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ABSTRACT The inhibitor protein IacBa controls the nu-
clear import of the transcription factor NF-cB. The inhibitory
activity of IcBa is regulated from the cytoplasmic compart-
ment by signal-induced proteolysis. Previous studies have
shown that signal-dependent phosphorylation of serine resi-
dues 32 and 36 targets IKBca to the ubiquitin-proteasome
pathway. Here we provide evidence that lysine residues 21 and
22 serve as the primary sites for signal-induced ubiquitination
of IKBa. Conservative Lys -- Arg substitutions at both Lys-21
and Lys-22 produce dominant-negative mutants of IucBa in
vivo. These constitutive inhibitors are appropriately phos-
phorylated but fail to release NF-KB in response to multiple
inducers, including viral proteins, cytokines, and agents that
mimic antigenic stimulation through the T-cell receptor.
Moreover, these Lys -* Arg mutations prevent signal-
dependent degradation of IKBa in vivo and ubiquitin conju-
gation in vitro. We conclude that site-specific ubiquitination of
phosphorylated I#cBa at Lys-21 and/or Lys-22 is an obligatory
step in the activation of NF-KcB.

The prototypic form of the transcription factor NF-KB is a
heterodimeric complex containing p50 (NF-KB1) and p65
(RelA) (reviewed in refs. 1-4). When present in the nucleus,
NF-KB stimulates the expression of numerous effector genes
involved in immune, acute-phase, and inflammatory responses
(1, 2). In addition, NF-KB is required for transcription of the
type 1 human immunodeficiency provirus (HIV-1) (5). Nor-
mally, NF-KB is sequestered in the cytoplasm via interactions
with members of the IKB family of proteins, including a 37-kDa
inhibitor called IKBa (reviewed in refs. 6 and 7). In response
to a broad spectrum of activation cues, IKBa is phosphorylated
at Ser-32 and Ser-36 and then rapidly degraded, thus permit-
ting translocation of NF-KB to the nucleus (6-9).
Recent in vitro and in vivo studies have shown that IKBa is

degraded by the 26S proteasome following its covalent attach-
ment to ubiquitin (Ub) (10, 11). Entry of IKBa into the
Ub-proteasome pathway is dependent on signal-induced phos-
phorylation of this inhibitor at Ser-32 and Ser-36 (11). For
most short-lived substrates, the Ub-proteasome pathway is
initiated by the sequential action of at least three enzymes
(termed El, E2, and E3) that together catalyze the activation
and ligation of multiple Ub molecules to susceptible lysine
residues (reviewed in ref. 12). However, the mechanisms that
regulate ubiquitination of conditionally labile proteins, such as
IKBa, remain obscure.

In this report, we provide genetic and biochemical evidence
that induced phosphorylation of IKBa at Ser-32/Ser-36 leads
to ligation of Ub to Lys-21 and/or Lys-22. IKBa mutants
containing simultaneous Lys -> Arg replacements at these two
sites act as constitutive inhibitors of NF-KB that are appropri-
ately phosphorylated but escape from signal-dependent break-
down in vivo and from ubiquitination in vitro. These findings

suggest that the Ub-conjugating machinery is recruited to the
phosphorylated Ser-32/Ser-36 motif of IKBa, resulting in
site-directed ubiquitination at nearby Lys-21/Lys-22.

MATERIALS AND METHODS
Expression Vectors. Complementary DNAs encoding hu-

man RelA (13), human IKBa (14), and the Tax protein of type
1 human T-cell leukemia virus (HTLV-1) (15) were inserted
into the polylinker of pCMV4 (16) downstream of the cyto-
megalovirus immediate-early promoter. The reporter plasmid
containing the chloramphenicol acetyltransferase (CAT) gene
linked to the HIV-1 KB enhancer has been described (17).
Site-directed mutations were introduced into the full-length
IKBa cDNA by using the phosphorothioate method (18) and
confirmed by DNA sequencing. Epitope-tagged derivatives of
these mutants were constructed by PCR-assisted amplification
with a 5' primer that fused an epitope tag derived from the
gene 10 protein of phage T7 (Met-Ala-Ser-Met-Thr-Gly-Gly-
Gln-Gln-Met-Gly; ref. 19) in frame with the initiator methi-
onine of IKBa.

