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NF-kB is a major inducible transcription factor in many immune and inflammatory reactions. Its activation
involves the dissociation of the inhibitory subunit IkB from cytoplasmic NF-kB/Rel complexes, following which
the Rel proteins are translocated to the nucleus, where they bind to DNA and activate transcription. Phos-
phorylation of IkB in cell-free experiments results in its inactivation and release from the Rel complex, but in
vivo NF-kB activation is associated with IkB degradation. In vivo phosphorylation of IkBa was demonstrated
in several recent studies, but its role is unknown. Our study shows that the T-cell activation results in rapid
phosphorylation of IkBa and that this event is a physiological one, dependent on appropriate lymphocyte
costimulation. Inducible IkBa phosphorylation was abolished by several distinct NF-kB blocking reagents,
suggesting that it plays an essential role in the activation process. However, the in vivo induction of IkBa
phosphorylation did not cause the inhibitory subunit to dissociate from the Rel complex. We identified several
protease inhibitors which allow phosphorylation of IkBa but prevent its degradation upon cell stimulation,
presumably through inhibition of the cytoplasmic proteasome. In the presence of these inhibitors, phosphor-
ylated IkBa remained bound to the Rel complex in the cytoplasm for an extended period of time, whereas
NF-kB activation was abolished. It appears that activation of NF-kB requires degradation of IkBa while it is
a part of the Rel cytoplasmic complex, with inducible phosphorylation of the inhibitory subunit influencing the
rate of degradation.

The NF-kB transcription factor plays a major role in the
regulation of numerous cellular and viral genes induced in
immune and inflammatory responses (4, 9, 19, 31, 37, 51). The
factor, which is a heterodimer of Rel proteins, is retained in a
latent form in the cytoplasm in most cells studied (1, 2, 19).
Following cell stimulation with numerous immunomodulators
and a variety of other agents (4), NF-kB is translocated to the
nucleus where it binds to its cognate DNA-binding site and
induces the transcription of its target genes (4, 19, 31). It is
assumed that the major regulatory step involved in the activa-
tion of NF-kB is its release from a cytoplasmic inhibitory pro-
tein (1, 2, 6, 18, 60). This process is coupled to the transloca-
tion of the active Rel factor to the nucleus (4, 8, 31, 61).
Several proteins, collectively termed IkB and associated with

the latent NF-kB/Rel factor in the cytoplasm, share the prop-
erty of retaining NF-kB and preventing its translocation to the
nucleus (6, 18, 27, 36, 44, 47). To date, the most extensively
studied IkB is IkBa, the product of the humanMAD-3 gene or
its homologs in different species (11, 13, 21, 27, 56). IkBa
associates efficiently with all Rel proteins possessing transacti-
vation properties: c-Rel, RelA, and RelB (3, 6, 8, 18, 56).
Among the many proteins exhibiting IkB function, IkBa is the
only inhibitor which in response to cell stimulation dissociates
from the Rel complex, with kinetics matching NF-kB translo-
cation to the nucleus (34, 36, 55). It was therefore suggested
that the inducible activation of NF-kB is mainly regulated by
NF-kB/IkBa dissociation (6, 18, 31).
Two processes have been implicated in NF-kB/IkBa disso-

ciation: (i) phosphorylation affecting either IkBa or some of

the Rel proteins and (ii) IkBa degradation. In vitro phosphor-
ylation of IkB by several serine/threonine kinases prevents its
binding to NF-kB (17, 52); transient in vivo phosphorylation of
IkBa has been observed in several studies following cell stim-
ulation (7, 10, 16, 34, 55). A more common finding is the rapid
degradation of IkBa after cell stimulation, as monitored by
immunoblotting (7, 10, 11, 16, 22, 34, 54, 55). In principle, the
inducible degradation of IkBa could obviate the need for phos-
phorylation in NF-kB activation, because of the activation of
an IkBa-specific protease. However, the two processes, phos-
phorylation and degradation of IkBa, may be linked. Accord-
ing to the most prevalent NF-kB activation model, IkBa phos-
phorylation results in its dissociation from the Rel proteins,
thereby exposing it to degradation (6, 18, 31). This model is
supported by studies showing that the half-life of both endog-
enous and transfected IkBa is prolonged by overexpression of
RelA (43, 50, 54).
In our study we reevaluated the mechanism of NF-kB/IkB

activation. We show that the phosphorylation of IkBa is in-
duced by T-cell costimulation, in accordance with NF-kB ac-
tivation requirements in T cells. The inducible phosphorylation
of IkBa, like its degradation, can be prevented by preincubat-
ing the T cells with various nonrelated NF-kB-blocking re-
agents, suggesting its importance to NF-kB activation. How-
ever, inducible IkBa phosphorylation neither results in IkBa
dissociation nor is it sufficient to activate NF-kB, and it must be
complemented by selective proteolysis of IkBa. Accordingly,
we have identified a family of protease inhibitors which do not
interfere with the inducible phosphorylation of IkBa but, by
inhibiting its degradation, prevent NF-kB activation.

MATERIALS AND METHODS
Cell culture and reagents. Jurkat T cells were grown in RPMI 1640 supple-

mented with 10% fetal calf serum. Phorbol myristate acetate (PMA) and the
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Ca21 ionophore A23187 (Sigma) were used at concentrations of 10 ng/ml and 1
mM, respectively. Tosylamide phenylmethyl chloromethyl ketone (TPCK) and
pyrrolidinedithiocarbamate (PDTC) (Sigma) were used at concentrations of 25
and 100 mM, respectively, for 30 or 60 min before costimulation of the cells.
Cyclosporin A (CsA) (Sandoz) was used at a concentration of 400 ng/ml for 30
min prior to cell costimulation. N-acetyl-Leu-Leu-norleucinal (ALLN) and N-
acetyl-Leu-Leu-methioninal (ALLM) were purchased from Calbiochem. (Ben-
zyloxycarbonyl)-Leu-Leu-phenylalaninal (ZLLF) was provided by Signal Phar-
maceuticals, Inc. (San Diego, Calif.). L-Transepoxysuccinic acid (E64) and
N-acetyl-Leu-Leu-argininal (leupeptin) were purchased from Sigma.
Antisera and proteins. Rabbit antisera to IkBa (MAD-3), RelA (p65), and

