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Previous studies have demonstrated that peptides corresponding to a six-amino-acid NEMO-binding do-
main from the C terminus of IkB kinase alpha (IKK«) and IKKf can disrupt the IKK complex and block
NF-kB activation. We have now mapped and characterized the corresponding amino-terminal IKK-binding
domain (IBD) of NEMO. Peptides corresponding to the IBD were efficiently recruited to the IKK complex but
displayed only a weak inhibitory potential on cytokine-induced NF-kB activity. This is most likely due to the
formation of sodium dodecyl sulfate- and urea-resistant NEMO dimers through a dimerization domain at the
amino terminus of NEMO that overlaps with the region responsible for binding to IKKs. Mutational analysis
revealed different «-helical subdomains within an amino-terminal coiled-coil region are important for NEMO
dimerization and IKKf binding. Furthermore, NEMO dimerization is required for the tumor necrosis factor
alpha-induced NF-kB activation, even when interaction with the IKKs is unaffected. Hence, our data provide
novel insights into the role of the amino terminus of NEMO for the architecture of the IKK complex and its

activation.

The NF-«B family of transcription factors is involved in the
regulation of a wide variety of physiological and pathological
processes. Besides its crucial role in the regulation of inflam-
matory, innate, and adaptive immune responses, NF-kB is also
involved in development and cell survival (15). Inactive NF-«kB
is retained in the cytoplasm by its interaction with cytoplasmic
inhibitory proteins, known as IkBs. Upon stimulation of cells
with a wide variety of different stimuli, the IkB proteins are
phosphorylated, ubiquitinated, and subsequently degraded via
the proteasomal pathway (10, 11). The released NF-«B then
translocates into the nucleus and binds to its cognate DNA
recognition sites. The phosphorylation of the IkB proteins is
mediated by a multisubunit kinase complex composed of two
catalytic subunits, IkB kinase alpha (IKKa) and IKKR, which
form either homo- or heterodimers, as well as a noncatalytic
regulatory subunit, NEMO (28, 40, 49, 52). The two catalytic
kinase subunits, IKKa and IKKp, are highly homologous, but
they perform distinct biological functions. IKKR is the predom-
inant kinase activated upon stimulation with proinflammatory
cytokines such as tumor necrosis factor alpha (TNF-a) or in-
terleukin-1p (IL-1B), whereas the functions of IKKa are more
diverse (16, 23, 24). For example, IKKa, in conjunction with
the serine/threonine-kinase NIK, regulates the alternative NF-
kB-signaling pathway, which is responsible for signal-induced
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processing of the precursor protein NF-kB2/p100 into its ma-
ture form, p52 (6, 7, 29, 30, 34, 39). This alternative pathway is
activated upon stimulation with a subset of NF-kB agonists,
such as CD40, lymphotoxin B, or lipopolysaccharide. The
NEMO regulatory subunit plays a critical role in the assembly
of the IKK complex and is thought to link the IKK complex to
upstream activators by mechanisms that remain to be defined.
Furthermore, different regions of NEMO exert distinct func-
tions. For example, the amino terminus is necessary for inter-
action with the IKKs, the human T-cell leukemia virus type 1
Tax protein, or protein phosphatases (13, 21, 36, 51), whereas
the carboxy terminus of NEMO is required for binding to
ubiquitin or the deubiquitinase CYLD or for the oligomeriza-
tion of NEMO (3, 9, 36, 37, 38, 44, 47, 51). Despite the lack of
a precise model that can explain activation of the IKK com-
plex, it has become progressively more clear that posttransla-
tional modifications of NEMO play a critical role in this pro-
cess. Ubiquitination, sumoylation, and phosphorylation of
NEMO have all been reported. Whereas the function of
NEMO ubiquitination and NEMO sumoylation is better un-
derstood (4, 17, 20, 46, 53), the role of NEMO phosphorylation
remains largely unclear (5, 33, 43). However, a recent study
demonstrated a crucial role for NEMO serine 85 phosphory-
lation for NF-kB activation by genotoxic stress (48).

The crucial role for oligomerization of NEMO in the assem-
bly and function of the IKK complex is reflected in the fact that
the IKK complex can be activated by enforced oligomerization
of NEMO (32). However, conflicting data have been reported
regarding the oligomerization status of endogenous NEMO.
Whereas Agou et al. reported that NEMO forms a trimer in
vivo and in vitro, other authors have reported a tetrameric
organization (2, 3, 44). The tetrameric organization involves
both the amino- as well as the carboxy-terminal regions of
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NEMO. In contrast, only the carboxy-terminal, second coiled-
coil domain and the leucine zipper domain are thought to be
necessary and sufficient for the formation of the NEMO trim-
ers. In addition, lipopolysaccharide-induced NF-«kB activity is
attenuated by cell-permeable peptides spanning either the
leucine zipper or the second coiled-coil domain of NEMO (1).
Another cell-permeable peptide known to impair the signal-
induced NF-«kB activity is the NEMO-binding domain pep-
tide, which corresponds to six amino acids (aa) in the car-
boxy terminus of IKKa and IKKB (26). In contrast to this
short and well-defined NEMO-binding domain, its counter-
part, the IKK-binding domain (IBD) in NEMO, remains
poorly characterized.

In this study, we have further characterized the IBD in
greater detail. We demonstrate here that the IBD not only
mediates the binding to the IKKs but also contributes to the
oligomerization of NEMO. A coiled-coil domain spanning
amino acids 47 to 80 within the IBD and consisting of three
a-helical subdomains is crucial for both dimerization as well as
binding to IKKs. However, by using various internal NEMO
deletion mutants, we have been able to separate the domains
required for IKK interaction and dimerization. We further
demonstrate that this amino-terminal dimerization domain in
NEMO is required for robust, inducible NF-kB activation.
Therefore, our studies reveal that the amino terminus of
NEMO contains important functional domains that not only
mediate interaction with IKKs but also regulate IKK activation
by promoting oligomerization of NEMO.