Transient Transfections and CAT Assays. Human Jurkat T
lymphocytes or a derivative that stably expresses the murine
interleukin 1 (IL-1) receptor (Ju.1; kindly provided by David
McKean; ref. 20) were cultured and transfected by electropo-
ration as described (8). Where indicated, cultures were treated
after 48 h of growth with tumor necrosis factor a (TNF-a; 500
units/ml; Genzyme), IL-1 (1000 units/ml; Genzyme), or com-
binations of phorbol 12-myristate 13-acetate (PMA; 50 ng/ml)
and ionomycin (1 ,M; Calbiochem) for 20 h prior to harvest.
Whole-cell extracts were prepared from transfectants, normal-
ized for protein concentration (21), and assayed for CAT
activity as described (22).

Subcellular Fractionation and Extract Analyses. Cytosolic
and nuclear fractions were prepared from T-cell transfectants
as described (8). Gel-retardation assays were performed under
published reaction conditions (8) and a 32P-labeled palin-
dromic KB enhancer probe (KB-pd; 5'-CAACGGCAGGGG-
AATTCCCCTCTCCTT-3') (23). Epitope-tagged IKBa was
isolated from cytosolic extracts by incubation with monoclonal
anti-T7 antibody (T7-Tag; Novagen) and protein A-agarose
beads (Boehringer Mannheim). Immunoprecipitates were
washed in low-stringency buffer, fractionated by SDS/PAGE,
and transferred to polyvinylidene difluoride membranes (Du-
Pont) as described (8). Membranes were incubated with
anti-peptide antisera directed against C-terminal sequences of
either IKBa (aa 229-317) or RelA (aa 529-551). Immunore-
active proteins were detected by enhanced chemiluminescence
(Amersham).

Abbreviations: CAT, chloramphenicol acetyltransferase; HIV-1, type
1 human immunodeficiency virus; HTLV-1, type 1 human T-cell
leukemia virus; Ub, ubiquitin; TNF-a, tumor necrosis factor a; IL-1,
interleukin 1; PMA, phorbol 12-myristate 13-acetate; CHX, cyclohex-
imide.
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In Vitro Ubiquitination Assay. Epitope-tagged derivatives of
each IKBa cDNA were subcloned into pBluescript SK (+)
(Stratagene), linearized with Not I, and transcribed in vitro.
Radiolabeled IKBa substrates for ubiquitination reactions
were synthesized from these transcripts by using wheat germ
extracts (TNT; Promega) supplemented with [35S]methionine
(11). Preparation of active HeLa cell cytoplasmic extracts
(S100 fraction) and reaction parameters for in vitro Ub con-
jugation have been described in detail (11). Under these
conditions, efficient phosphorylation and ubiquitination of
IKBa are dependent on the presence of okadaic acid, a potent
inducer of NF-KB in vivo (24-26).

RESULTS
Phosphorylation of IKBa at Ser-32 and Ser-36 is required for
Ub conjugation (11); however, the specific lysine residues in
IKBa that serve as Ub acceptors are not known. Inspection of
the deduced N-terminal sequences for the human (14),_ rat
(27), and porcine (28) homologs of IKBa revealed that Ser-32
and Ser-36 are flanked by four lysine residues at positions 21,
22, 38, and 47. To determine whether these invariant lysines
play a role in the regulation of IKBa, we used site-directed
mutagenesis to introduce conservative Lys -> Arg substitutions
at each of these positions in the full-length inhibitor. Consid-
ering the potential for functional redundancy, two other
mutants of IKBa were constructed containing simultaneous
replacements at either Lys-21/Lys-22 or Lys-38/Lys-47. All of
these Lys -* Arg mutants were expressed at comparable levels
in vivo (data not shown).