NFKB1 (p50), a gift from J. DiDonato, were prepared against His-tagged human
IkBa fusion protein, the mouse p65 C-terminal (last 125-amino-acid [aa]) frag-
ment fused to glutathione S-transferase, and human p50 (36). The specificity of
the reagents was confirmed by competition assays with recombinant proteins
(14). Rabbit antiserum to Ltk was used as the control antiserum (5). The anti-
CD3 (OKT3) monoclonal antibody was purified from culture supernatants on
protein A-Sepharose. Anti-CD28 (clone 9.3) monoclonal antibody was a gift
from Peter Linsley. Recombinant human IkBa (MAD-3) was provided by T.
Henkel and P. Baeuerle.
Nuclear and cytoplasmic extracts. Following stimulation at 378C in complete

medium, cells were washed in cold phosphate-buffered saline, pelleted, and
resuspended in hypotonic buffer {10 mM HEPES (N-2-hydroxyethylpiperazine-
N9-2-ethanesulfonic acid; pH 7.6), 1 mM EDTA, 0.1 mM EGTA [ethylene
glycol-bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid], 10 mM KCl, 1 mM
dithiothreitol, protease and phosphatase inhibitors (5)}. After 15 min on ice,
Nonidet P-40 was added at a concentration of 0.6%, and the lysates were
incubated for an additional 5 min on ice and spun down at 14,000 rpm in a
microcentrifuge (Eppendorf) at 48C. The supernatant was removed and used as
cytoplasmic extract for immunoprecipitation and Western blot (immunoblot)
studies. The nuclear pellet was resuspended in an equal volume of nuclear
extract buffer (20 mM HEPES [pH 7.6], 0.2 mM EDTA, 0.1 mM EGTA, 25%
glycerol, 0.42 M NaCl, 1 mM dithiothreitol, protease and phosphatase inhibitors)
with frequent vortexing for 30 min at 48C. After a microcentrifuge spin at 14,000
rpm for 15 min, the supernatant was collected and used as nuclear extract in the
electrophoretic mobility shift assay (EMSA).
EMSA. The binding reaction mixture containing 10 mM HEPES (pH 7.9), 60

mM KCl, 0.4 mM dithiothreitol, 10% glycerol, 2 mg of bovine serum albumin, 1
mg of poly(dI-dC), 10,000 cpm of 32P-labeled kB oligonucleotide (22), and
nuclear extract (5 mg of protein) was incubated on ice for 30 min. In the
antibody-supershift assay, the reaction mixture minus probe was incubated with
1 ml of antiserum for 15 min at room temperature. The 32P-labeled oligonucle-
otide was then added, and incubation allowed to proceed for 30 min on ice.
Products were analyzed on a 5% acrylamide gel made up in 13 TGE (50 mM
Tris, 400 mM glycine, 2 mM EDTA).
Immunoblotting. Cytosolic extracts (50 mg of protein) were electrophoresed

on sodium dodecyl sulfate (SDS)–10% polyacrylamide gels and transferred to
nitrocellulose membranes (Schleicher & Schuell). The membranes were incu-
bated with the primary antibody for 2 h (1:2,500 dilution for anti-IkBa and
1:2,000 for anti-p65 and anti-p50) and then with peroxidase-conjugated protein
A (Amersham) at a 1:25,000 dilution for 30 min and analyzed according to the
Amersham enhanced chemiluminescense system (ECL). IkB was dephosphory-
lated in dephosphorylation buffer containing calf intestinal phosphatase (both
from Boehringer Mannheim) in the absence or presence of phosphatase inhib-
itors (p-nitrophenyl phosphate [PNPP], 20 mM; b-glycerophosphate, 20 mM;
and Na3VO4, 1 mM) and then subjected to Western blot analysis.
Immunoprecipitation. Cytosolic extracts (500 mg of protein) were incubated

for 18 h on ice with 2 ml of antiserum in 300 ml of hypotonic buffer containing
protease and phosphatase inhibitors. Precipitates were collected on protein A-
Sepharose (Pharmacia), washed in hypotonic buffer containing 0.1% Triton
X-100, and analyzed by Western blotting, with anti-IkBa serum.

RESULTS

Physiological activation of T lymphocytes requires costimu-
lation through the T-cell receptor/CD3 complex and CD28,
which can be mimicked by suboptimal PMA concentrations in
combination with the engagement of one receptor or Ca21

ionophore (12, 30, 53, 57). Previous studies indicated that
NF-kB activation is enhanced by costimulation (16, 28, 32, 51).
We extended these studies to include the steps involved in
NF-kB activation: from the posttranslational modification of
IkBa through its release from the Rel complex and to the
appearance of DNA-binding activity in the nucleus.
The costimulation requirements of NF-kB were evident in

an EMSA. Whereas single stimuli were barely sufficient to
induce NF-kB activity in EMSA, combinations of PMA with
either Ca21 ionophore, anti-CD3, or anti-CD28 and costimu-

lation with the two antibodies enhanced NF-kB DNA-binding
activity 10- to 20-fold over the level induced by a single stim-
ulus (Fig. 1A). In defining the composition of NF-kB detected
in EMSA, we tested the effect of antibodies and recombinant
IkBa protein [which eliminates NF-kB but not (p50)2 DNA
binding (61)] on costimulation-induced kB-binding activity
(Fig. 1B). While anti-RelA (p65) serum (lane 4) eliminated
only the upper kB-binding complex, the recombinant IkBa
protein (lane 2) eliminated the two upper complexes, and
anti-p50 serum retarded all the kB-binding complexes (lane 5).
We therefore concluded that the lower complex was composed
of p50 homodimers, the middle one was a heterodimer of p50
and an additional unidentified protein, and the upper complex
was a heterodimer of p50/RelA.
Parallel to testing the NF-kB DNA-binding activity, we in-

vestigated the fate of IkBa following cell treatment with vari-
ous stimuli. Single stimuli, which failed to activate NF-kB, did
not affect the migration or intensity of the IkBa signal in a
Western blot. In contrast, T-cell costimulation resulted in the
reduced intensity of the IkBa signal and the appearance of a
slowly migrating form of IkBa (Fig. 1C). Alkaline phosphatase
treatment of cytosolic extracts from stimulated cells reversed
the slow migration of the novel IkBa band, indicating that it
was a phosphorylated form of IkBa (Fig. 1D). Hence, on the
basis of our results, phosphorylation of IkBa, in parallel to
NF-kB activation, is induced according to the physiological
requirements for T-cell activation.
Kinetic studies of the IkBa modification process revealed