MATERIALS AND METHODS

Cell culture, transient transfection, retroviral infection, and reagents. Human
293 cells, human HeLa cells (obtained from the American Type Culture Collec-
tion), and NEMO-deficient murine embryonic fibroblasts (MEFs) were cultured
in Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum, penicillin (50 U/ml), and streptomycin (50 pg/ml). Jurkat T
cells and the NEMO-deficient Jurkat T cells were cultured in RPMI medium
supplemented with 10% fetal bovine serum, penicillin (50 U/ml), and strepto-
mycin (50 pg/ml). For transient transfections of 2 X 10° 293 cells, the CaPO,
transfection method was used according to standard protocols. Transient trans-
fection of MEFs was performed with Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol, and Jurkat T cells were transfected by electro-
poration (250 V, 975 wF). The retroviral transfection of the NEMO-deficient
murine embryonic fibroblasts was performed as described elsewhere (8). Human
recombinant TNF-a was purchased from R&D systems (Minneapolis, MN), and
recombinant murine TNF-a was from Sigma.

Plasmids and antibodies. Expression vectors encoding FLAG-tagged human
full-length NEMO, NEMO AcaH (aa 81 to 419), NEMO,_,97, and NEMO, 79419
have been described elsewhere (27). Expression vectors for FLAG-tagged
NEMO, ;5 (IBD1), NEMOy.129 (IBD2), NEMOgq. 159 (IBD3), and NEMO, ;49
were generated by introduction of PCR-amplified DNA fragments into the
EcoRI and Xbal sites of pFLAG-CMV2. NEMOdell to NEMOdel7 mutants
were generated by PCR using joining primers. All PCR conditions and sequences
of the mutagenesis primers are available upon request. The retroviral vectors for
wild-type NEMO and the NEMOdel5 and NEMOdel7 mutants were constructed
by inserting an EcoRI-BamHI fragment into the pEGZ vector. The expression
vector for FLAG-tagged wild-type IKK has been described elsewhere (26). The
3xkB firefly luciferase reporter plasmid and the renilla luciferase reporter plas-
mid were described previously (25). Specific antibodies recognizing the FLAG
epitope, B-tubulin, or the Xpress epitope were purchased from Sigma and In-
vitrogen, respectively. Antibodies specific for IKKa, IKKB, or NEMO were
purchased from Santa Cruz Biotechnologies (Santa Cruz, CA).

Immunoprecipitation, immunoblotting, and quantification. The immunopre-
cipitation and immunoblotting procedures were performed as described previ-
ously (25). In brief, 500 to 1,000 wg of protein extracts was mixed with 25 pl of
bovine serum albumin-blocked FLAG antibody (M2, Sigma) linked to agarose
beads. The samples were incubated for 1 to 12 h at 4°C with agitation. After
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incubation, the precipitates were washed extensively in TNT buffer. The resulting
immunopurified proteins were used for immunoblotting experiments. In the case
of the OneStrep pull-down analysis, 25 ul of Streptactin beads (QIAGEN) was
used instead of the FLAG-conjugated agarose beads. For the immunoblotting
analysis, either the immunopurified protein complexes, or, as indicated, 50 to 100
pg of a protein extract was loaded on a standard sodium dodecyl sulfate (SDS)-
polyacrylamide gel (PAA). SDS-polyacrylamide gel electrophoresis (PAGE) and
the transfer to nitrocellulose (Schleicher & Schuell) or nylon membranes (Im-
mobilon polyvinylidene difluoride membrane; Millipore) were performed using
standard protocols. The membrane was blocked with 5% milk powder in TBS
plus Tween 20 prior to the incubation with the primary antibody (1:1,000 in TBS
plus Tween 20), subsequently washed three times for 5 min each, and incubated
in a TBS-Tween 20 solution containing either horseradish peroxidase-conjugated
or IRDye700/800-conjugated secondary antibody (1:5,000). The detection was
performed using either ECL substrates from Amersham Biosciences or the
Odyssey infrared scanning system (LICOR). Quantification of NEMO-IKK in-
teraction of NEMO dimerization was performed from three independent exper-
iments using either the Odyssey software 1.2 or the NIH image 1.62 program.

Gel filtration. For the gel filtration experiments, whole-cell extracts from 4 X
10® HeLa or 293 cells were clarified by centrifugation at 100,000 X g for 1 h at
4°C. The resulting S100 extract was fractionated either on a Superose 6 or a
Superdex 75 column using the Akta fast-performance liquid chromatography
system (GE Healthcare). Thirty microliters of the 0.5-ml (Superose 6) or 0.25-ml
(Superdex 75) fractions was analyzed by immunoblot as described above.

Luciferase reporter assay. For the reporter gene assays, 293 cells were tran-
siently transfected as described above. In general, we used 200 ng of the NF-
kB-dependent reporter construct along with 30 ng of a renilla luciferase reporter
construct under the control of the human B-actin promoter, which leads to
constitutive expression of the renilla luciferase. 293 cells (1 X 10°) were trans-
fected in 1 well of a 24-well plate. Equal DNA concentration in each experiment
(1.2 pg/well) was maintained by adding the appropriate empty vector to the DNA
mixture. The cells were lysed after 24 h with TNT, and the firefly and the renilla
luciferase activities were measured according to the protocol for the dual-lucif-
erase system (Promega). The resulting firefly luciferase values were normalized
by the values of the renilla luciferase. The experiments were done in parallel and
were repeated at least three times.

