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Processing of the p105 NF-kB precursor to yield the p50 active subunit is a unique and rare case in which
the ubiquitin system is involved in limited processing rather than in complete destruction of its target. The
mechanisms involved in this process are largely unknown, although a glycine repeat in the middle of p105 has
been identified as a processing stop signal. IkB kinase (IKK)B-mediated phosphorylation at the C-terminal
domain with subsequent recruitment of the SCFP""“" ubiquitin ligase leads to accelerated processing and
degradation of the precursor, yet the roles that the kinase and ligase play in each of these two processes have
not been elucidated. Here we demonstrate that IKK has two distinct functions: (i) stimulation of degradation
and (ii) stimulation of processing. IKKB-induced degradation is dependent on SCFP"""C" which acts through
multiple lysine residues in the IkBy domain. In contrast, IKKp-induced processing of p105 is 3-transduction
repeat-containing protein (3-TrCP) independent, as it is not affected by expression of a dominant-negative
B-TrCP or following its silencing by small inhibitory RNA. Furthermore, removal of all 30 lysine residues from
IkBvy results in complete inhibition of IKK-dependent degradation but has no effect on IKK-dependent
processing. Yet processing still requires the activity of the ubiquitin system, as it is inhibited by dominant-
negative UbcH5a. We suggest that IKK3 mediates its two distinct effects by affecting, directly and indirectly,

two different E3s.

The NF-kB family of transcriptional regulators plays impor-
tant roles in regulating a broad array of basic pathophysiolog-
ical processes. Among them are the immune and inflammatory
responses, development and differentiation, malignant trans-
formation, and apoptosis (9). The p50 and p52 subunits of
NF-kB are generated from the inactive precursors p105 and
p100, respectively, following limited, ubiquitin- and protea-
some-mediated processing. In both cases the C-terminal do-
main of the molecule is destroyed while the remaining N-
terminal part becomes the active subunit (7, 31, 32). Typically,
the processed subunits homodimerize or heterodimerize with
other members of the rel family of regulators, such as p65
(RelA), RelB, or c-Rel to generate the active homo- or het-
erodimeric transcription factor. Binding of a member of the
IkB family of inhibitors to the dimer generates an inactive
trimeric complex that is sequestered in the cytosol. Following
stimulation, specific IkB kinases (IKKs) are activated and
phosphorylate IkB on specific Ser residues. Phosphorylation
leads to recruitment of the SCF®T"“F ubiquitin ligase complex,
rapid polyubiquitination, and subsequent degradation of the
inhibitor by the 26S proteasome. Consequently, active NF-kB
can be translocated into the nucleus and initiates specific tran-
scription (19).

The ubiquitin pathway is involved, via specific degradation
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of short-lived regulatory proteins, in regulation of a broad
array of cellular processes. Among these processes are cell
cycle progression, differentiation and development, apoptosis,
and the immune and inflammatory responses. Degradation of
a protein via the ubiquitin system involves two successive steps:
(i) formation of a polyubiquitin chain that is covalently an-
chored to the target substrate, and (ii) degradation of the
tagged protein by the 26S proteasome. Conjugation involves
activation of ubiquitin by the ubiquitin-activating enzyme, E1,
followed by its transfer to a member of the ubiquitin-carrier
protein (E2) family of enzymes. In most cases, E2 transfers the
activated ubiquitin moiety to a &-NH, group of an internal
lysine residue in the substrate that is specifically bound to an
E3, a member of the ubiquitin-protein ligases family of pro-
teins. Subsequent conjugation of additional activated ubiquitin
molecules to previously attached moieties generates the polyu-
biquitin chain that serves as a degradation signal for the 26S
proteasome.

The mechanisms involved in limited processing of p105 have
been elucidated only partially. Lin and Ghosh have demon-
strated that a glycine repeat (also termed the glycine-rich re-
gion [GRR]) that spans residues 376 to 404 in human p105 is
essential for processing (23) and probably serves as a process-
ing stop signal for the 26S proteasome (30). Several single
residues that reside upstream of the GRR and are involved in
proper folding of p50 are also essential for processing, most
probably via inhibiting unfolding and entry into the protea-
some (21). These findings suggest that processing requires at
least two motifs, a physical stop signal(s) and a ubiquitina-
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tion-E3 recognition site. As for regulation of generation of
p50, processing appears to proceed via two independent mech-
anisms: (i) basal-constitutive and (ii) signal induced. Fan and
Maniatis (7) have shown that a truncated form of p105, p60,
can still be processed to p50. Lin and colleagues (22) have
shown that p105 can be processed cotranslationally, and syn-
thesis of the complete molecule is not required for generation
of p50. Because the signal-induced E3 recognition motif re-
sides within the C-terminal domain of the molecule, these
studies imply that all the motifs that are required for process-
ing in the resting cell are contained within the first ~550 amino
acid residues. Other studies have suggested a role for phos-
phorylation of the C-terminal domain of pl05 in regulated,
signal-induced processing of the molecule (10, 24), though
here it appears that some of the p105 molecules are completely
destroyed. Heissmeyer and colleagues (15) have shown that
IKK-mediated phosphorylation of Ser residues that reside in a
sequence that spans amino acid residues 922 to 933 leads to
rapid degradation of pl05. It was recently shown that this
IKK-mediated phosphorylation leads to recruitment of the
SCFFTrP ybiquitin ligase. Consequently the molecule is ubi-
quitinated and rapidly processed, with a certain proportion
being completely degraded (29). Heissmeyer and colleagues
later reported similar findings (14). While the structural mo-
tives and ubiquitin system enzymes involved in basic-constitu-
tive processing are not known, this process appears to require
an additional adjacent downstream domain that contains lysine
residues 440 and 441 (which are probably important for ubig-
uitination) and an acidic region (residues 445 to 453) that may
function as an E3 recognition motif (30).

Interestingly, processing of p100, the gene product of nfkb2,
to yield the p52 subunit is mediated by a similar mechanism.
Like p105, part of it may occur cotranslationally and requires
the GRR (18). A recent study has demonstrated that phos-
phorylation of Ser residues 867 and 870 that is mediated by
IKKa is required for processing (35). It is interesting that the
phosphorylation sites of IKK in p105 and p100 are similar to
those of IkBa, B-catenin, and human immunodeficiency virus
Vpu, where the two critical serines are interspaced by three
residues.

The C-terminal segment of pl105 that resides between the
GRR and the IKK/TrCP motif contains seven ankyrin repeats.
Active NF-kB subunits, such as p50 and p65, dock to this
region and inhibit further processing of the precursor. This
results in sequestration of the docked subunits as an inactive
form in the cytosol. Thus, the ankyrin repeat domain serves as
an inhibitor of NF-kB activity (13, 33, 36). In agreement with
these findings, Harhaj and colleagues have shown that consti-
tutive processing of newly synthesized pl05 molecules, to
which p50 and p65 are not yet docked, is more efficient than
that of older molecules that are already associated with p50
and p65 (12). Accelerated, signal-induced processing or deg-
radation of p105 leads to release of the docked active factors
(5, 15, 29) with their subsequent translocation to the nucleus.