that shortly after the appearance of phosphorylated IkBa,
starting at 4 min after cell stimulation with PMA and the Ca21

ionophore, the nonmodified IkBa band was diminished (Fig.
2A). Upon densitometry analysis (Table 1), after a short lag,
the intensity of the phosphorylated IkBa signal at each time
point poststimulation nearly equaled the consecutive signal
loss of the nonmodified band from the previous time point.
Stimulation had no effect on the stability of p50 (Fig. 2A) or
p65 (data not shown), emphasizing the selectivity of IkBa
degradation. These features raise the possibility that the decay
of the nonphosphorylated IkBa signal occurs subsequent to its
modification, whereas the decay of the phosphorylated band is
due to degradation.
To test the hypothesis that IkBa degradation requires prior

phosphorylation, we used three different reagents which have
been shown to block NF-kB activation: TPCK (11, 22, 34),
PDTC (22, 48, 54), and CsA (32). TPCK, an alkylating agent
protease inhibitor (23), and PDTC, a metal chelator antioxi-
dant (20), completely blocked both the inducible modification
and the degradation of IkBa (Fig. 2B). CsA is a powerful
immunosuppressive drug and inhibitor of Ca21-dependent
phosphatase calcineurin (49) and blocks T-cell costimulation
(32, 53). Since IkBa phosphorylation and degradation require
costimulation (Fig. 1), CsA was expected to interfere with the
signaling process leading to IkBa modification. Indeed, CsA
abolished more than 75% of the inducible IkBa phosphoryla-
tion and nearly all of the degradation (Fig. 2B). The fact that
all three reagents, each with its individual mode of action,
blocked both the inducible IkBa modification and its degra-
dation suggests a linkage between the two events.
Since the stability of IkBa has been shown to be enhanced

by complexing to RelA (p65), it was suggested that modifica-
tion of IkBa could lead to its dissociation and destabilization
(6, 18, 31, 43, 50, 54). Once dissociation is induced through
IkBa phosphorylation, the released Rel proteins would be free
to translocate to the nucleus and bind to kB sites. Subsequent
degradation of the released IkBa would complement the dis-
sociation, ensuring its irreversibility. To test the effect of in-
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ducible IkBa phosphorylation on its dissociation, we examined
the composition of the Rel complex in T lymphocytes either
before or after stimulation, by immunoprecipitation with anti-
RelA serum and anti-p50 serum, followed by Western blot
analysis with anti-IkBa (Fig. 3). An 18-h immunoprecipitation
with anti-RelA serum (lane 4) or with anti-p50 serum (lane 7)
of nonstimulated cell extracts resulted in the recovery of non-

phosphorylated IkBa. However, following stimulation, consid-
erable amounts of phosphorylated IkBa were immunoprecipi-
tated along with the nonmodified IkBa by anti-RelA (lanes 5
and 6) or anti-p50 (lane 8). Similar results were obtained with
another RelA antiserum (44), whereas control antisera did not
precipitate any IkBa (data not shown and see Fig. 5B, control
IP). It is therefore clear that following its induced phosphor-

FIG. 1. NF-kB activation in Jurkat cells requires costimulation and involves
phosphorylation and degradation of IkBa. (A) NF-kB DNA-binding activity
analyzed by EMSA. Jurkat cells were treated for 20 min with the following
reagents: PMA, 10 ng/ml (P); A23187 Ca21 ionophore, 1 mM (I), anti-CD3, 5
mg/ml (lane labeled 3); anti-CD28, 3 mg/ml (lane labeled 28); PMA plus Ca21

ionophore (P/I); PMA plus anti-CD3 (P/3); PMA plus anti-CD28 (P/28); anti-
CD3 plus anti-CD28 (3/28); PMA plus Ca21 ionophore extract preincubated
with recombinant IkB ($P/I); and nonstimulated (NS) (0.2% dimethyl sulfoxide
only). The arrow indicates the NF-kB complex. (B) Antibody-supershift assay.
Jurkat cells were treated for 20 min with PMA and anti-CD3 (lanes 2 to 7) or left
untreated (lane 1). Prior to incubation with the 32P-labeled kB probe, samples
were incubated with recombinant IkBa (lane 2), anti-RelA (p65) (lane 4), anti-
p50 (lane 5), or one of the two control antisera, anti-IkB (lane 6) and anti-Ltk
(lane 7). Arrows indicate the different Rel complexes. (C) Western blot expres-
sion of IkBa. Jurkat cells were treated for 8 min with the indicated stimuli. The
arrow indicates the IkBa nonmodified band. The nonspecific band with a lower
molecular weight appearing at the bottom of the blot was unaffected by cell
stimulation. Lane designations are the same as those for panel A. (D) Alkaline
phosphatase sensitivity of slowly migrating IkBa. Extracts at 7 min poststimula-
tion with the indicated stimuli (P/I) or with no stimulation (2) were isolated in
the presence of phosphatase inhibitors, dialyzed against H2O containing pro-
tease inhibitors, and either were untreated (lanes 1 and 2) or were treated with
calf intestinal phosphatase (CIP) alone (lane 3) or together with phosphatase
inhibitors (In) (lane 4), and analyzed by Western blot.

FIG. 2. Inhibition of IkBa phosphorylation blocks its inducible degradation. (A) Kinetics of IkBamodification by Western blot analysis. Jurkat cells were stimulated
with PMA and the Ca21 ionophore for the indicated times. (Lower section) Western blot with anti-IkBa serum. The positions of nonmodified and modified IkBa are
indicated. (Upper section) Western blot with anti-p50 serum. The position of p50 is indicated. (B) IkBamodification in the presence of NF-kB-blocking reagents. Jurkat
cells were treated prior to stimulation with TPCK, PDTC, or CsA and analyzed by Western blot. The duration of Jurkat stimulation with PMA and the Ca21 ionophore
is indicated above (for TPCK) and below (for PDTC and CsA) the panel.
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ylation, the affinity of IkBa to RelA is not significantly re-
duced, with the phosphorylated IkBa remaining associated
with the NF-kB complex in cytoplasmic extracts for at least
18 h.
Since the detectable modification of IkBa is hardly sufficient

