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Abstract Human T-cell leukemia virus type 1 oncoprotein Tax
activates NF-xB through direct binding to IKK-y, the regulatory
component of the IxB kinase complex. Mechanisms by which
IKK-y adapts the Tax signal to the IxB kinase are poorly under-
stood. Here we demonstrate that IKK-y forms homodimer and
homotrimer both in vitro and in yeast or mammalian cells
through a C-terminal domain comprising amino acids 251-
419. In contrast, Tax protein targets a central region of IKK-
Y, which consists of amino acids 201-250. Interestingly, Tax
stimulates the oligomerization of IKK-y, likely through direct
binding. Taken together, our findings suggest a new model of
Tax activation of NF-xB, in which Tax interacts with IKK-y to
stimulate its oligomerization.

© 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is the caus-
ative agent of adult T-cell leukemia [1,2]. HTLV-1 encodes a
40-kDa oncoprotein Tax, whose expression is required and
sufficient for immortalization of T-lymphocytes [3,4], trans-
formation of murine fibroblasts [5], and formation of tumors
in transgenic mice [6,7]. Tax potently activates transcription
driven by the viral long terminal repeat and it regulates var-
ious cellular genes responsive to NF-kB, CREB, and SRF
[2,8]. In addition, Tax modulates cell cycle progression and
subverts several checkpoints that monitor DNA damage and
spindle assembly [2,9-13].

NF-xB represents a major cellular signaling pathway tar-
geted by Tax [14-16]. Through NF-kB, Tax dysregulates the
expression of various cytokines and proto-oncogenes. One
mechanism by which Tax activates NF-kB involves direct in-
teraction with IKK-y, also known as NEMO [17], the regu-
latory component of the IxB kinase (IKK) complex [18-21]. It
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is thought that IKK-y adapts a Tax-specific activation signal
to IKK-o and IKK-B, which catalyze the phosphorylation of
IxB-a leading to its ubiquitination and degradation followed
by nuclear translocation and activation of NF-xB [22]. How-
ever, it is poorly understood exactly how Tax interaction with
IKK-y activates IKK and NF-kB.

IKK-y is capable of recruiting IKK-o,, IKK-B and the IxB
proteins to the IKK complex [23,24]. In addition, emerging
evidence has suggested induced oligomerization of IKK-y as a
mechanism for adapting the activation signal from upstream
stimulators to IKKs [25-28]. In light of this, here we inves-
tigate the influence of Tax on IKK-y oligomerization in the
model organism Saccharomyces cerevisiae and in cultured
mammalian cells. We show that IKK-y dimerizes and trimer-
izes both in vitro and in yeast or mammalian cells. In addi-
tion, Tax stimulates IKK-y oligomerization likely through di-
rect binding. We propose a new model of Tax activation of
NF-xB in which Tax-induced oligomerization of IKK-y rep-
resents a critical step.

2. Materials and methods

2.1. Expression and Purification of Histidine-tagged IKK-y

A DNA fragment containing human IKK-y cDNA [29,30] was
ligated into expression vector pTRCHis (Invitrogen). Histidine-tagged
IKK-y was expressed in Escherichia coli BL21 (DE3) and purified
using procedures recommended by Invitrogen. His-IKK-y was eluted
from Probond resin with a buffer containing 200 mM imidazole. Pro-
teins were analyzed on 10% SDS-PAGE. Western blotting was per-
formed with a mouse anti-IKK-y antibody (Transduction Laborato-
ries).

2.2. Chemical cross-linking of purified IKK-y

Purified recombinant IKK-y (approximately 2 pg in 10 pl) was in-
cubated with 1 pl of freshly prepared 100 uM bis(sulfosuccinimidyl)
suberate (Pierce Biotechnology) at ambient temperature for 15 min.
The reaction was stopped with the addition of 1 M Tris (pH 7.5).

2.3. Yeast two-hybrid assay

Yeast two-hybrid assays based on Gal4 DNA-binding domain and
Gal4 activation domain (BD and AD) fusions were carried out in
strains SFY526 and Y187 as previously described [31,32]. cDNAs
coding for IKK-y mutants were generated by PCR and verified by
DNA sequencing. Plasmids for the expression of AD-IKK-y, BD-Tax,
AD-Tax and AD-Int6 in yeast have been described [31-34]. For the
expression of BD fusion proteins, cDNAs encoding the IKK-y mu-
tants were subcloned into plasmid pAS2-1 (Clontech). Details of plas-
mids and primers will be available upon request.