However, as noted, IKKB and B-TrCP expression also lead
to degradation of a certain proportion of the p105 precursor
molecules (5, 15), and it was important to identify the role of
the kinase and ligase in regulating the two distinct processes.
Here we demonstrate that IKKB mediates both processing and
degradation of pl105, and the two functions require the C-
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terminal phosphorylation domain. In contrast, B-TrCP is in-
volved only in degradation of the molecule. However, process-
ing still requires an intact ubiquitin system and probably
ubiquitin ligase E3.

MATERIALS AND METHODS

Materials. Materials for sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and Bradford reagent were from Bio-Rad. L-[**S]methionine (>1,000
Ci/mmol; ~50 mCi/ml) for in vitro translation, an L-[**S]methionine and
L-[**S]cysteine mixture (>1,000 Ci/mmol; ~15 mCi/ml) for metabolic labeling,
and prestained molecular weight markers were obtained from Amersham Phar-
macia Biotech. For site-directed mutagenesis we used the QuickChange kit from
Stratagene. Tissue culture sera and media were from Biological Industries, Bet
Haemek, Israel, or from Sigma. Rabbit anti-NF-kB1 p50 antibody that recog-
nizes both p105 and p50 was from Santa Cruz, and peroxidase-conjugated goat
anti-rabbit antibody was from Jackson ImmunoResearch Laboratories. Ubig-
uitin, dithiothreitol, ATP, adenosine-5'-O-(3-thiotriphosphate) (ATP+yS), phos-
phocreatine, creatine phosphokinase, 2-deoxyglucose, glutathione, glutathione
immobilized to agarose beads, isopropyl B-p-thiogalactopyranoside, deoxycholic
acid, and Tris buffer were from Sigma. Lactacystin B-lactone, HEPES buffer, and
protease inhibitors mixture were from Calbiochem. Hexokinase and Fugene 6
transfection reagent were from Roche Molecular Biochemicals. Oligofectamine
reagent was from Invitrogen. Methylated ubiquitin (MeUb) and ubiquitin alde-
hyde (UbAI) were from Affiniti Research Products. Reagents for enhanced
chemiluminescence (ECL) were from Pierce. The wheat-germ-extract-based
coupled transcription-translation kit was from Promega. Restriction and modi-
fying enzymes were from New England Biolabs. Oligonucleotides were synthe-
sized by Biotechnology General, Rehovot, Israel, or by Sigma. siRNA was syn-
thesized by Dharmacon Research, Inc. All other reagents were of high analytical
grade.

Cell lines. COS-7, HEK 293, and HeLa cells were grown at 37°C in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum and antibi-
otics (penicillin-streptomycin).

Plasmids and construction of mutants. The human p105-WT, p105-A917-933
(Fig. 1a and b, respectively), and p105-TthIII 1 (p105 to 544) (the TthIII site is
shown on the p105-WT scheme in Fig. 1a and e) cDNA constructs used for in
vitro translation (in pT78105) and for transient transfection (in pCI-neo; Pro-
mega) in cells were described previously (29-31) and served as a base for further
manipulations and expression. The p105 N-terminal truncated mutants (577-968/
END and 660-968/END; Fig. 1c and d, respectively) were generated by PCR. We
mutated or deleted all 30 lysine residues downstream of the GRR (downstream
of lysine residue 425) in the IkBy C-terminal domain of the p105 molecule (the
cleaved domain). All K-to-R substitutions were generated by site-directed mu-
tagenesis by using the QuikChange kit. Each replaced or deleted lysine was
designated by a serially increasing number as described in Table 1. Initially, lysine
residues 18 to 30 were sequentially replaced by arginine (the last construct,
p105-K18-30R, in which all 13 lysine residues were replaced, is shown in Fig. 1le).
Lysine residues 2 to 17 were removed via deletion of entire regions in the p105
molecule. Thus, p105-A544-654/AK12-17 and p105-A429-654/AK2-17 (depicted
in Fig. 1f and g, respectively) were generated by PCR insertion of a second BsmlI
site (in positions 544 and 429, respectively; the endogenous site is in position
654), digestion with Bsm]I, and religation. In addition, we constructed a mutant
that lacks lysine residues 12 to 30 (p105-A544-654/AK12-17;K18-30R; Fig. 1h)
and lysine residues 1 to 30 (p105-A429-654/AK2-17;K1,18-30R; here we also
replaced K1 with R; Fig. 1i). Initially, all mutations were carried out by using
p105-WT in the pT7B105 vector. For expression of proteins in COS-7 or 293 cells
the entire coding frames from the desired p105 mutants were subcloned from the
pT7B105 vector into the Xhol and NotI sites in the pCI-neo vector by using PCR
and Xhol and Notl sites that were introduced into the cDNA. Constitutively
active IKKB (IKKB-SS>EE) and AF-box human B-TrCP1 (AF-B-TrCP1) for cell
expression were as described previously (29). Active-site mutants, dominant-
negative species of the E2 enzymes UbcH5a (C85A) and UbcH5c¢ (C85A) for cell
expression, were as described previously (11). Sequence of all constructs was
confirmed by using the Applied Biosystems ABI PRISM 3100 autosequencer.

Generation of radiolabeled and recombinant proteins. [*>S]methionine-la-
beled p105 proteins for experiments in a cell-free system were synthesized by
using the wheat-germ-based coupled transcription-translation kit according to
the manufacturer’s instructions. A 6-His-tagged B-TrCP1-containing SCF com-
plex (h-B-TrCP1 - Skp1 - cullinl - Rbx1/Rocl) was generated by using a baculo-
virus expression system as described previously (29). Baculovirus-expressed con-
stitutively active IKKB was as described previously (27).
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FIG. 1. Schematic representation of p105-WT and the different p105 mutants. The different p105 proteins (a to i) were constructed and
designated as described in Materials and Methods and in Table 1. Numbers in square brackets denote the amino acid residue number in the protein
sequence. Numbers above the scheme line mark, in serially increasing numbers, all lysine residues that reside downstream of the GRR
(downstream of lysine 425 [denoted 1]). The site of important restriction enzymes is marked (amino acid residue and enzyme name) in panels a
and e. The different domains of p105 (RD, IKK phosphorylation and B-TrCP recognition sites, and the GRR) are marked and annotated in the

figure body.
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TABLE 1. Lysine residue numbers in the IkBy domain of p105“

Designated serial no. Residue no.
of lysine residue in p105

1 425

2 s 431

3 440

Ao s 441

5 448

0 e 452

7 460

e 490

9 504
10 e 510
11 526
12 e 593
13 624
14.... ... 629
15 636
16.... ... 638
17 639
L8 e 683
19 739
20 s 791
21 809
22 s 816
23 821
2o s 830
25 838
20 i s 856
27 896
28 s 935
29 953
B0 e 967

“ The residue number along the protein sequence of all 30 lysine residues in
the IkBy domain of p105 are shown with an increasing serial number (1 to 30)
assigned to each of these residues to facilitate identification.

