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Processing of the p105 precursor to form the active
subunit p50 of the NF-xB transcription factor is a
unique case in which the ubiquitin system is involved
in limited processing rather than in complete destruc-
tion of the target substrate. A glycine-rich region
along with a downstream acidic domain have been
demonstrated to be essential for processing. Here we
demonstrate that following IxB kinase (IxK)-mediated
phosphorylation, the C-terminal domain of p105 (resi-
dues 918-934) serves as a recognition motif for the
SCFATrCP  ybiquitin ligase. Expression of IkKp
dramatically increases processing of wild-type p105,
but not of p105-A918-934. Dominant-negative 3-TrCP
inhibits IxK-dependent processing. Furthermore, the
ligase and wild-type p105 but not p105-A918-934
associate physically following phosphorylation. In
vitro, SCFB-TrCP gpecifically conjugates and promotes
processing of phosphorylated p105. Importantly, the
TrCP recognition motif in p105 is different from that
described for IkBs, B-catenin and human immunodefi-
ciency virus type 1 Vpu. Since p105-A918-934 is also
conjugated and processed, it appears that p105 can be
recognized under different physiological conditions by
two different ligases, targeting two distinct recognition
motifs.

Keywords: kB kinase (IkK)/NF-xB/p105/3-TrCP/
ubiquitin

Introduction

The NF-xB transcription factors play key roles in basic
processes such as regulation of the immune and inflam-
matory responses, development and differentiation, malig-
nant transformation and apoptosis (Baeuerle and
Baltimore, 1996; Baldwin, 1996; Barnes and Karin,
1997; Ghosh et al., 1998; Foo and Nolan, 1999). The
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precursor molecules pl05 and pl00 undergo ubiquitin-
and proteasome-mediated limited processing to yield the
respective active subunits p5S0 and p52 (Palombella et al.,
1994; Orian et al., 1995; Betts and Nabel, 1996), which are
derived from the N-terminal domain of the molecule. The
C-terminal domain is degraded (Fan and Maniatis, 1991).
These subunits typically heterodimerize with members of
the rel family, such as p65, RelB or c-Rel, to generate the
active transcription factor. In the resting cell, the
heterodimer generates a ternary complex with a member
of the IxB family of inhibitory proteins and is sequestered
in the cytosol. Following stimulation, specific IkB kinases
are activated (Mercurio et al., 1997; Woronicz et al., 1997,
Zandi et al., 1997) and phosphorylate the protein on serine
residues 32 and 36 (Brown et al., 1995). The phosphoryl-
ation leads to recognition of the molecule by the SCFP-TCP
ubiquitin ligase complex (see, for example, Yaron et al.,
1998; Winston et al., 1999), polyubiquitylation on Lys21
and/or Lys22 (Scherer et al., 1995) and subsequent
degradation by the 26S proteasome (Alkalay et al., 1995;
Chen et al., 1995). Following degradation of IkBa., the
heterodimer is translocated into the nucleus where it
initiates specific transcription.

The ubiquitin pathway is involved in the regulation of
many basic cellular processes, such as cell cycle progres-
sion, differentiation and development, and the immune
and inflammatory responses. Involvement of the system in
these processes is mediated via specific proteolysis of key
regulatory proteins such as cyclins, transcriptional activa-
tors, membrane receptors and major histocompatibility
complex (MHC) class I-restricted antigens. Degradation
of a protein by the system involves two discrete steps:
(i) formation of a polyubiquitin chain that is covalently
attached to the target substrate; and (ii) degradation of the
tagged protein by the 26S proteasome. Conjugation of
ubiquitin requires the sequential action of three enzymes:
the ubiquitin-activating enzyme, El; one of several
ubiquitin-carrier proteins, E2s (known also as ubiquitin-
conjugating enzymes, UBCs); and a member of the
ubiquitin—protein ligase, E3, family. E3s serve as sub-
strate-binding subunits and play an essential role in
specific substrate recognition. Several classes of E3s
have been described. Among them are the SCF complexes
that recognize phosphorylated substrates. These tetrameric
complexes are comprised of Skp1, cullinl and Rbx1/Rocl,
which are common to all SCFs, and a variable F-box
protein (for recent reviews on the ubiquitin system, see,
for example, Laney and Hochstrasser, 1999; Voges et al.,
1999; Kornitzer and Ciechanover, 2000; for a recent
review on SCF complexes, see Deshaies, 1999).
The variable F-box protein serves as the substrate
recognition subunit. For example, an SCF complex
that contains B-TrCP (SCFB-TCP) as the F-box protein
recognizes phosphorylated IkBo, B-catenin and human
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Fig. 1. The acidic domain (residues 443-454) and the C-terminal IxK phosphorylation site of p105 are both required for processing of p105 in vitro.
(A) Sequence of amino acid residues 443—454 and 918-934 of p105. The asterisks denote aspartate residues 448, 451 and 452, which were replaced
by alanine in the experiments described in (B) and (C). The plus signs denote Asp443, Glu445 and Ser450, which were replaced by alanine in the
same experiments. Acidic and serine residues in the 443—454 sequence and serine and threonine residues in the 918-934 sequence are in bold.