RESULTS

Identification of the IKK-binding domain (IBD) of NEMO.
Various reports have demonstrated that the domain of NEMO
necessary and sufficient for the interaction with IKKs is located
in the amino-terminal portion of NEMO (13, 18, 26, 44, 51).
To better map this domain and to determine whether there is
a specificity in binding to IKKa versus IKKB, we constructed
different amino-terminal NEMO deletion mutants spanning
the first 120 amino acids (IBD1), the region from amino acid
40 to 120 (IBD2), the region from aa 60 to 120 (IBD3), and the
first 100 amino acids of NEMO (NEMO,_,,,) (Fig. 1A). In
coimmunoprecipitation experiments with ectopically expressed
NEMO deletion mutants, we observed an interaction of
Xpress-tagged IKKB with IBD1, IBD2, and IBD3 (Fig. 1B,
lanes 8 to 10, lower part). In contrast, the Xpress-tagged IKKa
interacted with IBD1 and IBD2 but was unable to bind to
IBD3 (Fig. 1B, lanes 3 to 6, upper part), demonstrating differ-
ent binding requirements for IKKa and IKK. In addition,
both IKKa as well as IKKB were unable to bind to the aa 1 to
100 fragment of NEMO (Fig. 1C, lanes 3 and 6). Next, we
analyzed whether these NEMO peptides were able to interact
with the endogenous IKK complex by transiently overexpress-
ing IBD1, IBD2, and NEMO,_,, in 293 cells and performing
anti-FLAG immunoprecipitations. As expected, IBD1 and
IBD2, but not NEMO,_,,,, interacted with the endogenous
IKKp both in unstimulated as well as TNF-a-stimulated cells
(Fig. 1D, lanes 9 to 16).
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FIG. 1. IKK-binding domains of NEMO are weak inhibitors of TNF-a-induced NF-«kB activity. (A) A schematic representation of the NEMO
peptides used in the analysis. (B) 293 cells were transiently transfected with expression vectors encoding either Xpress-tagged IKKa (lanes 1 to
5) or IKKB (lanes 6 to 10) alone or with expression vectors for FLAG-tagged IBD1 (aa 1 to 120), IBD2 (aa 40 to 120) or IBD3 (aa 60 to 120).
Forty-eight hours posttransfection, whole-cell extracts were prepared and the IBD:IKK complexes were precipitated using anti-FLAG beads. The
resulting samples were subjected to an immunoblot (IB) analysis using anti-Xpress and anti-FLAG antibodies as indicated. A fraction of the
extracts (10%) was subjected to immunoblot analysis with the indicated antibodies to check for the expression of the various ectopically expressed
proteins. (C) A similar coimmunoprecipitation experiment was performed using F-IBD1 and NEMO,_,, in conjunction with Xpress-tagged IKKa
or IKKR. (D) 293 cells were transiently transfected with 3 pg of expression vectors encoding IBD1, IBD2, or NEMO,_,,,. Whole-cell extracts were
prepared 48 h posttransfection and were used in immunoprecipitation experiments with anti-FLAG beads. The resulting immunoprecipitates were
subjected to an immunoblot analysis using either the anti-IKKa/B antibody or the FLAG antibody (left part). As a control, a fraction of the
whole-cell extracts was subjected to an anti-FLAG or an anti-IKKa/B immunoblot. The anti-IKKa/B antibody preferentially recognizes the IKKB
subunit. (E) 293 cells were transiently transfected with an NF-kB-dependent firefly luciferase reporter construct (200 ng) together with a renilla
luciferase construct (30 ng) without or along with the indicated amounts of the different expression vectors for IBD1, IBD2, IBD3, and NEMO, _, .
Twenty-four hours posttransfection, the cells were stimulated with TNF-a for four additional hours. Subsequently the cells were harvested,
whole-cell extracts were prepared, and the firefly as well as the renilla luciferase activity was measured. The experiment was performed three times
in parallel, and the mean value is shown. (F) 293 cells were transiently transfected with 0 or 3 ug F-IBD1 vector prior to immunoprecipitation
experiments with anti-IKKa (upper part) or anti-IKKB antibodies (lower part). The resulting immunoprecipitates (IP) were subjected to
immunoblot analysis with the indicated antibodies. NRS, normal rabbit serum.
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FIG. 2. NEMO forms SDS-resistant dimers. (A) Whole-cell extracts from 293 cells transiently transfected with expression vectors for IBD1
(lane 3), IBD2 (lane 4), IBD3 (lane 5), or NEMO,_,, (lane 6) were subjected to an anti-NEMO immunoblot analysis. (B) Schematic represen-
tation of the different NEMO fragments used. (C) Anti-NEMO immunoblot of whole-cell extracts from exogenously expressed full-length NEMO
(I'in lanes 1 and 6), NEMOy, 4,0 (IT in lanes 2 and 7), NEMO,_,y; (III in lanes 3 and 8), NEMO,-9_4;0 (IV in lanes 4 and 9), or IBD1 (V in lanes
5 and 10). The samples were either left untreated (left part) or boiled for 5 min (right part) prior to the separation by SDS-PAGE. The monomeric
NEMO fragments are indicated by black, and the dimeric forms are indicated by gray arrows. *, unspecific bands. (D) Whole-cell extracts from
293 cells transiently transfected with an expression vector for FLAG-NEMO were either left untreated or were incubated with increasing
concentrations of urea. Selected samples were heated (95°C) additionally. NEMO?, NEMO-containing high-molecular-weight protein complexes.
(E) Ectopic expressed IBD1 or NEMO,_,¢, was either left untreated (lanes 1 to 2 and 5 to 6) or were subjected to a cross-linking procedure using
25 mM EGS (ethylene glycol bis[succinimidylsuccinate]) prior to an anti-NEMO immunoblot. An additional heating step was included as indicated.

