18, 19), and IRAK-4 inhib-
itor, compound 44 (20), were synthesized at Pfizer (St. Louis,
MO).MSDblocking buffer A originated fromMeso Scale Dis-
covery (Gaithersburg, MD); LANCE Europium-W1024
labeled anti-glutathione S-transferase (GST) Abs and
Alphascreen glutathione donor beads and anti-FLAG accep-
tor beads were obtained from PerkinElmer Life Sciences.
Streptavidin-AlexaFluor647 conjugate was purchased from
Invitrogen.
Peripheral BloodMononuclear Cell Cultures—Humanwhole

blood was collected from healthy donors in sodium-hepa-
rinized tubes (BD Biosciences), and peripheral blood mono-
nucleated cells (PBMC)were isolated by Ficoll separation. Cells
were washed in Dulbecco’s phosphate-buffered saline, resus-
pended in DMEM containing 5% endotoxin-free FBS and 10
units/ml penicillin/streptomycin, and plated at 2.5 � 105 cells/
well in 96-well tissue culture plates. Cells were pretreated with
increasing concentrations of either NBD peptides or PHA-408
for 2 h prior to stimulationwith vehicle or 10 ng/ml LPS for 18 h
(1%DMSO, final concentration). Basal or LPS-induced produc-
tion of TNF-� and IL-6 were measured by MSD technology.
IC50 values were determined using a data analysis program
(Pfizer, St. Louis, MO). Cytotoxicity was assessed using the
Alamar Blue assay from Promega (Madison, WI).
Cultures of Synovial Fibroblasts Derived from Patients with

Rheumatoid Arthritis—Synovial fibroblasts derived from
patients with rheumatoid arthritis (RASF) were purchased
from Cell Applications (San Diego, CA). Adherent RASF were
isolated via enzymatic digestions from primary synovial tissues
isolated after knee synovectomy and were cultured in DMEM
high glucose, containing 15% defined bovine serum (HyClone
Laboratories, Logan, UT) and 50 �g/ml gentamicin. For cyto-
kine analysis, 1.5 � 104 cells/well were plated in a 96-well plate
and were allowed to attach overnight. The growth media were
replaced with fresh DMEM containing 1% serum, and the cells
were pretreated with increasing concentrations of either NBD
peptides or PHA-408 for 2 h prior to stimulation with 1 ng/ml
IL-1� for 18 h. Secreted IL-6 was measured by MSD technol-
ogy. IC50 were determined using a data analysis program
(Pfizer), and cytotoxicity was assessed using the Alamar Blue
assay.
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Immunoprecipitation and Western Blot Analysis—RASF
were preincubated for 30 min with NBD peptides prior to sim-
ulation with 1 ng/ml IL-1� for 10 min at 37 °C. Cells were lysed
in a buffer containing 20 mM Tris, pH 7.6, 150 mM NaCl, 0.5%
Nonidet P-40, 100 �g/ml phenylmethylsulfonyl fluoride, and
protease and phosphatase inhibitors, and protein concentra-
tions were determined by the Bradford method. The IKK com-
plex was immunoprecipitated from 50 �g of total cell lysates
after a 1-h incubationwith anti-NEMOmAbs followed by a 1-h
incubation with Protein A-Sepharose beads. The pellets were
washed, and the proteins were denatured by the addition of
reducing sample buffer and were resolved on Tris/glycine SDS-
polyacrylamide gels. The proteins were transferred to polyvi-
nylidene difluoride membranes, which were then incubated
with primary Abs for 2 h at 25 °C followed by a 1-h incubation
with secondary Abs. The results were visualized using the Li-
Cor Odyssey Infrared Imaging System (Li-Cor, Lincoln, NE).
For native PAGE, 30 �g of total cell lysates were added directly
to Novex native Tris/glycine sample buffer and resolved on
Tris/glycine PAGE. Western blot analysis was performed as
described above. To determine the composition of the IKK
complex resolved by native PAGE, gels were stained using Sim-
plyBlue SafeStain dye, and a region of the gel that corresponded
to �150–250 kDa was excised. Proteins were extracted in 2�
reducing SDS sample loading buffer using a Dounce homoge-
nizer and resolved on Tris/glycine PAGE, and Western blot
analysis was carried out as described above.
In Situ Proximity Ligation Assay (PLA)—RASF cells were