(B) ATP-dependent conjugation of wild-type-p105, p105-D(*)A and p105-D,E,

S(*,+)A. Conjugation of the p105 acidic domain mutants was carried

out in a crude HeLa cell extract as described in Materials and methods. (C) ATP-dependent processing of wild-type p105 and p105-D,E,S(*,+)A.

Processing of wild-type p105 and p105-D,E,S(*,+)A was carried out in a crude
dependent processing of wild-type p105, p105-A446-454, p105-A918-934 and
mutants was carried out as described in (C). Conj. denotes conjugates. pS0 and

immunodeficiency virus type 1 (HIV-1) Vpu via the
sequence [DS(P)GYXS(P)]. Recognition of other sub-
strates via different motifs has not been ruled out. SCFSkp2
recognizes the singly phosphorylated p275P! (Carrano
et al., 1999) and possibly E2F-1 (Marti et al., 1999) via an
as yet unidentified motif.

Limited processing of the precursor proteins p105 and
pl00 is mediated by the ubiquitin system (Fan and
Maniatis, 1991; Palombella et al., 1994; Orian et al.,
1995; Coux and Goldberg, 1998; Heusch et al., 1999) and
appears to be the only established case in which the system
is involved in limited processing rather than in complete
destruction of its target. The mechanisms involved in this
process have been partially elucidated. Lin and Ghosh
(1996) demonstrated that a glycine-rich region (GRR) that
spans amino acid residues 372-394 in mouse pl05 is
required for processing. A GRR in human p105 serves a
similar function (Orian et al., 1999). The GRR appears to
serve as a digestion ‘stop’ signal for the 26S proteasome.
Processing also requires an additional domain that
contains two essential lysine residues (441 and 442) that
are important for ubiquitylation, and a downstream acidic
region (residues 446-—454) that may function as an E3
recognition motif (Orian et al., 1999). These findings
suggest that processing requires at least two motifs, a
processing ‘stop’ signal and a ubiquitylation/E3 recogni-
tion site. Fan and Maniatis (1991) have shown that a
truncated form of p105, p60, can be processed to pS0. Lin
et al. (1998) have shown that p105 can be processed co-
translationally, and synthesis of the complete molecule is
not required for generation of p50. Taken together, studies
from all three groups suggest that all the motifs that are
essential for basal processing are contained within the first

HelLa cell extract as described in Materials and methods. (D) ATP-
p105-A446-454/A918-934. Processing of the different p105 deletion
p105 denote the site of migration of the two molecules, respectively.

~550 amino acid residues. However, other studies have
suggested a role for the C-terminal domain in regulated
processing/degradation of p105. Fujimoto et al. (1995) and
McKichan et al. (1996) have shown that stimulation-
induced phosphorylation of serine and possibly threonine
residues at the C-terminal domain of the molecule
increases processing. Belich et al. (1999) have shown
that TPL-2-mediated phosphorylation of the C-terminal
domain of p105 leads, although indirectly, to accelerated
degradation of the molecule. Heissmeyer et al. (1999)
have shown that IkK-mediated phosphorylation of serine
residues localized to a region that spans moieties 920-936
also leads to rapid degradation of p105. Although these
studies appear to be somewhat contradictory in their final
conclusion with regard to whether signal-induced
C-terminal phosphorylation leads to enhanced processing
or complete degradation of p105 (see Discussion), they all
conclude that signal-induced phosphorylation of serine
residues in the C-terminal domain serves an important
regulatory role in NF-xB activation. In all these cases,
however, the possible involvement of the ubiquitin system
in the process has not been established.