Preparation of whole-cell, nuclear, and cytoplasmic extracts. HeLa cell extract
was prepared by hypotonic lysis as described previously (29, 30). Nuclear and
cytoplasmic extracts were prepared by hypotonic lysis and Nonidet P-40 extrac-
tion (cytosol), followed by treatment with a high glycerol-high salt nuclear ex-
traction buffer as described previously (1).

In vitro conjugation assays. Adducts of ubiquitin with p105-WT or the various
p105 K-to-R mutants were synthesized as described previously (29). Briefly, in
vitro-translated and [>*S]methionine-labeled proteins were phosphorylated in a
cell-free system in a reaction mixture containing (in a total volume of 4.5 ul) 2.5
pl (~20,000 cpm) of the labeled substrate (see above), 5 mM MgCl,, 0.5 mM
ATP, 1 pM okadaic acid, and baculovirus-expressed IKKB (~0.4 wg where
indicated). Reaction mixtures were preincubated for 20 min at 30°C. Where
indicated, SCFP" ™! complex was added (~1.5 pg) along with bacterially ex-
pressed purified recombinant UbcH5c (0.5 wl) (11) and purified, baculovirus-
expressed E1 (250 ng) (20). In other cases the phosphorylated (or nonphosphor-
ylated) proteins were incubated in a complete HeLa cell extract (100 pg). All
these reactions also contained (in a total volume of 12.5 pl and as indicated) 0.5
ng of UbAL, a specific inhibitor of certain isopeptidases (17), MeUb (12.5 pg),
and ATPyS (5 mM). Reaction mixtures without ATP contained 20 mM 2-de-
oxyglucose and 0.2 pg of hexokinase instead of ATPyS. Following incubation (45
min at 37°C), reaction mixtures were resolved by SDS-10% PAGE. Gels were
dried and proteins were visualized by using a PhosphorImager (Fuiji).

siRNA. Double-stranded siRNA to silence human B-TrCP1 and -2 was as
described previously (8). The sequences are GUG GAA UUU GUG GAA CAU
CTT (sense) and GAU GUU CCA CAA AUU CCA CTT (antisense). Trans-
fection of 293 cells with the siRNA oligonucleotides was performed by using
Oligofectamine reagent following the manufacturer’s instructions. Briefly, 293
cells were seeded into 6-well plates (35-mm diameter) 16 to 18 h prior to
transfection. B-TrCP siRNA (~0.2 nmol) was transfected into cells. Forty-eight
hours following transfection, DNA expression vectors encoding p105-WT and
constitutively active IKKB were transfected into the cells. Cell extracts and RNA
were prepared 24 h after DNA transfection. The efficacy of B-TrCP gene sup-
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pression was monitored by real-time PCR. Specific RNA levels decreased by
~85%.

Transient transfections and processing or degradation of p105 in intact cells.
COS-7 cells were transiently transfected with ~1.5 pg of a cDNA coding for the
wild type (WT) or one of the various p105 mutant or deleted proteins. Where
indicated, cells were also cotransfected with ~1.5 g of each cDNA coding for
the constitutively active IKKB, AF-B-TrCP1, and the dominant-negative UbcH5c
or UbcH5a (DN-UbcHS5c¢ or DN-UbH5a, respectively). An empty vector was
added, when necessary, to maintain an equal amount of DNA in all transfections.
Transfection was carried out by using the Fugene reagent following the manu-
facture’s instructions. Twenty-four hours after transfection, processing and deg-
radation of p105 in cells was monitored by either pulse-chase labeling followed
by immunoprecipitation and detection of the proteins by phosphorimaging or via
Western blot analysis as described below. For pulse-chase labeling and immu-
noprecipitation, cells (growing in 60-mm-diameter dishes) were washed twice in
Hank’s balanced salt solution and were incubated (60 min per pulse) in 1 ml of
medium lacking methionine and cystine but containing the [**S]methionine-
cystine mixture (50 wCi). Following labeling, cells were harvested (pulse, time
zero) or were washed in a complete medium containing a 2 mM excess of
unlabeled methionine and cystine, and incubation continued for an additional 2 h
in the same medium (chase). Following lysis in radioimmunoprecipitation assay
(RIPA) buffer (150 mM NaCl, 0.5% deoxycholic acid, 50 mM Tris [pH 7.6], 0.1%
SDS, and protease inhibitors mixture), labeled proteins were precipitated with
anti-p105 antibody. Immune complexes were collected with immobilized protein
A and were resolved by SDS-10% PAGE. Proteins were then visualized with a
PhosphorImager. For immunoblotting, cells were lysed either in RIPA buffer
(described above) or, where indicated, in cytosolic and nuclear fractions pre-
pared as described above. Aliquots representing an equal number of cells were
resolved by SDS-10% PAGE and were blotted onto nitrocellulose paper. Pro-
cessing and degradation of p105 was monitored via Western blot analysis by
using anti-p50 antibody and ECL.

Protein concentration. Protein concentration was determined by the method
of Bradford (4) by using bovine serum albumin as a standard.