to induce its dissociation from NF-kB, another event is re-
quired for the observed IkBa loss following stimulation. On
the basis of previous studies from our laboratory and from
other groups, proteolysis is the most likely event (7, 10, 11, 16,
22, 34, 54, 55). It specifically targets IkBa, as we detected no
significant loss of the IkBa-associated proteins, RelA and p50
(Fig. 2A and data not shown). It is therefore conceivable that
IkBa proteolysis occurs in the cytoplasm and not in any spec-
ified cellular compartment, such as lysosomes, where selective
degradation is unlikely to occur. Two major classes of cyto-
plasmic proteases which could eliminate IkBa are calpains
(Ca21-dependent cysteine proteinases [35]) and the protea-
some, a multicatalytic proteinase complex (38, 42). Several
peptide aldehydes which are both calpain and proteasome in-
hibitors (15, 58), ALLN, ALLM, and ZLLF, are reversible
nonalkylating protease inhibitors and, as such, not likely to
disturb posttranslational modification events (58). We there-
fore tested their effect on IkBa processing. Pretreatment of
Jurkat cells with the inhibitors variably blocked IkBa degra-
dation (Fig. 4, lower section) but did not interfere with induc-
ible IkBa phosphorylation at 50% inhibitory concentrations
(IC50). The most effective was ZLLF, with an IC50 of 10 mM;
ALLN protected IkBa from degradation at an IC50 of 25 mM;
and the least effective was ALLM, which even at 300 mM only
partially influenced IkBa degradation. None of the inhibitors
had any effect on RelA (p65), which remained constant regard-
less of cell stimulation (Fig. 4, upper section). The capacity to
protect IkBa from degradation is not a general property of
peptide aldehydes, since leupeptin, a peptide aldehyde and a
potent calpain inhibitor (33), had no effect on IkBa-inducible
degradation (Fig. 4, right panel). To further distinguish be-
tween the effects of the protease inhibitors of calpains and the
proteasome on IkBa, we examined the influence of another
calpain inhibitor, E64, on the stability of IkBa. Following stim-
ulation (Fig. 5A, right panel), E64 did not interfere with the
inducible phosphorylation and degradation of IkBa, even at
the high concentration of 300 mM. Hence, the two potent
calpain inhibitors, leupeptin and E64, have no effect on IkBa
degradation.

The kinetics of PMA- and Ca21 ionophore-inducible IkBa
phosphorylation and degradation were studied in the presence
of ALLN (Fig. 5A, lower section). At 100 mM ALLN, there
was no significant degradation of IkBa at 20 min poststimula-
tion, whereas in the absence of the inhibitor more than 98% of
the protein was eliminated (Table 1). Furthermore, ALLN
treatment resulted in the accumulation of phosphorylated
IkBa. Between 8 and 20 min poststimulation, more than 85%
of the stabilized IkBa appeared phosphorylated, in contrast to
30 to 70% phosphorylation in the absence of the inhibitor at 5
to 7 min poststimulation, where considerable IkBa was still
preserved (Fig. 2A and 5A; Table 1). ALLN had no detectable
effect on either RelA or p50 (Fig. 5A), nor did it affect the
association of IkBa with RelA (Fig. 5B). Following preincu-
bation with ALLN, RelA immune complexes from two late
poststimulation time points (10 and 20 min; lanes 2 and 3,
respectively), at which there is hardly any detectable IkBa in
the absence of the inhibitor, contained considerable amounts
of both nonphosphorylated and phosphorylated IkBa.
The accumulation of phosphorylated IkBa following stimu-

lation in the presence of ALLN raised the question of whether
the stabilized IkBa is still active and retains NF-kB in the
cytoplasm. Nuclear extracts corresponding to two late post-

FIG. 3. IkBa phosphorylation does not lead to its dissociation from the
NF-kB complex. Jurkat cells were stimulated with PMA and Ca21 ionophore for
the indicated times (in minutes). Immunoprecipitates (IP) with anti-p65 serum
(lanes 4 to 6) or with anti-p50 serum (lanes 7 and 8); lanes 1 to 3, pre-IP
reference samples. The positions of the immunoglobulin heavy chain (IgH) and
IkBa are indicated on the right; the positions of molecular mass markers (in
daltons) are indicated on the left.

TABLE 1. Results of densitometric analysis of IkBaa

Stimulation
(min)b

No pretreatment Pretreatment with ALLN

ODc
% PIkBa

OD
% PIkBa

PIkBa IkBa Total PIkBa IkBa Total

0 0 1.098 1.098 0 0 0.599 0.599 0
3 0 1.110 1.110 0
4 0.090 1.104 1.194 7.5 0 0.783 0.783 0
5 0.520 1.011 1.531 34
6 0.625 0.472 1.097 57 0.311 0.407 0.718 43
7 0.297 0.138 0.435 68
8 0.103 0.020 0.123 84 0.498 0.066 0.564 88
9 0.019 0 0.019 100
10 0.018 0.004 0.022 82 0.636 0.066 0.702 90.5
12 0.491 0.035 0.526 93
20 0.016 0.004 0.020 80 0.543 0.081 0.624 87

a Analysis of the autoradiograms presented in Fig. 2A (no inhibitor) and Fig. 5A (ALLN) was done with the Bio-Rad densitometer (model GS-670). PIkBa,
phosphorylated IkBa; IkBa, unmodified IkBa. Total, sum of the results for the two forms of IkBa; % PIkBa, percentage of phosphorylated IkBa of the total.
b Cells were stimulated with PMA and the Ca21 ionophore for the times (in minutes) indicated.
c OD, optical density units.

VOL. 15, 1995 IkB PHOSPHORYLATION INSUFFICIENT TO ACTIVATE NF-kB 1297



stimulation time points were tested for the effect of ALLN on
in vivo-inducible NF-kB activity (Fig. 5C). The presence of the
protease inhibitor in the culture medium resulted in almost
total abrogation of NF-kB activation, whereas the addition of
ALLN to the binding reaction mixture did not interfere with
DNA binding of NF-kB. Hence, it is conceivable that ALLN
blocks NF-kB activation by inhibiting the release of IkBa,
presumably by preventing IkBa proteolysis.