Here we show that IkKB-mediated phosphorylation at
the C-terminal domain results in accelerated processing of
p105 to p50, a process that is mediated by the SCFP-TCP E3,

Results

Residues 446-454 and 918-936 are both required
for efficient processing of p105

We have shown previously that residues 446454, which
are homologous to the IxBow E3 recognition motif, are
required for processing of pl05 (Orian et al., 1999). We

2581



A.Orian et al.

postulated that the acidic residues in this region
(Figure 1A) are important for ubiquitylation, possibly via
binding of E3. Now we show that progressive replacement
of these residues with alanine significantly decreases the
efficiency of conjugation (Figure 1B) and subsequent
processing (Figure 1C) of p105 in vitro, although it does
not abolish them completely. Therefore, we predicted that
an additional domain may be involved in recognition by
the ubiquitin system. Since the C-terminal domain
contains an IxK phosphorylation site that is involved
in regulated processing/degradation of pl05 (see
Introduction), we decided to dissect the mechanism(s)
that underlie its involvement in the process. As can be seen
in Figure 1D, deletion of residues 446-454 reduces
processing significantly (26% compared with processing
of wild-type p105, as determined quantitatively). Deletion
of residues 918-934, which comprise the IkK phosphoryl-
ation site, reduces processing even more (11% compared
with wild type). Processing was reduced further in a p105
lacking both the acidic and the C-terminal domains. Since
inhibition of processing is significant when any one of the
domains is deleted, it is not clear whether they cooperate
or act independently (see Figure 9B; Discussion).

IxKp is required for processing of p105 via the
precursor’s C-terminal domain

Since IkKs can modify the C-terminal domain of p105
(Heissmeyer et al., 1999), it was important to test whether
the modification affects processing. As IKKp is the kinase
involved in the pro-inflammatory response (Li et al.,
1999), we decided to test initially the role of this kinase.
As can be seen in Figure 2A, expression of constitutively
active IxkK[ significantly stimulates processing of p105
(compare lanes 2 and 3 with lanes 5 and 6). As can be seen
in lane 6, after 2 h of chase in the presence of the kinase,
almost all the precursor protein disappeared. While most
of it was processed to p50, it appears that a significant part
was completely degraded (see also Discussion).
Stimulation is probably due to the catalytic activity of
IkK, as an inactive enzyme did not stimulate processing
(Figure 2B, compare lane 3 with lane 4). At this point, it
was important to confirm the role of the C-terminal
domain in IxK-dependent stimulated processing. As can
be seen in Figure 2C, the kinase stimulated processing of
wild-type p105 and p105-A446-454 to the same extent,
ruling out a role for the acidic domain in the process
(compare lanes 2 and 3 with lanes 5 and 6). (The apparent
similar quantity of pS0 generated from the wild-type and
the A446-454 proteins is due to an excess of the expressed
mutant in this experiment. The efficiency of generation of
pS0 from p105-A446-454 is significantly lower than that
from the wild type; see, for example, Figure 1 and Orian
et al., 1999.) In contrast, the kinase did not have any effect
on processing of pl105-A918-936 (Figure 2D, compare
lanes 2 and 3 with lanes 5 and 6). Thus, it appears that
IKKP stimulates pl105 processing via its activity on the
C-terminal domain of the molecule.