Lys -> Arg Mutants of I#cBa Inhibit NF-acB-Directed Tran-
scription in Tax-Expressing T Cells. Prior studies have shown
that the Tax protein of HTLV-1, a potent viral inducer of
NF-KB, targets IKBa for degradation by stimulating its phos-
phorylation at Ser-32/Ser-36 (8). To determine whether the
lysine residues flanking these phosphoacceptors are required
for Tax-dependent degradation of IKBa, we examined the
effects of Lys -- Arg mutations on IKBa activity in vivo.
Human Jurkat T lymphocytes were cotransfected with a Tax
expression vector and a CAT expression plasmid under the
control of two NF-KB binding sites from the HIV enhancer
(HIV-KB-CAT) (Fig. 1A). Consistent with previous findings
(8), Tax stimulated transcription from the NF-KB reporter at
least 30-fold in the presence of wild-type IKBa (WT). This
activity was not significantly affected by point mutations at
Lys-21, Lys-22, Lys-38, or Lys-47 (mutants K21R, K22R,
K38R, and K47R, respectively). In contrast, replacement of
both Lys-21 and Lys-22 with arginine (mutant K21/22R) in
IKBa markedly attenuated Tax-mediated transactivation of
HIV-KB-CAT. However, IKBa protein containing simulta-
neous mutations at both Lys-38 and Lys-47 (mutant K38/47R)
failed to inhibit the Tax response, indicating that neither of
these downstream lysines is essential for signal-dependent
inactivation of IKBa.

Lys -> Arg Mutants of IKcBa Inhibit NF-KB Function
During T-Cell Activation. In addition to HTLV-1 Tax, NF-KB
activity is stimulated by specific receptor-mediated pathways
that lead to the rapid degradation of IKBa, including those
initiated by peptide antigens (29), TNF-a (30-34), and IL-1
(20, 32, 33). To examine these Tax-independent signaling
cascades, Jurkat T cells were transfected with HIV-KB-CAT
and cDNA expression vectors encoding either wild-type IKBa
(WT) or mutant K21/22R. Transfected cells were then treated
with TNF-a, IL-1, or PMA and ionomycin (PMA/IONO), a
combination which mimics activation through the T-cell re-
ceptor (35, 36). As shown in Fig. 1B, each of these NF-KB
inducers stimulated transcription from the HIV-KB enhancer
in the presence of the wild-type inhibitor. In contrast, induc-
tion of HIV-KB-CAT by these agents was largely prevented in
T cells expressing the K21/22R mutant of IKBa. These results
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FIG. 1. Effect of Lys Arg mutations in IKBa on the activation
of NF-KB. (A) Jurkat T cells were cotransfected with the indicated
IKBci effector plasmids (2.5 ,ug each) and a CAT reporter construct
containing the HIV KB enhancer (HIV-KB-CAT; 5 ,ug), in the
presence or absence of a Tax expression vector (5 ,ug). Tax-dependent
increases in reporter gene activity (mean ± SEM, from at least three
independent transfections) are expressed as a percentage of the
activity induced in cells transfected with wild-type IKBat (WT; mean
fold induction = 35). (B) Jurkat T cells were transfected with
HIV-KB-CAT (5 ,ug) and the indicated IKBax expression vectors (2.5
,ug). After 48 h of growth, half of each culture was stimulated for 20
h with TNF-aY, IL-1, or combinations of PMA and ionomycin (PMA/
IONO). Transfectants stimulated with IL-1 correspond to a Jurkat
derivative that stably expresses the IL-1 receptor (Ju.1; ref. 19). Results
are reported as the mean fold induction ± SEM in CAT activity
measured in extracts from stimulated versus unstimulated cells. Re-
sults obtained in control experiments with HTLV-1 Tax-expressing
Jurkat cells (see A) are shown at left.

confirm that Lys-21 and Lys-22 of IKBa serve an essential
function in both viral and immune pathways for NF-KB
activation.