2.4. Luciferase assay

HelLa cells were propagated in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum. JPX9 cells were cultured in
RPMI 1640 medium containing 10% fetal calf serum. The expression

0014-5793/02/$22.00 © 2002 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.

PII: S0014-5793(02)03590-1


mailto:dyjin@hkucc.hku.hk

G.-J. Huang et al.IFEBS Letters 531 (2002) 494-498

of Tax in JPX9 cells was induced by adding 25 uM CdSOj to the
culture for 3 h. For luciferase assay, cells were grown in six-well cul-
ture plates and transfected with Lipofectamine 2000 (Invitrogen). Lu-
ciferase activity was measured as described [33] using the Dual-
Luciferase® reagents (Promega). Plasmids for mammalian two-hybrid
analysis based on Gal4 BD and VP16 activation domain (VP) fusions
were from Clontech. Reporter plasmid pGal-LUC as well as expres-
sion plasmids for Tax, Tax mutant S258A and hemagglutinin (HA)-
tagged IKK-y have been described [19,33]. Reporter plasmid pxB-
LUC was from Stratagene. Transfection efficiencies were normalized
with a pRL-TK control reporter (Promega) expressing Renilla lucif-
erase.

2.5. Protein interactive assay

Glutathione S-transferase (GST) pull-down assay was performed as
described [11,19]. Plasmid pGST-M3 contains the cDNA for M3 mu-
tant of IKK-y inserted into pGEX4T-1 (Amersham Pharmacia). Plas-
mid pMBP-Tax has been described [19]. Expression and purification
of GST, GST-M3 and maltose-binding protein (MBP)-Tax from
E. coli were carried out as per protocols recommended by Amersham
Pharmacia and New England BioLabs [11,19]. Mouse anti-Tax mono-
clonal antibody (clone 168A51-42) has been described [11].

BD-IKK-y and HA-IKK-y was co-precipitated from extracts of
JPX9 cells using a mouse anti-BD antibody (clone RK5CI from San-
ta-Cruz). Rabbit polyclonal anti-HA antibody was from Santa-Cruz.
Experimental procedures for co-immunoprecipitation have been de-
tailed elsewhere [11].

3. Results

3.1. Dimerization and trimerization of purified IKK-y
Enforced oligomerization of IKK-y by fusing it to a
FKBP12/Fpk domain that oligomerizes in response to a syn-
thetic organic ligand has been shown to activate IKK and
NF-xB [25-27]. In line with this, co-immunoprecipitation of
T7-tagged and FLAG-tagged IKK-y from 293 cells indicates
the self-association of IKK-y [35]. To obtain direct evidence
for the oligomerization of IKK-y, we attempted in vitro chem-
ical cross-linking of purified IKK-y protein. IKK-y proteins
were treated with bis(sulfosuccinimidyl) suberate, a water-
soluble homobifunctional cross-linker, and then analyzed by
SDS-PAGE and Western blotting (Fig. 1). Notably, reaction
of IKK-y with the cross-linker yielded two additional species
with molecular weights corresponding to IKK-y dimer and
trimer, respectively (Fig. 1, compare lane 2 to lane 1). A
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Fig. 1. Dimerization and trimerization of IKK-y. His-tagged IKK-y
was purified from E. coli, chemically cross-linked in vitro, and ana-
lyzed by SDS-PAGE and Western blotting with an anti-IKK-y anti-
body.
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Fig. 2. Oligomerization of IKK-y through a C-terminal domain.
A: Diagram of IKK-y truncated mutants. The coiled coil region is
predicted as described elsewhere [32]. CRR: cysteine-rich region.
B: Mapping of the oligomerization domain. Intersubunit interaction
was assessed by yeast two-hybrid assay. Two previously reported
[31,33] interactive pairs (Cl: BD-Tax+AD-Tax; C2: BD-Tax+AD-
Int6) are shown as positive controls. SFY526 yeast cells co-trans-
formed with plasmids expressing AD-IKK-y and BD fusions of the
indicated IKK-y mutants (M1-M6) were measured for B-galactosi-
dase activity (B-gal act.). Similar results were obtained in three inde-
pendent experiments.

protein band consistent with the size of IKK-y monomer
was observed in both untreated (Fig. 1, lane 1) and treated
(Fig. 1, lane 2) samples. Our interpretation of these data is
that a fraction of IKK-y forms dimer and trimer, which co-
exist with monomer. The three forms are probably inter-
changeable and in equilibrium.