IB, immunoblot.

Overexpression of the IBD fragments does not disrupt the
IKK complex or block NF-kB activation. We have recently
demonstrated that a peptide composed of six amino acids,
corresponding to the carboxy-terminal NEMO-binding-do-
main (NBD) of the IKKs, potently inhibits the canonical NF-
kB-signaling pathway by disrupting the IKK complex (26). We
were therefore interested in determining whether peptides cor-
responding to the IKK-binding domain (IBD) in NEMO might
also interfere with the inducible activation of NF-kB activity.
However, when cotransfected with an NF-kB-dependent re-
porter gene construct, neither the different IBD peptides nor
the NEMO, _,,, fragment was able to impair the TNF-a-in-
duced NF-kB activity in 293 cells (Fig. 1E). In addition, over-
expression of IBD1 did not alter the interaction of endogenous
NEMO and IKKa or IKKB (Fig. 1F). Thus, although the IBD
peptides were able to interact with the endogenous IKK com-
plex, they are unable to disrupt the interaction of the IKKs
with NEMO or impair the signal-induced NF-«B activity.

The amino terminus of NEMO forms an SDS-resistant
dimer. The inability of the different IBD fragments to effec-
tively disrupt the interaction of IKKs with NEMO and to
impair TNF-a-induced NF-kB activation suggested that the

IBD segments differ in some basic way in comparison to the
NBDs. This led us to more carefully examine the behavior of
the IBDs. One notable property of the IBDs became apparent
upon examination of immunoblots of gels where the different
exogenously expressed IBD peptides or the aa 1 to 100 pep-
tides were analyzed. In all cases, we observed additional bands
that were exactly double the predicted molecular weight of
IBD1, IBD2, and NEMO, . This suggested that the region
around the NEMO IBD might form a stable dimer that is
surprisingly robust and even resistant to fractionation on SDS-
PAGE (Fig. 2A). NEMO has already been reported to form
structures of higher molecular order based on interactions at
the carboxy-terminal second coiled-coil and leucine zipper do-
mains (2, 36, 44, 51), and the N-terminal IBD might provide an
additional dimerization surface.

To further study the potential N-terminal dimerization do-
main in NEMO that overlaps with the IBD domain, we ectopi-
cally expressed full-length NEMO, a NEMO mutant lacking
the first 80 amino acids (aa 81 to 419), an amino-terminal
NEMO mutant (aa 1 to 197), a carboxy-terminal NEMO mu-
tant (aa 179 to 419), and IBD1 (aa 1 to 120), designated I to V,
and analyzed the transfected cell lysates by SDS-PAGE fol-
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lowed by immunoblot analysis for NEMO (see Fig. 2B for a
schematic representation of the deletion mutants used). Once
again, additional bands corresponding to dimeric forms of the
expressed proteins were observed in the case of full-length
NEMO (I; Fig. 2C, lane 1), the amino-terminal mutant (II; Fig.
2C, lane 3), and IBD1 (V; Fig. 2C, lane 5). However, the
carboxy-terminal NEMO mutant (IV; Fig. 2C, lane 4) or the
NEMO mutant lacking the first 80 amino acids (II; Fig. 2C,
lane 2) did not yield dimeric forms, suggesting that the amino
terminus of NEMO is necessary and sufficient for the observed
dimerization. As we used 0.2% SDS in both the PAA gel and
the loading buffer, the possibility remained that the NEMO
dimerization was mediated by a covalent interaction. However,
when we introduced an additional heating step (95°C, 5 min),
the higher molecular weight signals disappeared, thus proving
a noncovalent yet SDS-resistant nature of this NEMO-NEMO
interaction (Fig. 2C, compare lanes 1, 3, and 5 with lanes 6, 8,
and 10). The strength of this NEMO-NEMO interaction was
further demonstrated by the finding that even the presence of
8 M urea in the sample buffer did not affect the NEMO dimer-
ization (Fig. 2D). To determine the oligomerization status of
the amino terminus of NEMO in vivo, we performed cross-
linking experiments using ectopically expressed NEMO, 4,
and the IBD1 peptide. As shown in Fig. 2E, the majority of the
NEMO amino terminus and IBD1 is in a dimeric state. How-
ever, we also observed additional bands corresponding to oli-
gomers of higher order. In addition, the distribution of ectopi-
cally expressed IBD1 in a size exclusion experiment using a
Superdex 75 column also supported the notion that N-terminal
NEMO fragments form oligomers of higher order in vivo,
possibly dimers and trimers (see Fig. S1 in the supplemental
material). However, although the IBD can form oligomers of
higher molecular order, the predominant oligomeric form is a
dimer. This dimerization appears to be mediated through a
short domain in the amino terminus of NEMO, spanning
amino acids 40 to 80, and generates a stable, SDS-resistant
NEMO-NEMO interaction. Interestingly, this domain lies
within the region involved in the formation of the IKK-NEMO
interaction and may help explain the inability of the IBD frag-
ments to disrupt interaction of NEMO with IKKs (26).