Functional Interactions of Lys -->Arg Mutants with RelA.
The RelA transactivator subunit of NF-KB serves as a high-
affinity receptor for IKBax (37, 38). To examine whether the
K21/22R mutant of IKBa is competent to regulate the nuclear
translocation of RelA, Jurkat T cells were cotransfected with
expression vectors encoding RelA and selected Lys -->Arg
mutants in the presence or absence of a Tax expression vector.
Nuclear extracts were then prepared from recipient cells and
analyzed for KB-specific DNA-binding activity in gel retarda-
tion assays. As shown in Fig. 2A, two nucleoprotein complexes
were detected in extracts from control cells expressing ectopic
RelA alone (lane 1), which correspond to RelA homodimers
(upper) and NF-KB (lower) (8). Consistent with their ability to
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FIG. 2. Effects of Lys -- Arg mutations in IKBa on NF-KB DNA
binding and IKBa phosphorylation. (A) Jurkat cells were cotransfected
with pCMV4-based expression vectors for RelA (10 j,g), Tax (5 j.g),
and the indicated IKBa mutants (5 ,ug). After 48 h of growth, cultures
were treated with cycloheximide (CHX) (50 jig/ml) for 2 h. Nuclear
extracts were prepared and analyzed in gel retardation assays as
described (8). Arrows indicate positions of nucleoprotein complexes
containing RelA homodimers (upper) and NF-KB (lower). (B) Jurkat
cells were cotransfected with an expression vector encoding RelA (10
,ug) and the indicated T7-tagged IKBa constructs (10 ,ug). After 48 h
of growth, half of the cultures were pretreated with MG132 (100 ALM;
30 min) and then stimulated with PMA and ionomycin (PMA/IONO)
for 15 min. Tagged proteins were immunoprecipitated with monoclo-
nal anti-T7 antibodies and analyzed by immunoblotting with IKBa-
specific antisera. The positions of hyperphosphorylated IKBca (arrow)
and molecular mass standards (in kDa) are indicated.

bind RelA (data not shown), formation of both complexes was
efficiently blocked by cotransfection with wild-type IKBa (WT;
Fig. 2A, lane 3), K21/22R (Fig. 2A, lane 5), or K38/47R (Fig.
2A, lane 7). Moreover, coexpression with Tax led to inactiva-
tion of wild-type IKBa and K38/47R, as evidenced by the
accumulation of functional RelA and NF-KB in the nuclear
compartment (Fig. 2A, lanes 4 and 8). In contrast, Tax failed
to activate latent complexes containing the K21/22R mutant
of IKBa (Fig. 2A, lane 6). This observation is fully consistent
with the dominant-negative effects of K21/22R on NF-KB-
directed transcription in vivo (Fig. 1).

Signal-Dependent Phosphorylation of Lys -> Arg Mutants
in Vivo. Recent studies have shown that IKBa is phosphory-
lated at Ser-32 and Ser-36 prior to its proteolysis (8, 9).
Hyperphosphorylated IKBa is readily detected as a more
slowly migrating electrophoretic species that accumulates in
cells treated with the proteasome inhibitor MG132 (10). To
determine whether K21/22R is a substrate for induced phos-
phorylation in vivo, Jurkat cells were cotransfected with ex-
pression vectors encoding RelA and wild-type IKBa, K21/22R,
or a mutant containing Ser -- Ala replacements at Ser-32 and
Ser-36 (denoted S32/36A). In the absence of an NF-KB-
inducing signal, each of these proteins migrated as a single
species during SDS/PAGE (Fig. 2B; lanes 1, 3, and 5).
However, stimulation with PMA and ionomycin led to the
rapid induction of hyperphosphorylated IKBa (Fig. 2B, lane 2)
and K21/22R (Fig 2B, lane 6) in cells pretreated with MG132.
In contrast, this hyperphosphorylated species was not detected
in control cells expressing the S32/36A mutant (Fig. 2B, lane
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4). Taken together, these in vivo results indicate that K21/22R
is appropriately phosphorylated at Ser-32/Ser-36 but fails to
release NF-KB in response to multiple inducers.
Mutant K21/22R Escapes from Signal-Induced Breakdown