3.2. IKK-y oligomerizes through a C-terminal domain

A previous study based on co-immunoprecipitation has
mapped the oligomerization domain of human IKK-y to res-
idues 201-300 [35]. A more recent report based on in vitro
assay of recombinant protein suggests that residues 242-388
of mouse IKK-y harbors the oligomerization domain [28].
With this in mind, we took a different approach to defining
the oligomerization domain of IKK-y.

A complete functional reconstitution of human IKK com-
plex has been demonstrated in budding yeast and this recon-
stituted system has been successfully used to study the role of
IKK-y on the assembly and activity of IKK complex [36].
IKK activity in yeast affords a rapid and powerful means of
dissecting molecular interactions within eukaryotic cells. To
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define the oligomerization of IKK-y in detail, we used reporter
yeast strain SFY526 that has been engineered to switch on
B-galactosidase expression in response to Gal4 binding to up-
stream activating sequence (UAS) and subsequent activation
of transcription. The yeasts were co-transformed with AD-
IKK-y plasmid and a plasmid expressing BD fusions of var-
ious truncated mutants (M1-M6) of IKK-y, as illustrated in
Fig. 2A. The rationale is that when AD-IKK-y physically
interacts with BD-IKK-y mutant, a strong Gal4 activation
domain will be brought proximal to the promoter, thereby
potently activating the expression of B-galactosidase reporter.

We observed that the B-galactosidase activities induced by
BD-IKK-y M5 and AD-IKK-y or by BD-IKK-y M6 and AD-
IKK-y were comparable to those from two previously re-
ported [31,33] interactive pairs BD-Tax plus AD-Tax and
BD-Tax plus AD-Int6 (Fig. 2B). Thus, wild-type IKK-y con-
taining residues 1-419 interacts with IKK-y M6 comprising
residues 251-419, whereas residues 1-250 are dispensable for
self-association of IKK-y. That is to say, oligomerization of
IKK-y is likely mediated through residues 251-419. Our re-
sults are generally consistent with the recent finding that IKK-
v oligomerization domain maps to 242-388 [28].

3.3. Tax targets residues 201-250 of IKK-y

We and others have shown that HTLV-I Tax activates IKK
and NF-xB through direct interaction with IKK-y [18-21]. It
is also understood that Tax protein is functional in yeast
[31,32,37]. Thus we sought to define the Tax-binding domain
in IKK-y by using the yeast interactive assay. For this assay,
we co-expressed BD-Tax and AD fusion proteins of various
IKK-y mutants in the reporter yeast (Fig. 3A). We noted that
the M3 mutant of IKK-y comprising residues 201-250 and the
other two mutants M1’ and M5 containing the same region
were capable of binding to Tax. In this setting, these IKK-y
mutants interacts with Tax with potency comparable to the
full-length IKK-y. Hence, amino acid residues 201-250 of
IKK-y sufficiently mediate the interaction between IKK-y
and Tax. We do not fully understand why the M2 mutant is
inactive in this assay. One possibility could be that the AD-
M2 fusion protein is not properly expressed or structured in
the yeast cell.

To verify that residues 201-250 are responsible for binding
to Tax in mammalian cells, we asked whether and how the
M3 mutant might influence Tax-induced activation of NF-xB