The amino-terminal NEMO dimerization is sufficient for
the proximity-induced IKK activation. Oligomerization of
NEMO is believed to be an important step in signal-induced
activation of the IKK complex (1, 2). Furthermore, the activity
of IKKa and IKKP can be augmented by an enforced oli-
gomerization of these kinases which can be induced by addi-
tion of NEMO (32). Since this “proximity-induced IKK-acti-
vation” by NEMO requires the binding of NEMO to the IKK
subunits and the oligomerization of NEMO, we asked whether
an amino-terminal mutant of NEMO, containing the first 197
amino acids of NEMO, is able to enhance the activity of IKK.
Indeed, in luciferase reporter assays with an NF-kB-dependent
reporter construct, we observed a significant increase in the
activity of IKKB by the addition of the amino-terminal NEMO
fragment (Fig. 3A). However, the increase in the IKKB-medi-
ated NF-kB activity was less pronounced compared to the
results of a similar experiment using the full-length version of
NEMO (Fig. 3B). Interestingly, the addition of a carboxy-
terminal NEMO fragment, spanning the region between amino
acids 179 and 419 and thus containing the previously charac-
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FIG. 3. Amino-terminal NEMO dimerization is sufficient for the
proximity-induced IKK activation. 293 cells were transiently trans-
fected with a luciferase reporter construct controlled by a multimer-
ized NF-«kB-binding site in conjunction with a B-actin promoter-con-
trolled renilla luciferase reporter construct, without or in combination
with a small amount (25 ng) of an IKKB-encoding expression vector. In
addition, increasing amounts of an expression vector coding for
(A) the amino terminus of NEMO (amino acids 1 to 197), (B) full-
length NEMO, or (C) the carboxy terminus of NEMO (amino acids
179 to 419) were added. After 24 h, the cells were lysed in TNT and the
activity of the firefly as well as the renilla luciferase was determined. A
mean value of the corrected relative luciferase activity of two parallel
experiments is shown. This experiment was performed three times with
a similar result. (D) NEMO-deficient MEFs were transiently trans-
fected with the indicated amounts of expression vectors for FLAG-
tagged IKKB, full-length NEMO, NEMO, 47, or NEMO,;9_4;4 in con-
junction with the NF-«kB-dependent firefly luciferase reporter
construct and the B-actin promoter-dependent renilla luciferase re-
porter construct using the Lipofectamine 2000 reagent (Invitrogen).

terized minimal oligomerization domain (3, 44), also aug-
mented the IKKB-mediated NF-kB activity (Fig. 3C). These
findings suggest that both the N- and C-terminal portions of
NEMO might participate in activation of the IKK complex,
following their recruitment to the endogenous IKK complex,
by acting as a “bridge” between two or more endogenous
NEMO proteins. Such a model is supported by the finding that
neither of the NEMO fragments, in contrast to full-length
NEMO, are able to enhance the IKKB-mediated NF-kB acti-
vation in NEMO-deficient MEFs (Fig. 3D).

SDS-resistant NEMO dimers are recruited to the IKK com-
plex. To determine whether endogenous NEMO also forms
SDS-resistant dimers, we compared whole-cell extracts from
wild-type and NEMO-deficient Jurkat T cells in an anti-
NEMO immunoblot. As shown in Fig. 4A, two NEMO-specific
signals of 55 and 110 kDa were detected in wild-type Jurkat cell
extracts but not in NEMO-deficient Jurkat cells, strongly sug-
gesting the existence of endogenous NEMO dimers. The oli-
gomerization potential of NEMO has been demonstrated to be
critical for IKK activation (2, 32), and therefore we asked
whether NEMO dimers are recruited to the IKK complex. For
this we fractionated HeLa S100 extracts on a Superose 6 col-
umn and tested the resulting fractions for the appearance of
NEMO dimers in an immunoblot analysis (Fig. 4B). The frac-
tionation revealed two NEMO peaks, one in a high-molecular-
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FIG. 4. Endogenous NEMO dimers are recruited to the IKK complex. (A) Dimer formation of endogenous NEMO. Fifty micrograms of
whole-cell extract from wild-type Jurkat T cells (lane 1) or a NEMO-deficient Jurkat mutant (lane 2) was subjected to an anti-NEMO immunoblot
analysis. (B) NEMO dimers comigrate with the IKK complex. S100 extracts from 4 X 10® HeLa cells were fractionated on a Superose 6 column,
and 6% of the indicated fractions was subjected to an anti-IKKB (upper panel) or an anti-NEMO (lower panel) immunoblot analysis. The asterisk
marks a nonspecific signal. As a control, 6% of the indicated fractions were either subjected to an additional heating step (right part, lanes 3 and
4) or was left untreated (lanes 1 and 2) prior to an anti-NEMO immunoblot analysis. (C) IKKR interacts with NEMO monomers and dimers. 293
HEK cells were transiently transfected with 2 g of expression vectors for FLAG-IKKB and OneStrep-NEMO, as indicated, and the resulting
whole-cell extracts were used for an anti-FLAG immunoprecipitation and subsequent anti-NEMO (upper part) or anti-IKKp (lower part)

immunoblot analysis.

mass range between 600 and 900 kDa (fractions 4 to 10), and
a second peak at approximately 160 kDa (fractions 15 and 16).
Interestingly, the dimeric NEMO-specific signal at 110 kDa
was present only in the high-molecular-mass peak, which
tracks with the previously reported heterotrimeric IKK com-
plex (IKKo/IKKB/NEMO), as indicated by the comigration of
IKKB (Fig. 4B, left part, upper panel). Since the higher mo-
lecular mass signal was reduced for untreated compared to
boiled samples of fractions 6 and 7 in a control experiment, we
concluded that the 110-kDa NEMO signal represents the en-
dogenous NEMO dimer (Fig. 4B, right part). To formally
prove that the IKKs, especially IKK, interact with the NEMO
dimers, we performed a coimmunoprecipitation experiment
with ectopically expressed FLAG-IKKB in combination with
OneStrep-tagged NEMO. As shown in Fig. 4C, IKKp interacts
with both NEMO dimers as well as NEMO monomers (Fig.
4C, lane 6). Based on these findings, we concluded that the
NEMO dimer is an integral part of the heterotrimeric IKK
complex.

