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The I�B kinase (IKK) complex mediates activation of transcription factor NF-�B by phosphorylation of I�B
proteins. Its catalytic subunits, IKK� and IKK�, require association with the regulatory IKK� (NEMO)
component to gain full basal and inducible kinase activity. However, the oligomeric composition of the IKK
complex and its regulation by IKK� are poorly understood. We show here that IKK� predominantly forms
tetramers and interacts with IKK� or IKK� in this state. We propose that tetramerization is accomplished by
a prerequisite dimerization through a C-terminal coiled-coil minimal oligomerization domain (MOD). This is
followed by dimerization of the dimers with their N-terminal sequences. Tetrameric IKK� sequesters four
kinase molecules, yielding a �4(�/�)4 stoichiometry. Deletion of the MOD leads to loss of tetramerization and
of phosphorylation of IKK� and IKK�, although the kinase can still interact with the resultant IKK�
monomers and dimers. Likewise, MOD-mediated IKK� tetramerization is required to enhance IKK� kinase
activity when overexpressed in 293 cells and to reconstitute a lipopolysaccharide-responsive IKK complex in
pre-B cells. These data thus suggest that IKK� tetramerization enforces a spatial positioning of two kinase
dimers to facilitate transautophosphorylation and activation.

A large number of physiological stimuli activate NF-�B tran-
scription factors to regulate gene expression in innate or adap-
tive immune responses in development and cellular growth
control. In unstimulated cells, NF-�B proteins are sequestered
by the small cytosolic I�B molecules �, �, and ε or by the
precursor proteins NF-�B1/p105 and NF-�B2/p100 (24, 36).
Upon cellular stimulation with proinflammatory agents, in-
cluding tumor necrosis factor alpha (TNF-�), interleukin 1
(IL-1), and bacterial lipopolysaccharide (LPS), or with anti-
gens, viral pathogens, growth factors, or morphogens, these
I�Bs are phosphorylated by an I�B kinase (IKK) complex.
Phosphorylated I�B proteins are ubiquitinated by the
SCF�TRCP ubiquitin ligase complex and subject to proteolysis
by the proteasome, resulting in liberation and nuclear translo-
cation of NF-�B (11, 32).

The prevalent cellular IKK complex contains three compo-
nents, two kinases, IKK� (also called IKK1) and IKK� (also
called IKK2) and the noncatalytic IKK� (also called NEMO)
protein. The kinases share 52% identity and contain an N-
terminal catalytic domain, a central leucine zipper, and a
C-terminal helix-loop-helix motif. The kinases form homo- or
heterodimers via their leucine zippers, and their activity de-
pends on their ability to dimerize (16, 27, 35, 45). Direct in-
teraction with IKK� is mediated by a short motif at the ex-
treme C terminus of IKK� and IKK� (23). Deletion of this
motif or introduction of a short peptide containing this se-
quence into cells impairs binding of both kinases to IKK� and
activation of IKK kinase activity and of NF-�B (23).

Murine IKK� was identified by complementation cloning
using NF-�B activation-deficient rodent cells (39). The human

homologue was obtained by biochemical purification of the
IKK complex and microsequencing (26, 31) and cloned as an
adenovirus (Ad E3-14.7K)-interacting protein (21). �KK� is
highly conserved between species, and structural predictions
indicate a high �-helical content, with extended coiled-coil
regions, a leucine zipper, and a C-terminal zinc finger. The
binding site of IKK� for the kinases has been confined to a
region within the first half of the molecules, although different
results have been reported for the more precise localization of
the IKK�-IKK� interaction region (23, 26, 29, 31, 41). IKK� is
essential for activation of IKK� and IKK� by all physiological
stimuli analyzed, and C-terminal sequences of IKK� are spe-
cifically required for responsiveness of the complex to proin-
flammatory stimuli (10, 31, 39).

At present, it is not known by which mechanism the IKK
complex is activated. A critical step is phosphorylation of the
kinases at activation loop residues. Stimulation of IKK kinase
activity by TNF-� coincides with serine phosphorylation of
IKK� and IKK� and with serine/threonine phosphorylation of
IKK�. For IKK�, two of the sites were mapped in the activa-
tion loop to residues 177 and 181, and mutation of these sites
eliminates kinase activation (7). However, IKK� and IKK� are
biochemically not equivalent, and IKK� activation loop phos-
phorylation is not required for IKK activation by TNF-� or
IL-1 (7). Gene ablation experiments have established that
IKK� and IKK� are required for NF-�B activation by proin-
flammatory stimuli, while IKK� is essential for morphogenic
signals (11, 15, 16). The activation loop serines of IKK� are
required for RANK-induced cyclin D1 expression and prolif-
eration of mammary epithelial cells (4). The function of IKK�
in keratinocyte differentiation in the epidermis, however, is
independent of its kinase activity and of NF-�B (13). It is not
known how distinct functions are mediated by a canonical
heteromeric IKK�-IKK�-IKK� complex and whether separate
IKK� complexes exist.

* Corresponding author. Mailing address: Max Delbrück Center for
Molecular Medicine, Cell Growth and Differentiation Program, Rob-
ert-Rössle-Str. 10, 13122 Berlin, Germany. Phone: 49-30-9406-3816.
Fax: 49-30-9406-3866. E-mail: scheidereit@mdc-berlin.de.

2029



Activation loop phosphorylation of IKK�, induced by proin-
flammatory signals, could be caused by transautophosphoryla-
tion or by upstream acting kinases that perhaps are seques-
tered by the C-terminal Zn finger region of IKK�. However, no
direct and functional interaction between this domain and any
known component of the TNF-� or IL-1 signaling pathways
has yet been demonstrated. The kinases RIP1 and IRAK1,
which are functionally essential constituents of the ligand-in-
duced TNF receptor and IL-1 receptor complexes, respec-
tively, do not need their kinase activity to stimulate IKK (8,
20). Furthermore, none of the MAP3K-like kinases which reg-
ulate IKK upon overexpression, such as NIK, MEKK1, and
Cot/Tpl-2 (11), have been confirmed as physiological, proin-
flammatory IKK activators by genetic evidence (9, 37, 42, 43).
In contrast, MEKK3 appears to be required for TNF-�-in-
duced IKK activation in fibroblasts and functions downstream
of RIP and TRAF2. However, how this kinase activates IKK is
not understood (40).