plated at 2.5 � 104 cells/well (8-well culture slides, BD Falcon
(Bedford,MA)) inDMEMcontaining 10%FBS, 1% L-glutamine,
1% sodium pyruvate, 100 units/ml penicillin, 100 �g/ml strep-
tomycin, and glucose and were incubated overnight at 37 °C in
a 5% CO2 atmosphere. Cells were fed with serum-free DMEM
and preincubated with either 1% DMSO or NBD peptides dis-
solved in DMSO (1% DMSO, final concentration) for 30 min.
Cells were treated with 1 ng/ml IL-1� for 15 min, washed with
Tris-buffered saline containing 0.05% Tween 20 (TBST), fixed
with 4% paraformaldehyde, and then permeabilized with 0.1%
Triton X-100. The chamber wells were removed, and hydro-
phobic barriers were made between individual wells using an
ImmEdge pen. Nonspecific binding was blocked by incubating
cells for 30 min at 37 °C with a blocking solution provided by
the manufacturer and incubated overnight at 4 °C with anti-
IKK-2 Abs and anti-NEMO Abs raised in different species.
Cells incubated with either anti-IKK-2 Abs or anti-NEMOAbs
were used as negative controls. The proximity ligation assay
(fluorescence signal generated at 40 nm only when two PLA
probes are in close proximity) was conducted usingDuoLinkTM
100 Detection Kit 563. Briefly, after incubation with primary
Abs, samples were incubated for 1 h at 37 °C with a pair of
secondary Abs conjugated with oligonucleotides (PLA probes).
Subsequently, hybridization, ligation, amplification, and detec-
tion were performed according to the manufacturer’s protocol.
Preparations were mounted in DuoLink mounting medium
containing the Hoechst nuclear dye and photographed at �20
magnification using a Nikon E800M fluorescence microscope.
The signals were analyzed using the BlobFinder imaging soft-
ware developed by the Centre for Image Analysis, Uppsala Uni-

versity (Uppsala, Sweden). An average analysis was made from
all signals being counted in one image and then divided by the
number of cells in that image, thus giving the average
signals/cell.
IKK-2 Kinase Activity Assay—RASF were plated at 1.5 � 104

cells/well (96-well plates) inDMEMcontaining 15%FBS and 50
�g/ml gentamicin and incubated overnight. Cells were
refreshed with DMEM containing 1% FBS, pretreated for 1 h
with 2% DMSO (final concentration) or the inhibitors prior to
treatment with 1 ng/ml IL-1� for 10 min. Cells were lysed with
MSD lysis buffer (150 mM NaCl, 20 mM Tris, pH 7.5, 1 mM

EDTA, 1mM EGTA, 1% Triton X-100, phosphatase inhibitors I
and II, and protease inhibitors). Separate plates were set up for
measuring cytotoxicity using the Alamar Blue assay. Kinase
activity was done using MSD high bind 96-well plates coated
with anti-phospho-I�B� Abs as described previously (19).
Briefly, the plates were blocked at room temperature for 1 h
with MSD blocking buffer A. Kinase activity was measured by
incubating 20 �g of cell lysates with 1 �M ATP and 5 �M bio-
tinylated I�B� peptide in 30 �l of reaction buffer containing 25
mM HEPES, 2 mM MnCl2, 2 mM MgCl2, and 10 mM NaF for 90
min. The plates were washed twice with TBST, incubated with
MSD sulfatag streptavidin for 90 min, and washed twice again
with TBST. The plates were read using MSD sector imager
6000. To test the effects of the inhibitors on IKK-2 activity after
cells had been treated for 10 min with 1 ng/ml IL-1�, bulk
lysates were incubated with the inhibitors for 1 h, and kinase
activity was measured as described above.
Time-resolved Fluorescence Resonance Energy Transfer Bind-

ing Assay—To monitor the binding of NEMO and NBD pep-
tides, 4 nM GST-NEMO-(2–200) and 1.75 nM biotinylated
IKK-1/2 chimeric 44-mer peptide (biotin-C6-PAKKSE-
ELVAEAHNLCTLLENAIQDTVREQGNSMMNLDWSWLTE-
NH2 in NEMO binding buffer (50 mM HEPES (pH 7.4), 0.01%
bovine serum albumin, 0.0005% Tween 20, and 1 mM dithio-
threitol) were incubated for 30 min at room temperature in a
10-�l volume. The readout reagents consisting of 4 nM LANCE
Europium-W1024-labeled anti-GST Abs and 16 nM Streptavi-
din-AlexaFluor647 conjugate in NEMO binding buffer were
added to the reaction in a 10-�l volume and incubated for 2 h at
room temperature before reading the fluorescence resonance
energy transfer signal on an Envision 2102 Multilabel plate
reader (PerkinElmer Life Sciences). For competition studies,
competitor molecules (unlabeled IKK-2 11-mer or IKK-2
45-mer) were titrated into the binding mixture and incubated
for 30 min, and the signal was detected as described above.
Reported IC50 values are the mean IC50 � S.E. of four (n � 4)
independent experiments.
Alphascreen Binding Assay—To monitor NEMO and IKK-2