RESULTS

Identification of the lysine residues involved in signal-in-
duced and SCF®""*.mediated ubiquitination of p105. IxBa
is ubiquitinated, following signaling, on two lysine residues, 21
and 22 (2, 34), that reside 10 residues upstream of the IKKB
phosphorylation and E3-binding sites of the molecule (Ser32
and Ser36). Since IkBa degradation and p105 processing-deg-
radation utilize similar signal-induced structural motifs (14, 15,
29) that serve the same purpose of providing the cell with
active NF-kB, it was important to compare not only the phos-
phorylation domains in the two molecules but also the ubig-
uitin-anchoring sites. Since p105, unlike IkBa, does not con-
tain two adjacent lysine residues that reside upstream and in
the neighborhood of the phosphorylation site, we assumed that
their identification will not be straightforward. Accordingly, we
wanted to first test the hypothesis that the lysine residues that
are ubiquitinated following signaling reside in the C-terminal
domain of the molecule. To that end we constructed two de-
letion mutants that span the IkBy domain of p105, p105-577/
END(577-968) and p105-660/END(660-968). As can be seen in
Fig. 2 and as is the case for pl05-WT that is ubiquitinated
following IKK-mediated phosphorylation (Fig. 2A), the two
deletion mutants are also ubiquitinated efficiently (Fig. 2B and
C). Ubiquitination requires both the phosphorylation and E3
anchoring site in p105 (Ser residues 923, 927, and 932) as well
as SCF*T" (Fig. 2A and B) and IKKB (Fig. 2C). Since
p105-660/END(660-968) is ubiquitinated efficiently, we sought
to first identify the targeted lysine residues in this domain.
Accordingly, we replaced sequentially lysine residues 18 (683)
through 30 (967) in the WT p105 molecule. As can be seen in
Fig. 3A and B, there is no single lysine residue that serves as a
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FIG. 2. Truncated p105 proteins that span the IkBy domain but
lack the p50 portion of the molecule are efficiently ubiquitinated fol-
lowing phosphorylation. (A) In vitro-translated and [**S]methionine-
labeled IKKB-phosphorylated WT and p105-A917-933 were subjected
to in vitro conjugation in a reconstituted cell-free system as described
in Materials and Methods. SCF* ™" was added where indicated.
(B) [**S]methionine-labeled pl105 mutants pl105-577/END(577-968)
and p105-660/END(660-986) were subjected to phosphorylation and
ubiquitination as described in Materials and Methods and in the leg-
end to panel A. (C) [**S]methionine-labeled p105-660/END(660-968)
was preincubated in the absence or presence of IKKf, and incubation
continued in the presence of SCFP™P, Proteins were resolved by
SDS-PAGE and were visualized by exposure to a PhosphorImager
screen. Conj., conjugates.

major ubiquitination site, and we observed a gradual decrease
of conjugation with increasing numbers of lysine residues re-
placed. This decrease started to be apparent only when we
substituted more than six residues. Altogether, conjugation
was decreased by 80%. Thus, it can be concluded that most of
the lysines targeted by B-TrCP reside among these residues.
Further corroborating this notion is the experiment shown in
Fig. 3C. Here we utilized MeUb rather then ubiquitin in a
cell-free reconstituted conjugation assay. This derivative is un-
able to generate the polymerized ubiquitin chain and singly
modifies the targeted lysine residue (16). As is clearly seen, the
resolved WT protein contains several distinct conjugates, most
probably representing monoubiquitin derivatives of multiple
lysine residues in the same molecule. Their numbers decrease
gradually with increasing numbers of lysine residues replaced.

Since p105-K18-30R can still be conjugated, although to a
significantly lower degree than that of the WT (20%), it was
important to test whether substitution of the 13 lysines affected
processing and generation of p50. As can be seen in Fig. 4A,
the presence of active IKK leads to almost complete disap-
pearance of both p105-WT and p105-K18-30R and to the gen-
eration of a similar amount of p50 from these proteins. Thus,
it appears that removal of these lysine residues does not have
a major effect on either degradation or processing of the pre-
cursor protein. As was noted earlier (5), IKK-mediated degra-
dation of p105 results in disappearance of the cytosolic anchor
of free pS0 that now migrates to the nucleus (Fig. 4A, compare
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lane 5 to lane 3 and lane 9 to lane 7). Similar results were
obtained by using pulse-chase labeling and immunoprecipita-
tion (Fig. 4B). Here IKKp expression resulted in almost com-
plete disappearance of the precursor WT and the mutant with
lysines 18 to 30 replaced (compare p105 in lanes 3 and 4 to that
in lanes 7 and 8), accompanied by stimulation-induced gener-
ation of p50. It should be noted that generation of p5S0 was
slightly affected by the extensive lysine replacement (compare
lane 8 to lane 4). It is important to note that both degradation
and processing are dependent on an intact IKK phosphoryla-
tion and B-TrCP anchoring domain at the C-terminal region of
the molecule (Fig. 4B, lanes 9 to 12). We note, as did Heiss-
meyer and colleagues (14), that expression of IKK@ suppresses
the basal, signal-independent processing of p105 that lacks the
phosphorylation domain. This is possibly due to the fact that
IKK binds to the substrate in the death domain which resides
upstream of the phosphorylation site. In the mutant p105 the
kinase cannot catalyze phosphorylation and may remain bound
to the substrate, thus hindering access to pl05 by either the
conjugation machinery (E3) involved in basal processing or the
proteasome.

Of note is that when Western blot detection (in contrast to
pulse-chase analysis; see below) is used (Fig. 4A), quantitative
analysis of the p50 generated in IKKB-expressing cells exceeds
the amount of p105 that is present in the cells (compare the
total amount of p50 in lanes 4 and 5 and in lanes 8 and 9 to the
total amount of p105 in lanes 2 and 4 and in lanes 6 and 8). As
noted, this discrepancy is not seen when we use pulse-chase
analysis (Fig. 4B). The reason is that during the 24 h of trans-
fection in the presence of IKKR that precedes the analysis, the
synthesized p105 is rapidly processed and degraded under the
effect of the kinase, and a stable p50 is accumulated continu-
ously.

Since substitution of lysine residues 18 to 30 only slightly
affected the stimulation-dependent degradation and process-
ing of p105, we decided to remove additional lysine residues.
Accordingly, we deleted a segment of p105 that contains lysine
residues 12 (593) to 17 (639) (p105-A544-654/AK12-17) and a
segment that contains residues 2 (431) to 17 (639) (p105-A429-
654/AK2-17). As expected, these two mutants are ubiquiti-
nated efficiently by B-TrCP (Fig. SA, compare lanes 4 and 6 to
lane 2), as lysine residues 18 (683) to 30 (967) have remained
intact. Thus, we generated additional p105 species that lack
lysine residues 12 (593) to 30 (967) (p105-A544-654/AK12-17,;
K18-30R) and 1 (425) to 30 (967) (p105-A429-654/AK2-17:
K1,18-30R). The last protein does not contain a single lysine
residue in the IkBy domain (downstream of the GRR). As can
be seen in Fig. SA, elimination of lysine residues 12 to 30
inhibits conjugation dramatically (~90%) (compare lane 8 to
lanes 2, 4, and 6), while elimination of all 30 residues inhibits
the modification altogether (Fig. 5A, lane 10). We tested the
ability of these p105 mutants to undergo processing. As can be
seen in Fig. 5B, the mutant that lacks lysine residues 12 to 30
undergoes efficient IKK-dependent processing (Fig. 5B, lanes
5 to 8), similar to the WT protein (data not shown), and to a
mutant p105 that lacks residues 12 to 17 (Fig. 5B, lanes 1 to 4).
However, in striking contrast to the WT and p105-A544-654/
AK12-17, the mutant that lacks lysine residues 12 to 30 is
significantly more resistant to degradation (Fig. 5B, compare
lanes 7 and 8 to lanes 3 and 4). Thus, for the first time we were
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FIG. 3. Multiple p105 C-terminal lysine residues are targeted by B-TrCP. In vitro-translated, L-[>*S]methionine-labeled, and IKK@-phosphor-
ylated WT and C-terminal K-to-R p105 mutants (see Table 1) were subjected to in vitro conjugation in a reconstituted cell-free system as described
in Materials and Methods. Proteins were resolved by SDS-PAGE and were visualized by using a PhosphorImager. (A) Labeled p105-WT and the
different K18-30R mutants (starting from p105-K18-23R; Table 1) were subjected to conjugation and were resolved by SDS-10% PAGE. (B) Data
from three independent experiments, with the error bar representing one standard deviation, are presented. Percent conjugation is the ratio
between radioactivity in the conjugates divided by the sum of the radioactivity in the conjugates and that in the remaining unreacted protein.
(C) Reaction mixtures were similar to those described for panel A, except that ubiquitin was replaced with MeUDb, and proteins were resolved via

