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The switching on-and-off of I-kB kinase (IKK) and NF-kB
occurs rapidly after signaling. How activated IKK becomes
down-regulated is not well understood. Here we show that fol-
lowing tumor necrosis factor-a stimulation, protein phospha-
tase 2A (PP2A) association with IKK is increased. A heptad
repeat in IKKvy, helix 2 (HLX2), mediates PP2A recruitment.
Two other heptad repeats downstream of HLX?2, termed coiled-
coil region 2 (CCR2) and leucine zipper (LZ), bind HLX2 and
negatively regulate HLX2 interaction with PP2A. HTLV-1
transactivator Tax also binds HLX2, and this interaction is
enhanced by CCR2 but reduced by LZ. In the presence of Tax,
PP2A-IKKy binding is greatly strengthened. Interestingly, pep-
tides spanning CCR2 and/or LZ disrupt IKK+y-Tax and IKK+y-
PP2A interactions and potently inhibit NF-kB activation by Tax
and tumor necrosis factor-a. We propose that when IKK is rest-
ing, HLX2, CCR2, and LZ form a helical bundle in which HLX2
is sequestered. The HLX2-CCR2-LZ bundle becomes unfolded
by signal-induced modifications of IKKvy or after Tax binding.
In this conformation, IKK becomes activated. IKKy then
recruits PP2A via the exposed HLX2 domain for rapid down-
regulation of IKK. Tax-PP2A interaction, however, renders
PP2A inactive, thus maintaining Tax-PP2A-IKK in an active
state. Finally, CCR2 and LZ possibly inhibit IKK activation by
stabilizing the HLX2-CCR2-LZ bundle.

The kinetics of the NF-«B regulatory pathway, from its acti-
vation to its return to the resting state, is rapid. Within minutes
after treatment with inducers such as interleukin-1, tumor
necrosis factor-a (TNF-@)®, or bacterial lipopolysaccharide,
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I-kB kinase (IKK) is activated. I-kBa and I-kBf in turn become
serine-phosphorylated by IKK and are targeted for polyubiq-
uitination and degradation by proteasome (for a recent review,
see Ref. 1). This leads to nuclear accumulation of NF-«B and
activation of mRNA transcription of a large array of cellular
genes, including that of I-kBa. The surge in mRNA and protein
synthesis of I-kBa is then accompanied by its transport to the
nucleus and the redistribution of NF-«B/I-«kBa complex back
to the cytoplasm (1, 2). Recent studies have indicated that IKK
activity peaks at 10 min and declines to 25% of peak activity at
30 min post-TNF-a induction (3, 4). Coincident with the rapid
rise and fall of IKK activity, I-kBa level becomes undetectable
due to IKK phosphorylation and proteasome degradation at 20
min and reappears at 40 min post-induction as a consequence
of de novo synthesis (3, 4).

The core IKK consists of two highly homologous catalytic
subunits @ and B of 85 and 87 kDa in sizes, respectively, and a
48-kDa regulatory subunit, IKKy/NF-«B essential modulator
(NEMO, referred to as IKK+y herein) (5, 6). Both IKK« and
IKKB contain NH,-terminal kinase domains followed by
leucine zippers (LZ) and helix-loop-helix domains that mediate
protein-protein interactions important for IKK oligomeriza-
tion and kinase activity (6, 7). IKKy also contains extensive
helical regions and leucine zipper domains that are involved in
protein-protein interaction (5, 6). In vivo, the IKK holoenzyme
exists as a large protein complex of at least 700 —900 kDa in size
(6, 7). It is not clear what other protein components are present
in the holo-IKK enzyme complex in addition to IKKe, IKKf,
and IKKYy (6). It has been proposed that the stoichiometry of
IKK holoenzyme is a; 3,7y, or B,7,, with each IKK holoenzyme
containing two IKKy subunits (8). Finally, tetramerization of
IKKy has also been reported to be important for IKK activation
9).

Activation of IKK requires serine phosphorylation of its acti-
vation loop by autophosphorylation and/or by upstream
kinases such as MEKK and TAK]1 (1, 6, 10, 11). Polyubiquitina-
tion of IKKy/NF-«B essential modulator by the ubiquitin ligase,
TRAFG6, also plays a critical role in initiating IKK activation (12,
13). TRAF6 acts upstream of TAK1 and may be responsible for
TAKI1 recruitment to IKK (12, 13). Although the mechanisms
for IKK activation have been extensively studied, the molecular
events that control rapid IKK down-regulation are not well
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understood. Many lines of evidence suggest that the major ser-
ine/threonine protein phosphatase, PP2A, is involved (14 -16).

HTLV-1 Tax activates IKK constitutively (17-22). This is
due in part to a direct interaction between Tax and IKKry (20,
22, 24). While IKKy is essential for IKK activation, the mecha-
nism through which IKKy controls IKK activity remains
unclear. We have shown that via a tripartite interaction, Tax,
PP2A, and IKKy form a stable ternary complex, wherein PP2A
activity is inhibited or diminished due to its interaction with
Tax (16). In essence, IKK is activated by serine phosphorylation
upon extracellular stimulation. Phospho-IKK then becomes
rapidly inactivated by IKKy-associated PP2A, returning it to
the resting state. These results suggest that in HTLV-I infected
or transformed cells, PP2A inhibition by IKKy-bound Tax
maintains IKK in an active, phosphorylated state, causing con-
stitutive phosphorylation and degradation of I-«B (16).