Engagement of TNF receptor 1 has been shown to result in
recruitment of the IKK complex into the receptor complex
along with TRAF2 and RIP1 (8, 46). RIP is essential for
TNF-� induction of IKK activity (8, 17) and interacts with
IKK� (46). Since the enzymatic activity of RIP1 is dispensable
(8), activation of IKK following recruitment could be due to an
induced proximity mechanism. In fact, enforced oligomeriza-
tion of an N-terminal portion of IKK� or of the IKK� or IKK�
kinase domains can induce IKK and NF-�B activation (29).
Furthermore, oligomerization of IKK� was proposed to be
induced by TNF-� stimulation or by RIP overexpression (29).

On the basis of stoichiometric analyses of recombinant com-
ponents in vitro and of reconstituted IKK complexes in Sac-
charomyces cerevisiae, an equal stoichiometric amount of
IKK�, IKK�, and IKK� in the heteromeric complex was pro-
posed (19, 28). Given that IKK� and IKK� form homo- and
heterodimers and IKK� was proposed to form dimers (31, 39),
it was assumed that an IKK�-IKK� dimer is bound by a dimer
of IKK� (28, 30). However, a recent report claimed that IKK�
predominantly forms trimers (1). It has not been established in
these studies whether oligomerization is essential for a func-
tional, inducible IKK complex.

We have determined the oligomerization state of IKK� by
hydrodynamic analysis, protein-protein interaction assays, and
chemical cross-linking in intact cells and in vitro and found that
IKK� forms tetramers. We identified a C-terminal oligomer-
ization domain, which is a prerequisite for IKK� tetrameriza-
tion. Our data suggest that IKK� tetramerization is mediated
by antiparallel dimerization of two dimers and allows docking
of two kinase dimers. Functional analysis demonstrates that
the oligomeric assembly is requisite to activation of the holo-
complex, likely by providing a spatial arrangement of kinase
dimers.

MATERIALS AND METHODS

Cell culture. HeLa and 293 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 1 mM sodium pyruvate, and
100 U of penicillin and streptomycin per ml. Pre-murine B-cell lines 70Z/3 and
1.3E2 were maintained in RPMI 1640 medium supplemented with 7.5% fetal calf
serum, 2 mM L-glutamine, 100 U of penicillin and streptomycin per ml, and 50
�M �-mercaptoethanol. Stable 1.3E2 IKK� clones were generated as described
previously (12), and cells were maintained with 1 �g of G418 per ml of medium.

Expression plasmids and purification of recombinant proteins. Human IKK�
cDNA was cloned as described elsewhere (19). Using standard PCR techniques,
IKK� and IKK� mutants were cloned into pcDNA3/FLAG. IKK� expressed in
bacteria was purified for analytical ultracentrifugation under native conditions
using the pGEX system according to the manufacturer’s protocol (Amersham).
Briefly, in Escherichia coli BL21/pLysS, expressed GST-IKK� was bound to
glutathione-Sepharose 4B, and glutathione S-transferase (GST) was cleaved by
PreScission protease (Amersham). Eluted IKK� was further purified by MonoQ
10/10 chromatography, concentrated by step elution from MonoQ 5/5 concen-
tration step, and finally separated on a Superose 6 column. T7-tagged IKK� was
bacterially expressed and purified with nickel-agarose using pRSET vector (In-
vitrogen). Cell pellets were lysed in a solution containing 10 mM Tris (pH 8), 100
mM NaH2PO4, and 8 M urea. Expressed proteins were bound to Ni2�-agarose
(Qiagen) for 3 h at room temperature (RT), washed three times with lysis buffer,
and eluted for 1 h at RT with 300 mM imidazol in phosphate-buffered saline
(PBS). Purified proteins were renatured by stepwise dialysis.

GST pull-down. GST and GST-IKK�246-365 (IKK� containing amino acids 246
to 365) were expressed in E. coli BL21/pLysS, bound to glutathione Sepharose
4B under native conditions, and eluted with 20 mM glutathione. GST or
GST-IKK�246-365 (4 �g) was incubated with 4 �l of in vitro-translated, [35S]me-
thionine-labeled IKK� in a total volume of 50 �l of binding buffer (PBS, 0.2%
Nonidet P-40 [NP-40], 0.5 mg of bovine serum albumin per ml) for 1 h at RT.
Binding buffer (500 �l) containing 30 �l of glutathione Sepharose 4B (50%
slurry) was added. After incubation for 2 h at 4°C on a turning wheel, beads were
pelleted and washed three times with a solution containing 20 mM Tris-HCl (pH
7.9), 150 mM NaCl, and 0.2% NP-40. Proteins were eluted in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and re-
solved by SDS–12% PAGE.

Antibodies. IKK� (FL-419) and HA (Y-11) antibodies (Santa Cruz Company)
and FLAG M5 antibody (Sigma) were used. A specific IKK� antibody was raised
against a peptide comprising amino acids 57 to 72 of IKK�. Peptide synthesis and
immunization were done by Eurogentec.

Luciferase assay. For reporter assays, 293 cells were seeded on 60-mm-diam-
eter dishes and transfected by the calcium phosphate precipitation method (with
a total of 5 �g of DNA). The following DNA amounts were transfected in 293
cells: 100 ng of 6xNF-�Bluc as a reporter, 50 ng of pRL-TKluc (Promega) as an
internal control, and the indicated amounts of IKK� constructs. 70Z/3 and 1.3E2
cells were electroporated using a total amount of 30 �g in a Bio-Rad gene pulser
at 950 �F and 220 V. For these cell lines, 4 �g of 6xNF-�Bluc, 2 �g of pRL-
TKluc, and 20 �g of IKK� constructs were used. Cells were stimulated 36 h
posttransfection for 6 h as indicated, and luciferase activity was determined using
the dual-luciferase kit (Promega).

Chemical cross-linking of metabolically labeled cell lysates. HeLa cells grown
to 80% confluence were incubated in Dulbecco’s modified Eagle’s medium
without methionine for 45 min and then labeled with 100 �Ci of [35S]methionine
per ml for 5 h. Labeling of 107 1.3E2 or 1.3E2 cells stably expressing IKK� was
done in RPMI 1640 without methionine as described above for HeLa cells. After
the cells were washed twice with PBS, they were lysed in a solution containing
20 mM HEPES (pH 8.4), 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 mM
dithiothreitol (DTT), 10 mM NaF, 8 mM �-glycerophosphate, 0.1 mM or-
thovanadate, 10% glycerol, and protease inhibitors (0.4 mM Pefabloc, 1 �g of
leupeptin per ml, 1 �g of aprotinin per ml, and 1 �g of pepstatin A per ml).
Lysates were rotated on a turning wheel for 15 min at 4°C and then clarified by
high-speed centrifugation. Extracts were incubated with the homobifunctional
cross-linking reagent ethyleneglycol-bis-succinimidylsuccinate (EGS) (Pierce) at
a final concentration of 5 mM for 30 min at RT. Reactions were stopped by
addition of 1 M Tris (pH 8) to a final concentration of 20 mM. After incubation
for 30 min at RT, lysates were precleared with protein A-Sepharose for 1 h at
4°C, and immunoprecipitation was performed overnight at 4°C. Precipitates were
washed three times with lysis buffer. Supernatants were analyzed by SDS-PAGE
and autoradiography.

Chemical cross-linking of labeled proteins. For chemical cross-linking of
[35S]methionine-labeled proteins, coupled in vitro transcription-translation reac-
tions were performed according to the manufacturer’s protocol (Promega). Pro-
teins were cross-linked in PBS–0.5% NP-40 with EGS at a final concentration of
2 mM in a volume of 15 �l. After incubation at RT for 30 min, 500 �l of a
solution containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% NP-40, 1 mM
EDTA, 1 mM DTT, 10 mM NaF, 8 mM �-glycerophosphate, 0.1 mM orthovana-
date, 10% glycerol, and protease inhibitors (0.4 mM Pefabloc, 1 �g of leupeptin
per ml, 1 �g of aprotinin per ml, and 1 �g of pepstatin A per ml) was added prior
to immunoprecipitation.

Cleavage of immunoprecipitated EGS cross-linked proteins. Cross-link with
EGS and immunoprecipitation of proteins from labeled cell lysates were con-
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trolled by SDS-PAGE and autoradiography. To elute cross-linked proteins from
polyacrylamide gels, fivefold-more input was applied to an SDS-polyacrylamide
gel, the band of interest was excised, and proteins were recovered by electroelu-
tion (Bio-Rad Electro-Eluter 422) for 5 h at 9 mA. Cleavage of EGS was
achieved by addition of an equal volume of 2 M hydroxylamine-HCl in PBS (pH
8.5) and incubation for 4 h at 37°C. The solution was dialyzed against PBS prior
to immunoprecipitation with IKK� antibody (FL-419). Precipitates were sepa-
rated by SDS-PAGE and detected with a phosphorimager.

Coimmunoprecipitation. 293 cells grown on 60-mm-diameter plates were co-
transfected with hemagglutinin-tagged full-length IKK� and indicated FLAG-
tagged IKK� deletion mutants. Cells were lysed 36 h after transfection in a
solution containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% NP-40, 1 mM
EDTA, 1 mM DTT, 10 mM NaF, 8 mM �-glycerophosphate, 0.1 mM orthovana-
date, 10% glycerol, and protease inhibitors (0.4 mM Pefabloc, 1 �g of leupeptin
per ml, 1 �g of aprotinin per ml, and 1 �g of pepstatin A per ml). Precleared
extracts were used for precipitation of HA-tagged IKK�. Precipitates were
washed four times with lysis buffer, resuspended in SDS loading buffer, boiled for
5 min, applied to an SDS–15% polyacrylamide gel, and analyzed by Western
blotting.

In vitro kinase assays. 293 cells were cotransfected with HA-tagged IKK� and
indicated IKK� constructs. Thirty-six hours later, the cells were lysed and im-
munoprecipitated in a solution containing 50 mM HEPES (pH 7.5), 150 mM
NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 1 mM DTT,
10 mM NaF, 8 mM �-glycerophosphate, 0.1 mM orthovanadate, 0.4 mM Pefa-
bloc, 1 �g of leupeptin per ml, 1 �g of aprotinin per ml, and 1 �g of pepstatin
A per ml. The precipitates were washed twice in lysis buffer and once in kinase
reaction buffer containing 20 mM HEPES (pH 7.5), 10 mM MgCl2, 20 mM
�-glycerophosphate, 50 �M orthovanadate, 1 mM DTT, and 20 �M ATP. Kinase
reactions were performed with 5 �Ci of [�-32P]ATP and GST-I�B�1-53 as the
substrate in a 15-�l reaction mixture volume for 20 min at 37°C. After the
addition of SDS loading buffer, reaction mixtures were boiled for 5 min and
applied to an SDS-polyacrylamide gel. The dried gel was analyzed by autora-
diography.

Analytical ultracentrifugation. IKK� was expressed in E. coli using the pGEX
system and purified as described above. Molecular mass studies on IKK� were
performed with an XL-A type analytical ultracentrifuge (Beckman Instruments,
Palo Alto, Calif.) equipped with UV absorbance optics. Sedimentation equilib-
rium distribution of IKK� was analyzed using externally loaded six-channel
centerpieces with a 12-mm-long optical path with the capacity to handle three
solvent-solution pairs of 75 �l of liquid. Seven of these cells were used to
simultaneously analyze different samples or fractions of IKK� and the same run.
Sedimentation equilibrium was reached after 2 h of centrifugation at 14,000 rpm
followed by centrifugation at an equilibrium speed of 10,000 rpm at 10°C for
about 30 h. The radial absorbencies of each compartment were recorded at three
different wavelengths between 220 and 280 nm according to the concentration in
the different fractions of IKK�. Molecular mass calculations were performed by
simultaneously fitting the sets of three radial absorbance distribution curves
described by equation 1 with equation 2

Ar � ArmeMF (1)

F � �	1 � 
�� �
2 	r2 � rm
2��/2RT (2)

using the POLYMOLE program (3). In these equations, Ar is the radial absor-
bance, Arm is the radial absorbance at the meniscus position, 
 is the solvent
density, v̄ is the partial specific volume, 
 is the angular velocity, R is the gas
constant, T is the absolute temperature, M is the molecular mass, and rm is the
radius at meniscus point.

RESULTS

IKK� forms tetramers in vitro and in intact cells. Inducible
kinase activity of IKK� and IKK� depends on their association
with IKK�. An important basis for understanding the activa-
tion mechanism is the knowledge of the stoichiometric com-
position of the IKK complex. To analyze the oligomeric state
of IKK� in intact cells, we have used the homobifunctional
cross-link agent EGS. Lysates of metabolically labeled 1.3E2
cells, which are devoid of IKK�, or 1.3E2 cells stably trans-
fected with IKK� were treated with EGS. Immunoprecipitated
IKK� revealed the presence predominantly of tetramers and

minor amounts of monomers, dimers, and trimers (Fig. 1A).
To confirm that the precipitated 200-kDa protein complex is
an IKK� tetramer and not a result of cross-linked kinase and
IKK�, we applied the fivefold amount of cross-linked IKK�
precipitates to a polyacrylamide gel and eluted the 200-kDa
protein complex from the gel. The eluted proteins were treated
with hydroxylamine-HCl, which leads to cleavage of the EGS-
mediated cross-link, and analysis of IKK�-associated proteins
revealed only one protein species with a molecular mass of 50
kDa (IKK�) (Fig. 1A, right panel). We next tested metaboli-
cally labeled HeLa cells (Fig. 1B). EGS cross-linking yielded
exclusively tetramers of the endogenous protein, the immuno-
precipitation of which could be inhibited with a specific pep-
tide. Prior TNF-� stimulation did not affect the oligomeric
state (not shown). The observed sizes of the products (�50,
�150, and �200 kDa [Fig. 1A] and �200 kDa [Fig. 1B]) are
consistent with oligomeric � subunits and cannot be explained
by cross-linked IKK� or IKK� (around 85 kDa each). Thus,
EGS appears to cross-link preferentially the IKK� subunits in
the IKK�-IKK�-IKK� holocomplex.

Predominantly tetrameric oligomerization was further ob-
served for cross-linked, in vitro-translated IKK�, irrespective
of the HA or FLAG tag sequences, which were fused to the N
or C termini, respectively (Fig. 1C).

The EGS cross-linking reagent may have affected the oligo-
meric state by chemical modification, or it may not have been
able to link some oligomeric forms due to the lack of lysine
residues in suitable positions. To rule out this possibility, we
determined the oligomeric state of recombinant IKK� by equi-
librium sedimentation. This method allows determination of
the molecular mass of the native protein in solution. The con-
centration distribution at sedimentation equilibrium depends
only on molecular mass and is independent of the shape.
Highly purified bacterially expressed IKK� (gel in Fig. 1D) was
used for analysis at three different wavelengths (graph in Fig.
1D). Radial concentration distributions were recorded, which
are typical for a more or less monodisperse system. The opti-
mal fit using the POLYMOLE program (3) yielded a molecu-
lar mass of about 193 kDa, indicating that purified IKK� forms
a tetramer with a theoretical molecular mass of 192.8 kDa.

A carboxy-terminal coiled-coil domain in IKK� mediates
oligomerization. To determine the domain in IKK�, which is
minimally required for self association, various FLAG-tagged
deletion mutants (Fig. 2A) were cotransfected along with HA-
tagged full-length IKK� into 293 cells (Fig. 2B). HA immuno-
precipitation revealed that only those IKK� mutants that con-
tained sequences within amino acids 246 to 365 were recovered
efficiently. This sequence is localized in the C-terminal half of
IKK� and contains two coiled-coil (CC) domains with leucine
zipper motifs (Fig. 2A, CC2, amino acids 254 to 298, and CC3,
amino acids 308 to 349).

Internal deletion of this sequence (in IKK��246-365 [IKK� in
which amino acids 246 to 365 were deleted]) likewise resulted
in complete loss of interaction (Fig. 2B, lane 14). In contrast,
internal deletion of its first or second half (in IKK��246-302 and
IKK��302-365, respectively) still allowed some, albeit strongly
reduced binding (Fig. 2B, lanes 12 and 13, note the overlapping
nonspecific signal), indicating an equivalent, redundant func-
tion of the two subregions containing CC2 and CC3, respec-
tively. However, this was depending on the context, since
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IKK�1-302 retained some binding activity, while IKK�302-419 or
IKK�65-302 did not (lanes 3, 6, and 9). Some very weak inter-
action was seen with IKK�1-196 (lane 3), containing CC1.

A GST pull-down assay revealed that the sequences within
amino acids 246 to 365 are sufficient to bind to full-length
IKK� efficiently (Fig. 2C). Thus, strong self-association of

IKK� is conferred by a minimal oligomerization domain
(MOD) spanning amino acids 246 to 365.

C-terminal dimerization is a prerequisite for IKK� tet-
ramerization. To define sequences of IKK� which are required
for tetramerization, in vitro-translated deletion mutants were
subjected to chemical cross-linking. To exclude overreaction of

FIG. 1. Tetrameric oligomerization of IKK�. (A) IKK�-deficient 1.3E2 cells and 1.3E2 cells stably expressing IKK� were metabolically labeled
with [35S]methionine. Lysates were treated with EGS, IKK� was immunoprecipitated (IP: IKK�), and pellets were washed and analyzed by
SDS-PAGE and autoradiography. To confirm that the 200-kDa band resulting from the EGS cross-link consists exclusively of IKK�, the band was
excised from a polyacrylamide gel, and as indicated, proteins were electroeluted and treated with hydroxylamine-HCl to cleave EGS. IKK�
complexes were precipitated and separated by SDS-PAGE, and components were detected with a phosphorimager (top gels). The lack of
immunoprecipitated labeled proteins in 1.3E2 cells confirms the specificity of the antibody. IKK� expression before cross-linking was determined
by Western blotting (WB). (B) Metabolically labeled HeLa cells were lysed, and proteins were cross-linked with sulfo-EGS. Immunoprecipitation
with an IKK� antibody (IP: IKK�) was performed with (�) or without (�) preblocking with a specific peptide, as indicated above the gel. Products
were analyzed by SDS-PAGE and autoradiography. The arrows in panels A and B indicate the position of IKK� tetramers. (C) [35S]methionine-
labeled, N-terminally FLAG-tagged IKK� (FLAG-IKK�) and C-terminally HA-tagged IKK� (IKK�-HA) were prepared by coupled in vitro
transcription and translation and cross-linked with EGS. The reaction was stopped by the addition of Tris, and immunoprecipitations (IP) with the
indicated antibodies were performed. The positions of molecular mass markers (in kilodaltons) are shown to the left of the gel. (D) (Left)
Recombinant IKK� was purified from E. coli and analyzed on a Coomassie blue-stained SDS-polyacrylamide gel along with protein molecular mass
markers, as indicated. (Right) Analytical ultracentrifugation analysis of purified recombinant IKK� (Superose 6 peak fractions). Radial concen-
tration distribution curves of IKK� dissolved in 20 mM Tris-HCl (pH 7.5) containing 100 mM NaCl are shown. The profiles were recorded at 10,000
rpm and wavelengths of 220 (E), 225 (F), or 230 (�) nm. The three curves were fitted globally using the POLYMOLE program, resulting in a
molecular mass of 192.6 � 3.6 kDa.
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FIG. 2. Oligomerization of IKK� is mediated by a C-terminal domain between amino acids 246 to 365. (A) Conserved motifs and structural
predictions of IKK� by PredictProtein and MultiCoil are shown at the top. The positions of alpha-helical regions (open boxes), coiled-coil domains
(black bars), and zinc fingers are shown. Below the IKK� map, a schematic summary of IKK� deletion mutants is shown. The numbers are amino
acids. IKK� oligomerization is shown to the right as follows: �, IKK� oligomerizes; �, IKK� does not oligomerize; ��, IKK� oligomerizes
strongly; (�), IKK� oligomerizes weakly; n.d., not determined. (B) Interaction of FLAG-tagged IKK� and IKK� deletion mutants with HA-tagged
full-length IKK� coexpressed in 293 cells. Lysates were analyzed for expression with anti-FLAG antibody (top gel). Immunoprecipitation (IP) was
performed with an anti-HA antibody. Coimmunoprecipitated proteins were detected in a Western blot (WB) with anti-FLAG antibody (middle
gel), and precipitated HA-tagged IKK� (HA-IKK�) was detected with anti-HA antibody (bottom gel). The asterisk marks a signal caused by the
HA antibody heavy chain. (C) GST or GST-tagged IKK�246-365 and [35S]methionine-labeled full-length IKK� (input [middle and bottom gels])
were used for an interaction analysis (top gel), as indicated.
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the cross-linking reagent, again conditions were chosen such
that residual amounts of monomeric IKK� were still detected.
Consistent with the previous results (Fig. 1), full-length IKK�
yielded tetramers (Fig. 3A). The MOD was in fact required
for tetramer formation, since upon its internal deletion

(IKK��246-365), only monomers were observed (Fig. 3A). De-
letion of subregions of the MOD revealed that its first half
(amino acids 246 to 302) was critical for tetramerization, while
the second half (residues 302 to 365) was not (Fig. 3A). How-
ever, while necessary for tetramerization, the MOD was not

FIG. 3. C-terminal dimerization is a prerequisite for IKK� tetramerization. Labeled FLAG-tagged IKK� mutants were prepared by in vitro
translation. After EGS cross-linking, products were precipitated with anti-FLAG antibodies and analyzed by SDS-PAGE and autoradiography.
The positions of molecular mass markers are indicated. (A) Analysis of full-length IKK� and internal deletion mutants IKK��246-302, IKK��302-365,
and IKK��246-365. Migration of monomers and tetramers is indicated. (B) (Top) Analysis of N- and C-terminal IKK� deletion mutants. Major and
minor multimeric forms are indicated below the autoradiogram (minor forms shown in parentheses). (Bottom) Schematic presentation of major
oligomerization states of IKK� subregions. The positions of alpha-helical regions (open boxes), coiled-coil domains (black bars), and zinc finger
are shown.
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sufficient, as indicated by analysis of C- and N-terminal dele-
tion mutants (Fig. 3B). For these mutants, tetramers were
observed only with IKK�1-365, which is devoid of the C-termi-
nal Zn finger motif but contains the complete N-terminal se-
quence (lane 4). Upon further deletion of the first 65 amino
acids (IKK�65-365), trimers and dimers were formed (lane 11),
which also were the predominant species of cross-linked
IKK�65-419 (lane 5). The shortest mutants containing the MOD
(IKK�246-419 and IKK�196-365) yielded only dimers (lanes 8 and
10). The N-terminal half of IKK� (residues 1 to 196), devoid of
the MOD, formed only trace amounts of dimers (lane 2). Thus,
no discrete subdomain alone could confer tetramerization,
while the shortest N- and C-terminal deletion mutants (retain-
ing amino acids 1 to 196 and 246 or 302 to 419) formed dimers.
Taken together, these results suggest that tetramerization of
IKK� is achieved by two subsequent oligomerization steps, a
prerequisite dimerization through the MOD, followed by
dimerization of these dimers engaging an N-terminal region of
IKK�. This N-terminal interaction site apparently has an af-
finity that is too low to be effective in the absence of prior
MOD-mediated dimerization.

Since most of the IKK� molecule is predicted to assume an
alpha-helical conformation with three extended coiled-coil re-
gions (Fig. 2A and 3B, bottom), it is possible that in the
sequence context of some deletion mutants, these motifs may
account for the formation of not only dimers but also of trim-
ers. Trimers were not significantly formed by endogenous or
recombinant full-length IKK� (Fig. 1 and 3).

IKK� interacts with I�B kinases as a tetramer, but oli-
gomerization is not required for binding of IKK� or IKK�. A
tetrameric oligomerization state of IKK� was also determined
for the endogenous protein in HeLa cells (Fig. 1B), which is
bound to IKK� and IKK�. To ensure that preformed IKK�
tetramers can interact with the kinases, in vitro-translated
IKK� tetramers were covalently fixed with EGS, immunopre-
cipitated, and tested for IKK� interaction. Indeed, IKK�
bound efficiently to fixed IKK� tetramers (Fig. 4). IKK� was

also sequestered by IKK� added without prior cross-linking,
and the recovery was the same as for fixed tetramers. Thus, we
conclude that IKK� tetramers, whether covalently stabilized or
not, interact with IKK�. The near stoichiometric recovery of
IKK� and kinase also reflects that recombinant IKK� is in an
active state and correctly folded.

We next asked whether IKK� tetramerization would be a
requirement for IKK� interaction with IKK� or IKK� or
whether it would influence interaction affinity. In vitro-trans-
lated IKK� mutants were incubated with lysates of 293 cells
expressing HA-tagged IKK� or HA-tagged IKK� and analyzed
for kinase interaction by anti-HA immunoprecipitation (Fig.
5A). The experiment revealed that tetrameric oligomeriza-
tion is not required for binding of IKK� to IKK� or IKK�.
IKK��246-302 or IKK��246-365, which are monomeric (Fig. 3A),
were sequestered efficiently by both kinases compared to tet-
ramer-forming IKK��302-365 or full-length IKK� (Fig. 5A,
lanes 1 to 4).

The N- and C-terminal deletion mutants allowed delineation
of the domain of IKK� which interacts with both kinases (Fig.
5A). Surprisingly, the boundaries of the kinase interaction
domain for IKK� and IKK� overlapped but were not identical.
While interaction with IKK� was conferred minimally by
amino acids 65 to 196 of IKK�, binding of IKK� additionally
involved further N-terminal sequences and was within residues
1 to 196 of IKK� (compare lanes 5, 10, 11, and 13). However,
the relative binding efficiencies of IKK� and IKK� to full-
length IKK�, internal and C-terminal deletion mutants (lanes
1 to 9 and 12) were indistinguishable, indicating that quantifi-
cation and folding of IKK� and IKK� were equivalent.

On the basis of the roughly equal stoichiometric amounts of
IKK� and kinase subunits in reconstituted IKK complexes (19,
28), tetrameric IKK� would bind two kinase dimers. It was not
possible to covalently link IKK� and IKK� with EGS (data not
shown), perhaps because the IKK� binding domain of the
kinase (23) does not contain lysines. In contrast, IKK� dim-
ers could be readily cross-linked (Fig. 5B, left gel), consistent
with lysines present in its dimerization region or central leu-
cine zipper region. In an IKK�4-IKK�4 complex, one IKK�
dimer could interact with two IKK� molecules. We analyzed
IKK�1-196, which contains the kinase binding region (Fig. 5A)
and dimerizes only poorly (Fig. 3), for enhanced dimerization
upon IKK� binding. In fact, while IKK�1-196 alone formed only
trace amounts of dimers, dimerization was strongly increased
in the presence of IKK� (Fig. 5B, right gel), suggesting that
IKK� dimers bind to two IKK� moieties in an IKK�4-IKK�4

complex.
Formation of an active IKK complex and IKK autophos-

phorylation require IKK� oligomerization. The inducible ki-
nase activity of IKK� and IKK� critically depends on their
association with IKK�. To analyze if the catalytic activity of the
IKK complex requires IKK� oligomerization, 293 cells were
cotransfected with FLAG-tagged IKK� mutants and HA-
tagged IKK�. IKK complexes were retrieved by immunopre-
cipitation and tested for in vitro kinase activity (Fig. 6A). Only
full-length IKK� and IKK�1-365 stimulated the kinase activity
of IKK� (compare lane 1 to lanes 2 and 5). However, mutants
which do not form tetramers (IKK�1-196, IKK��246-365, and
IKK�1-302 [lanes 3, 4, and 7]) or lack the kinase binding domain
(IKK�196-419 [lane 6]) did not stimulate IKK� kinase activity.

FIG. 4. IKK� binds as a tetramer to IKK�. [35S]methionine-labeled
FLAG-tagged IKK� (FLAG-IKK�) and HA-tagged IKK� (HA-
IKK�) were prepared by in vitro translation (input [left gel]). Equal
aliquots of FLAG-tagged IKK� were not treated or were cross-linked
with EGS, followed by inactivation of EGS. Both samples were immu-
noprecipitated with anti-FLAG antibodies (IP: FLAG). Precipitates
were washed and incubated with HA-tagged IKK� on ice for 30 min.
After an additional washing step, proteins were separated by SDS-
PAGE and analyzed by autoradiography.
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These data thus suggest that MOD-mediated oligomerization
of IKK� is a requirement for the formation of an active IKK
complex.

To examine the requirement of IKK� oligomerization for
LPS-induced NF-�B activity in intact cells, IKK�-deficient
1.3E2 pre-B cells were stably transfected either with wild-type
IKK� or IKK��246-365, devoid of the MOD (Fig. 6B). NF-�B

DNA binding activity could be induced by LPS in 70Z/3 cells,
but not in 1.3E2 cells, unless the cells were complemented with
full-length IKK� (lanes 2, 4, and 6), as was expected. Internal
deletion of the MOD, however, completely eliminated the
capacity to functionally complement 1.3E2 cells (lanes 7 and
8). The lack of NF-�B activation in 1.3E2 cells stably express-
ing oligomerization-deficient IKK� is not due to loss of inter-

FIG. 5. Physical interaction of IKK� and IKK� with IKK� involves overlapping but distinct N-terminal domains of IKK� and does not require
IKK� tetramerization. (A) [35S]methionine-labeled IKK� mutants were prepared by coupled in vitro transcription and translation. Labeling
efficiency was controlled by SDS-PAGE or autoradiography (top gel). 293 cells were transiently transfected with HA-tagged IKK� (HA-IKK�) or
HA-tagged IKK� (HA-IKK�). Lysates were checked for equal expression of transfected proteins by Western blotting (WB) with anti-HA
antibodies. Labeled IKK� mutants were added to lysates with either overexpressed HA-tagged IKK� or HA-tagged IKK� and incubated for 30
min on ice. After immunoprecipitation (IP) with anti-HA antibodies, precipitated proteins were analyzed by SDS-PAGE and autoradiography.
(B) (Left) In vitro-translated, [35S]methionine-labeled HA-tagged IKK�, left untreated (�) or incubated with EGS (�), was analyzed for
cross-linked IKK� dimers after anti-HA immunoprecipitation (IP:HA), PAGE, and autoradiography. (Right) In vitro-translated, [35S]methionine-
labeled, FLAG-tagged IKK�1-196 was incubated without or with baculovirus-expressed, purified recombinant IKK� and treated with EGS, as
indicated. Cross-linked species were visualized after anti-FLAG immunoprecipitation (IP: FLAG) by PAGE and autoradiography. The positions
of the monomeric and dimeric proteins are indicated by the arrows.
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FIG. 6. Activity and inducibility of the IKK complex require IKK� tetramerization. (A) 293 cells were cotransfected with HA-tagged IKK�
(HA-IKK�) and FLAG-tagged IKK� wild-type or mutant proteins, as indicated. Complexes were immunoprecipitated with HA antibody (IP: HA)
and tested in in vitro kinase assays (KA) with GST-I�B�1-53 as the substrate (top gel). Aliquots of immunoprecipitated IKK� were analyzed by
Western blotting (WB) using HA antibody (middle gel), and expression of IKK� proteins was controlled in whole-cell extracts with FLAG antibody
(bottom gel). (B) 70Z/3, 1.3E2, and 1.3E2 cells stably expressing the indicated constructs were tested for LPS-induced NF-�B activation by an
electrophoretic mobility shift assay (EMSA). The presence (�) and absence (�) of LPS is shown above the gel. Expression control of endogenous
and ectopic IKK� proteins and of endogenous IKK� analyzed by Western blotting (WB) of whole-cell extracts is shown at the bottom.
Immunoprecipitation (IP) of endogenous and ectopic IKK� proteins was performed to confirm equal interaction of IKK� with mutant and
wild-type IKK�. (C) 1.3E2 cells were cotransfected with the NF-�B reporter plasmid 6xNF-�Bluc, internal control plasmid, and IKK� or
IKK��246-365 or empty expression vector (mock), as indicated. Cells were stimulated with LPS (�) for 6 h or not treated with LPS (�), and
luciferase activity was determined. (D) IKK� autophosphorylation and phosphorylation of IKK�. 293 cells were transfected with HA-tagged IKK�
(HA-IKK�) and FLAG-tagged IKK� (FLAG-IKK�) constructs, as indicated. HA-immunoprecipitated complexes were incubated with [�-32P]ATP
in kinase assays (KA), and phosphorylated proteins were detected by SDS-PAGE and autoradiography (top gel). Expression of IKK� and IKK�
proteins and IKK� precipitation were controlled by anti-HA or anti-FLAG immunoblotting of extracts (middle gel) and pellets (bottom gel),
respectively. WB, Western blotting; IP, immunoprecipitation.
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action between IKK� and the deletion mutant, as shown by
coimmunoprecipitation analysis (Fig. 6B, lower blots). Sim-
ilarly, NF-�B transcriptional activity could be induced only
by LPS in transiently transfected 1.3E2 cells, when wild-type
IKK� was complemented (Fig. 6C). Again, oligomerization-
deficient IKK� did not reconstitute LPS-induced NF-�B
transcriptional activity, indicating that IKK� tetrameriza-
tion is a prerequisite for LPS inducibility of the IKK com-
plex.

One possibility is that IKK� tetramerization could serve to
juxtapose bound IKK�-IKK� dimers for transphosphorylation.
Kinase assays (Fig. 6D) revealed that cotransfection of IKK�
and IKK� indeed resulted in IKK� phosphorylation only when
full-length IKK� (lane 1) or IKK�1-365 (lane 3), containing
MOD and kinase binding regions, were present. IKK� phos-
phorylation was not observed when IKK�1-302 or IKK��246-365,
retaining kinase binding but lacking the MOD (lanes 2 and 4),
were expressed. Not only IKK� but also IKK� and IKK�1-365

were phosphorylated in the same reactions (lanes 1 and 3).
However, IKK� mutants lacking the MOD were not phosphor-
ylated, despite their full ability to interact with IKK� (Fig. 5A).
These results indicate that MOD-mediated IKK� oligomeriza-
tion affects spatial positioning of the bound kinase molecules.

Since short IKK� mutants containing the MOD region effi-
ciently bind to full-length IKK� (Fig. 2), overexpression of
these molecules should result in formation of heteromers with
endogenous IKK� and interfere with normal tetramerization
and with IKK kinase activity. In fact, overexpression of the
MOD alone (IKK�246-365) inhibited TNF-�-induced NF-�B
activation in a dose-dependent fashion (Fig. 7). Overexpres-
sion of IKK�1-196, which is expected to titrate out IKK� and
IKK�, similarly inhibited TNF-�-dependent NF-�B activity in
a dose-dependent manner using equivalent amounts of expres-
sion vector. In a similar dose-response range, overexpression
of full-length IKK�, which is likely to dilute out the limited
amounts of kinases bound to endogenous IKK�, inhibited
TNF-�-induced NF-�B activation (Fig. 7). These data further
support the conclusion that an oligomeric state of the IKK�-
kinase complex is required for its inducibility.

DISCUSSION

Knowledge of the molecular composition of the I�B kinase
complex and of the oligomeric state of its constituents is an
essential basis for understanding its mechanism of activation.
By chemical cross-linking of endogenous or in vitro-translated
IKK� and by sedimentation analysis of purified recombinant
IKK�, we show in this study that the IKK� subunit forms
tetramers. Tetramer formation was observed for IKK� when
associated with endogenous IKK components, including IKK�
and IKK�, or when present alone, and tetrameric oligomer-
ization did not grossly affect the kinase binding affinity. On the
basis of binary protein-protein interaction analysis with IKK�
mutants, we showed that a MOD is confined to a region be-
tween amino acids 246 and 365 in the C-terminal half of the
molecule and that this region is sufficient to bind to full-length
IKK�. By chemical cross-linking, this region was shown to be
required for tetramerization, although by itself it forms only
dimers. Similarly, the N-terminal half of IKK� was able to
dimerize weakly. We therefore propose that IKK� forms a
dimer of dimers by utilizing the C-terminal MOD for primary
dimerization, followed by subsequent dimerization of dimers
through the N-terminal domains (Fig. 8). The dimerization of
dimers possibly occurs by antiparallel interaction, since in a
parallel interaction mode, dimerization of the N terminal do-
main should result in molecules dimerized both N- and C-

FIG. 7. Dose-dependent inhibition of NF-�B activation by the MOD. 293 cells were cotransfected with the indicated amounts of expression
vectors for wild-type IKK�, IKK�1-196, or IKK�246-365, NF-�B reporter plasmid 6xNF-�Bluc, and an internal control plasmid. After stimulation of
the cells with TNF-� for 6 h, luciferase activity was measured.

FIG. 8. Hypothetical model for tetrameric assembly of IKK� by
head-to-head dimerization of two dimers and interaction with two
kinase dimers. The positions of zinc fingers, MODs, and kinase binding
domains (KBD) are shown.
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terminally, finally resulting in dimers instead of tetramers. The
weak N-terminal dimerization region overlaps with the se-
quences bound by IKK� and IKK�, and binding of IKK�
dimers enhances dimerization of this region, indicating that a
kinase dimer may attract two IKK� moieties simultaneously
(Fig. 8).

We have delineated the kinase binding domain of IKK� to
amino acids 1 to 196 for IKK� and to amino acids 65 to 196 for
IKK�. The IKK� interaction site for IKK� has been mapped
previously to amino acids 44 to 86 (23). This could indicate that
a relatively short �-helical region between residues 65 and 86
is contacted by IKK�. However, Rothwarf et al. (31) observed
IKK� binding to residues 134 to 419 and Poyet et al. (29)
described binding to residues 105 to 200 of IKK�. These dis-
crepancies might by due to different oligomeric states of the
various IKK� deletion mutants that have been used. Kinase
interaction with IKK� is perhaps more complex than assumed
for the short conserved IKK�-binding peptide of IKK� and
IKK�, as reflected by our surprising observation that IKK�
binding, but not IKK� binding, requires a contribution of the
N-terminal 65 amino acids of IKK�. In line with this, it has
been shown recently that the IKK� (NEMO)-binding peptides
of IKK� and IKK� do in fact differ (25). Nonidentical contacts
of both kinases with IKK� could be important for the assembly
of two IKK�-IKK� heterodimers with tetrameric IKK� in a
sterically selective way. This could ensure that the � and �
subunits in the two IKK�-bound kinase dimers are juxtaposed
to each other in a symmetrical way (Fig. 8).

Our findings that N- or C-terminally truncated fragments of
IKK� form mainly dimers but also form trimers is also in
accordance with coiled-coil predictions made by MultiCoil
(34). Mostly dimeric coiled coils, and with much lower proba-
bility, trimeric coiled coils were predicted for the three sepa-
rate coiled-coil regions (CC1 [amino acids 98 to 196], CC2
[amino acids 254 to 298], and CC3 including the leucine zipper
[amino acids 308 to 349]). For Drosophila IKK�, a much
weaker prediction for less-extended N- and C-terminal coiled-
coils are obtained compared to human, murine, or bovine
IKK� (not shown), indicating that structural organization of
the Drosophila IKK complex may differ. This is intriguing,
given the fact that for Drosophila, only one kinase (most highly
related to mammalian IKK�) has been reported (33).

Agou and coworkers recently proposed that NEMO/IKK�
forms trimers and claimed that the majority of IKK� is present
in a monomeric state (1). Several reasons may account for the
discrepancy between their study and our results. Agou et al.
used detergent to achieve solubility of bacterially expressed,
His-tagged murine IKK�, which under their conditions copu-
rified with DnaK (E. coli Hsp70) protein. However, the deter-
mination of the oligomeric state of a protein from a complex
with another one (DnaK), which itself can form an association
equilibrium of monomers, dimers, and trimers (18) by the
sedimentation equilibrium technique is questionable. For the
latter analysis, a heterogeneous preparation containing IKK�
and DnaK was used (1). The diffusion coefficient determina-
tion is critical, since the analytical solution of the Lamm equa-
tion, used by these researchers, is valid only for monodisperse
systems (2). Furthermore, a different, Cys-directed, reagent
was used for cross-linking of IKK� in intact cells, and only
truncated IKK� was analyzed by sedimentation velocity anal-

ysis (1). Comparable deletion constructs also yielded trimers in
our study, as shown by cross-linking. Dimers and trimers were
also reported by Rothwarf et al. (31) for IKK� deletion mu-
tants, using EGS and six-His-tagged, bacterially expressed pro-
teins, but with full-length IKK�, larger species were also de-
tected.

In gel filtration experiments, the apparent molecular mass of
the cellular IKK complex relative to globular marker proteins
is 800 to 900 kDa (19, 27, 44), which shifts to 400 to 500 kDa
in the absence of IKK� (39). Gel filtration analysis of com-
plexes reconstituted with recombinant IKK� and IKK� or
MOD-deficient IKK� revealed a pronounced shift to a lower
apparent molecular mass in the absence of the MOD, as was
expected (data not shown). Recently, it was shown that the
800- to 900-kDa cellular heterocomplex is assembled by direct
interactions of the chaperones Cdc37 and Hsp90 which bind to
the kinase domains of IKK� and IKK� and the Hsp90 inhib-
itor geldanamycin disrupts this heterocomplex (5). Cdc37 or
Hsp90 and IKK�, IKK�, or IKK� have been estimated to be
present in the heterocomplex at a stoichiometric ratio of 1:1
(5). Thus, an IKK�2-IKK�2-IKK�4 � (Cdc37/Hsp90)2 com-
plex would have a predicted mass between 800 and 900 kDa,
consistent with the observed apparent molecular weight.

It has been proposed that both activation and recruitment to
TNF receptor 1 of the IKK complex requires the presence of
Cdc37 and Hsp90 (5). Although it is not understood whether
these chaperones are involved in the activation process per se,
as opposed to the more general role for folding, conforma-
tional state, and stability of their substrates, it is feasible that
these molecules participate in the assembly of a heteromeric
cellular complex containing tetrameric IKK�.

We showed that the MOD of IKK� is required for activation
of IKK� kinase activity in transfected 293 cells and for recon-
stitution of an LPS-inducible IKK complex in pre-B cells. Fur-
thermore, transautophosphorylation of IKK� and IKK� re-
quired the presence of the MOD. These data suggest that
MOD-mediated tetramerization is required to assemble a
functional IKK complex. IKK� is already tetrameric in the
endogenous unstimulated IKK complex (Fig. 1), and TNF-� or
LPS stimulation has no effect on its oligomerization state (data
not shown). Since IKK� is activated by phosphorylation and
the activity of the kinase depends on its phosphorylation state,
tetramerization could be necessary to bring two kinase dimers
in spatial proximity, allowing activation by mutual phosphory-
lation. In the endogenous situation, where the IKK complex is
bound by chaperones, conformational changes in the tet-
rameric IKK� scaffold, induced by interaction with activating
cellular or viral factors, could be needed to facilitate the
transphosphorylation reaction. Such a mechanism could also
explain why IKK-activating proteins do not need to be kinases.
Examples are viral Tax (38) or enzymatically inactive RIP1 and
IRAK1 (8, 20).

Defective IKK activation upon deletion of the MOD could
also indicate that the MOD region itself is required for binding
of adapter molecules and that tetramerization is functionally
not required. However, our observations that upon overexpres-
sion, where endogenous factors are limiting, IKK�-dependent
activity of IKK� depends on an intact MOD and the MOD
conferred autophosphorylation argues against this possibility.

Ectopic expression of IKK� at low levels is known to activate
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NF-�B, whereas higher doses efficiently diminish induced
NF-�B activation (19). We observed the same effect of dose-
dependent loss of TNF-�-induced NF-�B activation, when
only the kinase binding domain or the MOD of IKK� was
expressed. This could be explained by titrating out kinases or
by formation of heteromeric IKK�, which cannot tetramerize,
respectively, in each case reducing the amounts of functional
complexes containing tetrameric IKK� bound to two kinase
dimers.

Previously, C-terminal sequences of IKK�, containing the
MOD and the Zn finger domain, were proposed to mediate
functional interaction with unknown activating components of
proinflammatory pathways (31). In fact, when C-terminal frag-
ments containing both the MOD and zinc finger act as domi-
nant negatives, these molecules could titrate out tetramers,
rather than any postulated, but unidentified adapter proteins.
It has recently been shown that mutations of leucines in CC3
inactivate the ability of IKK� to functionally complement I�B
kinases (22). These mutations and some IKK� mutations de-
scribed for HED-ID, which reside in the coiled-coil regions
(6), may in fact result in functional defects by disrupting the
tetrameric structure of IKK�. It has been proposed that the
zinc finger module is largely dispensable for NF-�B activation
by the rapid and strong inducers LPS and TNF-�, while being
essential for UV induction (14). The exact mechanisms by
which C-terminal IKK� sequences mediate IKK activation by
the various stimuli will be addressed in future studies. An
attractive possibility is that protein interactions with these tet-
ramerized structures induce allosteric structural alterations
within the IKK complex.
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