SDS-15% PAGE. Conj., conjugates.

able to discover two apparently distinct functions of IKK, stim-
ulation of degradation and stimulation of processing. Figure
5C describes a similar experiment in which we used a pulse-
chase labeling and immunoprecipitation experimental ap-
proach rather than Western blot analysis. This approach allows
a quantitative measurement, demonstrating clearly that re-
moval of lysine residues 12 to 30 does not affect processing but
inhibits degradation almost 10-fold (Fig. 5C; compare lanes 4
to 8). Figure 5D demonstrates that removal of all 30 lysine
residues from IkBy results in complete inhibition of IKK-
dependent degradation but has no effect whatsoever on IKK-
dependent processing (compare degradation in Fig. 5D, lane
12, to that in lane 4 and lane 8), demonstrating that the two
functions of the kinase are mechanistically distinct.
SCFP-T*P is required for degradation but not for process-
ing of pl05. As our results indicate (see above), systematic
mutational replacement of all lysine residues in the IkBy do-
main of p105 revealed two distinct functions of IKKB in p105
dynamics: stimulation of degradation and stimulation of pro-
cessing. Thus, it was important to test whether the ubiquitin
ligase B-TrCP catalyzes both or whether it is involved selec-
tively in only one process. As can be seen in the experiment
depicted in Fig. 6A, inhibition of the enzyme activity by either
expressing a dominant-negative protein (lane 4; AF-box

B-TrCP; this protein cannot bind the Skpl component of the
SCF ligase complex and therefore cannot recruit the E2 en-
zyme, yet the AF-box B-TrCP can still bind the substrate and
stabilize it) or, following its silencing by siRNA (lane 5), in-
hibits stimulation-induced degradation of the p105 precursor
completely. In contrast, the inhibition of B-TrCP had no effect
on the generation of p50. Taken together from the experiments
described in Fig. 5B, C, D, and 6A, it appears that B-TrCP-
dependent degradation of the precursor is mediated by the
lysine residues in the IkBy domain. Indeed, as can be clearly
seen in Fig. 6B, AF-box B-TrCP inhibits IKK-dependent deg-
radation of pl05-WT (lanes 2 to 4) and pl05-A544-654/
AK12-17 (lanes 5 to 7) (compare p105 in lanes 4 and 3 and in
lanes 7 and 6). Since IKK does not affect the disappearance of
p105-A544-654/AK12-17;K18-30R (lanes 8 and 9; this protein
lacks lysine residues 12 to 30) and pl105-A429-654/AK2-17;
K1,18-30R (lanes 10 and 11; this protein lacks all lysine resi-
dues in the IkBy domain, lysines 1 to 30), it is expected that the
dominant-negative B-TrCP will have a minimal effect or no
effect at all on the degradation of these two species, which was
indeed the case (data not shown).

An active ubiquitin system is required for IKK-mediated
processing of p105. At this point it was important to test
whether processing and degradation are both proteasome de-
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FIG. 4. Stimulation-induced processing and degradation of p105 is
not affected by mutating lysine residues 18 (683) to 30 (967) in the
C-terminal domain of the molecule. (A) COS-7 cells were transiently
transfected with either a cDNA coding for p105-WT (lanes 2 to 5) or
p105-K18-30R (lanes 6 to 9) as indicated. Control cells (lane 1) were
transfected with an empty vector. Where indicated, a cDNA coding for
constitutively active IKKB was cotransfected. Twenty-four hours after
transfection cells were harvested, and nuclear and cytosolic fractions
were isolated as described in Materials and Methods. Aliquots of
cytosolic and nuclear extracts representing an equal number of cells
were resolved via SDS-10% PAGE and were blotted onto nitrocellu-
lose paper, and proteins were visualized by using anti-p50 antibody and
ECL as described in Materials and Methods. C, cytosolic fraction; N,
nuclear fraction. (B) COS-7 cells were transiently transfected with a
c¢DNA coding for either p105-WT (lanes 1 to 4), p105-K18-30R (lanes
5 to 8), or pl05-A917-932 (lanes 9 to 12). Where indicated, cDNA
coding for a constitutively active IKKB was cotransfected. Twenty-four
hours after transfection cells were pulse labeled with [>*S]methionine
(0; pulse). Following removal and dilution of the labeled amino acid
and further incubation for 2 h (2; chase), the labeled proteins were
immunoprecipitated by using anti-p50 antibody, resolved by SDS-10%
PAGE, and visualized by phosphorimaging as described in Materials
and Methods.

pendent and, more importantly, whether processing is also
mediated by the ubiquitin system. Since elimination of all ly-
sine residues in the IkBy domain did not affect IKK-dependent
processing (Fig. 5D and 6B) and since processing did not
require the B-TrCP ubiquitin ligase (Fig. 6), it was important to
test whether the process is at all dependent on an active ubiquitin
system, particularly in light of the finding that stimulated process-
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ing does require both IKKB and its p105 phosphorylation site
(which is also the B-TrCP binding site) (Fig. 4B). As can be seen
in Fig. 7A, both basal and stimulated processing of p105 as well as
stimulation-induced degradation of p105 require an active pro-
teasome: inhibition of the proteasome eliminates the two modes
of generation of p50 as well as degradation of p105 (in Fig. 7A,
compare p50 in lanes 2 and 4 to p50 [or the lack thereof] in lanes
6 and 8 and compare p105 in all lanes, but mostly in lanes 4 and
8). By using different dominant-negative species of E2s (cysteine-
to-alanine mutants in the ubiquitin binding site; these enzymes
cannot bind ubiquitin, but they can bind to the E3 enzyme that
cannot conjugate ubiquitin to its bound substrate), we were able
to show that the ubiquitin system is involved in both stimulation-
induced processing and degradation. As can be seen in Fig. 7B
(compare p105 in lane 3 to that in lane 2), DN-UbcHS5c selectively
inhibits degradation of p105, similar to the effect of B-TrCP (Fig.
6). In contrast, DN-UbcHS5a blocks both processing and degra-
dation (compare p105 and p50 in lane 4 to those in lanes 2 and 3).
These data reflect steady-state levels of p105 and p50 in trans-
fected cells as determined by Western blot analysis. Similar cor-
roborating results were obtained by using a pulse-chase labeling
and immunoprecipitation experimental approach (Fig. 7C). It
should be stressed that these E2 enzymes affect only stimulation-
induced processing and degradation and not basal, nonstimulated
processing; as can be seen in Fig. 7D, p105-TthIII (p105 1 to 544),
a truncated species of p105 that is longer than p50 (containing 544
residues versus 435 residues of p50), is processed in cells in the
presence of either DN-UbcHSc or DN-UbcHSa.