NEMO dimerization remains unaffected by stimulation with
different NF-kB agonists. Recent studies showed conflicting
data concerning potential signal-induced alteration of the IKK
complex, especially regarding signal-dependent augmentation
of NEMO oligomerization (32, 44). Furthermore, the ability of
the amino terminus of NEMO to activate NF-kB (Fig. 3A) led

us to wonder whether signal-induced increases in SDS-resis-
tant NEMO dimerization might be involved in the activation
process of the IKK complex. To test this possibility, we ana-
lyzed the NEMO dimerization in Jurkat T cells upon TNF-a
stimulation (Fig. 5A) or upon stimulation with phorbol myris-
tate acetate (PMA) (Fig. 5B) for various times. As a control we
included extracts from a NEMO-deficient Jurkat mutant cell
line in our study (Fig. 5A and B, lane 1). As shown in Fig. 5,
neither TNF-a nor PMA stimulation led to marked alteration
in the amount of SDS-resistant NEMO dimers. Thus, although
we cannot exclude the possibility that the dimer-monomer
ratio of a small fraction of NEMO proteins is altered upon cell
stimulation, the amino-terminal NEMO dimerization is not
dramatically altered during activation of the IKK complex.
The domains in NEMO necessary for IKK interaction or
NEMO dimerization are overlapping but not identical. To
dissect the relationship between the NEMO oligomerization
and the interaction of NEMO with the IKKs, we generated
internal NEMO deletion mutants, lacking either the entire
IKK-binding domain (dell; aa 47 to 120), only the o-helical
coiled-coil-domain (del2; aa 47 to 80), the amino acids 80 to
100 (del3), or the amino acids 101 to 120 (del4). As expected,
deletion of either the entire IBD (dell) or the a-helical do-
main (del2), but not amino acids 80 to 100 (del3) or 101 to 120
(del4), strongly reduced NEMO dimerization (for quantifica-
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FIG. 5. NEMO dimer formation remains unaltered upon cell stimu-
lation. Jurkat T cells were stimulated with TNF-a (A) or with PMA
(B) for the indicated times, and whole-cell extracts were prepared. The
resulting extracts were subjected to an anti-NEMO (upper panel) or an
anti-IkBa immunoblot analysis (lower panel). As a control for the specificity
of the NEMO signals, whole-cell extracts from NEMO-deficient Jurkat cells
were included in the analysis (A and B, lanes 1). IB, immunoblot.
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tion, see Fig. S2C in the supplemental material). In contrast,
dell, del3, and del4 showed no IKKa or IKKp interaction
when tested in coimmunoprecipitation experiments, while de-
letion del2 still allowed a weak residual IKK interaction (Fig.
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6C). Taken together, these data demonstrate different require-
ments for the IKK-NEMO interaction and the NEMO dimer-
ization; however, as expected, the coiled-coil domain (amino
acids 47 to 80) plays an important role for both protein-protein
interactions.

The a-helical coiled-coil domain in the amino terminus of
NEMO, crucial for NEMO dimerization and IKK interaction,
is composed of three amphiphatic o-helical subdomains, des-
ignated a1 (aa 47 to 56), a2 (aa 60 to 70), and a3 (aa 72 to 81).
To further separate regions that are important for dimeriza-
tion versus IKK interaction, we generated additional internal
NEMO deletion mutants that lacked either subdomain al
(del5; aa 47 to 56), subdomain o2 (del6; aa 57 to 69), or
subdomain o3 (del7; aa 70 to 79). Once again, we tested the
different deletion mutants for their dimerization potential and
their ability to interact with the IKK subunits. Although all of
the mutants tested were able to form dimers, we observed a
significant decrease in dimer formation by the del5 and del6
mutants (Fig. 7B; see also Fig. S2C in the supplemental ma-
terial). In contrast, only the del7 mutant showed a decrease in
the interaction with IKKa, and it showed a more severe de-
crease with IKKB (Fig. 7C and D; a quantification of three
independent experiments is given in Fig. S2A and S2B in the
supplemental material). Therefore, these results suggest that
while the al subdomain plays a crucial role for the NEMO
dimerization, the a3 subdomain is more important for inter-
action with IKKs.

We finally tested whether the del5 mutant and del7 mutant
displayed similar differences in interaction with endogenous
IKKs, as seen with overexpressed IKKs in Fig. 7C and D. We
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FIG. 6. Different structural requirements for IKK binding and NEMO dimerization. (A) Schematic representation of the different deletion
mutants of NEMO used. (B and C) 293 cells were either transiently transfected with expression vectors for the different FLAG-tagged NEMO
variants alone (B) or in combination with expression vectors for Xpress-tagged IKKa or IKKB (C). The resulting whole-cell extracts were subjected
directly to an anti-NEMO immunoblot analysis (B) or to an anti-FLAG immunoprecipitation prior to anti-IKKa (C, left part), anti-IKKB (C, right
part), or anti-NEMO (C, both parts) immunoblot analysis. IB, immunoblot; IP, immunoprecipitate.
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FIG. 7. Reduced NEMO dimer formation and IKK@ binding by deletion of specific subdomains of the a-helical NEMO coiled-coil domain.
(A) Schematic representation of the different NEMO variants used. (B) The NEMO dimer formation was monitored by an anti-NEMO
immunoblot after transient transfection of 293 HEK cells with the indicated FLAG-tagged NEMO variants. (C) For the NEMO-IKKa interaction
study, 2 pg of an Xpress-IKKa expression vector was either transfected alone or in combination with 1 pg of the indicated FLAG-NEMO variants.
After 48 h, whole-cell extracts were prepared and an anti-FLAG immunoprecipitation experiment was performed. The resulting protein complexes
were subjected to a Western blot analysis using the indicated antibodies. To control the expression of the different proteins, 10% of the lysate was
used directly for an immunoblot. (D) An experiment similar to that described for panel C was performed after cotransfection of Xpress-IKK@3

instead of IKK«. IB, immunoblot; IP, immunoprecipitate.

transiently reconstituted NEMO-deficient Jurkat T cells with
either wild-type NEMO or del5 and del7 mutants of NEMO.
The del5 and wild-type NEMO interacted with IKKa or IKKB
with a comparable efficiency; however, the interaction of del7
with both IKK subunits IKKa and IKKB was strongly reduced
(Fig. 8).