=
Fig. 3. Tax interacts with amino acids 201-250 of IKK-y. A: Yeast
two-hybrid assay. Protein—protein interactions were assessed as in
Fig. 2. Two control groups (Cl: BD-Tax+AD-Tax; C2’: BD-Tax
alone) were included. SFY526 yeast cells were co-transformed with
plasmids expressing BD-Tax plus AD-IKK-y (WT: wild-type), or
plus the AD fusions of the indicated IKK-y mutants as defined in
Fig. 2A. Similar results were obtained in three independent experi-
ments. B: Repression of Tax activation of NF-xB by the M3 mu-
tant. Reporter plasmid pxB-LUC and plasmids expressing the indi-
cated combinations of proteins were co-transfected into HeLa cells
and the luciferase activity (luc. act.) was measured. The summed to-
tal amounts of plasmids were normalized in all transfections. Cell
transfections were normalized in all experiments by use of a pRL-
TK reporter plasmid, which serves as an internal control. Results
are representative of three independent experiments. C: GST pull-
down assay. GST (lane 1) and GST-M3 (lane 2) proteins were
bound to Sepharose beads. Beads were incubated with MBP-Tax,
and bound proteins were then eluted with 0.5M KCI. Eluates were
analyzed by Western blotting with mouse anti-Tax.
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in HeLa cells (Fig. 3B). If M3 is not the Tax-binding domain,
its expression should have minimal effect on Tax activation of
NF-xB. On the contrary, if it does interact with Tax, M3,
which lacks other functional domains to activate IKK and
NF-xB, would probably squelch active Tax leading to a
shut-down of NF-xB activation. Indeed, we observed that
the co-expression of M3 with Tax led to significant and
dose-dependent inhibition of NF-xB activity induced by Tax
(Fig. 3B, compare columns 4 and 5 to column 2). Generally
consistent with our previous data [30], the overexpression of
IKK-y enhanced the Tax-dependent activation of NF-«xB (Fig.
3B, compare column 3 to column 2).

The above results from both yeast and mammalian cells
pointed to an interaction between Tax and residues 201-250
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of IKK-y. To obtain evidence for direct physical contact be-
tween these two entities, we performed in vitro pull-down
assay using recombinant GST-M3 and MBP-Tax proteins pu-
rified from E. coli. As shown in Fig. 3C, MBP-Tax bound to
GST-M3 (lane 2) but not to GST alone (lane 1). Thus, all
three lines of data consistently support a direct interaction
between Tax and residues 201-250 of IKK-y.

3.4. Tax stimulates IKK-y oligomerization in mammalian cells

Tax functions optimally as a homodimer [31,38]. Tax has
also been demonstrated to facilitate dimerization of various
bZIP transcription factors leading to enhancement of DNA
binding and thereby stimulation of transcription [39-41]. Pre-
viously we have proposed a pleiotropic mechanism in which
Tax enhances the oligomerization of its various partners [32].
The proposed model and the related findings prompted us to
test whether Tax might influence the oligomerization of
IKK-y.

By analogy with yeast two-hybrid analysis, mammalian
two-hybrid assay can also be used to study protein—protein
interaction in vivo. To explore IKK-y oligomerization and
how this might be influenced by Tax, we designed a modified
two-hybrid assay in cultured mammalian cells. We co-trans-
fected into HeLa cells a pGal-LUC reporter plasmid and
plasmids expressing Gal4-binding domain-IKK-y (BD-IKK-
vy) and VP16 activation domain-IKK-y (VP-IKK-y) fusion
proteins. A well-characterized pair of interactive partners
(BD-p53+VP-T/SV40) was assayed as a positive control
(Fig. 4A, column 1). Notably, the co-expression of VP-IKK-
v with BD-IKK-y conferred a five-fold increase in the read-out
of luciferase activity (Fig. 4A, compare column 4 to column
2), suggesting that the strong activation domain of VP16 was
brought proximal to the promoter through intersubunit inter-
action of the IKK-y oligomer. As a control, either the expres-
sion of BD-IKK-y alone or the co-expression of BD-IKK-y
and Tax, which is a poor activator in yeast [31], was unable to
activate transcription significantly due to the lack of strong
activation domain (Fig. 4A, columns 2 and 3). Consistent
with data from yeast two-hybrid analysis (Fig. 2), the M6
mutant of IKK-y was capable of forming oligomer (Fig. 4A,
column 7), lending further support to the notion that IKK-y
oligomerizes through a C-terminal domain comprising resi-
dues 251-419.

Interestingly, the expression of Tax further stimulated the
luciferase activity induced by BD-IKK-y and VP-IKK-y by
more than two-fold (Fig. 4A, compare column 5 to column
4), suggesting that Tax might enhance IKK-y oligomerization.
This stimulatory effect is not observed with the S258 A mutant
of Tax, which has been shown previously [19] to be defective
for binding to IKK-y (Fig. 4A, compare column 6 to column
4). In addition, Tax was unable to enhance the oligomeriza-
tion of the M6 mutant of IKK-y (Fig. 4A, compare column 8
to column 7), which does not contain a Tax-binding domain.
Thus, Tax stimulation of IKK-y oligomerization is dependent
on the physical interaction between Tax and IKK-y.

To confirm the above findings, we took an independent
approach by expressing differentially tagged IKK-y in JPX9
cells. JPXO cells were derived from Jurkat T-lymphocytes and
the expression of Tax protein in JPX9 can be induced by the
addition of Cd** to the culture [42]. BD-IKK-y and HA-
IKK-y were co-expressed in un-induced and induced JPX9
cells. The oligomerization of IKK-y was then assessed by pre-
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Fig. 4. Tax stimulates IKK-y oligomerization in cultured mammali-
an cells. A: Mammalian two-hybrid assay. Reporter plasmid pGal-
LUC and plasmids expressing the indicated combinations of pro-
teins were co-transfected into HelLa cells and the luciferase activity
(luc. act.) was measured. The summed total amounts of plasmids
were normalized in all transfections. Cell transfections were normal-
ized in all experiments by use of a pRL-TK reporter plasmid, which
serves as an internal control. Results are representative of three in-
dependent experiments. B: Increased oligomerization of IKK-y upon
expression of Tax. Plasmids expressing BD-IKK-y and HA-IKK-y
were transiently transfected into JPX9 cells by electroporation. In-
duction of Tax expression was achieved by adding 25 pM CdSOy4 to
the culture for 3 h. Extracts of un-induced (lane 1) and Cd>*-in-
duced (lane 2) JPX9 cells were immunoprecipitated with mouse
anti-BD antibody. The precipitates were probed by Western blotting
with rabbit anti-HA. Relative intensities of the HA-IKK-y band, as
shown at the bottom, are determined by a densitometer. In separate
control experiments, the addition of Cd** to Tax-non-expressing
Jurkat cells did not affect IKK-y oligomerization (data not shown).

cipitation with a mouse anti-BD antibody followed by West-
ern blotting with a rabbit anti-HA antibody (Fig. 4B). We
noted that the induced expression of Tax conferred a
2.3-fold increase in the amount of HA-IKK-y recovered
from the anti-BD immunoprecipitate (Fig. 4B, compare lane
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2 to lane 1), suggesting that significantly more protein com-
plexes comprising BD-IKK-y and HA-IKK-y had been
formed in the cells. These results agree generally with the
concept that Tax enhances IKK-y oligomerization.

4. Discussion

We demonstrate that IKK-y dimerizes and trimerizes in
vitro (Fig. 1). The oligomerization of IKK-y is mediated
through a C-terminal domain comprising residues 251-419,
as shown in yeasts (Fig. 2) and in cultured mammalian cells
(Fig. 4). The HTLV-1 Tax oncoprotein interacts with a cen-
tral domain of IKK-y comprising residues 201-250 (Fig. 3).
This interaction leads to enhancement of IKK-y oligomeriza-
tion (Fig. 4), which is required for the assembly and activation
of IKK complex. Our findings suggest a new model for Tax
activation of NF-kB in which Tax contacts IKK-y and facil-
itates its oligomerization.

We noted that both the Tax-binding and oligomerization
domains in IKK-y overlap with the extended coiled coil region
(residues 51-353). Coiled coils represent an evolutionarily
conserved motif for protein—protein interaction and a partic-
ular coiled coil structure shared by several Tax-binding pro-
teins including IKK-y is likely recognized by Tax [32]. Inter-
estingly, IKK-y uses a separate coiled coil subdomain to
mediate homo-oligomerization. Thus, protein—protein interac-
tions mediated through coiled coil motifs are highly specific.
We also noted that the C-terminal zinc finger domain of IKK-
v has recently been shown to be necessary for full IKK acti-
vation in response to tumor necrosis factor-o,, UV radiation
and topoisomerase inhibitors [43, 44]. In this regard, it would
be of interest to see whether the zinc finger is also involved in
IKK-y oligomerization.

Mechanistically, induced oligomerization of IKK-y likely
represents a shared critical step where different upstream sig-
nals converge in their activation of IKK and NF-xB. In ad-
dition to Tax, other viral and cellular signaling pathways in-
cluding tumor necrosis factor o, RIP, vCLAP from equine
herpesvirus-2, and Nodl/RICK may operate through the
same mechanism [25-27]. In this regard, it would be of inter-
est to identify additional NF-xB stimuli that can induce
IKK-y oligomerization.
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