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NF-kB normally exists as inactive form due to associ-
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Activation of the transcriptional factor NF-kB is
riggered by signal-dependent degradation of its in-
ibitor protein IkB through the ubiquitin (Ub)–
roteasome pathway. We found here that a phosphor-
lated IkBa immunoprecipitated (IP-pIkBa) from the
rude extract of HeLa cells which had been treated
ith tumor necrosis factor-a (TNFa) caused a dra-
atic ubiquitination of itself, termed autoubiquitina-

ion, when incubated with ATP, Ub, and E1-activating
nd E2-conjugating enzymes. IP-pIkBa also catalyzed
biquitination of an in vitro synthesized 35S-IkBa pre-
iously phosphorylated by IkB-kinase (IKK) which is
eferred to as transubiquitination. No appreciable ac-
ivity of auto- and transubiquitination was observed
n an unphosphorylated IP-IkBa. Moreover, the puta-
ive IkBa-Ub ligase (IkBa-E3) present in HeLa cell cy-
osol associated in vitro with an IKK-phosphorylated
ecombinant IkBa, a process independent of NF-kB
inding to IkBa or TNFa stimulation. Replacement of
he two Ser residues at positions 32 and 36 corre-
ponding to IKK phosphorylation sites by Ala resulted
n almost complete prevention of binding of an
kBa-E3 to IkBa. These results indicate that phosphor-
lation of IkBa is necessary and sufficient for recruit-
ent of this IkBa-E3 to associate with IkBa. © 1999

cademic Press

NF-kB is an inducible transcriptional factor which
egulates many biologically important processes, such
s stress, inflammation, development and immune re-
ponse (1–3). The prototypical inducible NF-kB com-
lex is a heterodimer of the Rel protein family, consist-
ng of p50 and p65 (also called Rel A) (1, 2). In the
ytoplasmic compartment of many types of cells,

1 To whom correspondence should be addressed. Fax: (181)-3-
823-2237. E-mail: tanakak@rinshoken.or.jp.
121
tion with its protein inhibitor, termed IkB. IkB pre-
ents the transport of NF-kB into the nucleus by mask-
ng the nuclear localization signal (NLS) of NF-kB (4).
his action is thought to be mediated by the multiple,
andemly-repeated ankyrin repeats present on IkB,
hich are thought to interact with NF-kB (2, 4). To
ate, seven members of the structurally and function-
lly related IkB protein family, IkBa, IkBb, IkBe, IkBg,
cl-3, p100, and p105, have been identified (3).
Various external stimuli, such as cytokines including

lpha-type tumor necrosis factor (TNFa), viral infec-
ion, T-cell and B-cell mitogens, and UV-stress, induce
he immediate removal of IkB from the IkB-(NF-kB)
omplex (3, 4). This tremendous progress in delineat-
ng the molecular mechanisms of the NF-kB signaling
athway has revealed that phosphorylation of 2 serine
esidues (Ser-32 and Ser-36) near the N-terminus of
kBa is essential for targeting IkBa for signal-
romoted destruction (5–7). This specific phosphoryla-
ion of IkBa is catalyzed by an unusually large,
ulti-protein kinase complex, termed IkB kinase

abbreviated IKK), with an apparent molecular mass of
00–900 kDa (8–10). The phosphorylation of IkBa by
n IKK complex is necessary for its poly-ubiquitination
t residues Lys-21 and Lys-22 (11–13). The ubiquitin
Ub)–proteasome system then plays the next indis-
ensable role for down-regulating IkBa at the physio-
ogic level (14, 15).

Ubiquitin and proteasomes are the principal compo-
ents of an energy-dependent proteolytic system in
ukaryotic cells (16, 17). Selective destruction of cellu-
ar proteins by this system is ensured by two sequen-
ial processes. The first is selective marking of candi-
ate proteins for degradation by the covalent
ttachment of a poly-Ub chain (18). The second process
s proteolytic attack of poly-ubiquitinated proteins by
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



the 26S proteasome, a eukaryotic ATP-dependent
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-MDa protease complex (16, 19, 20). The covalent
ttachment of Ub through its C-terminal Gly residue to
he e-NH2 group of the Lys residue on substrate pro-
eins is known to be mediated by a cascade of three
nzymes, designated E1 (Ub-activating), E2 (Ub-
onjugating), and E3 (Ub-ligating) (18). A poly-Ub
hain is formed by linking the C-terminus of one Ub to

Lys residue within another Ub. The resultant
oly-Ub chain acts as a degradation signal for proteo-
ytic attack by the 26S proteasome.