The amino-terminal NEMO dimerization is required for
TNF-«-induced NF-kB activity. A NEMO mutant with a dis-
turbed leucine zipper in the carboxy-terminal minimal oli-
gomerization domain is unable to support the signal-induced
NF-kB activation (2). Since this carboxy-terminal oligomeriza-
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FIG. 8. Interaction of NEMOdel5 and NEMOdel7 with endoge-
nous IKK subunits. Whole-cell extracts from NEMO-deficient Jurkat
T cells transiently transfected with the indicated FLAG-NEMO con-
structs were subjected to an anti-FLAG immunoprecipitation and sub-
sequently anti-IKKa, anti-IKKB, and anti-NEMO immunoblot analy-
sis (upper part). As a control for the equal expression of the different
IKK subunits, a fraction of the whole-cell extracts was subjected to
immunoblot analysis with the indicated antibodies (lower part). IB,
immunoblot; IP, immunoprecipitate.

tion is a crucial structural feature of NEMO, we wanted to test
whether the amino-terminal dimerization domain might also
play a functional role in activation of the IKK complex. We
therefore stably reconstituted NEMO-deficient murine embry-
onic fibroblasts (MEFs) with wild-type and del5 and del7 mu-
tants of NEMO. As shown in Fig. 9, the retroviral infection led
to an equal expression of the NEMO variants in the different
stable cell lines (Fig. 9A, upper panel). However, upon stim-
ulation with TNF-a, MEFs reconstituted with del5 mutant of
NEMO displayed dramatically reduced NF-«B activation, both
in NF-kB-dependent reporter gene analysis (Fig. 9B) and in
electrophoretic mobility shift assay analysis (Fig. 9C, compare
lanes 6 and 9). As expected, the TNF-a-induced NF-kB activity
in del7 mutant NEMO-reconstituted cells was more dramati-
cally impaired in comparison to cells reconstituted with wild-
type NEMO (Fig. 9B and C, lane 12 versus 9). As the del5
mutant binds to IKKs with efficiency equal to that of the wild
type, this result strongly suggests that the reduced NF-kB ac-
tivation observed in MEFs reconstituted with the del5 mutant
is due to the inability of this mutant NEMO to dimerize.
Therefore, these results demonstrate that dimerization of
NEMO through its amino-terminal dimerization domain is
required for robust, inducible NF-«kB activation.

DISCUSSION

The transcription factor NF-«kB is linked to various diseases,
including cancer, arthritis, and asthma (12, 14, 31, 41, 42, 50).
Thus, NF-kB represents a promising target for drug develop-
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FIG. 9. Function analysis of the amino-terminal NEMO dimerization in vivo. (A) Anti-NEMO (upper panel), anti-IKKB (middle panel), or
anti-tubulin (lower panel) immunoblot analysis of 70 wg whole-cell extracts from the different retroviral transduced NEMO-deficient MEFs.
(B) The different NEMO cell lines were transiently transfected with 400 ng of an NF-kB-dependent luciferase reporter construct and 30 ng of a
B-actin-dependent renilla luciferase reporter. Eighteen hours posttransfection, the cells were either left untreated or stimulated with recombinant
murine TNF-a (30 ng/ml) for five additional hours prior to the luciferase measurement. The ratio of the normalized values for stimulated versus
unstimulated samples is depicted as fold induction. (C) NF-kB-specific electrophoretic mobility shift assay experiment with 10 pg nuclear proteins
from the different untreated or TNF-a-stimulated NEMO cell lines. n.s., nonspecific signal. IB, immunoblot; C, control.

ment. Peptides that inhibit the NF-«kB activation pathway have
recently been used successfully to dissect the role of NF-kB in
mouse models of disease, as well as in different biochemical
studies (19, 26, 45). Several peptides, including the NEMO-
binding domain (NBD) peptide, the BA-CC2 peptide, and
the BA-LZ peptide (1) affect the activity of the IKK com-
plex by interfering with the formation of the IKK complex,
either by disturbing the IKK-NEMO interaction (NBD pep-
tide) or by interfering with the NEMO oligomerization (BA-
CC2 and BA-LZ peptides), thereby emphasizing the impor-
tance of the structural integrity of the IKK complex for its
function. In contrast, short amino-terminal NEMO fragments,
similar to the IKK-binding domain (IBD) of NEMO, do not
efficiently impair the activation of the IKK complex, although
the different IBD peptides tested in this report interacted ef-
ficiently with both endogenously and exogenously expressed
IKKs (Fig. 1). These observations are consistent with previ-
ously published studies showing that overexpression of the
amino terminus of NEMO either has no or at best a mild
inhibitory effect on signal-induced NF-kB activity (18, 44, 51).
One reason for this discrepancy might be the presence of a
highly stable dimerization domain at the N terminus of
NEMO. Although only a weak amino-terminal NEMO-
NEMO interaction was reported previously by Tegethoff et al.
(44), we found that the amino-terminal NEMO-NEMO inter-
action can withstand harsh conditions, including 0.2% SDS or
8 M urea, thus promoting formation of stable NEMO oli-
gomers. Noncovalent, but SDS-resistant, protein interactions
have been demonstrated previously, for example, for the neu-
ronal isoform of nitric oxide synthase (22) or the BH3-only-
containing protein BNIP3 (35). The amino terminus of NEMO
therefore not only recruits the IKKs to the IKK complex but
also confers structural stability to the IKK complex through the