in Vivo. To examine whether Lys-21 and Lys-22 of IKBa are
required for proteasome-mediated degradation, we compared
the stabilities of wild-type IKBa and K21/22R in CHX-
arrested cells following treatment with either TNF-a or PMA
and ionomycin. As shown in Fig. 3, IKBa remained stable in
control cells treated with translation inhibitor alone (CHX;
Top) but was rapidly degraded in transfectants exposed to
either of these NF-KB-inducing agents (Fig. 3 Middle and
Bottom, lanes 1-5). In contrast, the K21/22R derivative of
IKBa was relatively resistant to induced proteolysis under both
stimulatory conditions (Fig. 3 Middle and Bottom, lanes 6-10).
These findings suggest that the K21/22R mutation prevents
phosphorylated IKBa from acquiring a requisite degradation
signal recognized by the 26S proteasome.

Rescue of IKcBa Mutants Containing Multiple Lys -- Arg
Substitutions. To extend these findings, Jurkat T cells express-
ing HTLV-1 Tax and the HIV-KB-CAT reporter (see Fig. 1A)
were cotransfected with a mutant of IKBa containing simul-
taneous Lys - Arg substitutions at positions 21, 22, 38, and 47.
As expected, this IKBa mutant functioned as a strong consti-
tutive inhibitor of NF-KB in Tax-expressing cells (Fig. 4;
mutant KO) and was hyperphosphorylated in a signal-
dependent manner (data not shown). This functional defect in
IKBa could be rectified by converting either Arg-21 or Arg-22
back to Lys (mutants R21K and R22K, respectively) or by
introducing an Arg -- Lys substitution at Arg-17 (mutant
R17K) (Fig. 4). In contrast, Arg -> Lys reversions at positions
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FIG. 3. Effect of Lys - Arg mutations in lKBa on signal-induced
degradation. Jurkat T cells were transfected with 10 ,ug of expression
vectors encoding either wild-type IKBai (IKBcaWT) or mutant K21/
22R. After 48 h of growth, cells were translationally arrested with CHX
(50 jig/ml) for 1 h and then treated with medium (Top), TNF-a
(Middle), or PMA and ionomycin (PMA/IONO; Bottom) for the
indicated times. Cytoplasmic extracts were prepared and analyzed by
immunoblotting with IKBa-specific antisera. The positions of IKBa
(closed arrowheads), a nonspecific immunoreactive species (internal
control; open arrowheads), and molecular mass markers (in kDa) are
indicated.
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FIG. 4. Functional rescue of multiple Lys Arg mutations in

IKBa. Jurkat T cells were cotransfected with HIV-KB-CAT (5 ,ug) and
equivalent doses (2.5 ,ug) of the indicated IKBa expression vector in the
presence or absence of a Tax expression vector (5 iLg). After 48 h of
culture, whole-cell extracts were normalized for protein content and
assayed for CAT activity. Tax-dependent increases in reporter gene
activity (mean ± SEM from at least three independent transfections)
are expressed as a percentage of the activity induced in cells trans-
fected with wild-type IKBa (WT; mean fold induction = 24).