IKK'y contains multiple a-helical heptad repeats that include
HLX1 (helix-loop-helix 1), CCR1 (colied-coil region 1), HLX2,
CCR?2, and LZ (leucine zipper). HLX1 and CCR1 regions are
important for IKKvy interaction with IKK«a and IKK (25, 26). In
this study, the protein-protein interaction of IKK+y, PP2A, and
Tax is investigated. We have localized HLX2 heptad repeat of
IKKYy to be the primary binding domain of PP2A and Tax and
have shown additionally that HLX2, CCR2, and LZ interact
with one another dynamically to modulate PP2A recruitment
and Tax interaction. Our results suggest that the structures of
HLX2, CCR2, and LZ possibly alternate between a helical bun-
dle (closed/inactive conformation) and an extended «a-helix
(open/active conformation) to regulate the accessibility of
HLX2 to PP2A. Tax, through its interaction with HLX2 and
CCR2, maintains IKKy in an open/active conformation.
Although this structure avidly recruits PP2A, the latter is inhib-
ited by Tax, thereby keeping IKK constitutively active. CCR2
and LZ peptides possibly stabilize the HLX2-CCR2-LZ bundle,
thereby keeping IKK+y in a closed conformation and preventing
PP2A and Tax from binding IKKy. These data indicate that the
dynamic interaction of HLX2-CCR2-LZ heptad repeats modu-
lates the recruitment of PP2A and allows IKK'y to function as a
molecular switch that can turn IKK on or off rapidly. HTLV-1
Tax Interaction with IKK+y and PP2A keeps the switch at the
“on” position and IKK constitutively active.

EXPERIMENTAL PROCEDURES

Yeast Two- and Three-hybrid Assays and [-Galactosidase
Assay—Yeast two-hybrid assays were performed in strain L40
(MATa, his3A200, trp1-901, leu2-3112, ade2, LYS2:lexA-HIS3,
URA3::lexA-lacZ) where LacZ and HIS3 are driven by minimal
GAL1 promoters fused to eight and four lexA boxes, respectively
(27). A 2-p plasmid, BTM116 (TRP), containing the LexA DNA-
binding domain (27) was used to produce LexA-IKKry fusions. The
coding sequences for full-length IKK'y and truncated variants were
generated using standard PCR methods. Specific information con-
cerning the oligonucleotide sequence is available upon request.
Constructs were ligated into the EcoRI insertion site of pBTM116.
VP16-PP2A (LEU) contains PP2A _-a cDNA sequence in a 1-kB
Ncol (blunt-ended) and EcoRI fragment joined to the VP16 acti-
vation domain via NotI (blunt-ended) and EcoRI sites. VP16-Tax
was similarly constructed. The coding sequences for CCR2 (IKKy
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250-307), LZ (IKK+y 300-360), and CCR2-LZ (IKKy 250-360)
were generated by PCR using appropriate oligonucleotides and
fused to the VP16 activation domain via EcoRI and BamHI sites.
Specific information concerning the oligonucleotide sequence is
available upon request. For the yeast three-hybrid assays, fax
c¢DNA was placed under the control of the Met-25 promoter on
HO-pMET-poly-KanMX4-HO vector (28) and integrated at the
mating type locus after transformation. The activities of 3-galac-
tosidase were measured using an “enhanced -galactosidase assay
kit (CPRG)” purchased from Gene Therapy Systems (San Diego,
CA) as prescribed by the vender and normalized against the
absorbance unit of each culture. Relative 3-galactosidase activities
are plotted.

Antibodies—Mouse hybridoma antibody 4C5 reacts with
amino acid residues 333-353 of Tax.* Anti-PP2A C subunit
monoclonal antibody reacts with the COOH-terminal amino
acid residues 295-309 of the catalytic subunit of human PP2A
and was from Santa Cruz Biotechnology, Inc., as well as anti-
bodies against PP2A A subunit, actin, VP16, IKKf, and IKKYy.
Antibodies against HA, KT3, and EE epitopes were obtained
from Covance Inc.

Glutathione S-transferase Pulldown Assays—For production
of GST-IKKYy fusion proteins, the coding sequences for full-
length IKKy and truncated variants were generated using
standard PCR methods as above. Constructs were ligated into
the Ncol/EcoRI insertion site of pGEX-2T. Bacterial lysis,
recombinant protein purification, and binding to glutathione
beads was done as described previously (16).

For GST pulldown experiments, 500 ng each of purified GST,
GST-IKKy, or GST-IKKvy truncated variants were incubated
for 30 min at 30 °C with 1.0 ml of cell lysate from 293T cells
transfected with the EE-PP2A A« expression plasmid. Cell
lysate was prepared by incubating ~7 X 10 cells with 1 ml of a
buffer solution containing 25 mm HEPES (pH 7.9), 5 mm KCI,
0.5 mm MgCl,, 0.5 mm EDTA, 1 mg/ml bovine serum albumin,
10% glycerol, 0.15% Nonidet P-40, 0.25 mm dithiothreitol, and
0.5 mM phenylmethylsulfonyl fluoride. Incubation of the lysate
with the beads, washing, and subsequent immunoblots were
done as reported previously (16), except that 120 ul of a 50%
slurry of prewashed glutathione-Sepharose 4B was added to
each binding reaction.