In considering the critical role of the ubiquitination-
ependent removal of IkBa in the NF-kB signaling
athway, an IkBa-Ub ligase (IkBa-E3) is believed to be
he key enzyme to control the level of IkB rapidly,
imely, and irreversibly, as demonstrated for many
ther E3s (17, 18). Currently Yaron et al. (21, 22)
ndicate the existence of the putative IkBa-E3 respon-
ible for the ubiquitination of IkBa. However, the de-
ails of this IkBa-E3 and its physiological relevance
emain to be uncovered. In the present study, we show
hat the putative IkBa-E3 present in HeLa cell cytosol
s specifically associated with in vivo phosphorylated
kBa produced by TNFa stimulation and recombinant
kBa previously phosphorylated in vitro by IKK, caus-
ng auto- and transubiquitination of IkBa. We also
how that phosphorylation at positions of Ser-32 and
er-36 near the N-terminal region of IkBa is necessary
nd sufficient for the recruitment of the IkBa-E3 to
ind to IkBa.

ATERIALS AND METHODS

Materials. Sources of materials are as follows: MG115 (Z-Leu-
eu-nVal-H) and MG132 (Z-Leu-Leu-Leu-H) (Peptide Institute, Inc.,
saka, Japan); okadaic acid (OA) (Wako, Tokyo, Japan); human
NFa (Genzyme); bovine Ub, creatine phosphate, creatine kinase,
nd inorganic pyrophosphatase (Sigma); rabbit polyclonal antibodies
gainst IkBa (amino acids 297–317, c-21) and RelA/p65 (amino acids
31–550, c-20) (Santa Cruz Biotechnology). Recombinant mouse E1
nzyme was purified from baculovirus-infected Sf9 insect cells (pro-
ided by K. Iwai, Kyoto University). Recombinant Ubch4 was pro-
uced in E. coli (provided by M. Nakao, Kumamoto University). IKK
as purified from HeLa cell extracts, as described by Lee et al. (23).

Expression plasmids, in vitro translation, and recombinant pro-
eins. The pcDNA3FL-IkBa mammalian expression plasmid was
onstructed by insertion of the cDNA encoding amino acids 2-317 of
uman IkBa into the BamHI/NotI sites of pcDNA3FL (24). The
cDNA3FL-N-GST-C plasmid containing glutathione S-transferase
GST) gene fused to the wild-type N- (1–72 amino acid) and
-terminal (282–317 amino acid) domains of IkBa was constructed
sing fragments amplified by PCR. To construct pET-N-GST-C, a
ragment resulting from BamHI/NotI digestion of pcDNA3FL-N-
ST-C was cloned into BamHI/NotI-cut pET-23c (Novagen). The
-GST-C chimera and GST-fused IkBa were cloned into the
GEX5X-1 expression vector (Amersham Pharmacia Biotech). To con-
truct pcDNA3FL-IkBa(S32A/S36A)-, pcDNA3FL-N-GST-C(S32A/
36A)- and pcDNA3FL-GST-IkBa(S32A/S36A)-expressing plasmids,
he serine codons for Ser-32 (AGC) and Ser-36 (TCC) of IkBa were
hanged to alanine (GCG) by PCR. IkBa and GST-IkBa proteins
ere produced and labeled with [35S]methionine and [35S]cystein
122
led kit (Promega). GST-fused proteins were purified using GSH–
epharose (Amersham Pharmacia Biotech) according to the manu-

acturer’s instructions.

Cell culture and TNFa treatment. Human HeLa-S3 cells were
aintained in MEM for suspension cells (GIBCO) supplemented
ith 5% fetal bovine serum, 2 mM glutamine, 100 mg/ml streptomy-

in, and 100 U/ml penicillin. After HeLa cells were pretreated with
0 mM MG132 for 45 min followed by 0.25 mM okadaic acid (OA) for
5 min, human TNFa was added for 15 min at a final concentration
f 300 units/ml.