38 and 47 failed to reconstitute the Tax response (Fig. 1A;
mutant K21/22R). We conclude that a single lysine at a
position N-terminal but not C-terminal to the Ser-32/Ser-36
motif is sufficient to restore the signaling activity of IKBa, even
if an artificial lysine site is created in this subregion.
Mutations at Lys-21 and Lys-22 of IlcBa Prevent Ub Con-

jugation in Vitro. Recent studies have indicated that IKBa is
ubiquitinated both in vivo and in vitro (11). Coupled with the
dominant-negative properties of K21/22R, these findings
raised the possibility that Lys-21 and Lys-22 serve as the
primary Ub acceptors of IKBa. To test this hypothesis directly,
we performed ubiquitination assays on 35S-labeled forms of
these mutants by using HeLa cell cytoplasmic extracts as a
source of Ub-conjugating enzymes (11). Phosphorylation and
ubiquitination of IKBa in this in vitro system is dependent on
the presence of the phosphatase inhibitor okadaic acid (11), a
known NF-KB-inducing agent (24, 26, 39-41). Under our
reaction conditions, radiolabeled IKBa forms complexes with
NF-KB derived from the HeLa cell extract (11). This interac-
tion thus permits immunoprecipitation of the physiologically
relevant substrate with ReIA-specific antisera for subsequent
analysis by SDS/PAGE.
As shown in Fig. 5, control reactions performed with

35S-labeled forms of the wild-type inhibitor led to the accu-
mulation of a heterogeneous array of Ub-IKBa conjugates
(lane 1), which likely reflects the capacity of a monoubiquiti-
nated substrate to undergo multiple rounds ofUb ligation (12).
These adducts reacted with either Ub-specific or IKBa-specific
antisera in immunoprecipitation analyses (11). As expected
(11), formation of Ub-IKBa conjugates was prevented by
replacing the Ser-32/Ser-36 phosphoacceptors of IKBa with
alanine (mutant S32/36A; Fig. 5, lane 2). Consistent with their
wild-type functional properties (see Figs. 1 and 4), attachment
of multi-Ub chains to IKBa was evident in reactions pro-
grammed with K38/47R, K21R, K22R, R21K, or R17K (Fig.
5, lanes 3,5,6,8, and 9). In contrast, the efficiency of formation
of high molecular weight conjugates was significantly reduced
(70-90% of wild type) in reaction mixtures containing dom-
inant-negative mutants of IKBa that lacked Lys-21 and Lys-22,
including K21/22R and KO (Fig. 5, lanes 4 and 7). The residual
level of ubiquitination observed with these mutants resulted in
the generation of relatively low molecular weight adducts,
which may be degraded less efficiently than the large Ub
conjugates (42). These species were not detected in okadaic
acid-depleted reactions and presumably derive from Ub at-
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FIG. 5. Effect of Lys - Arg mutations in IKBa on ubiquitination
in vitro. 35S-labeled IKBa mutants were preincubated with HeLa cell
extracts supplemented with leupeptin (10 ,ug/ml), aprotinin (10 ,jg/
ml), and MG132 (40 gM) at 4°C for 15 min. Ubiquitination reactions
were initiated by addition of MgATP, Ub, okadaic acid, and ubiquitin
aldehyde as described (11). After 1 h at 37°C, NF-KB-bound KBBa was
isolated by immunoprecipitation with RelA-specific antisera and
analyzed by SDS/PAGE and fluorography. The positions of unmod-
ified (IKBa), hyperphosphorylated (p-IKBa), and ubiquitinated (Ub-
IKBa) forms of IKBa are indicated on the right. Shorter exposures
revealed hyperphosphorylated intermediates for all IKBa mutants
except S32/36A (ref. 11 and data not shown).

tachment to secondary sites in IKBa. Taken together, these in
vitro findings correlated strongly with the functional phenotype
of each IKBa mutant when expressed in vivo.