S-Agarose PullDown—Human embryonic kidney (HEK)
293T cells were transfected with one or more of the following
constructs: H6/S-PP2ACq, EE-PP2AAq, HA-IKKy, and
PP2ACa. PCR was used to generate the hexa-histidine and
RNase S-peptide-tagged (H6/S)-PP2ACa cDNA, which was
ligated into the EcoRI/Notl insertion site of pTriEx-4Neo. Cell
lysates from the transfected 293T cells were used for the S-aga-
rose pulldown assay. Lysis buffer contained 50 mm Tris (pH
7.5), 150 mm NaCl, 10 mm EDTA, 1% Triton X-100, and com-
plete protease inhibitor mixture (as prescribed by Roche
Applied Science). Cell lysate, obtained by incubating 7 X 10°
cells with 1 ml of lysis buffer, was mixed with 0.2 ml of S-pro-
tein-agarose beads (Novagen) at 4 °C for 2 h. Beads from each
sample were washed four times with a buffer solution contain-

4S.Hong, L.-C.Wang, X. Gao, Y.-L. Kuo, B. Liu, R. Merling, H.-J. Kung, H.-M. Shih,
and C.-Z. Giam, unpublished results.
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ing 20 mm Tris-HCI (pH 7.5), 150 mm NacCl, 0.1% Triton X-100,
then boiled for 7 min with SDS-PAGE sample buffer and ana-
lyzed by immunoblotting as described previously (16).
Co-immunoprecipitation—For IKKy-HA immunoprecipita-
tion, transfected 293T cells were harvested and washed twice with
cold PBS, lysed with 1 ml of lysis buffer containing 50 mm Tris (pH
7.5), 150 mm NaCl, 10 mm EDTA, 1% Triton X-100, and complete
protease inhibitor mixture (Roche Applied Science), and incu-
bated on ice for 15 min. Cell debris was removed by centrifugation
at 12,000 rpm for 15 min at 4 °C. Lysates were precleared by incu-
bation with 20 ul of 50% slurry of protein G-agrose (Sigma) for 1 h
at 4 °C. Cell lysates were clarified by centrifugation at 12,000 rpm
for 30 min at4 °C. Anti-HA-agarose (Covance) was mixed with the
precleared cell lysates and incubated at 4 °C for 2 h. The reaction

Lysate IP: IKKy
-+

TNFo -+

1 2 3 4

IB: IKKy X —3
B:PP2Ac 4N . =
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FIGURE 1. PP2A interacts with activated IKK. HEK293T cells were treated
with TNF-« (10 ng/ml, 15 min) or not. Shown are immunoblots (/B) of whole
cell lysates (lanes 1 and 2) or anti-IKKy immunoprecipitates (IP) (lanes 3 and 4)
probed with indicated antibodies.
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FIGURE 2. IKKy interacts with PP2A holoenzyme. A, immunoblots (/B) of anti-HA-IKKy immunoprecipitates
(IP: aHA) (top panel) or corresponding input whole cell lysates (bottom panel) from 293T cells transfected with
various combinations of expression plasmids for hexahistidine-S-peptide-tagged PP2ACa subunit (H6/S-
PP2ACw), EE-tagged PP2A A« subunit (EE-PP2AA«), and HA-tagged IKKy (HA-IKK7) (lanes 1-3). HA-tagged IKKy
was substituted with untagged IKK'y as a control (lane 4). B,immunoblots (/B) of RNase S-protein pulldown (top
panel) or corresponding input whole cell lysates (bottom panel) from 293T cells transfected with various com-
binations of the same plasmids as A, except H6/S-PP2ACa was substituted with untagged PP2ACw in lane 4 as
a negative control. G, immunoblots (/B) of anti-HA immunoprecipitates (IP) (top panel) or corresponding whole
cell lysates (bottom panel) from 293T cells transfected with expression plasmids for KT3-tagged PP2A B sub-
units: KT3-PP2AB"72, KT3-PP2AB’y, and KT3-PP2ABq, respectively together with an expression plasmid for
HA-IKKy. In all panels the antibodies used in the immunoblots (/B) are indicated.
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mixtures were then washed three times with cold lysis buffer,
boiled for 7 min with SDS-PAGE sample buffer, and analyzed by
immunoblots as described (16). The IKKy immunoprecipitation
was done similarly, except that IKKyantibody was used. Immuno-
precipitation of whole cell lysates prepared from Jurkat and MT4
cells was similar as above except an anti-PP2A A subnit antibody
and 107 cells each were used; and the lysis buffer contained only
0.1% Trition X-100.

DNA Transfection, TNF-o Induction, and Luciferase Reporter
Assay—The coding sequences for influenza HA-VP16 activa-
tion-domain fusion (HAVP), HAVP-CCR2, HAVP-LZ, and
HAVP-CCR2-LZ were generated by PCR and ligated into the
EcoRI/BamHI insertion site of pcDNA 3.1. HEK293T cells were
seeded in 24-well plates (2.5 X 10* cells/well) and transfected
using the calcium phosphate (Invitrogen) method with 1 ug of
E-selectin-luciferase reporter, 0.5 ug of pRL-TK (Renilla lucif-
erase internal control), and the expression plasmid for the
respective IKKyy peptides (0.25, 0.5, 1.0, and 2 ug). The total
amount of DNA was normalized by the addition of pcDNA3.1.
For TNF-« induction, at 40 h post-transfection, 2 ng/ml human
TNF-« (Sigma) was added, and incubation was continued for
8 h. At the end of TNF-« treatment, the recipient cells were
lysed with a reporter lysis buffer (luciferase reagent, Promega).
Luciferase activity was detected with a luminometer after mix-
ing 10 ul of extract with 25 ul of luciferase substrate (Promega).
For NF-«B activation by Tax, 0.5 ug of Tax expression vector
was transfected into 293T cells.

RESULTS

PP2A Associates with Activated IKK—W e have shown previ-
ously that the catalytic C subunit of PP2A (PP2Ac), Tax, and
IKK form a stable ternary complex

c (16). To investigate the physiologi-

cal role of PP2A in regulating IKK,

IP: HA . o

KT3PPIABT? — - — + we used co-immunoprecipitation to
KT3PP2ABy - - + ~— measure their association in the
KT3-PP2ABa t = presence or absence of extracellular
ey B stimulation. As shown in Fig. 1, only
- H weak IKK-PP2A  binding was
' detectable in 293T cells that were
. — @ resting (Fig. 1, lane 3). Interestingly,

IB: KT3 - .

—_ . when 293T cells were stimulated
with TNF-«, concurrent with IKK
activation and I-«B degradation,

Lysate PP2A binding to IKK was greatly

IB:HA

o

increased (Fig. 1, lane 4). We inter-
pret these data to suggest that the
recruitment of PP2A to IKK is
responsible for the rapid down-reg-
ulation of IKK following TNF-«
signaling.

To determine whether Tax and
IKKy interact with the PP2A
holoenzyme, 293T cells were tran-
siently transfected with expression
plasmids for HA-tagged IKKvy, EE-
tagged PP2A A« (A subunit), and
His/S-peptide-tagged PP2A Ca (C
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FIGURE 3. Tax increases association of PP2A holoenzyme with IKKy.
A, immunoblots (/B) of PP2A A and C subunits and IKKy. Lanes 7 and 2 repre-
sent input lysates of Jurkat (HTLV-1-unrelated) and MT4 (HTLV-1-trans-
formed, Tax-expressing) T cell lines, respectively. Lanes 3 and 4 represent anti-
PP2A Aimmunoprecipitates of Jurkat and MT4, respectively. B, GST pulldown
was carried out as described previously (16). Purified GST and GST-IKKy (were
incubated with purified PP2A (comprising largely of A and C subunits, lane 5)

in the presence or absence of bacterially derived Tax purified on nickel-nitrilo-
triacetic acid-Sepharose via a COOH-termial hexahisitidine tag.

1 2

subunit) in different combinations. Co-immunoprecipitation
with HA antibody indicated that both PP2ACa and PP2AA«
interact with IKKry (Fig. 24). Likewise, pull down of PP2A Cu
using agarose beads conjugated with RNase-S-protein showed
that PP2A Ca interacted with both IKKy and PP2A A« (Fig.
2B). As might be expected, IKKB was also detected in the pull-
down of PP2A Ca.*

We next examined interactions between PP2A B subunits
and IKKvy. Here again, 293T cells were transiently transfected
with expression plasmids for HA-IKKy and each of three KT3-
tagged PP2A B subunits: B, B'y, and B"72, respectively. Immu-
noprecipitation with HA antibody indicated that IKK'y associ-
ated with all three B subunits (Fig. 2C). This suggests that IKKy
probably interacts with multiple isoforms of PP2A holoenzyme
containing different B subunits and is consistent with previous
data showing the C subunit to be the direct mediator of the
interaction.

To confirm a direct interaction between PP2A holoenzyme
with IKKy in vivo, immunoprecipitation was carried out for cell
lysates derived from an HTLV-1-transformed T cell line, M T4,
and an HTLV-1-unrelated T cell line, Jurkat, using the PP2A A
subunit antibody. As expected, PP2A A antibody co-precipi-
tated both the PP2A A and C subunits (Fig. 34, lanes 3 and 4).
Importantly, IKKy also co-precipitated with the PP2A A sub-
unit (Fig. 3A, lanes 3 and 4). Consistent with the notion that
PP2A binding to IKK becomes increased in the presence of Tax,
a higher level of IKKy was found to associate with PP2A in the
MT4 cell lysate (compare Fig. 34, lanes 3 and 4). Finally, puri-
fied PP2A enzyme comprising largely of A and C subunits (from
Upstate Biotechnology Inc.; Fig. 3B, lane 5) was mixed with
GST-IKKvy or GST in the presence or absence of purified, bac-
terially derived Tax protein (16) and incubated with glutathi-
one-agarose beads to pull down GST-IKK<y or GST and the
associated proteins. As shown in Fig. 3B, no interaction
between PP2A with GST was detectable irrespective of the
addition of Tax (lanes 1 and 3). While a weak association
between PP2A and GST-IKKYy could be seen (lane 2), a much
stronger binding of both PP2A A and C subunits to GST-IKKvy
was observed in the presence of Tax. Together, these results
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FIGURE 4. PP2A binds the HLX2 heptad repeat of IKKy. Anti-GST immuno-
blot (/B) of purified GST and GST fusions containing various IKKy COOH-ter-
minal truncations (top panel (left to right) IKKy-1- 86, IKKy-1-188, IKKy-1-253,
and IKKy-1-307), and full-length KK~y (IKKy-1-419). Purified GST and GST
fusions were incubated with cell lysate from 293T cells transfected with the
EE-PP2AA« expression plasmid. Shown is the pulldown immunoblotted with
an anti-EE antibody (bottom panel).

support the idea that PP2A holoenzyme becomes recruited to
TNE-a-activated or Tax-activated IKK.

The HLX2 Domain of IKKvy Interacts with PP2A—To localize
the domain(s) of IKK+y that interacts with PP2A, a series of
IKKy COOH-terminal truncations were made wherein the var-
ious helical domains of IKKy were successively deleted. These
truncations were designed based on the paircoil and multicoil
programs of Bonnie Berger (29). The deletions were fused with
GST to facilitate their purification and analysis. Extracts from
293T cells transfectants transiently expressing EE-PP2A A«
were then incubated with glutathione-Sepharose beads
charged with purified GST-tagged IKKy-1-86, IKKvy-1-188,
IKKy-1-253, IKKy-1-307, or full-length IKKy-1-419.
Because PP2A C and A subunits are tightly associated, the cap-
ture of EE-PP2A A« by the GST fusions with various IKKvy
deletions was used as a surrogate for PP2A binding. Proteins
bound to the beads were resolved on 12% SDS-PAGE and
immunoblotted with either anti-EE or anti-GST antibody. The
pulldown experiment revealed the following order of binding
affinities to PP2A Aa: IKKy-1-253 >> IKKvy-1-307, IKKy-1-
419 >> IKK+y-1-188. Binding of PP2A to IKK+y-1-86 was not
detectable (Fig. 4). Based on this result, we conclude that the
primary PP2A-binding site of IKK<y resides in the HLX2
domain, between amino acid residues 188 and 253.

In a complementary approach, the coding sequences of IKK~y
deletions and PP2A Ca were fused to the LexA DNA-binding
domain (BD) and the VP16 activation domain (AD), respec-
tively, and introduced into a Saccharomyces cerevisiae reporter
strain, L40, for two-hybrid analysis (27, 30). In agreement with
the results above that point to the importance of IKKvy-188 —
253, the two-hybrid system also revealed the affinity of interac-
tion between IKKy derivatives and PP2A Ca in an order similar
to the pulldown results, i.e. BDIKKy-1-253 > BDIKKy-1-
307 > BDIKKvy-1-419 BDIKKvy-1-188 and BDIKK~y-151-
419 (Fig. 5A, solid bars). Neither BDIKK+y-1- 86 nor BDIKKYy-
151-307 interacted with PP2A Ca (Fig. 54, solid bars). Because
the protein sequence and overall structure of S. cerevisiae and
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FIGURE 5. Heptad repeats of IKKy interact with Tax and PP2A. A, a yeast two-hybrid assay was used to
determine the regions of IKKywhich interact with Taxand PP2A, respectively. Yeast strain L40 was transformed
with plasmids expressing the indicated constructs (BDIKK, LexA DNA-binding domain fused with full-length
IKKy or truncation mutants; AD-PP2Ac and AD-Tax represent VP16 activation domain fusions of the human
PP2A catalytic subunit and Tax, respectively). Stable transformants were selected and assayed for relative
B-galactosidase activity in chloramphenol red B-galactosidase units. B-Galactosidase activities of the set of
strains containing AD-PP2Ac are represented by solid bars and those containing AD-Tax are represented by
open bars. B, ayeast three-hybrid assay was used to assess the effect of Tax on PP2A-IKKy binding. The Tax gene,
under the control of the Met-25 promoter, was integrated into the mating locus of the L40 yeast strains.
Binding of the indicated BD IKKy constructs to ADPP2A constructs was then measured in the presence or
absence of methionine (i.e. without or with Tax, represented by open or solid bars, respectively) as described for
A.Results in A and B are means = S.E. from triplicate determinations. C, summary of the relative strengths of
binding between IKKy constructs and PP2A in the absence or presence of Tax.

human PP2A C subunits are highly homologous, the human
PP2A Ca expressed here most likely exists as a holoenzyme
with the S. cerevisiae A and B subunits. The NH,-terminal hel-
ical domains of IKK+y have been shown to be critical for binding
IKKa and IKKf (25, 26). This domain may also be important for
the integrity of IKKy structure such that a deletion of IKKvy
amino acid residues 1-150 drastically reduced binding to PP2A
Ca (Fig. 5, A and B). In aggregate, these data suggest that the
region spanning the HLX2 heptad repeat (amino acids 188 -
253) is critical for PP2A interaction. Importantly, inclusion of
the COOH-terminal CCR2 (amino acids 254-303) and LZ
(amino acids 304 —365) heptad repeats significantly attenuated
HLX2 interaction with PP2A (Fig. 54, BDIKKy-1-307 and
BDIKK<y-1-419, respectively) suggesting that CCR2 and LZ
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heptad repeats negatively modulate
the accessibility of HLX2 to PP2A.

Tax Enhances PP2A-IKK"y Bind-
ing by Interacting with HLX2 and
CCR2 Domains—A similar yeast
two-hybrid analysis was performed
to map the Tax-binding domain in
IKKy. In contrast to the results
described above, BD-IKKy-1-307,
which contained both the HLX2
and CCR2 region, was found to bind
Tax the strongest, followed by
BD-IKKvy-1-253 and BD-IKKy-1-
Y 419 (Fig. 5A, open bars). Weak inter-
action was detected for BD-IKKry-
1-188, -151-419, and -151-307
(Fig. 5A, open bars). Little or no
interaction between Tax and IKKry-
1-86 was found. These results sug-
gest that Tax and PP2A bind to dis-
tinct, but overlapping, regions of
IKKYy. Here again, the LZ domain
exerted a negative influence on Tax-
IKKvybinding also, but unlike PP2A -
IKKy interaction, CCR2 increased
Tax-IKKvy binding (compare Fig.
5A, BDIKKy-1-253 and BDIKKy-
1-307, open bars).

We next investigated how Tax
affects IKKy interaction with PP2A.
To this end, a yeast three-hybrid
system was employed wherein tax
gene was placed under the control
of the Met25 promoter (kindly pro-
vided by J. M. Egly; Ref. 28).). The
Met25-tax expression cassette was
then integrated into the mating type
locus of the respective L40 reporter
strains that already harbored
AD-PP2A Ca and each of the BD-
IKK+y constructs. As indicated in
Fig. 5B, Tax greatly promoted IKK+y
interaction with PP2A Co. Interest-
ingly, in the presence of Tax (methi-
onine starvation), the profile of the affinities of PP2A Ca for
various IKKvy deletions was skewed toward that of Tax-IKKvy
interaction, with IKKy-1-307 binding PP2A Ca the best (com-
pare Figs. 54 and 4B). This skewing of the interaction profile
was observed even when methionine was supplemented in the
growth media to suppress tax expression. The repression of the
Met-25 promoter was, however, incomplete, as a low but
detectable level of Tax remained (data not shown). The leaky
expression of Tax is most likely responsible for the deviation of
the Met + IKKvy-PP2A interaction profile in Fig. 5B (open bars)
from those in Figs. 4 and Fig. 5A. These results suggest that
IKKvy-1-307 contains the domains required for strong Tax-
IKKy-PP2A ternary complex formation. Furthermore, Tax
facilitates PP2A binding to IKKy by a direct interaction with
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FIGURE 6. CCR2 and LZ heptad repeats directly bind HLX2. A, yeast L40 was transformed with plasmids
expressing the BD-IKK constructs and various ADIKK constructs that contained the VP16 activation domain
fused with CCR2, LZ, and CCR2-LZ, respectively. Stable transformants were selected and assayed for relative
B-galactosidase activity as described in the legend to Fig. 5. Results are means = S.E. from triplicate determi-
nations. B, a model to explain the heptad-repeat interactions that modulate PP2A recruitment and the alter-
ation of the heptad repeat-PP2A interaction by Tax. HLX2, CCR2, and LZ form a helical bundle in which HLX2 is
sequestered from binding PP2A. When the HLX2-CCR2-LZ bundle forms, IKKvy is in a closed and inactive con-
formation (B17). In this resting state, it is not necessary for IKK to recruit PP2A and HLX is blocked from PP2A
access. The HLX2-CCR2-LZ interaction, however, can become disrupted after Tax binding to HLX2 and CCR2 or
by signal (e.g. TNF-a)-induced post-translational modifications. When HLX2-CCR2-LZ bundle is unfolded, KKy
and IKK assume an open and active conformation, which then recruits PP2A via the exposed HLX2 region for
rapid inactivation (B2). Tax binds IKKy and converts HLX2-CCR2-LZ bundle into an active conformation, which
recruits PP2A, but Tax-PP2A interaction renders PP2A inactive or less active, thereby maintaining IKKy and IKK
in a constitutively active state (B3). CCR2 peptide locks the HLX2-CCR2-LZ bundle in a closed conformation,

thereby preventing PP2A and Tax binding and IKK activation (B4).

both IKK7y and PP2A and possibly by converting IKK'y into a
conformation favorable for PP2A binding. The protein interac-
tion results are summarized in Fig. 5C.

The CCR2 and LZ Domains of IKKy Interact with HLX2 and
Modulate Its Interaction with PP2A and Tax—Because IKKy
truncations lacking the CCR2 and LZ heptad repeats showed
greater affinity for PP2A and Tax than the full-length IKKry, we
surmised that CCR2 or LZ might negatively modulate the
accessibility of HLX2 to PP2A. Because HLX2, CCR2, and LZ
domains are extensively helical, it follows that CCR2 and/or LZ
may directly bind HLX2 through intra- or intermolecular
coiled-coil interaction, thereby restricting HLX access by
PP2A.

To assess the interaction between CCR2 and LZ with HLX2,
yeast two-hybrid analysis was again performed. As shown in
Fig. 6, both CCR2 and LZ bound IKK+y-1-253 strongly but did
not bind the empty vector control or LexA-IKKvy-1-188 at all
(Fig. 6A). CCR2-LZ dual heptad repeats also interacted with
HLX2 with significant affinity (Fig. 64, ADIKKCCR2-LZ).
Because CCR2 and LZ have been shown to bind each other
through coiled-coil interaction (31), and in light of the present
results, we think it likely that HLX2, CCR2, and LZ may form a
helical bundle in which HLX2 is sequestered from binding
PP2A. To extend this line of reasoning further, we hypothesize
that when the HLX2-CCR2-LZ bundle forms, IKKvy is in a
closed and inactive conformation (Fig. 6B1). In this resting
state, it is not necessary for IKK to recruit PP2A and HLX is
blocked from PP2A access. The HLX2-CCR2-LZ interaction,
however, can become disrupted after Tax binding to HLX2 and
CCR2 or by signal (e.g. TNF-a)-induced post-translational
modifications. When HLX2-CCR2-LZ bundle is unfolded,
IKKvy and IKK assume an open and active conformation, which
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then recruits PP2A via the exposed
HLX2 region for rapid IKK inactiva-
tion (Fig. 6B2). Tax binds IKKvy and
converts HLX2-CCR2-LZ bundle
into an active conformation, which
recruits PP2A, but Tax-PP2A inter-
action renders PP2A inactive or less
active, thereby maintaining IKKvy
and IKK in a constitutively active
state (Fig. 6B3).

CCR2, LZ, and CCR2-LZ Fusion
Potently Inhibit NF-kB Activation
by Tax and TNF-a—To test the
hypothesis outlined above, we
derived expression vectors for dual
HA and VP16 activation domain
(HA-VP16)-tagged CCR2, LZ, and
CCR2-LZ fusions and co-trans-
fected them individually with Tax,
and E-sel-Luc, a luciferase reporter
driven by the NF-kB-responsive
E-selectin promoter. Indeed, in the
forms of HA-VP16 fusions, CCR2 in
particular, followed by LZ and
CCR2-LZ, all drastically inhibited
Tax-mediated (Fig. 7A) and TNF-a-
induced NF-«B activation (Fig. 7B) in a dose-dependent man-
ner. After HA-VP16-CCR2 expression plasmid was transfected
into 293T cells, a direct binding of CCR2 to IKKvy could be
readily detected (Fig. 7C). Finally, CCR2 added in trans by
transfection reduced IKK+y-Tax and IKK+y-PP2A association in
a dose-dependent manner (Fig. 7D, IP: HA panels, IB: Tax and
PP2Ac, respectively) but did not affect IKKy-IKKf interaction
(Fig. 7D IP: HA panels, IB: IKKP). These results support the
notion that CCR2, and possibly LZ as well, interacts with HLX2
to form a helical bundle and negatively regulates IKKy access by
PP2A (Fig. 6B4).

1. IKK closed and inactive

rapidly inactivated by PP2A

3. IKK open &
constitutively active

4, IKK inhibited by CCR2

DISCUSSION

In this study, we have shown that PP2A holoenzyme interacts
with IKK+y. We have further demonstrated that the interaction
between PP2A and IKK is tightly controlled. In resting cells,
IKK binds PP2A weakly, but upon TNF-a stimulation, IKK
undergoes a structural change, possibly as a result of post-
translational modifications and/or interaction with other regu-
latory factors, that facilitates recruitment of PP2A. We have
mapped the domains in IKKy that interact with PP2A and Tax,
respectively. As might be expected, the PP2A- and Tax-binding
domains in IKK overlap and are localized to amino acid resi-
dues 188-253 (HLX2) and 188-307 (HLX2-CCR2), respec-
tively. The latter observation agrees in part with a previous
report, which also showed the HLX2 region to be critical for
Tax binding (32). The present study has further revealed the
importance of HLX2 in binding PP2A and how its interaction
with PP2A and Tax is regulated by downstream CCR2 and LZ
heptad repeats. Although both CCR2 and LZ negatively control
HLX2-PP2A binding, CCR2 is needed for strong HLX2-Tax
interaction. In the presence of Tax, the binding between IKK vy
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FIGURE 7. CCR2, LZ and CCR2-LZ heptad repeats expressed in trans potently inhibit NF-«B activation by
TNF-« or Tax and disrupt IKKy interaction with Tax and PP2A. A, CCR2 and LZ heptad repeats block NF-«xB
activation by Tax. HEK293T cells were transfected with 1 ug of E-selectin-Luc, 0.5 ug of pRL-TK, with or without
0.5 ng of Tax expression vector and, in increasing concentrations, expression plasmids for HA-VP16 (HAVP)
alone or HA-VP16 fusions containing CCR2, LZ, and CCR2-LZ repeats (labeled as CCR2, LZ, and CCR2-LZ, respec-
tively). The open, dotted, densely dotted, hatched, thickly hatched, and solid bars represent without Tax, and Tax
plus0,0.25,0.5,1.0,and 2.0 ug of HVP, CCR2, LZ, and CCR2-LZ expression plasmids, respectively. The total DNA
amount was held constant by the addition of pcDNA3.1. Cells were harvested for luciferase assays 48 h after
transfection. B, CCR2 and LZ heptad repeats block NF-«B activation by TNF-a. HEK293T cells were transfected
as described for A except that the Tax expression construct was not included. Forty hours post-transfection,
human TNF-« (2 ng/ml) was added and incubated for 8 h. Cells were harvested at the end of the TNF-a
treatment for luciferase assays. Resultsin Aand Bare means = S.E.from triplicate determinations. C, CCR2 binds
IKK7y in vivo. HEK293T cells were transiently transfected with 2 ug of pcDNA or pcDNA-HAVP-CCR2, respec-
tively. Cells were harvested 48 h post-transfection and immunoprecipitated with HA antibody-conjugated
agarose or an anti-IKKy antibody followed by protein G pulldown. IKKy and CCR2 were detected by anti-IKKy
(IB: IKKy)) and anti-VP16 (IB: VP16) antibodies, respectively. D, CCR2 disrupts PP2A and Tax binding to IKKy.
HEK293T cells were transiently transfected with 0.5 g of pcDNA-HA-IKKy, 1.5 ug of CMV-Tax, and increasing
amounts (0.25, 0.5, and 1 ug) of pcDNA-HAVP-CCR2. Cells were harvested 48 h post-transfection and immu-
noprecipitated with HA antibody-conjugated agarose. IKKB, IKKy, Tax, PP2AC, and CCR2 were detected by
immunoblots (IB) with appropriate antibodies. The left and right panels represent immunoblots for the whole
cell lysates (lysate) and those of HA-IKKy immunoprecipitates (IP: HA), respectively.

VP16

IKK7y Is a Molecular Switch

avidly and rapidly recruits PP2A to
turn off IKK activity. This open
form of IKKwy is stabilized or
induced by Tax. The HLX2 region
of the Tax-associated IKKvy is
exposed and avidly recruits PP2A.
However, the interaction between
Tax and PP2A inhibits PP2A activ-
ity and prevents PP2A from inac-
tivating IKK. The current data do
not rule out the possibility that
CCR2, LZ and CCR2-LZ fusion
peptides may also affect intermo-
lecular IKK<y interaction (oli-
gomerization), thereby affecting
Tax-PP2A binding. Detailed bio-
chemical analyses using purified
components are currently in pro-
gress to address this issue. Finally,
a recent study has indicated that
the CCR2-LZ region of IKKy con-
tains a K63-polyubiquitin-binding
domain and its interaction with
K63-polyubiquitin is required for
IKK activation (33). It is possible
that binding of K63-polyubiquitin
to CCR2-LZ also alters IKK+y and
IKK structures in a manner similar
to Tax-CCR2-HLX2 interaction
and thereby induces IKK to assume
an open conformation.

It has been reported recently that
a deletion of amino residues 121-
179 of IKK<y prevented PP2A
recruitment by IKKy and attenu-
ated IKK activity (34). In the same
study, okadaic acid, a PP2A inhibi-
tor, was found to attenuate TNF-«
induced degradation of IkB (34).
These data were taken to suggest

and PP2A became greatly increased, consistent with our pub-
lished results that Tax, PP2A, and IKK form a stable ternary
complex (16).

What is particularly interesting is that the CCR2, LZ, and
CCR2-LZ fusion bind HLX2 directly and negatively affect
HLX2 access by PP2A and Tax. The propensity for HLX2 to
form coiled coil is predicted to be lower than that for CCR2 and
LZ (20% versus 90—100% based on the multicoil program; Ref.
29). This may be due in part to its critical role in dynamic
interactions with multiple protein partners, wherein a flexi-
ble and less structured motif is more desirable. Remarkably,
CCR2, LZ, and CCR2-LZ fusion potently inhibited NF-kB
activation by Tax and TNF-«, and CCR2 disrupted PP2A and
Tax binding with IKK+y. Based on these results, we hypothe-
size that, in its resting/inactive state, CCR2 and LZ heptad
repeats may interact with HLX2 in a helical bundle and
sequester HLX2 from access by PP2A. When IKK becomes
activated, HLX2 assumes an open conformation, which

APRIL 20, 2007 «VOLUME 282-NUMBER 16

that IKKvy-121-179 constitutes the PP2A-binding domain, and
PP2A plays a positive role in IKK activation (34). The major
PP2A-binding domain of IKK+y that we have mapped is local-
ized to the HLX2 region in residues 189-253 and differs from
the previous report. In our analyses, even though the COOH-
truncation mutant IKK+y-1-188 did bind PP2A somewhat, its
extent of binding is negligible compared with that of the HLX2-
containing IKKy-1-253. The fact that Tax-enhanced PP2A
binding was observed for IKK+y-1-253 but not for IKK-y-1-188,
again, supports the notion that HLX2 is the bona fide PP2A-
binding site. It is possible that the loss of PP2A binding from the
IKKy-121-179 deletion may have resulted in a structural dis-
ruption to the coiled-coil region 1 of IKKy, which secondarily
affected the conformation of HLX2. Whether PP2A plays a neg-
ative, positive, or dual role in regulating IKK activity also
remains to be fully resolved. Okadaic acid, a PP2A inhibitor, has
been shown by multiple investigators to potently activate IKK
and I-«B degradation (14, 15). Published literature suggests that
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once IKK is activated by T-loop phosphorylation, it undergoes
further hyperphosphorylation and becomes attenuated in its
activity. PP2A may play a role in removing all phosphate moi-
eties from IKK, thereby returning IKK to its fully resting state,
or perhaps under some circumstances, removing only the
inhibitory phosphates while leaving the activating phosphate
intact. Although the IKK activity of Tax-IKK-PP2A complex
appears constitutively active as judged by the constant phos-
phorylation and total destruction of I-kB in Tax-expressing
cells, the status of IKK phosporylation in the complex is
unclear. It is possible that under the influence of Tax, a spec-
trum of T-loop-phosphorylated and hyperphosphorylated
forms of IKK are represented. The data reported here do not
rule out a positive role of PP2A in IKK activation.

The exact nature of the putative helical bundle formed by
HLX2-CCR2-LZ is not clear at present. Several reports have
already suggested a similarity between CCR2-LZ of IKKy to the
helical domains in HIV gp41, influenza virus HA2, and other
viral fusion proteins (31, 35). The heptad repeats of gp41 and
HAZ2 alternate between a six-helical bundle formed by trimeric
a-helical hairpins and three fully extended a-helices to facili-
tate fusion peptide insertion into target cell membrane and sub-
sequent viral and host cell membrane fusion. It has been pro-
posed recently that the stoichiometry of IKK holoenzyme is
a;8,v, or B,y,, with each IKK holoenzyme containing two
IKKy subunits (8). Based on the results above, we speculate that
the HLX2, CCR2, and LZ heptad repeats of the two IKK"y sub-
units may also alternate between a six-helix bundle and two
fully extended helices as a function of post-translational modi-
fications or interaction with K63-polyubiquitin or with
HTLV-1 Tax (Fig. 6B). Additional helical interactions between
the fully extended helices may maintain IKK in (3,7,) or (8,Y,)
structure and allow IKK catalytic subunits to undergo auto-
phosphorylation and activation. Finally, in light of the recent
success of HIV fusion inhibitors, the activity of IKK and NF-«B
may also be modulated using peptides with sequences spanning
HLX2, CCR2, and LZ heptad repeats as reported here and else-
where (23).
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