Immunoprecipitation of IkBa. After treatment of HeLa cells with
NFa or nothing, HeLa cells (108 cells) were suspended in buffer A

50 mM Tris–HCl (pH 7.4) containing 1 mM EGTA, 2 mM DTT, 25
M sodium b-glycerophosphate, 0.1 mM PMSF (phenylmethanesul-

onyl phosphate), and 10 mg/ml each of leupeptin, aprotinin, and
epstatin A) and then immediately lysed in a glass Dounce homog-
nizer. Lysates were clarified by low-speed centrifugation (3000 rpm)
or 10 min, followed by further centrifugation at 15,000 rpm for 20
in. Immunoprecipitations (abbreviated IP) were performed using

n anti-IkBa antibody and followed by washing four times with
uffer B (20 mM Tris–HCl (pH 7.4) containing 150 mM NaCl, 2 mM
TT, 25 mM sodium b-glycerophosphate, 0.1 mM PMSF, and 10
g/ml each of leupeptin, aprotinin, and pepstatin A). The resulting

mmunoprecipitates were referred to as IP-IkBa and IP-pIkBa,
hich are the nonphosphorylated and phosphorylated form, respec-

ively. The slurries were used to assay ubiquitination.

GST pull-down with GST-IkBa. Purified recombinant GST-
kBa, GST- IkBa(S32A/S36A), N-GST-C, and N-GST-C(S32A/S36A)
each 5 mg) were incubated at room temperature for 1 h with 50 ng
f IKK in the presence of 2 mM ATP. These proteins were then
ecovered with GSH-Sepharose followed by washing with PBS (pH
.4). The resins were incubated at 4°C for 16 h with 5 mg of un-
reated and TNFa-treated HeLa cytoplasmic extract and washed 3
imes with buffer B. Washed resins were suspended in 500 ml of
uffer B, and 4 ml of these slurries was assayed for the ubiquitination
eaction.

Ubiquitination assay of IkBa. Slurries of IP-IkBas were incu-
ated in a reaction volume of 20 ml that included 2 ml of 103 ATP
egenerating system containing 500 mM Tris–HCl (pH 7.6), 100 mM
gCl2, 20 mM ATP, 5 mM DTT, 100 mM creatine phosphate, 35
/ml of creatine kinase, and 6 U/ml inorganic pyrophosphatase, 0.5
M okadaic acid, 5 mM MG115, 100 ng of recombinant mouse E1, 3
g of (His)6-Ubch4, and 1 mg/ml of bovine Ub. The reactions were

ncubated at 37°C for 3 h. After terminating the reaction by the
ddition of sample buffer for SDS–PAGE, the reaction mixtures were
eparated by SDS–PAGE on a 10% gel followed by Western blotting
ith an anti-IkBa antibody.
For reactions using 35S-labeled proteins as a substrate, 2 ml of in

itro translated 35S-labeled IkBas or 35S-labeled N-GST-Cs was in-
ubated at room temperature for 30 min with the 25 ng of IKK in the
resence of the ATP regenerating system, Ub-aldehyde, okadaic acid
nd MG115, followed by further incubation at 37°C for 3 h in a
eaction volume of 20 ml containing 100 ng of recombinant mouse E1,
mg of (His)6-Ubch4, and 1 mg/ml of bovine Ub, and 4 ml of IP-IkBa

r recombinant GST-IkBa to be tested. The reaction mixtures were
eparated by 10% SDS–PAGE and visualized by autoradiography.

Western blot analysis. For immunoblotting, the ubiquitination
eaction mixtures and GST pull-down materials were separated by
DS–PAGE and transferred to a PVDF membrane. The membranes
ere probed with antibodies against IkBa and RelA and visualized
ith horseradish peroxidase-conjugated protein A (Bio-Rad) using

he Enhanced Chemiluminescence Detection system (Amersham
harmacia Biotech).
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ESULTS AND DISCUSSION

Nonphosphorylated and phosphorylated IkBa (ab-
reviated IkBa and pIkBa, respectively) were prepared
y immunoprecipitation using polyclonal antibodies
aised against the C-terminal region of IkBa from non-
timulated and TNFa-treated HeLa cell extracts.
hese immunoprecipitated IkBa and pIkBa prepara-
ions (hereafter referred to as IP-IkBa and IP-pIkBa,
espectively) were used as substrates in a ubiquitina-
ion assay. At this point, we observed a very interesting
henomenon. Incubation of IP-pIkBa with ubiquitin
Ub), ATP, recombinant mouse E1 and human E2
Ubch4) enzymes was sufficient to produce poly-
biquitination of pIkBa itself without any other sup-
lement. These ubiquitinated proteins were detected
y Western blot analysis with an anti-IkBa antibody
Fig. 1A). In contrast, Ub-ligated bands were not de-
ected for the non-phosphorylated form of IP-IkBa.
his effect was first termed “autoubiquitination.” In