DISCUSSION
The Ub-proteasome pathway governs the biologic activity of
at least two ankyrin-rich cytoplasmic inhibitors of the NF-KB/
Rel family of transcription factors (4). One of these inhibitors,
termed p105, is constitutively processed by the 26S proteasome
to the functional p50 subunit of NF-KB (10, 43). Fully pro-
cessed forms of NF-KB are retained in the cytoplasm by other
inhibitors, including IKBa (6, 7). Within minutes after cellular
stimulation, IKBa is completely degraded, thus permitting the
rapid nuclear import of NF-KB (6, 7). Destabilization of IKBa
appears to involve signal-dependent phosphorylation at Ser-32
and Ser-36 (8,9). More recent studies have shown that induced
phosphorylation of IKBa at these sites leads to its subsequent
ubiquitination, which renders IKBa susceptible to breakdown
by the 26S proteasome (11). However, the biochemical mech-
anisms for coupling these three modification steps remain
unclear.
The present study provides further evidence that the Ub-

proteasome pathway plays a critical role in the regulated
turnover of IKBa (11). Specifically, we have identified a
dominant-negative mutant of IKBa, designated K21/22R,
which contains conservative Lys -* Arg substitutions exclu-
sively at positions 21 and 22. This mutant undergoes induced
phosphorylation but not degradation, thus revealing a defect
in Ub conjugation. Consistent with this interpretation, muta-
tions at Lys-21 and Lys-22 prevented efficient ubiquitination of
IKBa in vitro, despite the presence of two other potential sites
for Ub attachment in the N-terminal region of IKBa (Lys-38
and Lys-47). Furthermore, replacement of either Arg-21 or
Arg-22 with lysine in a mutant of IKBa lacking all four of these
potential Ub attachment sites rectified the signaling function
of IKBa in vivo (Fig. 4). Taken together, we conclude that
Lys-21 and Lys-22 serve as the primary Ub acceptors in
wild-type IKBa.

11262 Biochemistry: Scherer et al.
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Although our data imply that ubiquitination of IKBa is site
specific, previous studies with other substrates have suggested
that the Ub-conjugating apparatus has the capacity to utilize
alternative lysines when the primary acceptors are disrupted
(44, 45). In this regard, recent studies have demonstrated that
hyperphosphorylated (10, 26, 40, 41, 46) and ubiquitinated
(11) forms of IKBa remain bound to NF-KB. Therefore, Lys-21
and Lys-22 may be uniquely positioned in a region of NF-KB-
bound IKBa that is sterically accessible to the ubiquitination
machinery. This proposed default mechanism for Ub attach-
ment is supported by several observations. First, the N-terminal
region of IKBa is dispensable for association with NF-KB in
vivo (8, 9). Second, this domain is highly susceptible to protease
cleavage when IKBa is complexed with RelA, whereas all distal
regions of IKBa are relatively resistant (47). Third, the
C-terminal PEST domain of IKBa is devoid of lysine residues
(14). Fourth, dominant-negative mutants of IKBa that lack
Lys-21 and Lys-22 are efficiently rescued by Arg -> Lys
mutations at a nearby site (Arg-17) or by fusion of a lysine-rich
peptide to the N terminus of IKBa (Fig. 4 and data not shown).
How does the ubiquitination machinery target these partic-

ular lysines for modification in a signal-dependent manner?
One intriguing possibility is that induced phosphorylation at
Ser-32 and Ser-36, which is a requisite step for both degrada-
tion in vivo (8, 9) and ubiquitination in vitro (11), regulates the
interaction of IKBa with a specific Ub-protein ligase (E3).
Indeed, recent studies suggest that E3 activity actually corre-
sponds to a family of ligases with distinct substrate specificities
(12). Consistent with their spatial proximity in the N terminus
of IKBa, a specific E3 may be recruited to the phosphorylated
Ser-32/Ser-36 motif, which in turn facilitates Ub attachment to
Lys-21 and/or Lys-22. Further resolution of this signal-
dependent coupling model for the regulated turnover of IKBa
awaits identification of the relevant Ub-conjugating enzymes.
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