formation of stable NEMO-NEMO interactions. Thus, the
peptides corresponding to the amino terminus of NEMO bind
to the IKK subunits; however, they do not disrupt the IKK
complex, as they probably act as a “bridge” connecting the
NEMO subunit to IKK subunits. This notion is supported by
the enhanced IKKB-mediated NF-kB activity by cotransfection
of the amino-terminal half of NEMO (Fig. 3) and the augmen-
tation of TNF-a-induced NF-«kB activity observed upon co-
transfection of IBD-encoding vectors (Fig. 1E). According to
the “proximity activation model,” the addition of NEMO aug-
ments the activity of IKKa or IKKB by promoting oligomer-
ization of the IKK subunits and inducing a transautophosphor-
ylation at the activation loops of the IKK subunits (32).
Previous studies had suggested that the amino terminus of
NEMO was required to recruit the IKKs, while the carboxy
terminus mediated the NEMO-NEMO interaction (36, 51).
However, our results suggest that the amino terminus can
contribute to both the NEMO dimerization and the IKK in-
teraction. While this amino-terminal dimerization is necessary
for signal-induced activation of IKK, it is not sufficient, since
activation of IKKP in NEMO-deficient MEFs was only
achieved by addition of full-length NEMO but not by the
isolated amino or carboxy termini, suggesting that this process
requires the formation of an intact IKK complex through in-
teractions including both the amino and the carboxy termini.

Another important point is the relationship between NEMO
dimerization and NEMO-IKK interaction, particularly the
question of whether dimerization of NEMO is necessary for
interaction with IKK subunits. We found that the NEMO do-
mains necessary for the interaction with both IKKs (IBD2) and
for the formation of SDS-resistant dimers overlap but are not
identical. First, deletion of the entire IBD (aa 47 to 120)
abolished the IKK interaction of NEMO and strongly reduced
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the NEMO dimerization. Second, a NEMO mutant lacking the
a-helix (aa 47 to 80) also showed a severely reduced NEMO
dimerization and NEMO-IKK interaction, yet the formation of
both protein-protein interactions mediated by the amino ter-
minus of NEMO is still possible to a small extent. In contrast,
deleting either amino acids 80 to 100 or 100 to 120 of NEMO
had no severe negative effect on the NEMO dimerization but
abolished the IKK-NEMO interaction. In addition, the
NEMOdel5 mutant displays a reduced dimerization but binds
efficiently to IKKa as well as to IKKB. Taken together, our
data suggest that the NEMO dimerization is not sufficient for
the NEMO-IKK interaction. However, the possibility remains
that the amino-terminal dimerization facilitates efficient IKK-
NEMO interaction, since the residual NEMO dimerization
observed with the NEMOdel5 mutant might be sufficient for
the NEMO-IKK interaction. Clearly, the reduction in the
TNF-a-induced NF-«B activation observed with NEMOdel5-
stable cells is not due to a dramatic reduction of NEMO-IKK
interaction.

Previous publications suggested significant differences be-
tween the IKKa-NEMO and IKKB-NEMO interactions (18,
26, 27, 44). The IKKa-NEMO interaction was not only shown
to be weaker than the IKKB-NEMO interaction, the IKKa-
interaction also required a longer part of NEMO (aa 50 to 120)
than the IKKR interaction (aa 65 to 120). In contrast to these
data, we demonstrate here, by using various internal NEMO
deletion mutants, that the structural requirements for the
NEMO interaction with IKKa and IKKB are nearly similar
(see Fig. S2 in the supplemental data), although we observed a
significantly stronger reduction of the NEMO-IKKR interac-
tion by deleting the a3-subhelical domain (aa 70 to 79) com-
pared with the IKKa-NEMO interaction in cotransfection ex-
periments. However, both IKK-NEMO interactions were
severely affected in a transient complementation experiment
using NEMO-deficient Jurkat T cells. This difference could be
explained by a more subtle NEMO interaction of endogenous
IKK proteins or by the necessity of a high number of IKK-
NEMO interactions for the formation of a functional IKK
complex.

Taken together, we provide novel insights into the architec-
ture of the IKK complex by the characterization of a robust,
SDS-resistant NEMO dimerization as a required structural
feature. Furthermore, we provide evidence that the a-helix (aa
47 to 80) is not absolutely required for the NEMO-IKK inter-
action, and the core IKK-binding domain of NEMO encom-
passes the amino acids 80 to 120. However, deleting the a-helix
(NEMOdel2) had a dramatic effect on the IKK-NEMO inter-
action. However, it remains unclear whether this is due to a
separate IKK interaction of the a-helix or to structural alter-
ation of the entire amino terminus of NEMO leading to an
inefficient NEMO-IKK interaction. The NEMO dimerization
might also explain the discrepancies between the existing mod-
els regarding the NEMO oligomerization. As both current
models demonstrate a trimerization potential of the carboxy-
terminal half of NEMO (aa 197 to 419), another NEMO moiety
might bind due to the amino-terminal dimerization and thus
lead to the tetramer formation observed by Tegethoff et al
(44). Finally, since the activity of the IKK complex is affected
by modulating the IKK-NEMO interaction due to the phos-
phorylation of a serine residue in the NBD of IKK, it will be
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interesting in future studies to analyze whether the reported
phosphorylation in the amino terminus of NEMO modulates
the structure of the IKK complex as well.
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