DISCUSSION

The NF-kB activation system is a model for rapid cellular
induction of latent transcription factors. The basic phenome-
non behind the activation process, documented by Baeuerle
and Baltimore (1, 2), is the coupling of inducible NF-kB ac-
tivity to the dissociation of an inhibitory component in the
cytoplasm (1–3). Several posttranslational modification events
appear to participate in the activation of the transcription
factor, converting it from a latent cytoplasmic factor to an
active nuclear one (6, 18). Early studies emphasized the puta-
tive role of protein phosphorylation in the dissociation process,

particularly the in vitro inactivation of IkB through phosphor-
ylation (17, 52), with later reports of transient in vivo IkBa
phosphorylation (7, 10, 16, 34, 55). Recent work has centered
on another posttranslational modification process, the rapid
inducible degradation of IkBa (7, 10, 11, 16, 22, 34, 54, 55).
In our study, we monitored the fate of IkBa during T-

lymphocyte activation. NF-kB is an essential component in the
regulation of interleukin-2 expression, one of the hallmarks of
T-cell activation (26, 28, 57). T cells require two stimuli for the
induction of interleukin-2 expression (12, 30, 53, 57). Indeed,
earlier studies suggested that T-cell costimulation with phorbol
ester and the Ca21 ionophore is required for optimal induction
of NF-kB (16, 32). We extended these studies to the effect of
other costimuli on NF-kB, in parallel to their influence on
IkBa. T-cell stimulation with suboptimal concentrations of
phorbol ester in combination with either anti-CD3 antibodies,
antibodies to CD28, or the Ca21 ionophore induced phosphor-
ylation and degradation of IkBa along with NF-kB activation.
By contrast, single stimuli failed to induce either NF-kB DNA-
binding activity or any modification of IkBa. The costimulation
dependence of the phosphorylation and degradation of IkBa

FIG. 4. Specific peptide aldehyde inhibitors do not interfere with inducible phosphorylation of IkBa but block its subsequent degradation. Cells were pretreated
for 1 h with ZLLF, ALLN, ALLM, and leupeptin at the indicated concentrations (lanes 1 to 12 and 15 to 18) or with dimethyl sulfoxide (0.1%) alone (lanes 13 and
14). Lanes: 1, 5, 9, 14, and 15, unstimulated cells; 2 to 4, 6 to 8, 10 to 13, and 16 to 18, cells stimulated with PMA and Ca21 ionophore for 20 min. Upper section, Western
blot with anti-p65 serum; lower section, Western blot with anti-IkBa serum. Bg indicates the position of a nonspecific band which was unaffected by cell stimulation.

FIG. 5. IkBa phosphorylation is not sufficient for NF-kB activation. (A)
Stimulation kinetics of IkBa phosphorylation and degradation in the presence of
ALLN and E64. Cells were pretreated for 1 h with 100 mM ALLN or 300 mM
E64 and stimulated with PMA and Ca21 ionophore for the indicated times (in
minutes). Lower section, Western blot with anti-IkBa serum; Midsection, West-
ern blot with anti-p50 serum; Upper section, Western blot with anti-p65 serum.
The positions of IkBa, p50, and p65 are indicated. (B) ALLN stabilizes phos-
phorylated IkBa within the NF-kB complex. ALLN (100 mM)-treated Jurkat
cells were stimulated with PMA and Ca21 ionophore for the indicated times (in
minutes). Immunoprecipitates (IP) with anti-p65 serum (lanes 1 to 3) or with
anti-Ltk serum (C) (lane 4); lanes 5 to 7, pre-IP reference samples. The positions
of the immunoglobulin heavy chain (IgH) and IkBa are indicated on the right;
the positions of the molecular mass markers (in daltons) are indicated on the left.
(C) ALLN inhibits in vivo NF-kB activation in EMSA. The durations of stimu-
lation (in minutes) with PMA and Ca21 ionophore are indicated. Lanes: 1 to 3,
ALLN-treated cells; 4 to 9, untreated cells. The DNA-binding reaction was per-
formed in the absence (lanes 4 to 6) or in the presence (lanes 7 to 9) of ALLN.
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and NF-kB activation indicates that the two processes, phos-
phorylation and degradation, are involved in physiological
NF-kB activation.
Effective costimulation of Jurkat cells resulted in the phos-

phorylation of a fraction of IkBa within 4 to 5 min. After an
additional 1 or 2 min, the fraction of newly phosphorylated
IkBa equaled or exceeded the nonphosphorylated fraction,
while both IkBa forms co-decayed within a period of 3 to 4
min. When the kinetics of IkBa modification was monitored at
intervals of 1 min or less, the decay of nonmodified IkBa
seemed attributable mainly to its phosphorylation. It is thus
conceivable that, following a short lag, the rate of IkBa phos-
phorylation is equal to the rate of degradation of the newly
phosphorylated form, resulting in the observed codecay of both
forms. According to this scenario, selective inhibition of the
proteolysis event should lead to accumulation of phosphory-
lated IkBa, an outcome which was indeed observed in our
experiments. The nonmodified form of IkBa recovered in the
presence of some of the protease inhibitors could be attributed
to dephosphorylation occurring either in vivo or artificially
during preparation of the cell extracts. This could also account
for some of the variation in the ratio of the two forms in
different experiments.
Several protease inhibitors have the capacity to block in vivo

IkBa degradation and NF-kB activation (22). However,
whereas some of the previously reported inhibitors (such as
TPCK) interfere with IkBa phosphorylation, the effect of the
peptide aldehyde inhibitors described here is mainly limited to
inhibition of IkBa proteolysis. IkBa phosphorylation is initi-
ated and proceeds normally at peptide aldehyde concentra-
tions which block NF-kB activation. Therefore, the two mod-
ification processes affecting IkBa following cell stimulation are
not reciprocally linked, with phosphorylation able to proceed
in the absence of degradation but blockage of phosphorylation
apparently abolishing degradation. The two NF-kB-blocking
reagents, PDTC and CsA, which are neither protease nor ki-
nase inhibitors, interfered with both the phosphorylation of
IkBa and its degradation, suggesting that the two processes are
coupled. Nevertheless, on the basis of our studies, we cannot
conclude that phosphorylation is a prerequisite to degradation.
It should be possible to resolve this issue upon identification of
phosphorylation site mutants of IkBa which escape inducible
degradation or the demonstration of selective proteolysis of
the phosphorylated IkBa.
Whether essential to degradation, and at variance with some

prevailing models, the detectable IkBa phosphorylation per se
is not sufficient to inactivate IkBa. This conclusion is inferred
from two observations. First, shortly after stimulation, while
both nonmodified and newly phosphorylated IkBa are present
in the cytoplasm, both forms are captured in a complex with
RelA and p50. In the presence of protease and phosphatase
inhibitors, both complexes proved stable in vitro for at least 18
h, indicating that the affinity of the newly phosphorylated IkBa
to RelA is not significantly different from that of the nonmodi-
fied form. Second, upon cell stimulation in the presence of the
peptide aldehyde inhibitors, complexes of phosphorylated
IkBa and RelA persist in the cytoplasm at least 20 min post-
stimulation, while no active NF-kB is found in the nucleus. We
may therefore conclude that phosphorylated IkBa is bound to
RelA in the cytoplasm as long as it is not subject to the cell’s
proteolytic machinery. This concept is not peculiar to NF-kB
activation following costimulation in T cells. Similar findings
with HeLa cells following stimulation with tumor necrosis fac-
tor alpha have been reported by DiDonato et al. (14).
Assuming that phosphorylation is indeed an essential step in