p105 is phosphorylated in its C-terminal domain
by IxKp

To demonstrate that IKKPB phosphorylates the C-terminal
domain of pl105, we incubated in vitro translated, 33S-
labeled wild-type p105 or p105-A918-934 in the presence
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Fig. 2. [kKB-mediated processing of p105 requires the C-terminal
domain of the precursor molecule. (A) Transfection of cells with
constitutively active IkKp significantly stimulates processing of p105.
Cos-7 cells were transiently transfected with a cDNA coding for wild-
type pl05 with or without a cDNA coding for IkKp. Processing was
monitored in a pulse—chase labeling and immunoprecipitation
experiment as described in Materials and methods. (B) Enhanced
processing of p105 requires active IKKp. Cos-7 cells were transiently
transfected with a cDNA coding for wild-type p105 without or with
cDNAs coding for either constitutively active (IKKB-SS>EE) or
inactive (IKKB-SS>AA) IxKPs (see Materials and methods). Processing
was monitored as described in (A). (C) The acidic domain of p105
(residues 446-454) is not required for [kKB-mediated processing of the
molecule. Cos-7 cells were transiently transfected with cDNAs coding
for either wild-type p105 or p105-A446-454, with or without a cDNA
coding for constitutively active IKKp. Processing was monitored as
described in (A). (D) The C-terminal phosphorylation domain of p105
(residues 918-934) is required for IkKB-mediated processing of the
precursor molecule. Cos-7 cells were transiently transfected with
cDNAs coding for either wild-type p105 or p105-A918-934, with or
without a cDNA coding for IkK. Processing was monitored as
described in (A).

of active IkKP and ATP. As can be seen in Figure 3
(lanes 1-3), the wild-type protein is converted into a more
slowly migrating form following incubation in the pres-
ence of the kinase and ATP. This change in molecular
mass is probably due to phosphorylation, as the slower
migrating form can be converted into a faster migrating
form following addition of alkaline phosphatase (Figure 3,
lane 3). In contrast, migration of p105-A918-934 is not
affected following incubation in the presence of the kinase
and ATP (Figure 3, compare lanes 6 and 7). It should be
noted that at times, a small change can still be seen in the
migration of the A918-934 mutant following its incuba-
tion in the presence of ATP; however, it is much smaller
than the change observed in the molecular weight of the
wild-type protein (see, for example, Figure 1D). This small
change is probably due to weak phosphorylation of serine
and threonine residues localized to the 850-891 region
(Heissmeyer et al., 1999). IkKB-mediated phosphorylation
at the C-terminal domain could also be observed when we
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Fig. 3. [xKB-dependent phosphorylation of p105 requires residues
918-934. The effect of IKKB was monitored using wild-type p105
(lanes 1-5) or p105-A918-934 (lanes 6—-10). Translated
[33S]methionine-labeled (lanes 1-3 and 6-8) or unlabeled (lanes 4 and
5, and 9 and 10; an amount equivalent to the labeled protein) p105s
were incubated in the presence of unlabeled (lanes 1-3 and 6-8) or
[y-32P]ATP (lanes 4 and 5, and 9 and 10) as described in Materials and
methods. IkKB was added as indicated. Following incubation for

25 min, calf intestine alkaline phosphatase (10 U) was added where
indicated, and the incubation continued for an additional 5 min. p105
was precipitated using anti-p50 antibody and immobilized protein A.
Samples were resolved via SDS—-PAGE and proteins visualized via
phosphoimaging. p-p105 denotes phosphorylated p105.
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utilized unlabeled p105 incubated in the presence of the
kinase and [0-3?P]ATP: as can be seen in Figure 3 (lane 4),
wild-type p105 is phosphorylated, and the label disappears
following addition of the phosphatase (lane 5). In contrast,
the A918-934 mutant is not phosphorylated by IxKP
(Figure 3, lane 9). These in vitro experiments show that
IkKB modifies p105 on serine and/or threonine residues in
the region that spans moieties 918-934 (see, however,
Figure 9).

AF-box B-TrCP inhibits processing of p105, the
precursor’s IxkKf phosphorylation domain

At this stage, it was important to identify the E3 involved
in recognition of the phosphorylated C-terminal region of
p105. Obvious candidates are members of the SCF family
of ligases such as SCFPT'CP and SCFSkP2 that recognize
phosphorylated substrates. Transfection of cells with the
dominant-negative E3, AF-box B-TrCP1, significantly
inhibits IkKB-dependent processing of wild-type pl105
(Figure 4A, compare lanes 3 and 4). In contrast, processing
of p105-A918-934 is not affected (compare lanes 6 and 7).
It should be noted that this experiment was carried out in
the presence of the active form of IkKB. An obvious
question involves the role of the C-terminal domain under
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Fig. 4. AF-box B-TrCP1 inhibits processing of wild-type p105 but not p105-A918-934. (A) Effect of AF-box B-TrCP1 on processing of wild-type
p105 and p105-A918-934 in the presence of IKKP. