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The IkB Kinase Complex (IKK) Contains
Two Kinase Subunits, IKKa and IKKb, Necessary
for IkB Phosphorylation and NF-kB Activation

of the NF-kB dimer which then translocates to the nu-
cleus to activate gene transcription. In the case of IkBa

the inducible phosphorylation sites were mapped toser-
ines (S) 32 and 36, whose substitution with alanines (A)or
threonines (T) prevents phosphorylation, ubiquitination
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and degradation (Brockman et al., 1995; Brown et al.,9500 Gilman Drive
1995; Traenckner et al., 1995; DiDonato et al., 1996). AsLa Jolla, California 92093-0636
a result, nonphosphorylatable IkBa mutants, such as
IkBa(A32/36), arepotent and specific inhibitors of NF-kB
activation (Liu et al., 1996; Wang et al., 1996). Once it

Summary
was recognized that the key step in NF-kB activation is
IkB phosphorylation, much of the effort to understand

Recently we purified a 900 kDa cytokine-responsive the regulation of this signaling pathway has focused on
IkB kinase complex (IKK) and molecularly cloned one identification of the protein kinase(s) responsible for this
of its subunits, IKKa, a serine kinase. We now describe event. Recently we described the purification of a 900
the molecular cloning and characterization of IKKb, kDa protein kinase complex, the IkB kinase (IKK), that
a second subunit of the IKK complex. IKKb is 50% phosphorylates IkBa and IkBb at the sites that mediate
identical to IKKa and like it contains a kinase domain, their ubiquitination and degradation (DiDonato et al.,
a leucine zipper, and a helix-loop-helix. Although IKKa 1997). Another protein kinase complex that phosphory-
and IKKb can undergo homotypic interaction, they lates IkB was described (Chen et al., 1996; Lee et al.,
also interact with each other and the functional IKK 1997), but its relationship to IKK is not clear at this point
complex contains both subunits. The catalytic activi- as none of the components of that complex have been
ties of both IKKa and IKKb make essential contribu- molecularly defined. IKK activity is rapidly stimulated
tions to IkB phosphorylation and NF-kB activation. by IL-1 or TNF and depends on its phosphorylation.
While the interactions between IKKa and IKKb may Through peptide sequencing we identified and molec-
be mediated through their leucine zipper motifs, their ularly cloned one component of the IKK complex, IKKa,
helix-loop-helix motifs may be involved in interactions an 85 kDa polypeptide containing a protein kinase do-
with essential regulatory subunits. main at its N-terminal half and protein interaction motifs

(a leucine zipper [LZ] and a helix-loop-helix [HLH]) at its
Introduction C-terminal half (DiDonato et al., 1997). Using antisense

RNA, we demonstrated that expression of IKKa is essen-
tial for NF-kB activation by IL-1, TNF, TPA, or okadaicThe dimeric NF-kB transcription factor, whose subunits
acid (DiDonato et al., 1997).belong to the Rel family of DNA-binding proteins (Verma

Interestingly, IKKa was also isolated by a two-hybridet al., 1995; Baeuerle and Baltimore, 1996), plays a
screen as a NIK interacting protein (Régnier et al., 1997).critical role in immune and inflammatory responses
NIK is a member of theMEK kinase (MEKK) family whose(Baeuerle and Henkel, 1994; Baldwin, 1996; Barnes and
overexpression results in NF-kB activation (Malinin etKarin, 1997). Recently NF-kB was found to protect cells
al., 1997). NIK was originally isolated through interactionfrom apoptosis induced by tumor necrosis factor (TNF)
with TRAF2 (Malinin et al., 1997), a component of theand various genotoxic agents (Beg and Baltimore, 1996;
TNF receptor signaling complex, which plays a criticalLiu et al., 1996; Van Antwerp et al., 1996; Wang et al.,
role in NF-kB activation (Hsu et al., 1996). It was sug-1996). In most cell types, NF-kB dimers are kept in the
gested that NIK directly interacts with IKKa, phosphory-cytoplasm through interaction with the IkB inhibitory
lating and activating it (Régnier et al., 1997). It was re-proteins. The IkBs bind to the Rel homology domain
ported that a catalytically inactive mutant of IKKa can(RHD), which contains the dimerization, nuclear transfer,
completely inhibit NF-kB activation, suggesting its cata-and DNA binding functions of the NF-kB/Rel proteins
lytic activity is essential for IkB phosphorylation (Régnier(Beg and Baldwin, 1993; Gilmore and Morin, 1993; Bald-
et al., 1997). However, we found that catalytically inac-win, 1996). In response to cellstimulation with proinflam-
tive IKKa can still interact with other components of thematory cytokines (e.g., IL-1, TNF), bacterial lipopolysac-
IKK complex to generate a functional, cytokine-respon-charide (LPS), and phorbol ester (TPA), at least two of
sive IkB kinase, albeit of lower activity than the complexthe IkBs (IkBa and IkBb) undergo rapid phosphorylation
formed by wild-type IKKa. Therefore, we searched forat two conserved N-terminal residues, which targets
other IKK components that interact with IKKa and wouldthem for rapid polyubiquitination followed by degrada-
also function as protein kinases.tion through the 26S proteasome (Alkalay et al., 1995;

Here we describe the molecular characterization ofBrockman et al., 1995; Brown et al., 1995; Chen et al.,
IKKb, a second component of the IKK complex. IKKb1995; DiDonato et al., 1995, 1996; Traenckner et al.,
is closely related in structure to IKKa: it contains an1995; Whiteside et al., 1995). This results in liberation
N-terminal protein kinase domain and LZ and HLH motifs
at its C-terminal half. IKKa has to interact with IKKb

(and other subunits) to form a functional IkB kinase. We*To whom correspondence should be addressed.
†These authors contributed equally to this work. demonstrate that the functional IKK complex contains
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Figure 1. Sequence and Expression of IKKb

(A) Alignment of the IKKa and IKKb polypeptide sequences using the single letter code. The five IKKb-derived peptides whose sequence was
directly determined are underlined. The locations of the kinase domains and HLH are marked by brackets, and the LZ is indicated by the
dots.
(B) Helical wheel representation of the IKKa and the IKKb leucine zippers.
(C) Northern blot analysis of RNA isolated from various human tissues (obtained from Clonetech) using cDNA probes corresponding to regions
with low homology of IKKa and IKKb. Molecular weight size markers (in kilobases) are indicated to the right.

both IKKa and IKKb and that both kinases make essen- peptide fragments obtained by proteolysis. A gene bank
search revealed an expressed sequence tag (EST) thattial contributions to IkB phosphorylation and NF-kB acti-

vation. contained two of these peptides. This EST was isolated
by reverse transcription–polymerase chain reaction of
HeLa cell RNA and used to isolate a cDNA clone encom-Results
passing the complete open reading frame (ORF) of an
87 kDa polypeptide, which we named IKKb. SequenceMolecular Cloning of IKKb

The 900 kDa IKK complex is composed of several poly- analysis indicated that IKKb contains all of the 5 pep-
tides whose sequences were determined and is also apeptides, two of which, 85 and 87 kDa in size, most

clearly copurified with IkB kinase activity on several protein kinase closely related to IKKa (Figure 1A). Over-
all, the two polypeptides are 52% identical, while theircolumns (DiDonato et al., 1997). The 85 kDa IKKa poly-

peptide was sequenced and molecularly cloned (DiDo- kinase domains exhibit 65% identity. Like IKKa, IKKb

contains an LZ and a potential HLH at its C-terminalnato et al., 1997). We also purified the 87 kDa polypep-
tide to homogeneity and determined the sequence of 5 half. Alignment of the two LZs shows extensive similarity
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that IKKb-associated IkB kinase activity can phosphory-
late IkBa at both S32 and S36.

To examine the response of IKKb-associated kinase
activity to various stimuli we transiently transfected
HeLa cells with HA-IKKb expression vector. After 24 hr,
the cells were stimulated with IL-1, TNF, or TPA,
HA-IKKb was isolated by immunoprecipitation, and its
IkB kinase activity was measured. While TNF and IL-1
potently stimulated IKKb-associated kinase activity, the
response to TPA was weaker (Figure 2B). The kinetics
of IKKb activation by either TNF or IL-1 were essentially
identical to the kinetics of activation of the IKKa-asso-
ciated IkB kinase measured by a similar protocol (Fig-
ure 2C).

Figure 2. Substrate Specificity and Activation of IKKb-Associated
IkB Kinase Activity

(A) The IKKb ORF was fused to an N-terminal HA epitope. The Functional Interactions between IKKa and IKKb
resultant fusion protein was produced by transient transfection in Copurification of IKKa and IKKb in what appears to be
HeLa cells. The cells were stimulated with TNF (20 ng/ml) for 10 min similar amounts during several chromatographic steps
and lysed. After immunoprecipitation with anti-HA, the immuno-

suggested that the two proteins interact. To examine acomplexes were washed and examined for their ability to phosphor-
possible functional interaction between the two pro-ylate the indicated wild-type and mutant IkBa and IkBb proteins.
teins, we determined their effect on each other’s IkBShown is an autoradiogram of 32P-labeled proteins (KA) as well as the

Coomassie blue–stained substrates used in this experiment (CB). kinase activity. We therefore transfected 293 cells with
(B) HA-IKKb orempty expression vector were transiently transfected expression vectors encoding Flag(M2)-tagged IKKa and
into HeLa cells. After 24 hr, the cells were stimulated with TNF (20 HA-IKKb, alone or in combination. After 24 hr, cells were
ng/ml), IL-1 (10 ng/ml) or TPA (100 ng/ml) and after 10 min lysates

stimulated or not with TNF, lysates were prepared, andwere prepared and HA-IKKb isolated by immunoprecipitation. The
one portion was precipitated with anti-Flag and anotherkinase activity (KA) of the immunocomplexes was determined using
portion with anti-HA. The IkB kinase activity associatedGST-IkB(1–54) as a substrate. Expression of HA-IKKb was examined

by immunoblotting (IB) with anti-HA antibody. ns, none specific. with the different immunocomplexes, as well as their
(C) HeLa cells were transfected with either HA-IKKa or HA-IKKb content of IKKa and IKKb, was measured. Considerably
expression vectors. After 24 hr, the cells were stimulated with either more basal IkB kinase activity was brought down with
TNF or IL-1 for the indicated times and lysed. The IkB kinase activity

HA-IKKb than with Flag-IKKa (Figure 3A). However, theassociated with either HA-IKKa or HA-IKKb was determined by im-
activity associated with HA-IKKb was further elevatedmunocomplex kinase assay as described above.
upon coexpression of M2-IKKa, and the low basal activ-
ity associated with Flag-IKKa was strongly augmented
by coexpression of IKKb. As indicated by immunoblot-

(Figure 1B), suggesting they may mediate a direct het-
ting, the potentiating effect of coexpression was not

erotypic interaction between IKKa and IKKb as well as
due to changes in the expression levels of IKKa or IKKb.

homotypic interactions. Like IKKa, IKKb transcripts are
To compare the levels of IkB kinase activities associated

widely expressed in human tissues (Figure 1C). The ma-
with IKKa and IKKb more precisely, we transfected 293

jor IKKb transcript is 4.4 kb in length.
cells with increasing amounts of HA-IKKa or HA-IKKb

expression vectors and determined the kinase activities
associated with the two proteins before and after TNFExpression and Activation of IKKb-Associated

Kinase Activity stimulation. The level of each protein expression was
determined by immunoblotting and used to calculateTo characterize the kinase activity associated with IKKb,

we constructed an HA-tagged IKKb expression vector the relative levels of specific IKK activity. While the basal
specific activity of HA-IKKa-associated IkB kinase wasand produced the protein by transient transfection into

HeLa or 293 cells. The transfected cells were stimulated low, expression of HA-IKKb resulted in high basal-speci-
fic activity that was increased when higher amountswith TNF for 10 min and HA-IKKb was isolated by immu-

noprecipitation with anti-HA. The immunocomplexes of HA-IKKb were expressed (Figure 3B). However, the
specific IkB kinase activity associated with either IKKawere then tested for their ability to phosphorylate wild-

type and mutant forms of IkBa and IkBb. As previously or IKKb isolated from TNF-stimulated cells was very
similar and was not considerably affected by their ex-found for the purified IKK complex and the complex

associated with IKKa (DiDonato et al., 1997), the IKKb pression level. These results suggest that overexpres-
sion of IKKb may result in titration of a negative regulatorimmunocomplex exhibited the proper specificity: phos-

phorylating wild-type IkBa and IkBb but not mutants in or formation of a constitutively active IKK complex.
We examined whether IKKa and IKKb physically inter-which the inducible phosphorylation sites (S32 and S36

for IkBa and S19 and S23 for IkBb) were replaced with act. Immunoblot analysis indicated that precipitation of
HA-IKKb with anti-HA brought down both endogenouseither alanines or threonines (Figure 2A). The low resid-

ual phosphorylation of full-length IkBa(A32/36) is due to IKKa and coexpressed Flag-IKKa (as indicated by the
higher amount of coprecipitating IKKa seen after co-phosphorylation of sites at the C-terminal portion of the

protein (DiDonato et al., 1997). The single substitution transfection with Flag-IKKa; Figure 3A, left panel).
Likewise, immunoprecipitation of Flag-IKKa with anti-mutants IkBa(A32) and IkBa(A36) were phosphorylated

almost as efficiently as wild-type IkBa, thus indicating Flag(M2) resulted in coprecipitation of cotransfected
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Figure 3. Physical and Functional Interaction between IKKa and IKKb

(A) Flag(M2)-IKKa, HA-IKKb or empty expression vector (VEC) were transiently transfected into 293 cells either alone or in combination as
indicated. After 24 hr, the cells were treated or not with TNF and lysed. Part of each lysate was precipitated with anti-HA and another part
with anti-Flag(M2). The levels of Flag-IKKa, HA-IKKb, and endogenous 1 exogenous IKKa present in each immunocomplex were determined
by immunoblot analysis of the disrupted immunocomplexes with the relevant antibodies. The IkB kinase activities (KA) associated with each
immunocomplex were determined, as described above (a short and a longer exposure are shown). The total levels of HA-IKKb and Flag-IKKa

expression were determined by immunoblotting of the cell lysates.
(B) The indicated amounts (in micrograms) of HA-IKKa, HA-IKKb, or empty expression vector (VEC) were transiently transfected into 293 cells.
After 24 hr, the cells were stimulated or not with TNF (20 ng/ml for 10 min) and lysates were prepared. After immunoprecipitation with anti-
HA, the IkB kinase activity (KA) associated with each complex was determined as described above. The gel used to assay kinase activity
was transferred to an Immobilon membrane and the amount of HA-tagged IKKa or IKKb present in each lane was determined by immunoblotting
(IB) with anti-HA. The levels of IkB phosphorylation and HA-tagged proteins were quantitated by phosphoimaging and used to calculate the
relative specific activities (RA) indicated at the bottom. ns, none specific.
(C) HeLa cells were transfected with increasing amounts of HA-IKKb expression vector (0.1, 0.25, 0.5, and 1 mg) or empty expression vector
(1 mg/106 cells). After 24 hr, the cells were stimulated (20 ng/ml for 5 min) or not with TNF and lysed. After immunoprecipitation (IP) with anti-
HA, the level of kinase activity associated with the immunocomplexes was determined using GST-IkBa(1–54) as a substrate. The level of HA-
IKKb and endogenous IKKa present in the immunocomplexes were determined by immunoblotting with the relevant antibodies.

HA-IKKb (Figure 3A, right panel). Except for some exper- The results described above suggest that HA-IKKb

associates with endogenous IKKa to generate a func-imental variation, there was no considerable effect of
TNF on the association between IKKa and IKKb. We tional cytokine-regulated IKK complex. To examine this

point, HeLa cells were transfected with either emptyexamined the interaction between IKKa and IKKb in
further detail by transfecting HeLa cells with various expression vector or small amounts of either HA-IKKa

or HA-IKKb vectors and after 24 hr were stimulated oramounts of the HA-IKKb vector. After 24 hr, the cells
were incubated in the absence or presence of TNF for not with TNF. After 10 min, cell lysates were prepared

and separated by gel filtration on a Superose 6 column.10 min and lysed. The lysates were examined both for
IkB kinase activity and for their content of HA-IKKb and Part of each column fraction was immunoprecipitated

with a polyclonal antibody specific for IKKa and assayedendogenous IKKa (Figure 3C). Expression of increasing
amounts of HA-IKKb resulted in higher basal levels of for IKKa-associated IkB kinase activity while another

portion was precipitated with anti-HA antibody and ex-IKK activity as well as increasing amounts of coprecipi-
tated IKKa. The level of TNF-stimulated IkB kinase activ- amined for HA-IKKb- or HA-IKKa-associated IkB kinase

activity. The results illustrated in Figure 4 indicate thatity increased only marginally in response to IKKb over-
expression, and there was no effect of TNF on the endogenous IKKa-associated IkB kinase activity exists

as two complexes: a larger one of approximately 900association between IKKb and IKKa.
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activity of the mutants to those of their wild-type coun-
terparts by cell-free translation in reticulocyte lysates.
While translation of IKKa(KM) resulted in formation of
IkB kinase whose activity was only slightly lower than
the one formed by translation of wild-type IKKa, transla-
tion of IKKb(KA) did not generate IkB kinase activity
(Figure 5A). Translation of wild-type IKKb generated IkB
kinase activity as expected.

Next we examined the activities of the different pro-
teins by transient transfection into mammalian cells
(Figure 5B). Expression and immunoprecipitation of
HA-IKKa(KM) resulted in isolation of cytokine-stimu-
lated IKK activity that, after TNF stimulation, was 2- to
3-fold lower than the one formed by wild-type HA-IKKa

isolated from TNF-stimulated cells. It should be noted
that as the expression level of HA-IKKa(K44M) increases,
the IkB kinase activity brought down by the anti-HA
antibody does not decrease. Similarly, expression andFigure 4. HA-IKKa and HA-IKKb Are Incorporated into Two IKK
immunoprecipitation of HA-IKKb(K44A) resulted in for-Complexes
mation of a cytokine-responsive IKK activity that, afterHeLa cells were transiently transfected with either empty expression

vector, HA-IKKb, or HA-IKKa expression vectors (1 mg DNA/60 mm TNF stimulation, was 3- to 5-fold lower than the IKK
plate). After 24 hr, the cells were stimulated or not with TNF (20 activity generated by wild-type HA-IKKb isolated from
ng/ml for 10 min) and lysed. The lysates were chromatographed on TNF-stimulated cells. Like IKKa(KM), increased expres-
a Superose 6 gel filtration column, and the IkB kinase activity present

sion of HA-IKKb(KA) does not result in a decrease inin each fraction was determined after immunoprecipitation with ei-
the IkB kinase activity brought down by the HA antibody.ther anti-IKKa or anti-HA. The positions at which molecular weight
By contrast to overexpression of wild-type HA-IKKb,size markers (in kilodaltons) elute from this column are indicated,

as well as the antibody used for each immunocomplex kinase assay. overexpression of HA-IKKb(KA) did not result in genera-
tion of basal IKK activity. Immunoprecipitation experi-
ments indicated that IKKa(KM) can still associate with
IKKb and that IKKb(KA) can associate with IKKa (FigurekDa and a smaller one of approximately 300 kDa. Stimu-
5C). These experiments also indicated that both IKKalation with TNF increases the IkB kinase activity of both
and IKKb can undergo homotypic interactions that ap-complexes, but the extent of increase was considerably
peared to be as efficient as the heterotypic interactions.higher for the larger complex, which corresponds to the
However, the lack of obvious inhibitory effect causedpreviously characterized 900 kDa IKK complex (DiDo-
by overexpression of either IKKa(KM) or IKKb(KA) re-nato et al., 1997). The HA-IKKb-associated IkB kinase
veals that the homotypic complexes make a minor con-activity has exactly the same distribution as the IKKa-
tribution to total IkB kinase activity. We also examinedassociated activity: eluting both at 900 and 300 kDa.
the autophosphorylation of wild-type and kinase-defec-Again, the extent of TNF responsiveness was consider-
tive HA-IKKa and HA-IKKb in transiently transfectedably higher for the larger complex. Comparison to the
HeLa cells. HeLa cells expressing these proteins wereIKKa-associated activity in vector-transfectedcells indi-
treated or not with TNF for 10 min and cell lysates werecated that HA-IKKb expression resulted in a modest
immunoprecipitated with HA antibodies. Immunecom-increase (z2-fold) in the relative amount of IkB kinase
plexes were subjected to a phosphorylation reactionactivity associated with the smaller 300 kDa complex.
(Figure 5D). Both wild-type HA-IKKa and wild-type HA-Most likely, the smaller IKK complex contains both IKKa
IKKb were phosphorylated, and their autophosphory-and IKKb, as does the larger complex, but is missing
lation appeared to be enhanced in TNF-stimulated ex-some of the other subunits present in the latter. When
tracts. However, complexes containing kinase-defectiveIKKb is overexpressed, the relative amount of the
IKKa or IKKb mutants did not exhibit any significantsmaller complex increases, suggesting that some of the
autophosphorylation.subunits that are unique to the larger complex are pres-

ent in a limited amount. Immunoblot analysis indicates
that both HA-IKKa and HA-IKKb were present in the

The Role of the LZ and HLH Motifslarge and small IKK complexes (data not shown).
Both IKKa and IKKb contain LZ and HLH motifs that are
known to mediate protein–protein interactions through
their hydrophobic surfaces. To determine the role ofBoth IKKa and IKKb Contribute to IKK Activity

As the IKK complex contains two protein kinase sub- these regions, we substituted L462 and L469 within the
LZ region of IKKa with serine residues. To generate theunits, we wanted to assess their relative contribution to

IkB kinase activity. We therefore substituted the lysine HLH-defective mutant of IKKa, we substituted L605 with
arginine (R) and F606 with proline (P) (Figure 6A). We(K) codon present at position 44 of both enzymes with

either methionine (M) oralanine (A) codons.The resulting examined the activityof the IKKa LZ2 and HLH2 mutants
by transient expression in 293 cells either on their ownmutants, by comparison to other protein kinases (Taylor

et al., 1992), should be defective in binding ATP and or in the presence of cotransfected Flag-IKKb. While
expression of wild-type HA-IKKa generated substantialtherefore catalytically inactive. We first compared the
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Figure 5. Both IKKa and IKKb Contribute to
IkB Kinase Activity

(A) HA-tagged wild-type (WT) and kinase-
defective mutant forms of HA-IKKa and
HA-IKKb were produced by cell-free transla-
tion in reticulocyte lysates. The two kinases
were labeled with 35S-methionine and their
IkB kinase activities measured by immuno-
complex kinase assays using anti-HA for im-
munoprecipitation and GST-IkBa(1–54) as a
substrate.
(B) IkB kinase activities associated with wild-
type HA-IKKa and HA-IKKb expressed in in-
creasing amounts (0.1, 0.25, and 0.5 mg) in
293 cells by transient transfection were com-
pared to those associated with the kinase-
defective mutants thereof. Relative specific
kinase activities (RA) were determined as de-
scribed in legend to Figure 3. Expression and
recoveries of the HA-tagged kinases were de-
termined by immunoblotting (IB).
(C) IKKa(KM) can coimmunoprecipitate wild-
type IKKa or IKKb, and IKKb(KA) can coim-
munoprecipitate wild-type IKKa or IKKb. The
proteins were expressed in 293 cells alone or
in combinations as indicated at the top of the
figure. Cells were treated or not with TNF (20
ng/ml for 5 min) and lysed. Cell lysates were
immunoprecipitated with Flag(M2) antibodies
and blotted with both M2 and HA antibodies.
(D) Autophosphorylation of wild-type IKKs
and kinase-defective mutants. HeLa cells
were transfected with 0.5 mg of each con-
struct. Cells were treated with TNF or not and
lysed. Cell extracts were immunoprecipitated
with HA antibodies and washed stringently.
Immunocomplexes were subjected to auto-
phosphorylation using the same conditions
as for the IkB kinase assays.

IKK activity that was isolated by immunoprecipitation used an HA-JNK1 vector as a control. To assess NF-kB
activation in these cells, we examined the subcellularwith anti-HA, very little IKK activity was generated by

either the HA-IKKa(LZ)2 or HA-IKKa(HLH)2 mutants (Fig- distribution of RelA(p65) by indirect immunofluores-
cence. Double staining with both anti-RelA and anti-HAure 6B). Coexpression with Flag-IKKb resulted in a sub-

stantial increase in the IKK activity isolated by immuno- was used to identify the transfected cells. As shown
in Figure 7, expression of moderate amounts of eitherprecipitation of HA-IKKa but had no effect on the very

low activity that coprecipitated with HA-IKKa(LZ)2. wild-type IKKa or IKKb did not result in considerable
stimulation of RelAnuclear translocation. In addition, theCoexpression of Flag-IKKb did, however, stimulate the

low level of IKK activity associated with HA-IKKa(HLH)2. wild-type IKK proteins did not interfere with the nuclear
translocation of RelA induced by TNF treatment. How-Probing the HA immunocomplexes with anti-Flag(M2)

indicated that both wild-type HA-IKKa and HA-IKKa ever, expression of similar levels (determined by the
intensity of the fluorescent signal) of either IKKa(KM) or(HLH)2 associated with similar amounts of Flag-IKKb,

but the HA-IKKa(LZ)2 mutant did not associate with IKKb(KA) inhibited the nuclear translocation of RelA in
TNF-treated cells. As expected, expression of HA-JNK1Flag-IKKb (Figure 6B, bottom panel). These results

suggest that the lower IkB kinase activity associated had no effect on the subcellular distribution of RelA.
As the subcellular distribution of RelA is dependentwith the IKKa(LZ)2 mutant is due to a defect in interac-

tion with IKKb. The lower IkB kinase activity of the IKKa on thestate and abundance of IkB, theseresults indicate
that expression of either IKKa(KM) or IKKb(KA) can in-(HLH)2 mutant, on the other hand, is most likely due to

a defect in interaction with another protein, as it appears hibit the induction of IkB phosphorylation and degrada-
tion by TNF.to be fully capable of interaction with IKKb.

Both IKKa and IKKb Are Necessary Discussion
for NF-kB Activation
To examine the contribution of IKKa and IKKb to NF-kB We have recently purified a 900 kDa protein kinase com-

plex, IKK, that phosphorylates IkBa and IkBb on theactivation in living cells, we transfected HeLa cells with
expression vectors encoding HA-tagged wild-type N-terminal sites that control their turnover (DiDonato et

al., 1997). The relationship between IKK and a previouslyIKKa, IKKa(KM), wild-type IKKb, and IKKb(KA). We also
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IKKa(KM) mutant (data not shown). In fact, transient
expression and immunoprecipitation of IKKa(KM) from
either HeLa or 293 cells resulted in isolation of cytokine-
responsive IkB kinase activity that was activated with
essentially the same kinetics as the activity formed by
wild-type IKKa. The IKK activity associated with IKKa

(KM) isolated from TNF-stimulated cells was only 2- to
3-fold lower than the activity associated with wild-type
IKKa isolated from such cells, thereby providing a partial
explanation to the poor inhibitory activity of this mutant.
Furthermore, in vitro translation of IKKa(KM) in reticulo-
cyte lysates resulted in isolation of IkB kinase activity
that was only slightly lower than the one formed by wild-
type IKKa. While it was formally possible that the K-to-M
substitution in the ATP binding site did not abolish the
catalytic activity of IKKa, we considered this explanation
highly unlikely because wild-type IKKa immunocom-
plexes can phosphorylate a coprecipitating protein with
a size similar to IKKa itself while no such activity was
associated with IKKa(KM) immunocomplexes (see Fig-

Figure 6. The Protein Interaction Motifs of IKKa Are Important for ure 5D). Further investigation indicated that the residual
IkB Kinase Activity IkB kinase activity associated with IKKa is due to the
(A) Schematic representation of wild-type (WT) IKKa and mutants presence of a second protein kinase subunit in the IKK
with defective HLH and LZ motifs. KD, kinase domain.

complex, IKKb. The results described above indicate(B) 293 cells were transfected with either empty expression vector
that IKK activity and NF-kB activation are dependent(V) or expression vectors specifying wild-type HA-IKKa, HA-
on both IKKa and IKKb. Furthermore, IKKa and IKKbIKKa(LZ)2, or HA-IKKa(HLH)2. Transfection was done in presence of

Flag(M2)-IKKb expression vector or an equivalent amount of empty are likely to function as two catalytic components of the
expression vector. After 24 hr, the cells were lysed and immunopre- same IKK complex rather than to form two parallel IkB
cipitated with anti-HA. The immunocomplexes were collected and kinases.
tested for their ability to phosphorylate GST-IkBa(1–54); (top panel,

Like IKKa, IKKb was isolated as a component of theKA). Immunoblot (IB) analysis with anti-HA and anti-Flag(M2) anti-
IKK complex. Examination of the elution profiles of thebodies was used to determine the content of HA-IKKa and Flag-
various columns used in IKK purification indicated thatIKKb in the different immunocomplexes. ns, none specific band.
IKKa and IKKb copurified in similar amounts and are
both present in the 900 kDa IKK complex. IKKb is 52%

described complex that can phosphorylate IkB (Chen identical to IKKa and, like IKKa, it contains a serine
et al., 1996; Lee et al., 1997) is not yet clear. IKK activity kinase domain in its N-terminal half and LZ and HLH
is rapidly stimulated by the proinflammatory cytokines motifs in its C-terminal half (Figure 8). Like IKKa, tran-
TNF and IL-1. We determined the sequence of one of the sient expression of epitope-tagged IKKb in HeLa cells
IKK components and found it to be identical to CHUK, a and immunoprecipitation results in isolation of cytokine-
previously described protein kinase of unknown function responsive IKK activity. The situation is somewhatdiffer-
(Connelly and Marcu, 1995). As CHUK is a component ent in 293 cells where IKKa-associated kinase activity
of the IKK complex, we refer to it as IKKa. Immunopre- is tightly regulated even after expression of high levels
cipitation of IKKa aftereither in vitro translation in reticu- of exogenous IKKa, but increased expression of exoge-
locyte lysates, or transient expression in TNF- or IL-1- nous IKKb results in higher levels of basal IKK activity
stimulated HeLa or 293 cells, results in isolation of IkB and loss of inducibility (Figure 3B). The exact reason for
kinase activity, whose substrate specificity is identical this difference is not fully clear, but it should be noted
to that of purified IKK (DiDonato et al., 1997). We demon- that the specific activities of the IkB kinase associated
strated the involvement of IKKa in NF-kB activation by with either epitope-tagged IKKa or IKKb isolated from
showing that its increased expression stimulated IkBa TNF-stimulated cells are identical and not affected by
phosphorylation and degradation, as well as NF-kB- the level of IKKa or IKKb expression. Therefore, it seems
dependent reporter gene expression. The inhibition of that elevated expression of IKKb either results in titration
IKKa expression by the use of an antisense RNA expres- of a negative regulator or in formation of a subcomplex
sion vector resulted in inhibition of NF-kB activation with constitutive kinase activity because it does not as-
(DiDonato et al., 1997). IKKa was also cloned as a protein sociate with a negative regulator. As both IKKa and
that interacts with another protein kinase involved in IKKb can also undergo homotypic interaction, it is also
NF-kB activation called NIK (Régnier et al., 1997). Pre- possible that the high basal activity associated with
viously, the catalytic activity of NIK was shown to be overexpressed IKKb is due to formation of IKK com-
essential for NF-kB activation by either TNF or IL-1 (Mali- plexes containing only IKKb subunits. The majority of
nin et al., 1997). Likewise, a catalytically inactive mutant exogenously expressed IKKa is incorporated into the
of IKKa was reported to block NF-kB activation by TNF large 900 kDa IKK complex (Figure 4). While much of
or IL-1 (Régnier et al., 1997). We, however, did not ob- the exogenous IKKb is also incorporated into this com-
serve considerable inhibition of NF-kB-dependent tran- plex, a considerable portion is incorporated into the

smaller 300 kDa IKK complex. While in HeLa cells, thescription after expression of the catalytically inactive
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Figure 7. Expression of Catalytically Inactive IKKa or IKKb Inhibits TNF-Induced Nuclear Translocation of RelA (p65)

HeLa cells grown on glass cover slips were transfected with expression vectors encoding HA-tagged JNK1, wild-type IKKa, IKKa(KM), wild-
type IKKb, or IKKb(KA). After 24 hr, the cells were stimulated or not with TNF (20 ng/ml) for 30 min, fixed and stained with anti-RelA(p65) to
examine the subcellular distribution of RelA, anti-HA to identify the transfected cells. Shown are representative transfected cells expressing
moderate levels of the various proteins. In response to incubation with TNF, RelA translocated to the nucleus in cells expressing JNK1, wild-
type IKKa, or wild-type IKKb. Expression of IKKa(KM) or IKKb(KA), however, inhibited TNF-induced nuclear translocation of RelA.

activity of the smaller IKK complex is cytokine inducible examines the activity of the complex containing the HA
epitope). The same is expected for expression of catalyt-like that of the larger complex (Figure 4), in 293 cells

expressing high levels of IKKb, the activity of the smaller ically inactive IKKb(KA). This is not what is observed
(Figure 5B). Expression of various amounts of IKKa(KM)IKK complex is constitutive (data not shown).

An important question is whether IKKa and IKKb are and IKKb(KA) results in a similar degree of inhibition of
IKK activity ranging from 3- to 5-fold reduction in thetwo essential components of a single IKK complex or

whether they form two independent complexes. While specific activity of the TNF-stimulated complex. Under
no conditions did we observe complete loss of IkB ki-immunoprecipitation experiments indicate that IKKa

and IKKb can undergo both homotypic and heterotypic nase activity. The most likely interpretation of these and
other results is that the major form of IKK contains bothinteractions, several results suggest that the homotypic

complexes make little contribution to IkB kinase activity. IKKa and IKKb and is dependent on both of them. We,
however, do not exclude the possibility that homotypicIf IKKa and IKKb do function only as two parallel com-

plexes making equal contributions to total IKK activity, IKKa and IKKb complexes do exist and may carry out
different functions in the cell.one would expect that, as more catalytically inactive

IKK(KM) is expressed, more inhibition of IKK activity Within the major IKK complex, IKKa and IKKb appear
tomake equal contributions to IkB kinase activity. Unlikeshould occur (as the endogenous IKKa is being titrated

out reaching a maximum of 100% inhibition when one IKKa(KM), IKKb(KA) iscompletely inactive when produced
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gene assays, and an incomplete inhibition of IKK activity
may still appear as dramatic inhibition of RelA nuclear
translocation when examined by indirect immunofluo-
rescence, while the residual amount that enters the nu-
cleus can still contribute to a low level of reporter gene
activation.

Although an IKK complex containing one active pro-
tein kinase (IKKa or IKKb) and one catalytically inactive
protein kinase still exhibits substantial IkB kinase activ-
ity, LZ-defective mutants of IKKa or IKKb exhibit highly
reduced IkB kinase activities. These mutants fail to (or
very poorly) interact with the corresponding wild-type
subunits, indicating that the kinase domains of either
IKKa or IKKb do not form functional IkB kinases, even
after expression in mammalian cells, unless complexed
with other proteins. These results are consistent with
those of in vitro translation experiments which reveal
that IKKa or IKKb synthesized in wheat germ extract
are unable to phosphorylate IkB even after cotranslation
(data not shown). Most likely, formation of functional
IkB kinase activity requires the association of IKKa and
IKKb with regulatory subunits (Figure 8). We envision
that these subunits act in a manner akin to that of theFigure 8. A Hypothetical Diagram Illustrating the Composition of
cyclins which are essential for CDK activity (Morgan,the IKK Complex Most Consistent with the Mutant Analysis
1995). An interesting mutant that supports this interpre-We envision the IKK complex to contain two protein kinase subunits
tation is IKKa with a defective HLH motif, IKKa(HLH)2.IKKa and IKKb, both of which contribute to IkB phosphorylation.

The interaction between IKKa and IKKb is mediated by their leucine This mutant binds to IKKb as efficiently as wild-type
zippers (LZ) while their helix-loop-helix (HLH) motifs may serve as IKKa does, but the resultant complex has only 10% of
binding sites for the binding of regulatory subunits (REG) necessary the IkB kinase activity of a complex containing wild-
for kinase activation. Potential regulation and activation of IKK may

type IKKa and IKKb. As IKKa(HLH)2 has an intact kinasebe exerted either through phosphorylation of IKKa and IKKb or
domain, this result suggests that the HLH may serve asthrough the regulatory subunit.
a binding site for regulatory subunit(s) that are necessary
for activation of either IKKa or IKKb (Figure 8). Indeed,

by cell-free translation in reticulocyte lysates (Figure 5A). similar results were obtained by examination of an
The basis for this difference is not yet clear but perhaps IKKb(HLH)2 mutant (data not shown). Further analysis
these lysates contain high levels of active IKKb available of the IKK complex should result in the identification of
for interaction with IKKa, but low levels of active IKKa, these subunits. It would also be of interest to determine
with which IKKb interacts. However, in mammalian cells whether IKKa or IKKb have additional functions either
IKKb(KA) behaves essentially like IKKa(KM): its expres- as components of IKK or as components of other kinase
sion and immunoprecipitationfrom TNF-stimulated cells complexes.
results in isolation of IKK activity that is 3- to 5-fold
lower than the one formed by wild-type IKKb in these Experimental Procedures
cells. Unlike wild-type IKKb, overexpression of IKKb(KA)

Purification and Cloning of IKKbdoes not result in any basal IKK activity. We find that
IKKb was purified, as previously described, as part of the IKK com-IKKa(KM) can still coprecipitate with IKKb, whereas IKK-
plex (DiDonato et al., 1997). After final purification by SDS–PAGE,b(KA) coprecipitates with IKKa. The most parsimonious
the IKKb band was subjected to in situ proteolysis and the sequence

interpretation of these results is that the catalytic activi- of five peptides obtained after digestion with Lys-C was determined
ties of both IKKa and IKKb contribute to IKK activity. (by Dr. T. W. Thannhauser). A GenBank search resulted in identifica-
Thus, the activity associated with IKKa(KM) is due to tion of an EST that contained two of the peptides and that EST was

polymerase chain reaction amplified and used as a probe to isolatethe presence of wild-type IKKb whereas the activity as-
a cDNA clone containing the complete IKKb ORF.sociated with IKKb(KA) is due to its interaction with wild-

type IKKa. Since a complex in which one of the two
Kinase Assays, Immunoprecipitations,subunits is catalytically inactive is always partially func-
and Immunofluorescencetional, it follows that the two kinases are not necessary
IkB kinase assays and immunoprecipitations were done as de-

for stimulation of each other’s activity even though the scribed (DiDonato et al., 1997). A polyclonal antiserum to IKKa was
catalytically inactive mutants are no longer subject to raised in rabbits using His-tagged IKKa expressed in E. coli, as an

immunogen. These antibodies do not cross-react with IKKb (dataautophosphorylation. By examining IkB phosphoryla-
not shown).tion in intact cells through determination of the subcellu-

HeLa cells were grown on glass cover slips in growth media. Cellslar distribution of RelA(p65), which is regulated by IkB,
were transfected with 1 mg of plasmid DNA by the lipofectaminewe find that expression of either IKKa(KM) or IKKb(KA)
method. After 24 hr, cells were washed with PBS and fixed with

can inhibit the nuclear translocation of RelA induced by 3.5% formaldehyde in PBS for 15 min at room temperature. Cells
TNF (Figure 7). However, it should be noted that this were permeabilized with 0.02% NP-40 in PBS for 1 min. Cells were

then incubated in 100% goat serum at 48C for 12 hr. Cells wereassay is not as sensitive as the IkB kinase or the reporter
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washed 3 times with PBS and incubated with a mixture of a rabbit Chen, Z.J., Parent, L., and Maniatis, T. (1996). Site-specific phos-
phorylation of IkBa by a novel ubiquitination-dependent protein ki-antibody specific for NF-kB p65 (1:100 dilution) (Santa Cruz Biotech,

cat.# SC-372) and a mouse monoclonal anti-HA antibody in PBS nase activity. Cell 84, 853–862.
containing 1% BSA, 0.2% Triton X-100 for 2 hr at 378C. Cells were Connelly, M.A., and Marcu, K.B. (1995). CHUK, a new member of the
washed 3 times with PBS 1 0.2% Triton X-100. Cells were incubated helix-loop-helix and leucine zipper families of interacting proteins,
with secondary antibodies, fluorescein-conjugated goat affinity pu- contains a serine-threonine kinase catalytic domain. Cell Mol. Biol.
rified anti-mouse IgG-IgM and rhodamine-conjugated IgG fraction Res. 41, 537–549.
goat anti-rabbit IgG (Cappel), at a dilution of 1:200 for 2 hr at room DiDonato, J.A., Hayakawa, M., Rothwarf, D.M., Zandi, E., and Karin,
temperature. Cells were washed 4 times with PBS 1 0.2% Triton M. (1997). A cytokine-responsive IkB kinase that activates the tran-
X-100. Cells were covered with a drop of mounting solution (gelva- scription factor NF-kB. Nature 388, 548–554.
tol), viewed, and photographed using a Zeiss Axioplan microscope

DiDonato, J.A., Mercurio, F., and Karin, M. (1995). Phosphorylationequipped for epifluorescence with the aid of fluorescein- and rhoda-
of IkBa precedes but is not sufficient for its dissociation from NF-mine-specific filters.
kB. Mol. Cell. Biol. 15, 1302–1311.

DiDonato, J.A., Mercurio, F., Rosette, C., Wu-li, J., Suyang, H.,Plasmids, Cell Culture, and Transfection
Ghosh, S., and Karin, M. (1996). Mapping of the inducible IkB phos-All plasmids wereconstructed by standard recombinant DNA proce-
phorylation sites that signal its ubiquitination and degradation. Mol.dures; details are available upon request. Site-directed mutagenesis
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culture and transfections were as previously described (DiDonato et Hsu, H., Shu, B.H., Pan, M.G., and Goeddel, D.V. (1996). TRADD-
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