As we have shown, replacement of all lysine residues in the
IkBy domain of p105 completely blocked degradation of p105
but had no effect on processing (see, for example, Fig. 5D).
This finding raised an interesting possibility that the lysine
residues required for degradation are different from those re-
quired for processing. The first step in corroborating such a
hypothesis is to demonstrate that p105 protein that harbors a
lysine-less (1 to 30) IkBy C-terminal domain cannot be conju-
gated by B-TrCP, yet a crude extract can catalyze its ubiquiti-
nation, probably via a different E3. The results of the experi-
ment depicted in Fig. 8 show that this is indeed the case. The
experiment depicted in panel A demonstrates that while
B-TrCP conjugates pl05-WT efficiently (lanes 1 and 2), the
conjugation of pl05 that lacks lysine residues 12 to 30 is se-
verely affected (lanes 3 and 4) while that of a p105 species in
which all the lysine residues (1 to 30) have been replaced is
completely inhibited (lanes 5 and 6). The experiment depicted
in panel B demonstrates that in the absence of IKK there is no
conjugation of the lysine-less (1 to 30) species even when the
reaction is carried out in HeLa extract that apparently contains
all the ubiquitin ligases required for p105 metabolism. The
IKK-independent conjugation observed mostly with the WT
species is due to basal, signal-independent activity leading to
p105 processing (31, 32). Importantly, however, when IKK is
added to the HeLa extract (Fig. 8C) the lysine-less (1 to 30)
pl05 is conjugated (lane 6), unlike its counterpart that was
incubated in the presence of purified B-TrCP (Fig. 8A, lane 6).
This result strongly suggests that active IKK and the IKK
phosphorylation site in p105 are required for the activity of a
yet-to-be-identified E3 involved in stimulation-dependent p105
processing.
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FIG. 5. Removal of p105 lysine residues 12 to 30 reveals two distinct roles for IKK in p105 activation: stimulation of degradation and, independently,
stimulation of processing. (A) Removal of lysine residues 1 (425) to 30 (969) completely inhibits conjugation of p105. In vitro-translated, [**S]methionine-
labeled, and IKKB-phosphorylated WT-p105 as well as p105 species that lack lysine residues 12 to 17 (p105-A544-654/AK12-17), 2 to 17 (p105-A429-
654/AK2-17), 12 to 30 (p105-A544-654/AK12-17;K18-30R), and 1 to 30 (p105-A429-654/AK2-17;K1,18-30R) were subjected to SCFP " “F-mediated
conjugation in a cell-free system as described in Materials and Methods and in the legends to Fig. 2 and 3. Proteins were resolved by SDS-10% PAGE
and were visualized by exposure to a PhosphorImager screen. Conj., conjugates. (B) Removal of p105 lysine residues 12 to 30 inhibits IKK-stimulated
degradation but does not affect IKK-induced processing (Western blot analysis). COS-7 cells were transiently transfected with a cDNA coding for
p105-A544-654/AK12-17 (lacking lysine residues 12 to 17; lanes 1 to 4) or p105-A544-654/AK12-17;K18-30R (lacking lysine residues 12 to 30; lanes 5 to
8). Where indicated, a cDNA coding for constitutive active IKK@B was cotransfected. Twenty-four hours after transfection cells were harvested and p105
and pS0 were detected by Western blot analysis in nuclear and cytoplasmic fractions as described in Materials and Methods and in the legend to Fig. 4A.
(C) Removal of p105 lysine residues 12 to 30 reduces IKK-stimulated degradation but does not affect induced processing (analysis by pulse-chase labeling
and immunoprecipitation). COS-7 cells were transiently transfected for 24 h with cDNAs coding for the different species of p105 mutants and IKKR as
described in the legend to panel B. Processing and degradation of the p105 mutants was monitored in pulse-chase labeling and immunoprecipitation
experiments as described in Materials and Methods and in the legend to Fig. 4B. Quantified data are presented. Percent of processing was calculated
with the following equation: [(p50 detected at chase time — p50 detected at pulse time) X 1.74 (this value represents the net p50 generated during
chase)/(p105 generated during pulse)] X 100. Percent of degradation was calculated with the following equation: {[p105 generated during pulse — p105
remaining after chase — (net p50 generated during chase X 1.74)]/p105 generated during pulse} X 100. Multiplication of the radioactivity in p50 by 1.74
was done in order to correct for the ratio of cysteine and methionine residues between p105 and p50. (D) Removal of p105 lysine residues 1 to 30
completely inhibits IKKB-induced degradation, while processing remains unaffected. COS-7 cells were transiently transfected for 24 h with cDNAs coding
for p105-WT (containing lysine residues 1 [425] to 30 [967]; lanes 1 to 4), p105-A429-654/AK2-17 (lacking lysine residues 2 to 17; lanes 5 to 8), or
p105-A429-654/AK2-17;K1,18-30R (lacking lysine residues 1 to 30; lanes 9 to 12). Where indicated, cDNA coding for constitutive active IKKB was
cotransfected. Processing and degradation of the different p105 mutants was monitored in a pulse-chase labeling and immunoprecipitation experiment
as described in Materials and Methods and in the legend to Fig. 4B. Quantified data are also presented (for quantification, see the legend to panel C).