interactions, 2 nMGST-NEMO-(2–200) and 2 nM IKK-2-FLAG
in NEMO binding buffer were incubated for 30 min at room
temperature in a 10-�l volume. The readout reagents consist-
ing of a 40-mg/ml/beadmixture of glutathione donor beads and
anti-FLAG acceptor beads diluted in NEMO binding buffer
were added to each reaction and incubated overnight at room
temperature before reading the Alphascreen signal on an Envi-
sion 2102 Multilabel plate reader (PerkinElmer Life Sciences).
For competition assays, competitor molecules (unlabeled pep-
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tides as described above) were titrated into the bindingmixture
and incubated for 30 min, and the signal was read as described
above.
TRAF6 Cell-free Activation Assay—HeLa cells grown to con-

fluence in T162 flasks were washed, scraped in PBS, and pel-
leted, and the hypotonic lysis buffer (20 mM HEPES, pH 7.4, 10
mM KCl, 1.5 mM MgCl2, 1 mM EGTA, 1 mM phenylmethylsul-
fonyl fluoride, 0.5 mM dithiothreitol, 1� Complete) was added
as described previously (21). Cells were further lysed in Dounce
homogenizer on ice and centrifuged at 16,000 � g for 10min at
4 °C, and protein concentrations were determined by the Brad-
ford method. The reaction was carried out with or without the
inhibitors in a buffer containing 50 mM Tris-HCl, pH 7.5, 5 mM

MgCl2, 0.1 �M okadeic acid, ATP, recombinant human TRAF6
(TNF receptor-associated factor 6), and 1 �g of cell lysates.
Samples were incubated for 60 min at 30 °C, and the reaction
was stopped by adding an equal volume of sample buffer.West-
ern blot analysis was performed as described above.
Statistical Analysis—Samples were run in triplicate. Statisti-

cal significance was assessed using an unpaired Student’s t test.

RESULTS

NBD Peptides Inhibit Inflammation-induced but Not Basal
Cytokine Production—Consistent with previously published
studies (10), antennapedia-conjugated wild type (WT) NBD
peptides (IKK-2 11-mer) but not mutant NBD peptides com-

pletely blocked LPS-induced pro-
duction of TNF-� and IL-6 in
PBMC (Fig. 1A) (data not shown) or
IL-1�-induced IL-6 production in
RASF (Fig. 1C). However, neither
WT nor mutant NBD peptides had
an inhibitory effect on the produc-
tion of these cytokines in basal con-
ditions (Fig. 1, B andD and data not
shown). Interestingly, WT NBD
peptides caused a slight increase in
basal cytokine production, data that
are consistent with previous find-
ings on NF-�B reporter gene activ-
ity (10). In contrast, the selective
IKK-2 kinase inhibitor, PHA-408
(18, 19), inhibited both LPS-in-
duced and basal TNF-� production
in PBMC with equal potency
(IC50 � 40–70 nM) (Fig. 1, E and F).
Basal cytokine levels represented
�10% of cytokine production
induced by LPS or IL-1� in the two
cell types tested (data not shown).
Furthermore, WT but not mutant
NBD peptides inhibited cytokine-
induced release of glycosaminogly-
cans from bovine nasal cartilage
explant cultures (data not shown).
None of the inhibitory effects
described here were associated with
cytotoxicity (data not shown).

Taken together, these data suggest that the mechanisms of
action of NBD peptides are distinct from those of ATP kinase
inhibitors of IKK-2.
NBD Peptides Inhibit IL-1�-induced IKK-2 Phosphorylation

and Activation in RASF—IKK-2 is activated by phosphoryla-
tion at Ser181 in the kinase activation loop (22, 23). To gain
further insights into the mechanisms of action of NBD pep-
tides, RASF were pretreated with NBD peptides prior to treat-
ment with vehicle or IL-1�. Cell lysates were used both for
Western blot analysis, probing for phosphorylation of IKK-2
and loss of I�B�, and to measure directly IKK kinase activation
by monitoring phosphorylation of the substrate I�B� peptide.
The data indicated that WT but not mutant NBD peptides
inhibited IKK-2 phosphorylation at Ser181 and I�B� degra-
dation (Fig. 2A) as well as the ability of IKK to phosphorylate
I�B� (Fig. 2B) in a concentration-dependent manner. Inter-
estingly, if RASF were first stimulated with IL-1� and the
lysates were then incubated with NBD peptides, the peptides
failed to inhibit IKK activity (Fig. 2C), IKK-2 phosphoryla-
tion, and I�B� degradation (supplemental Fig. S1). In con-
trast, PHA-408 inhibited IKK activity when it was preincu-
bated with RASF prior to IL-1� stimulation or added to
lysates from IL-1�-stimulated cells (comparable IC50 in the
30–60 nM range) (Fig. 2D). Together, these data indicate
that NBD peptides inhibit NF-�B signaling by preventing
IKK-2 activation via phosphorylation.

FIGURE 1. Inhibition of inflammation-induced but not basal cytokine production by NBD peptides. PBMC
were preincubated with the indicated concentrations of NBD peptides (A and B) or PHA-408 (E and F) for 2 h
prior to stimulation with LPS (A and E) or vehicle (B and F) for 18 h. RASF were preincubated with the indicated
concentrations of NBD peptides (C and D) for 2 h prior to stimulation with IL-1� (C) or vehicle (D) for 18 h. Filled
and open columns represent mutant (Mut) NBD peptides and WT NBD peptides, respectively. Data are
expressed as percentage of LPS- or IL-1�-stimulated cells or untreated cells (Basal). The data represent the
mean � S.D. of at least three independent determinations from one representative experiment. The experi-
ments were performed at least twice with similar results. **, p � 0.005, significant differences compared with
LPS or IL-1�-stimulated cells. NBD peptides used were IKK-2 11-mer.
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NBD Peptides Do Not Affect Signaling Intermediates
Upstreamof the IKKComplex—Based on the findings thatNBD
peptides inhibited IKK-2 phosphorylation, we hypothesized
that these peptides affect upstream components of this path-
way in a feedback mechanism. Stimulation of RASF with IL-1�

resulted in the disappearance of
the band corresponding to IRAK-1
(interleukin-1 receptor-associated
kinase-1), phosphorylation of TAK-1
(transforming growth factor-�-acti-
vated kinase-1), and degradation of
I�B� (Fig. 3A). Similar to the IKK-2
inhibitor, PHA-408, WT NBD pep-
tides inhibited I�B� degradation in
a concentration-dependent manner
but had no effect on IRAK-1 fate
and TAK-1 phosphorylation. Mu-
tant NBD peptides failed to protect
I�B� from degradation and to affect
IRAK-1 fate or TAK-1 fate. In con-
trast, the IRAK-4 inhibitor, com-
pound 44 (20), inhibited signaling of
all components of the pathway that
were assayed, IRAK-1, TAK-1, and
I�B� (Fig. 3B). We also wanted to
establish that the NBD peptide
mode of action was specific to the
IKK-NF-�B pathway. NBD peptides
at concentrations that inhibited p65
phosphorylation at Ser536 and I�B�
degradation had no effect on JNK
and p38MAPK pathways (Fig. 3C),
results that are consistent with
previous reports (10). Collectively,
these data suggest that NBD pep-
tides act specifically at the IKK
complex to disrupt IKK-2 phos-
phorylation by upstream kinase(s),
including TAK-1.
NBD Peptides Weakly Inhibit the

Binding of Recombinant NEMOand
IKK-2 in Vitro—An Alphascreen-
based assay was used to investigate
the ability of NBD peptides to dis-
rupt the interactions of purified
recombinant NEMO and IKK-2. A
truncated version of NEMO was
used that included all regions neces-
sary for interactions with IKK-2 (5,
24, 25). NEMO-(2–200) was ex-
pressed as aGST fusion protein, and
a FLAG tag was added to the C ter-
minus of full-length IKK-2. The
addition of the tag served as an aide
for purification as well as providing
convenient epitopes to establish
the Alphascreen-based assay. GST-
NEMO-(2–200) and IKK-2-FLAG

but not mutant NBD peptides (W739A andW741A) produced
a significant signal, demonstrating specific interactions
between the two proteins (data not shown). Having established
that the signalwas indeeddue to theNEMO-IKK-2 interactions
at the NBD region, we next wanted to determine if NBD pep-

FIGURE 2. Inhibition of IL-1�-induced IKK-2 phosphorylation and activity in RASF by NBD peptides. RASF
were stimulated for 10 min with 1 ng/ml IL-1� following cell treatment for 1 h with NBD peptides (A and B) or
PHA-408 (D, closed circles) or were stimulated for 10 min with 1 ng/ml IL-1� preceding the treatment of cell
lysates for 1 h with NBD peptides (C) or PHA-408 (D, open circles). Cell lysates from the same experiment (A and
B) or separate experiments (C and D) were used for Western blot analysis (A) or kinase activity (B–D). The data
(B–D) represent the mean � S.D. of at least three independent determinations. The experiments were repeated
at least twice with similar results. *, p � 0.05, significant differences compared with IL-1�-stimulated cells. NS,
nonstimulation. NBD peptides used were IKK-2 11-mer. Mut, mutant.

FIGURE 3. Lack of inhibitory effects of NBD peptides on NF-�B signaling intermediates upstream of the
IKK complex and MAPK pathway. RASF were treated with the indicated concentrations of NBD peptides (A
and C) or PHA-408 (A) or IRAK-4 inhibitor (B) for 30 min, followed by stimulation with 1 ng/ml IL-1� for 10 min.
Cell lysates were analyzed by Western blot. Tubulin was used as a control for protein loading. NS, nonstimula-
tion. NBD peptides used were IKK-2 11-mer. Mut, mutant.
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tides could disrupt these interactions. The addition of the lon-
gerWTNBDpeptides (IKK-2 45-mer) blocked the interactions
in a concentration-dependent manner (Fig. 4). These peptides
had no effect on the signal generated by a control GST-FLAG
fusion construct used to monitor nonspecific binding
(supplemental Fig. S2). The version mutant of IKK-2 45-mer
containing W739A and/or W741A possessed significantly
weaker activity with IC50 of �1�M, confirming the importance
of these two residues in generating a high affinity interaction.
The minimally sized WT NBD peptides (IKK-2 11-mer)

blocked this interaction at much higher concentrations, exhib-
iting weak inhibitory effects (40%) at 100 �M.

The interactions of the NBD containing peptides with GST-
NEMO-(2–200) were also examined by time-resolved fluores-
cence resonance energy transfer. The IKK-2 45-mer and the
shorter NBD peptides competed for NEMO binding, with IC50
in the 1–7 nM range and �100 �M, respectively. These results
were consistent with those produced by the Alphascreen assay.
We also performed fluorescence polarization and Biacore
experiments to generate apparent binding affinities for the
IKK-2 NBD-containing peptides with NEMO-(2–200). The
results obtained were comparable with those from the Alphas-
creen- and time-resolved fluorescence resonance energy trans-
fer-based assays (supplemental Table 1). Overall, the data were
in agreement with those in the literature (5). Together, these
data provided evidence that IKK-2 residues outside of the con-
sensus NBD core sequence contributed to the formation of a
high affinity interaction with NEMO. The weak potency of
NBD peptides (11-mer) in inhibiting the binding of recombi-
nant NEMO and IKK-2 led us to explore alternative systems
that might better reflect the in vivo situation in order to study
these interactions.
NBD Peptides Inhibit TRAF-6-dependent Activation of the

IKK Complex in a Cell-free System—To expand on the findings
thatTRAF6 activates the IKKcomplex in a cell-free system (21),
experiments were carried outwithHeLa cell lysates and various
concentrations of TRAF6. Based on dose findings studies
(data not shown), 60 nM TRAF6 was chosen for the subse-
quent studies as the optimal concentration to activate the
IKK complex. Next, cell lysates were incubated with increas-
ing concentrations of ATP in the presence of 60 nM TRAF6.

The addition of ATP alone dose-
dependently increased phosphor-
ylation of IKK-2 and p65. How-
ever, I�B� phosphorylation and to
a lesser extent p65 phosphor-
ylation were dependent on the
addition of exogenous TRAF6
(Fig. 5A). This system was validated
pharmacologically using the selective
IKK-2 inhibitor, PHA-408. The addi-
tion of PHA-408 inhibited I�B�
phosphorylationandtoa lesserextent
p65 phosphorylation (Fig. 5B). Simi-
larly, WT NBD peptides inhibited
I�B� and p65 phosphorylation in a
concentration-dependent man-
ner, whereas the mutant NBD
peptides exhibited only a slight
inhibitory effect at 100 �M (Fig.
5C). Although not quantitative,
these results suggest that the
native IKK complex in cells is
more sensitive to the inhibitory
effects of NBD peptides as com-
pared with the complex formed in
vitro by the purified recombinant
NEMO and IKK-2 proteins.

FIGURE 4. Differential potency of NBD-containing peptides. Purifiedrecom-
binant GST-NEMO-(2–200) (2 nM) was incubated with purified recombinant C termi-
nus FLAG-tagged full-length IKK-2 (2 nM). The ability of WT or mutant (W739A and
W741A) NBD peptides to disrupt NEMO-IKK-2 binding was measured by Alpha-
screen. The data represent the mean �S.E. of four independent experiments.

FIGURE 5. Disruption of TRAF-6-dependent NEMO-IKK-2 interactions in cell-free system by NBD pep-
tides. A, HeLa cell extracts were prepared and treated with 0, 0.25, 0.5, 1, or 2 mM ATP with or without 60 nM

exogenous TRAF6. B and C, HeLa cell extracts were treated with 0.1 or 1% DMSO (vehicle), PHA-408, WT, or
mutant NBD peptides (0.1 or 1% DMSO, final concentration) in the absence or presence of 2 mM ATP and 60 nM

exogenous TRAF6 and were analyzed by Western blot. The experiments were repeated three times with similar
results. HSP27 was used as a control for protein loading. NBD peptides used were IKK-2 11-mer.
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NBD Peptides Release IKK-2 from an IKK Complex in Cells—
To determine the effects of NBD peptides on NEMO-IKK-2
interactions in cells, RASF were preincubated with NBD pep-
tides for 30 min prior to treatment with IL-1� for 10 min. The
IKK complex was immunoprecipitated from cell lysates using
anti-NEMOAbs. Western blot analysis of the immunoprecipi-
tated material using anti-IKK-2 Abs (Fig. 6A) revealed that the
peptides at the concentrations that completely inhibitedNF-�B
signaling (Fig. 2, A and B) and IKK complex activity in the
TRAF6 assay (Fig. 5C) had no significant effect on the relative
concentration of IKK-2 in the complex. Based on these data and
despite a previous demonstration by immunoprecipitation that
NBD peptides inhibited NEMO-IKK-2 binding (10), a more
sensitive assay was needed to monitor the effects of NBD pep-
tides on the native complex.
Toward this end, lysates from RASF were subjected directly

to native PAGE. Western blot analysis using anti-NEMO Abs
revealed an immunoreactive band of �150–250 kDa (Fig. 5B,
top). When this region of the gel was excised and proteins were
extracted and resolved by denaturing SDS-PAGE,Western blot
analysis identified IKK-1, IKK-2, and NEMO as the compo-
nents of the �150–250-kDa complex (Fig. 5B,middle and bot-
tom). This experiment was repeated, but this time cells were
preincubated with NBD peptides followed by treatment with
IL1-�. The data from the native gel show that treatment with
WT but not mutant NBD peptides led to the appearance of an
IKK-2 band distinct from the complex (Fig. 6C), which was
probably released from an IKK complex. The identity of the
band migrating above IKK-2 is unknown. Note that the release
of IKK-2 did not change themotility of the�150–250-kDa IKK
complex. Similar data were obtained when unstimulated RASF
(no treatment with IL-1�) were treated withWTNBDpeptides
(data not shown). These novel data suggest that NBD peptides
induced IKK-2 release by disrupting NEMO-IKK-2 interac-
tions within a preformed complex.
NBD Peptides Disrupt NEMO-IKK-2 Interactions in Cells—

The PLA where a fluorescence signal is generated when two
PLA probes bound to the targeted molecules are in close prox-
imity has been used successfully to study protein-protein inter-
actions in cells (26). To study NEMO-IKK-2 interactions, fixed
RASF were incubated with anti-NEMO Abs and anti-IKK-2

Abs either together or separately.
No fluorescence signal was detected
when cells were incubated with
individual Abs (data not shown). In
contrast, strong cell staining was
observed when cells were incubated
with anti-NEMO Abs and anti-
IKK-2Abs (Fig. 7A).Reddots in PLA
represent NEMO-IKK-2 interac-
tions. The intensity of the staining
was not different in the absence or
presence of IL-1�, data that are con-
sistent with the existence of the IKK
complex in unstimulated cells (Fig.
6). Importantly, this staining was
inhibited by WT but not mutant
peptides, as confirmed by quantita-

tive assessment (Fig. 7B). Consistent with data described above,
WTNBD peptides also inhibited NEMO-IKK-2 interactions in
unstimulated cells (data not shown). PHA-408 had no effect on
NEMO-IKK-2 interactions, as expected (supplemental Fig. S3).
These data provide strong evidence that NBD peptides disrupt
NEMO-IKK-2 interactions in cells.

DISCUSSION

Central to the regulation of the NF-�B pathway is the IKK
complex, which consists of two catalytic subunits, IKK-1 and
IKK-2, and a regulatory subunit, NEMO. Different models for
the regulation of the catalytic subunits by NEMO have been
proposed. NEMO may facilitate the recruitment of the IKK
complex to activated receptors, where the complexmay in turn
be activated by oligomerization, conformational changes, or
trans-autophosphorylation (7–9, 27). Alternatively, NEMO
may position the catalytic subunits for targeted phosphoryla-
tion of the activation loop by an upstream kinase (28) or enable
the IKKs to interact with I�Bs. We found that NBD peptides
inhibited IL-1�-induced IKK-2 activation and activity in RASF,
data that are consistent with a recent report (16) that was pub-
lished while these studies were still under completion. We also
observed that once the IKK complex in cells had been activated
by exposure to cytokines, NBD peptides could no longer block
IKK-2-mediated phosphorylation of I�B�. These data suggest
that IKK-2 may phosphorylate itself independently of NEMO
to maintain signaling and rule out NEMO as the facilitator of
IKK interaction with downstream substrates, such as I�B�.
Several mitogen-activated protein kinase kinase kinases,
including TAK-1,mitogen-activated protein kinase/extracellu-
lar signal-regulated kinase kinase (MEK) kinase (MEKK)-1, and
MEKK-3 are potential IKK-phosphorylating enzymes (28). We
found that in response to IL-1� treatment, TAK-1 phosphory-
lation in cells correlated well with the activation or fate of the
other components of the pathway, including IRAK-1, I�B� and
p65. Interestingly, NBD peptides at concentrations that
blocked p65 activation had no effect on TAK-1 phosphoryla-
tion or the fate of IRAK-1. These findings also rule out a positive
feedbackmechanism originating from the IKK complex toward
upstream intermediates of the pathway, such as TAK-1 and
IRAK-1. Thus, our data favor amodel whereNEMO is required

FIGURE 6. Release of IKK-2 from an IKK complex in RASF by NBD peptides. A, RASF were pretreated with 150
�M of WT or mutant (Mut) NBD peptides for 30 min prior to a 10-min treatment with 1 ng/ml IL-1�. The IKK
complex was immunoprecipitated (IP) with anti-NEMO mAbs, and the immunoprecipitated material (top) as
well as the original cell lysates (Inputs, bottom) were subjected to Western blot analysis. RASF lysates were also
subjected to native PAGE and Western blot analysis using anti-NEMO mAbs (B, top). The band corresponding to
the IKK complex was excised, and the proteins were extracted in 2� reducing SDS sample loading buffer,
resolved using SDS-PAGE, and subjected to Western blot analysis using anti-IKK-1/2 Abs (B, middle) or anti-
NEMO mAbs (B, bottom). C, RASF cells were preincubated with the indicated concentrations of WT or mutant
NBD peptides for 30 min before stimulation with IL-1� for 10 min, and samples were analyzed by Western blot.
Immunoreactive bands were visualized using the Li-Cor Odyssey Infrared Imaging System. The experiments
were repeated 2– 4 times with similar results. NS, nonstimulation. NBD peptides used were IKK-2 11-mer.
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for IKKphosphorylation by upstreamkinase(s), such as TAK-1,
in response to IL-1� signaling in RASF.
Despite the overwhelming data on the efficacy of cell-perme-

able NBD (IKK-2 11-mer) peptides in suppressing cellular
inflammatory processes with IC50 in the 50–100 �M range, the
effects of these peptides in blocking NEMO-IKK-2 interactions
have not been fully elucidated. In this study, we found that these
peptides weakly inhibited recombinant NEMO and IKK-2
binding with IC50 higher than 100 �M in a variety of in vitro
biochemical and biophysical assay formats. These data are con-
sistent with previous reports (12, 25). The weak potency of
these peptides is expected because IKK-2 residues outside of
the consensus NBD core sequence contribute to the formation
of a high affinity interaction with NEMO. In agreement with
this notion and previous studies (5, 25), we found that IKK-2
45-mer was highly potent in inhibiting NEMO-IKK-2 interac-
tions. It is also possible that the reagents used for the biochem-
ical studies might not accurately mimic the IKK complex,

which exists as a four-helix bundle
(5), and the shortNBDpeptidesmay
not bind as well. This hypothesis
was tested in the TRAF6-dependent
IKK complex activation in a cell-
free system, where IKK-1, IKK-2,
and NEMO are expected to form a
tetrameric holocomplex. Although
the data are not quantitative, they
show that NBD peptides at 100 �M

completely suppressed I�B� and
p65 phosphorylation in this system.
Thus, as we had hypothesized, the
native IKK complex was more sen-
sitive to the inhibitory effects of
NBD peptides than the one formed
by recombinant NEMO and IKK-2.
Our data demonstrate that treat-

ment of cells with WT but not
mutant NBD peptides resulted in
the release of IKK-2 from an IKK
complex, indicating the disruption
of this complex. Unexpectedly, we
found no apparent changes in the
motility of the �150–250 kDa
band, which corresponded to the
IKK complex consisting of IKK-1,
IKK-2, and NEMO. One potential
explanation of this finding is that
NBD peptides at the concentrations
used in this study led to the release
of a discrete fraction of IKK-2 from
the�150–250-kDa complex. Alter-
natively, IKK-2 could have been
released from a different IKK com-
plex, which was not detected by
Western blot analysis following the
native PAGE. However, since IKK-2
was also released by NBD peptides
in unstimulated cells, it is likely that

it originated from a basic IKK complex, not from a high order
complex that is assembled in response to cell stimulation.
Regardless of the source of the IKK-2, these data indicate that
NBD peptides disrupted NEMO-IKK-2 interactions in cells.
This conclusion was strengthened by imaging data showing
that the peptides decreased the signal that is generated when
the two proteins are in close proximity. In agreement with the
existence of the basic IKK complex in unstimulated cells,
NEMO-IKK-2 interactions were also visualized in basal condi-
tions. Although collectively, pharmacology experiments indi-
cate that NBD peptides inhibited NEMO-IKK-2 interactions, it
is worth noting that because NBD peptides have been shown to
inhibit NEMO-IKK-1 interactions (12), and IL-1� can activate
the canonical NF-�B pathway independently of IKK-2 (29, 30),
some effects of these peptides on NEMO-IKK-1 interactions
cannot be ruled out.
Despite its attractiveness for therapeutic intervention in dis-

ease states, the NF-�B pathway is expressed ubiquitously and is

FIGURE 7. Disruption of NEMO-IKK-2 interactions in RASF by NBD peptides. RASF cells were incubated with
the indicated concentrations of WT or mutant (mut) NBD peptides for 30 min before stimulation with 1 ng/ml
IL-1� for 15 min. NEMO-IKK2 interactions were visualized at �20 magnification (A) using PLA as detailed under
“Experimental Procedures.” The signal was also quantified from an average of nine fields, which was then
divided by the numbers of cells in each field, thus giving a signal average/cell (B). The experiments were
repeated three times with similar results. The data represent the mean � S.E. **, p � 0.005, significant differ-
ences compared with IL-1�-stimulated cells. NBD peptides used were IKK-2 11-mer.
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involved in normal tissue homeostasis and thus cannot be com-
pletely blocked. Concerns for targeting this pathway arose from
findings of liver toxicity in NEMO or IKK-2 knock-out mice (6,
31) as well as mice treated with some IKK-2 kinase inhibitors
(32). Together, our data demonstrate that one can disrupt the
IKK-NEMO complex without affecting basal activity. Our data
are consistent with previous reports showing the inhibition of
TNF-�-induced but not basal NF-�B reporter gene activity
(10). Furthermore, NEMO knock-out mouse embryonic fibro-
blasts appeared to exhibit normal basal NF-�B DNA binding
activity and IL-6 production (6). The mechanisms by which
these peptides spare basal NF-�B activity are not completely
understood. Because several species of these proteins, including
IKK-2 or NEMO homodimers, exist in cells, basal NF-�B func-
tions could be carried out by NEMO-independent mecha-
nisms. Alternatively, becauseNEMOdimerization and interac-
tion with IKKs are negatively regulated by phosphorylation, as
discussed previously (12, 33), it can be speculated that phos-
phorylation/dephosphorylation events may be differentially
regulated, depending on the state of cell activation, and may
have implications on the effects of NBDpeptides.Whatever the
mechanisms may be, they need to be understood because the
notion of blocking proinflammatory activation of NF-�B sig-
naling while sparing basal levels of signaling necessary for nor-
mal cell maintenance will be key in developing a drug that tar-
gets this pathway.
In summary, this study provides new evidence for distin-

guishing the inhibition of the NF-�B pathway by NBD peptides
from the classical ATP competitive IKK-2 inhibitors. Further-
more, we have delineated the steps targeted by NBD peptides
and presented direct evidence for the disruption of NEMO-
IKK-2 interactions in cells by these peptides.
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