NF-kB activation, what then is the role of the inducible phos-

phorylation of IkBa? Although not directly addressed in our
present study, it is possible that phosphorylation singles out
IkBa for degradation. Phosphorylation at a cdc-2 site has re-
cently been shown to contribute to the destabilization of the
RAG-2 protein in the S phase of the cell cycle (29). Similar to
the cell cycle-regulated kinase which sensitizes the RAG-2
protein to degradation, cell stimulation may induce a kinase
responsible for tagging IkBa for degradation. The newly
marked protein would then be recognized by a cytoplasmic
protease, facilitating subunit-specific degradation in a fashion
similar to the degradation of the yeast a2 repressor (24) and
sparing the other subunits of the complex. Although we favor
this model, which is based solely on the detectable protein
modifications found in our study, we cannot rule out more
complex models for the dissociation of NF-kB/IkBa. For ex-
ample, following the inducible phosphorylation (reflected in
the slow migration of IkBa in SDS-polyacrylamide gels) a
second nondetectable event may ensue, leading to the release
of IkBa and its subsequent degradation. Such an event may
modify IkBa itself or one of the other subunits of the complex.
Should the event also be sensitive to some unknown effects
exerted by the peptide aldehydes, it would even provide an
alternative explanation to the stabilization of IkBa by the re-
agents.
The selectivity of the proteolytic event toward IkBa indi-

cates that it occurs in the cytoplasm where the complexes of
NF-kB and phosphorylated IkBa are found prior to their dis-
sociation and not in a nonselective proteolytic compartment,
such as lysosome. Two major classes of proteases are known to
operate outside of the lysosome: the calpains (Ca21-dependent
cysteine proteinases) and the proteasome, particularly the
ATP-dependent, 26S multisubunit proteinase, which can oper-
ate in a ubiquitin-dependent or -independent fashion (42). We
previously reported a series of cell-penetrating protease inhib-
itors which, concomitant with NF-kB activation, block the loss
of IkBa (22). We then concluded that IkBa degradation is a
necessary step in NF-kB activation and have substantiated this
claim in the present study. However, some of the previously
used protease inhibitors are capable of alkylating cell proteins
(23). Since it was impossible to detect the phosphorylated
IkBa with the previously used antibodies, we could not have
observed the effect of TPCK on IkBa phosphorylation. With
the aid of new IkBa-specific antiserum, we have now demon-
strated that TPCK, an alkylating agent which is incapable of
blocking the proteasome (23, 25), can totally abolish the in-
ducible phosphorylation of IkBa. It thus probably blocks pro-
teolysis indirectly, by interfering with the signaling of IkBa
modification.
Although some of the previously reported inhibitors, such as

3,4-dichloroisocoumarin, may stabilize IkBa by blocking the
proteasome (39, 40, 58), the peptide aldehyde protease inhib-
itors used in the present work are much more selective (39, 58)
and particularly effective against calpains and the proteasome
(15, 45, 46, 58). However, the IC50 values that we obtained for
the inhibitors studied correlate between IkBa stabilization and
the proteasome inhibition far better than with calpain inhibi-
tion (15, 45, 58). After the submission of our manuscript,
Palombella et al. (41) reported the inhibition of IkBa degra-
dation in MG-63 cells by the proteasome inhibitor MG115, a
peptide aldehyde related to ALLN. Furthermore, E64 and
leupeptin, two efficient calpain inhibitors (33) which do not
inhibit the proteasome (45, 58), had no effect on IkBa stabi-
lization in our experiments, even at a concentration of 300 mM.
Also, unlike calpains (35, 59), the proteasome degrades its
substrates to completion, similarly to the processing of IkBa,
without generating discrete peptide cleavage products (38).
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Finally, the proteasome apparently has the capacity to sense
conformational changes in protein substrates (40). It could,
therefore, distinguish the inducible phosphorylation of IkBa
which affects the protein’s migration in a gel mobility. Further
studies are necessary to show whether the proteasome is in-
deed implicated in NF-kB activation following cell stimulation,
particularly whether it is a function of the ATP-dependent 26S
proteasome and requires IkBa ubiquitination.
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ADDENDUM IN PROOF

After submission of our manuscript, two papers (E. B.-M.
Traenckner, S. Wilk, and P. A. Baeuerle, EMBO J. 13:5433–
5441, 1994, and S.-C. Sun, J. Elwood, C. Béraud, and W. C.
Greene, Mol. Cell. Biol. 14:7377–7384, 1994) provided evi-
dence to support our suggested model of NF-kB activation.
Similar conclusions are drawn by DiDonato et al. (14).

REFERENCES

1. Baeuerle, P. A., and D. Baltimore. 1988. Activation of DNA-binding activity
in an apparently cytoplasmic precursor of the NF-kB transcription factor.
Cell 53:211–217.

2. Baeuerle, P. A., and D. Baltimore. 1988. IkB: a specific inhibitor of the
NF-kB transcription factor. Science 242:540–546.

3. Baeuerle, P. A., and D. Baltimore. 1989. A p65 kD subunit of active NF-kB
is required for inhibition of NF-kB by IkB. Genes Dev. 3:1689–1698.

4. Baeuerle, P. A., and T. Henkel. 1994. Function and activation of NF-kB in
the immune system. Annu. Rev. Immunol. 17:141–179.

5. Bauskin, A. R., I. Alkalay, and Y. Ben-Neriah. 1991. Redox regulation of a
protein tyrosine kinase in the endoplasmatic reticulum. Cell 66:685–696.

6. Beg, A. A., and A. S. Baldwin, Jr. 1993. The IkB proteins: multifunctional
regulators of the Rel/NF-kB transcription factors. Genes Dev. 7:2064–2070.