DISCUSSION

Generation of the p50 and p52 subunits of the NF-«kB tran-
scriptional activators from their respective precursors p105 and
p100 are rare events in which the ubiquitin system is involved
in limited processing rather than in complete destruction of its
target substrates. Adding to the rarity is the finding that pro-

cessing occurs both under basal conditions and following sig-
naling, and it appears to be mediated by different ubiquitin
system enzymes and signaling complexes. It is not surprising,
therefore, that the mechanistic details of this complex process
are still largely obscure. Lin and colleagues suggested that
processing may occur cotranslationally, and synthesis of the
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FIG. 6. B-TrCP is essential for stimulated degradation but not for stimulated processing of p105. (A) Suppression of B-TrCP inhibits
degradation but not processing of p105. HEK 293 cells were transfected by either an empty vector (lane 1) or with cDNA coding for p105-WT
(lanes 2 to 5). cDNAs coding for IKKp (lanes 3 to 5) and AF-box B-TrCP (lane 4) or oligonucleotide for siRNA silencing of B-TrCP1 and -2 (lane
5) were transfected as described in Materials and Methods. Forty-eight hours after transfection with siRNA and 24 h after transfection with all
other cDNAs, cells were harvested with RIPA buffer. Extracts representing an equal number of cells were resolved by SDS-10% PAGE and were
blotted onto nitrocellulose paper, and proteins were visualized by using anti-p50 antibody and ECL as described in Materials and Methods.
(B) Utilization of a dominant-negative AF-box B-TrCP or of p105 mutants that lack lysine residues 12 to 30 or 1 to 30 inhibits IKK-induced
degradation but does not affect IKK-stimulated processing of p105. HEK 293 cells were transfected with either an empty vector (lane 1) or with
cDNAs coding for pl05-WT (lanes 2 to 4), pl05-A544-654/AK12-17 (lanes 5 to 7), p105-A544-654/AK12-17;K18-30R (lanes 8 and 9), or
p105-A429-654/AK2-17;K1,18-30R (lanes 10 and 11). Where indicated, cDNAs coding for AF-box B-TrCP and/or constitutively active IKKB were
cotransfected. Twenty-four hours after transfection cells were harvested with RIPA buffer, and disappearance of p105 and generation of p5S0 were
monitored by using Western blot analysis as described in Materials and Methods and the legend to Fig. 4A. The anti-p50 antibody used here was
different from the one that was used in the other experiments in that it did not recognize the 90-kDa nonspecific immune-reactive protein (marked

once in panel A). This band masks the low-molecular-mass p105 deletion mutants.

entire precursor molecule p105 or pl00 is not required for
generation of p50 or p52, respectively (18, 22). Cotranslational
processing occurs prior to the biosynthesis of the IKKB phos-
phorylation and B-TrCP binding site in the C-terminal domain
of the p105 molecule. Thus, such processing, if it occurs, must
be constitutive. In contrast, several studies have shown in-
creased, signal-induced formation of p50, though the extent of
stimulation has been variable in the different experimental
systems (6, 10, 24-26, 28). Heissmeyer and colleagues (14, 15)
have shown that stimulation by IKK@ with subsequent ubig-
uitination by B-TrCP results in almost complete degradation of
pl05, while the increased generation of p50 is slight and in-
consistent. These researchers argue that p50 is generated, most
probably, from p105 in a constitutive, stimulation-independent
manner. Orian and colleagues have shown that IKKB and
B-TrCP stimulate both degradation of pl05 as well as in-
creased formation of pS0 (29). Taken together, these data
suggest that p105 can undergo two distinct processes, degra-
dation and limited processing, that are probably catalyzed and
regulated independently. Thus, it is important to dissect the
underlying mechanism(s) and role of each of the playing part-
ners in these two processes. For example, it is possible that
while IKKB phosphorylates Ser residues necessary for recog-
nition by B-TrCP, it also plays a ligase-independent role(s) in
p105 metabolism. We used several experimental approaches to
independently dissect the role of IKKB and B-TrCP in p105

fate and p50 generation and to examine the possible existence
of additional components in the system.

Initially we attempted to identify, via systematic mutagene-
sis, the lysine residue(s) targeted by B-TrCP and to examine
whether inactivation of ubiquitination affects degradation of
phosphorylated p105, its processing to p50, or both. As is seen
in Fig. 3 and 5A, all 30 lysine residues in the IkBy domain of
p105 appear to be involved in ubiquitination of the molecule;
gradual removal of these residues leads to a parallel and con-
comitant inhibition of B-TrCP-mediated ubiquitination, and
there is clearly not a single lysine residue on which ubiquiti-
nation is completely dependent. Examination of the different
mutant proteins (Fig. 4 and 5B to D) reveals that it takes the
replacement of more than 13 lysine residues in the C-terminal
domain of p105 in order to display a distinct and novel phe-
notype in which processing is maintained while degradation is
gradually inhibited. Thus, as can be seen in Fig. 4, replacement
of lysine residues 18 to 30 does not affect processing or deg-
radation of p105. In contrast, as can be seen in Fig. 5C, the
degradation of p105 that lacks lysine residues 12 to 30 is dra-
matically inhibited (88%; 3% versus 27%; compare lane 4 to
lane 8), while the generation of p50 is almost not affected (50%
versus 46%; compare lane 4 to lane 8 [see below]; all results
were calculated based on the processing of pl05 that lacks
lysine residues 12 to 17). Similarly, as is seen in Fig. 5D,
replacement of all 30 lysine residues in IkBvy eliminates deg-
radation altogether without affecting processing. Importantly,
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FIG. 7. Signal-induced processing and degradation of p105 are dependent on an active ubiquitin-proteasome pathway. (A) Inhibition of the
proteasome suppresses signal-induced processing and degradation of p105. COS-7 cells were transiently transfected for 24 h with a cDNA coding
for p105-WT. Where indicated, cDNA coding for constitutive active IKK was cotransfected. Processing and degradation of p105 were monitored
in a pulse-chase labeling and immunoprecipitation experiment in the absence (lanes 1 to 4) or presence (lanes 5 to 8) of lactacystin B-lactone, a
20S proteasome inhibitor, as described in Materials and Methods and in the legend to Fig. 4B. (B) The ubiquitin-conjugating enzymes UbcHS5c¢
and UbcHS5a act differently on IKKB-mediated processing of p105. COS-7 cells were transiently transfected with a cDNA coding for p105-WT.
Where indicated, cDNAs coding for constitutively active IKKB, DN-UbcH5a, or DN-UbcHS5c were cotransfected. Twenty-four hours after
transfection cells were harvested, and disappearance of p105 and generation of pS0 were monitored by using Western blot analysis as described
in Materials and Methods and in the legend to Fig. 4A. (C) The ubiquitin-conjugating enzymes UbcH5C and UbcHS5A act differently on
IKKB-mediated processing of p105. This experiment is similar to the one described in Fig. 5B, except that it was carried out by using pulse-chase
labeling and immunoprecipitation of p105 and p50 as described in Materials and Methods and in the legend to Fig. 4B. (D) Neither UbcHSc¢ nor
UbcHS5a E2s are required for basal processing of p105. COS-7 cells were transiently transfected by either an empty vector (lane 1) or with cDNAs
coding for p105-TthIII 1 (p105 to 544) (lanes 2 to 4). Where indicated, a cDNA coding for DN-UbcHS5c (lane 3) or DN-UbcH5a (lane 4) was
cotransfected. Twenty-four hours after transfection cells were harvested, and levels of p105 and p50 were monitored by using Western blot analysis

as described in Materials and Methods and in the legend to Fig. 4A.

the two processes still require IKK, as deletion of the IKK
phosphorylation site in p105 eliminates both (Fig. 4B, lanes 9
to 12). Thus, by using systematic mutagenesis of lysine residues
in the IkBy domain of p105 we were able to demonstrate that
IKK-dependent processing and degradation occur via two dis-
tinct mechanisms.

At that point it was important to dissect the role of B-TrCP
in the two processes: is it involved in processing, degradation,
or both? To study the role of the pl05 ligase in the two
processes, we utilized both specific siRNA to silence B-TrCP1
and B-TrCP2 mRNAs as well as expression of dominant-neg-
ative B-TrCP that lacks the F-box domain. As can be seen in
Fig. 6, both elimination of B-TrCP expression (panel A) and
sequestration of the substrate into an inactive 3-TrCP E3 com-
plex (panels A and B) completely inhibit degradation without

affecting processing. It should be noted that in the case of p100,
B-TrCP induces processing and not degradation (8), though a
detailed analysis of this process has not been done. As B-TrCP
is not involved in signal-induced and IKK-dependent p105
processing, it was important to show whether this process is at
all dependent on the activity of the ubiquitin-proteasome sys-
tem. It was known that the proteasome is involved in basal
processing of p105 (31, 32). As can be seen in Fig. 7A, inhibi-
tion of the proteasome eliminates both IKK-dependent pro-
cessing and degradation of p105. An important finding is that
the process requires not only the proteasome but also the
ubiquitination machinery. The E2 enzyme UbcHS5c selectively
inhibits only IKK-stimulated degradation of p105, while its
homologue UbcHS5a inhibits both (Fig. 7B and C). It is possible
that UbcH5a acts with two different ligases, B-TrCP, which
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FIG. 8. IKKB-phosphorylated p105 mutant that lacks all 30 lysine
residues in its IkBy domain is ubiquitinated by a non-TrCP ubiquitin
ligase. (A) In vitro-translated, [**S]methionine-labeled, and IKK@-
phosphorylated WT-p105 as well as p105 species that lack lysine res-
idues 12 to 30 (p105-A544-654/AK12-17;K18-30R) and 1 to 30 (p105-
A429-654/AK2-17;K1,18-30R) were subjected to SCFPT"F-mediated
conjugation in a cell-free system as described in Materials and Meth-
ods and in the legends to Fig. 2 and 3. (B) An experiment similar to the
one described in panel A was carried out in crude HeLa extract rather
then in a cell-free reconstituted system. Conjugation was monitored in
the absence and presence of ATP. (C) An experiment the same as the
one described in panel B was carried out, except that the [*>S]methi-
onine-labeled p105s were phosphorylated by IKK prior to their incu-
bation in the HeLa extract. Proteins were resolved by SDS-10%
PAGE and were exposed to a PhosphorImager screen as described in
Materials and Methods and in the legends to Fig. 2 and 3. The lower
panels show the different p105 species as observed under reduced
exposure to demonstrate that equal amounts of radioactive proteins
were loaded on the gels. Conj., conjugates.
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mediates degradation, and a yet-unknown ligase involved in
processing. UbcHS5c, on the other hand, acts only with the
B-TrCP that mediates degradation, which was described earlier
(11). It should be noted that equal amounts of the two E2
enzymes were expressed in the cells. Here, too, the IKK phos-
phorylation site is necessary for the E2 enzymes to mediate
their reaction; processing of a truncated species of p105 (5)
that lacks the IkBy domain is not affected by either UbcHS5a or
UbcHS5c. This basal processing, if at all mediated by the ubig-
uitin system, appears to be catalyzed by yet another E2.

An important question involves the identity of the E3 that
mediates signal-induced processing. As is seen in Fig. 8A and
as expected, B-TrCP does not conjugate p105 in which lysine
residues 1 to 30 were replaced. In contrast, a crude HeLa cell
extract does catalyze conjugation of the IkBy lysine-less mol-
ecule, and conjugation is dependent on IKK (Fig. 8B and C).
Thus, it appears that HeLa extract contains a ubiquitin ligase
that requires IKK activity and is involved in processing, though
not necessarily in a direct manner. This putative ligase does not
bind to the IKK phosphorylation site, as binding of AF-box
B-TrCP to the site does not eliminate processing (Fig. 6). IKK
phosphorylation probably confers an alteration in the structure
of the p105 molecule that allows ubiquitination by this putative
E3 on lysine residues that reside in the p5S0 domain. Interest-
ingly, this is also a rare case of conjugation on the nonleaving
or nondegradable portion of a target substrate. It should be
noted that p105 and pl00 are conjugated by an additional,
unidentified E3 that catalyzes conjugation under basal condi-
tions and is not dependent on signaling (8, 30) (Fig. 7D).

An important problem is related to the requirement for
three distinct ligases for processing and degradation of p105.
Evolutionarily it makes sense to evolve two distinct mecha-
nisms that will be involved in processing that occurs under
basal conditions and following stimulation. The first process
will provide the cell with the amount of p50 required for
maintenance of the different cellular processes supported by
NF-kB under basal conditions. Stress, such as that which oc-
curs following apoptotic or inflammatory stimuli, requires in-
stantaneous recruitment of large amounts of p50 and p65. This
may come from the storage of subunit molecules that are
anchored to cytosolic p105 and are released following stimu-
lation-mediated processing and degradation of the pl05-an-
choring molecule (5, 13, 33, 36). Yet it is not immediately clear
why nature has evolved two distinct mechanisms for stimula-
tion-mediated processing and degradation. One possibility is
that degradation occurs only when the p105 molecule is satu-
rated with anchored p50 subunits which are then released,
while processing is reserved for p105 molecules to which sub-
units have not been anchored, such as newly synthesized pre-
cursors. In this case, processing of a single p105 precursor will
provide the cell with an additional p50 molecule. As for stim-
ulation-induced degradation, it is possible that the p50-satu-
rated p105 is not accessible to the enzymes involved in pro-
cessing and had therefore required the evolvement of a new
and distinct mechanism for release of the anchored subunits
that involves a concomitant destruction of the carrier. An al-
ternative explanation is that while degradation of the entire
p105 molecule may provide a variety of anchored NF-kB sub-
units, processing will provide solely pS0. These two different
pathways may serve to generate distinct NF-kB species re-
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quired for different cellular processes. For example, it has been
shown that homodimeric p50 NF-kB is required for induction
of lipopolysaccharide tolerance (3).
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