FIG. 1. Association of IkBa-Ub ligase with phosphorylated IkBa
n vivo. (A) Detection of phosphorylation-dependent autoubiquitina-
ion activity in IP-pIkBa. IP-IkBa (left) and IP-pIkBa (right) were
ncubated with ATP and the indicated combinations (1/2) of E1,
His)6-Ubch4 (E2), or Ub. Multiple ubiquitinated IkBa bands with
igher molecular masses were detected by Western blotting and are
esignated (Ub)n-IkBa. (B) Prerequisite of phosphorylation of IkBa
or trapping of IkBa-Ub ligase. IP-pIkBa (left) and IP-IP-IkBa (right)
ere preincubated in vitro with or without 25 ng of IkBa kinase

IKK) at room temperature for 30 min in the presence of ATP to
hosphorylate IP-IkBa. Auto-ubiquitination activity was then as-
ayed as in A.
123
trong, leading to almost complete loss of the IP-pIkBa
ubstrate. Furthermore, this reaction requires E1, E2,
nd Ub, which suggests a presumptive IkBa-Ub ligase
equivalent to IkBa-E3) is tightly associated with IP-
IkBa in vivo. We then attempted to clarify whether
hosphorylation of IkBa plays a critical role in the
rapping of this IkBa-E3. For this, we examined the
ffect of phosphorylation of IP-IkBa by purified IkB
inase (IKK) on the ubiquitination activity. As shown
n Fig. 1B, IKK somewhat enhanced autoubiquitina-
ion in IP-pIkBa (left), whereas it had no effect on the
ctivity in IP-IkBa (right), strongly suggesting that
hosphorylation of IkBa is required prior to IP to
upport autoubiquitination of pIkBa and thus the
hosphorylation prerequisite binding of the putative
kBa-E3.

This putative IkBa-E3 enzyme associated with
IkBa was next assessed for the ability to ubiquitinate
n vitro-translated 35S-labeled IkBa, prephosphory-
ated by the addition of purified IkB kinase (IKK)
omplex to the assay mixture. As shown in Fig. 2,

35S-IkBa phosphorylated by IKK was specifically poly-
biquitinated in the presence of IP-pIkBa but not IP-
kBa, implying that a putative IkBa-E3 associated
ith IP-pIkBa ubiquitinates exogenously added 35S-

kBa pre-phosphorylated by IKK (named “transubiq-
itination”). Indeed, the addition of GST-Ub, instead of
he native Ub, caused the appearance of very large
oly-GST-ubiquitinated bands. Electrophoretic analy-

FIG. 2. IKK-dependent transubiquitination of in vitro translated
5S-IkBa by IP-pIkBa. The suitability of 35S-labeled IkBa and the
utant IkBa(S32A/S36A) as ubiquitination substrates was assessed

n vitro using IP-IkBa or IP-pIkBa in combination with other com-
onents such as Ub, GST-Ub, E1, and (His)6-Ubch4 (E2), and IKK as
ndicated by (1/2). After separating the reaction mixtures by 10%
DS–PAGE, multiple ubiquitinated 35S-IkBa bands, designated

Ub)n-35S-IkBa, were visualized by autoradiography.
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is revealed that IKK caused the electrophoretic mo-
ility of 35S-IkBa to shift, indicating that IKK actively
hosphorylated IkBa (Fig. 2). Two Ser residues (posi-
ions 32 and 36) appear to be responsible for inducing
biquitination upon their phosphorylation (5–7). We
eplaced these Ser residues with Ala, yielding the mu-
ant IkBa(S32A/S36A). This mutant protein was not a
ubstrate in the ubiquitination assay, even if IP-pIkBa
r IKK was added. It is also important to note that no
oly-ubiquitination of phosphorylated 35S-IkBa was ob-
erved if either Ub or E2 was omitted. In contrast, the
mission of purified E1 caused a slight effect, because

FIG. 3. In vitro binding of IkBa-Ub ligase with the N-terminal re
NFa stimulation. (Top) Structures of IkBa chimeras and GST-fused
he ankyrin-repeat domain of IkBa was replaced by the GST sequenc
rotein was named GST-IkBa. The two Ser residues at positions 32 a
nd named N-GST-C(S32A/S36A) and GST-IkBa(S32A/S36A). (A) Tra
he in vitro translated 35S-IkBa, 35S-N- GST-C, and 35S-N-GST-C(S32
P-IkBa or IP-pIkBa as described in the legend to Fig. 2. (B) Associa
hosphorylated GST-IkBa. Recombinant N-GST-C, N-GST-C(S32A/S
ith or without 50 ng IKK (as indicated). These proteins were then
mg of untreated or TNFa-treated HeLa extracts, before collection. T
biquitination of in vitro translated 35S-pIkBa phosphorylated by IK
el A with GST-IkBa but not N-GST-C IkBa. The GST-pull-down pro
eLa cells treated with TNFa or nothing (left), in which conditions

P-IkBa or IP-pIkBa (right) were subjected to SDS–PAGE followed by
antibody (bottom).
124
1 might be supplied by the wheat-germ lysate used
or in vitro translation of 35S-IkBa as previously re-
orted (6).
The binding of this putative IkBa-Ub ligase to pIkBa
as next examined in vitro to identify which region of

kBa interacts with the putative IkBa-E3. To accom-
lish this, we constructed two general types of IkBa
erivatives. The first were chimera IkBas in which the
iddle ankyrin-repeat domain, responsible for associ-

tion with NF-kB (p50–p65 complex), was replaced by
lutathione-S-transferase (GST) (see Fig. 3, top). The
esulting chimeric IkBas, named N-GST-C, and

n of IKK-phosphorylated IkBa, independent of NF-kB association or
Ba. Numbers indicate amino acid positions in the sequence of IkBa.
nd the resulting protein was named N-GST-C. The GST-fused IkBa

36 corresponding to IKK phosphorylation sites were replaced by Ala
ubiquitination of 35S-N-GST-C and 35S-GST-fused IkBa by IP-pIkBa.
36A) were used for substrates for in vitro ubiquitination assay with

n of active Ub-IkBa ligase with phosphorylated N-GST-C IkBa and
), GST-IkBa and GST-IkBa(S32A/S36A) (5 mg each) were incubated

overed with the GSH-Sepharose and incubated at 4°C for 16 h with
se GST-pull-down products were assayed for their ability to support
nder conditions described in the legend to Fig. 2. (C) Association of
ts by IKK-treated N-GST-C and GST-IkBa from crude extracts from
ere the same where poly-ubiquitination was observed as in B, and
stern blotting with an anti-IkBa antibody (top) and with an anti-Rel
gio
Ik
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- and C-termini of IkBa. A similar GST-IkBa chimera
as recently used to determine the role of signal-

nduced phosphorylation in IkBa degradation in EL-4
ells (25). The other types were GST fused to the
-terminal end of an IkBa (named GST-IkBa) and
ST-IkBa(S32A/S36A).
The in vitro translated 35S-IkBa and 35S-N-GST-C
ere poly-ubiquitinated by IP-pIkBa after phosphory-

ation by IKK, indicating strongly that the ankyrin-
epeat domain of IkBa is not required for ubiquitina-
ion of pIkBa (Fig. 3A). Moreover, in vitro translated

35S-N-GST-C(S32A/S36A) was not ubiquitinated by a
omplete assay mixture containing IP-pIkBa. These
esults indicate the critical role of the N-terminal phos-
horylation sites (Set-32 and Ser-36) in ubiquitination.
Subsequently, we examined whether the putative

kBa-E3 binds directly to recombinant IkBa phosphor-
lated in vitro by IKK. The N-GST-C or GST-IkBa
used proteins (Fig. 3, top) were incubated at room
emperature for 1 hr with or without IKK in the pres-
nce of 2 mM ATP. These proteins were then bound to
SH-Sepharose and washed with phosphate buffer sa-