7. Beg, A. A., T. S. Finco, P. V. Nantermet, and A. S. Baldwin, Jr. 1993. Tumor
necrosis factor and interleukin-1 lead to phosphorylation and loss of IkB: a
mechanism for NF-kB activation. Mol. Cell. Biol. 13:3301–3310.

8. Beg, A. A., S. M. Ruben, R. I. Scheinman, S. Haskill, C. A. Rosen, and A. S.
Baldwin, Jr. 1992. IkB interacts with the nuclear localization sequences of
the subunits of NF-kB: a mechanism for cytoplasmic retention. Genes Dev.
6:1899–1913.

9. Blank, V., P. Kourilsky, and A. Israel. 1992. NF-kB and related proteins:
Rel/dorsal homologies meet ankyrin-like repeats. Trends Biochem. Sci. 17:
135–140.

10. Brown, K., S. Park, T. Kanno, G. Franzoso, and U. Siebenlist. 1993. Mutual
regulation of the transcriptional activator NF-kB and its inhibitor, IkB. Proc.
Natl. Acad. Sci. USA 90:2532–2536.

11. Chiao, P. J., S. Miyamoto, and I. M. Verma. 1994. Autoregulation of IkB
activity. Proc. Natl. Acad. Sci. USA 91:28–32.

12. Crabtree, G. R. 1989. Contingent genetic regulatory events in T lymphocyte
activation. Science 243:355–361.

13. Davies, N., S. Ghosh, D. L. Simmons, P. Tempst, D.-H. Chiou, D. Baltimore,
and H. R. Bose, Jr. 1991. Rel-associated pp40: an inhibitor of the Rel family
transcription factor. Science 253:1268–1271.

14. DiDonato, J. A., F. Mercurio, and M. Karin. 1995. Phosphorylation of IkBa
precedes but is not sufficient for its dissociation from NF-kB. Mol. Cell. Biol.
15:1302–1311.

15. Figueiredo-Pereira, M. E., N. Banik, and S. Wilk. 1994. Comparison of the
effect of calpain inhibitors on two extralysosomal proteinases: the multicata-
lytic proteinase complex and m-calpain. J. Neurochem. 62:1989–1994.

16. Frantz, B., E. C. Norby, G. Bren, N. Steffan, C. V. Paya, R. L. Kincaid, M. J.
Tocci, J. S. O’Keefe, and E. A. O’Neill. 1994. Calcineurin acts in synergy with
PMA to inactivate IkB/MAD3, an inhibitor of NF-kB. EMBO J. 13:861–870.

17. Ghosh, S., and D. Baltimore. 1990. Activation in vitro of NF-kB by phos-
phorylation of its inhibitor IkB. Nature (London) 344:678–682.

18. Gilmore, T. D., and P. J. Morin. 1993. The IkB proteins: members of a
multifunctional family. Trends Genet. 9:427–434.

19. Grilli, M., J. J.-S. Chiu, and M. J. Lenardo. 1993. NF-kB and Rel: partici-
pants in a multiform transcriptional regulatory system. Int. Rev. Cytol. 143:
1–62.

20. Halliwell, B., and J. M. Gutteridge. 1986. Iron and free radical reactions: two
aspects of antioxidant protection. Trends Biochem. Sci. 11:372–375.

21. Haskill, S., A. A. Beg, S. M. Tompkins, J. S. Morris, A. D. Yurocko, J. A.
Sampson, K. Mondal, P. Ralph, and A. S. Baldwin, Jr. 1991. Characteriza-
tion of an immediate-early gene induced in adherent monocytes that encodes
IkB-like activity. Cell 65:1281–1289.

22. Henkel, T., T. Machleidt, I. Alkalay, M. Kronke, Y. Ben-Neriah, and P. A.
Baeuerle. 1993. Rapid proteolysis of IkB is necessary for activation of tran-
scription factor NF-kB. Nature (London) 365:182–185.

23. Hiller, R., A. Schaefer, R. Zibirre, H. R. Kaback, and G. Koch. 1984. Factors
influencing the accumulation of tetraphenylphosphonium cation in HeLa
cells. Mol. Cell. Biol. 4:199–202.

24. Hochstrasser, M., and A. Varshavsky. 1990. In vivo degradation of a tran-
scriptional regulator: the yeast a2 repressor. Cell 61:697–708.

25. Hough, R., G. Pratt, and M. Rechsteiner. 1987. Purification of two high
molecular weight proteases from rabbit reticulocyte lysate. J. Biol. Chem.
262:8303–8313.

26. Hoyos, B., D. W. Ballard, E. Bohnlein, M. Siekevitz, and W. C. Greene. 1989.
kB-specific DNA binding proteins: role in the regulation of human interleu-
kin-2 gene expression. Science 244:457–460.

27. Kidd, S. 1992. Characterization of the Drosophila cactus locus and analysis
of interactions between cactus and dorsal proteins. Cell 71:623–635.

28. Lenardo, M. J., and D. Baltimore. 1989. NF-kB: a pleiotropic mediator of
inducible and tissue-specific gene control. Cell 58:227–229.

29. Lin, W. C., and S. Desiderio. 1994. Cell cycle regulation of V(D)J recombi-
nation-activating protein RAG-2. Proc. Natl. Acad. Sci. USA 91:2733–2737.

30. Linsley, P. S., and J. A. Ledbetter. 1993. The role of the CD28 receptor
during T cell responses to antigen. Annu. Rev. Immunol. 11:191–212.

31. Liou, H. C., and D. Baltimore. 1993. Regulation of the NF-kB/Rel transcrip-
tion factor and IkB inhibitor system. Curr. Opin. Cell Biol. 5:477–487.

32. Mattila, P. S., K. S. Ullman, S. Fiering, E. A. Emmel, M. McCutcheon, G. R.
Crabtree, and L. A. Herzenberg. 1990. The actions of cyclosporin A and
FK506 suggest a novel step in the activation of T lymphocytes. EMBO J.
9:4425–4433.

33. Mehdi, S. 1991. Cell-penetrating inhibitors of calpain. Trends Biochem. Sci.
16:150–153.

34. Mellits, K. H., R. T. Hay, and S. Goodbourn. 1993. Proteolytic degradation
of MAD3 (IkB) and enhanced processing of the NF-kB precursor p105 are
obligatory steps in the activation of NF-kB. Nucleic Acids Res. 21:5059–
5066.

35. Melloni, E., and S. Pontremoli. 1989. The calpains. Trends Neurochem. Sci.
12:438–444.

36. Mercurio, F., J. A. DiDonato, C. Rosette, and M. Karin. 1993. p105 and p98
precursor proteins play an active role in NF-kB mediated signal transduc-
tion. Genes Dev. 7:705–708.

37. Nabel, G., and D. Baltimore. 1987. An inducible transcription factor acti-
vates expression of human immunodeficiency virus in T cells. Nature (Lon-
don) 326:711–713.

38. Orlowski, M. 1993. The multicatalytic proteinase complex (proteasome) and
intracellular protein degradation: diverse functions of an intracellular parti-
cle. J. Lab. Clin. Med. 121:187–189.

39. Orlowski, M., C. Cardozo, and C. Michaud. 1993. Evidence for the presence
of five distinct proteolytic components in the pituitary multicatalytic protein-
ase complex. Properties of two components cleaving bonds on the carboxyl
side of branched chain and small neutral amino acids. Biochemistry 32:1563–
1572.

40. Orlowski, M., and C. Michaud. 1989. Pituitary multicatalytic proteinase
complex. Specificity of components and aspects of proteolytic activity. Bio-
chemistry 28:9270–9278.

41. Palombella, V. J., O. J. Rando, A. L. Goldberg, and T. Maniatis. 1994. The
ubiquitin-proteasome pathway is required for processing the NF-kB1 pre-
cursor protein and the activation of NF-kB. Cell 78:773–785.

42. Peters, J.-M. 1994. Proteasomes: protein degradation machines of the cell.
Trends Biochem. Sci. 19:377–382.

43. Rice, N. R., and M. K. Ernst. 1993. In vivo control of NF-kB activation by
IkB. EMBO J. 12:4685–4695.

44. Rice, N. R., M. L. MacKichan, and A. Israel. 1992. The precursor of NF-kB
p50 has IkB-like functions. Cell 71:243–253.

45. Rock, K. L., C. Gramm, L. Rothstein, K. Clark, R. Stein, L. Dick, D. Hwang,
and A. L. Goldberg. 1994. Inhibitors of the proteasome block the degrada-
tion of most cell proteins and the generation of peptides presented on MHC
class I molecules. Cell 78:761–771.

46. Sasaki, T., M. Kishi, M. Saito, T. Tanaka, N. Higuchi, E. Kominami, N.
Katunuma, and T. Murachi. 1990. Inhibitory effect of di- and tripeptidyl
aldehydes on calpains and cathepsins. J. Enzyme Inhib. 3:195–201.

1300 ALKALAY ET AL. MOL. CELL. BIOL.



47. Scheinman, R. I., A. A. Beg, and A. S. Baldwin, Jr.. 1993. NF-kB p100
(Lyt-10) is a component of H2TF1 and can function as an IkB-like molecule.
Mol. Cell. Biol. 13:6089–6101.

48. Schreck, R., B. Meier, D. Mannel, W. Droge, and P. A. Baeuerle. 1992.
Dithiocarbamates as potent inhibitors of nuclear factor kB activation in
intact cells. J. Exp. Med. 175:1181–1194.

49. Schreiber, S. L. 1992. Immunophilin-sensitive protein phosphatase action in
cell signaling pathways. Cell 70:365–368.

50. Scott, M. L., T. Fujita, H. C. Liou, G. P. Nolan, and D. Baltimore. 1993. The
p65 subunit of NF-kB regulates IkB by two distinct mechanisms. Genes Dev.
7:1266–1276.

51. Sen, R., and D. Baltimore. 1986. Inducibility of immunoglobin enhancer-
binding protein NF-kB by a posttranslational mechanism. Cell 47:921–928.

52. Shirakawa, F., and S. Mizel. 1989. In vitro activation and nuclear translo-
cation of NF-kB catalyzed by cyclic AMP-dependent protein kinase and
protein kinase C. Mol. Cell. Biol. 9:2424–2430.

53. Su, B., E. Jacinto, M. Hibi, T. Kallunki, M. Karin, and Y. Ben-Neriah. 1994.
JNK is involved in signal integration during costimulation of T lymphocytes.
Cell 77:727–736.

54. Sun, S. C., P. A. Ganchi, D. W. Ballard, and W. C. Greene. 1993. NF-kB
controls expression of inhibitor IkB: evidence for an inducible autoregula-
tory pathway. Science 259:1912–1915.

55. Sun, S. C., P. A. Ganchi, C. Braud, D. W. Ballard, and W. C. Greene. 1994.
Autoregulation of the NF-kB transactivator Rel A (p65) by multiple cyto-
plasmic inhibitors containing ankyrin motifs. Proc. Natl. Acad. Sci. USA
91:1346–1350.

56. Tewari, M., P. Dobrzanski, K. L. Mohn, D. E. Cressman, J. C. Hsu, R. Bravo,
and R. Taub. 1992. Rapid induction in regenerating liver of RL/IF-1 (an IkB
that inhibits NF-kB, RelB-p50, and c-Rel–p50) and PHF, a novel kB site-
binding complex. Mol. Cell. Biol. 12:2898–2908.

57. Umlauf, S. W., B. Beverly, S.-M. Kang, K. Brorson, A.-C. Tran, and R. H.
Schwartz. 1993. Molecular regulation of the IL-2 gene: rheostatic control of
the immune system. Immunol. Rev. 133:177–197.

58. Vinitsky, A., C. Michaud, J. C. Powers, and M. Orlowski. 1992. Inhibition of
the chymotrypsin-like activity of the pituitary multicatalytic proteinase com-
plex. Biochemistry 31:9421–9428.

59. Wang, K. W., A. Villalobo, and B. D. Roufogalis. 1989. Calmodulin binding
proteins as calpain substrates. Biochem. J. 262:693–706.

60. Zabel, U., and P. A. Baeuerle. 1990. Purified human IkB can rapidly disso-
ciate the complex of the NF-kB transcription factor with its cognate DNA.
Cell 61:255–265.

61. Zabel, U., T. Henkel, M. dos Santus Silva, and P. A. Baeuerle. 1993. Nuclear
uptake control of NF-kB by MAD-3, an IkB protein present in the nucleus.
EMBO J. 12:201–211.

VOL. 15, 1995 IkB PHOSPHORYLATION INSUFFICIENT TO ACTIVATE NF-kB 1301