ine (PBS). The resins were incubated at 4°C for 16 h
ith 5 mg of untreated or TNFa-treated HeLa cyto-
lasmic extracts and then washed 3 times with buffer
ontaining 150 mM NaCl. These GST-pull-down prod-
cts were used in a ubiquitination assay with IKK-
retreated 35S-IkBa as a substrate. As shown in Fig. 3B
right), pull-down materials from TNFa-treated HeLa
ell extracts with both phosphorylated N-GST-C and
ST-IkBa supported the poly-ubiquitination of phos-
horylated 35S-IkBa. In contrast, pull-down materials
rom unphosphorylated N-GST-C or GST-IkBa or from
-GST-C(S32A/S36A) and GST-IkBa(S32A/S36A) pre-

ncubated with IKK had no effect, strongly indicating
hat this putative IkBa-E3 binds the N-terminal region
f IkBa previously phosphorylated by IKK. Unexpect-
dly, similar results were obtained from TNFa-
ntreated HeLa cell extracts (Fig. 3B, left), implying
hat activation of the NF-kB pathway does not affect
he association of active IkBa-E3 with previously phos-
horylated pIkBa.
These results also indicate that the binding of IkBa

o NF-kB is not required for the recruitment of
kBa-E3 to pIkBa. To confirm this, the direct interac-
ion of N-GST-C or GST-IkBa with NF-kB was exam-
ned. IkBa fusion proteins were incubated with the
rude extracts of HeLa cells that had or had not been
reated with TNFa. The presence of RelA (the p65
omponent of NF-kB) in the pull-down cocktail was
hen assayed by Western blotting with an anti-RelA
ntibody. As shown in the Western blots in Fig. 3C
left), N-GST-C was not associated with RelA while
ST-IkBa was, indicating that NF-kB binds to the
nkyrin-repeat region of IkBa. Additionally, RelA was
o-immunoprecipitated with IP-IkBa or IP-pIkBa (Fig.
125
uced by TNFa stimulation does not appear to affect
he binding of IkBa to NF-kB. Taken together, we
oncluded that the attachment of NF-kB to IkBa is not
eeded for the association of the active IkBa-Ub ligase
omplex with pIkBa.
Various external stimuli are known to activate IKK,
hich in turn phosphorylates 2 sites near the
-terminal region of IkBa, the residues Ser-32 and
er-36, leading to in vivo poly-ubiquitination of IkBa

5–7). It was recently reported that the putative
kBa-Ub ligase is associated with phosphorylated
kBa, based on the findings that phosphopeptides cor-
esponding to IKK-phosphorylation sites specifically
nhibit Ub conjugation of IkBa and its subsequent deg-
adation (21) and that an F-box/WD-domain protein
elonging to a family of b-TrCP/Slimb is incorporated
nto the immunopurified pIkBa/NF-kB complex (22).
hese findings are fairly consistent with the results
resented in this work. Here we demonstrated directly
hat the active IkBa-Ub ligase was associated with
P-pIkBa and phosphorylation at positions Ser-32 and
er-36 corresponding to the IKK phosphorylation sites
f IkBa is necessary and sufficient for in vitro recruit-
ent of this IkBa-E3 complex to associate with IkBa.
e presume that the putative IkBa-Ub ligase is active

rrespective of TNFa stimulation, because factors from
oth stimulated and unstimulated HeLa cell extracts
imilarly associate with recombinant GST-fused IkBa
rotein which had been phosphorylated by purified
KK. These results also suggest that phosphorylation
f IkBa by IKK is apparently sufficient for the recruit-
ent of IkBa-Ub ligase induced by TNFa signaling.
It is of note that IP-pIkBa is capable of catalyzing the

ransubiquitination of exogenously added 35S-IkBa
re-phosphorylated by IKK, indicating that the
kBa-E3 previously bound pIkBa can be transferred to
nother pIkBa, perhaps after completion of the poly-
biquitination of pIkBa. As transubiquitination of
kBa by IP-pIkBa occurs in the presence of the protea-
ome inhibitor, the successive binding of IkBa-E3 from
biquitinated pIkBa to another non-ubiquitinated one

s thought to proceed without the degradation of poly-
biquitinated IkBa by the 26S proteasome. Taken to-
ether, the binding of IkBa-E3 to phosphorylated IkBa
s reversible, this process must proceed rapidly for the
rogressive ubiquitination of many pIkBa molecules.
his poly-ubiquitinated IkBa is then targeted for ATP-
ependent destruction via the 26S proteasome, as pre-
iously reported (14, 15). Further study is required for
he clarification of the molecular mechanism of this
rocess.
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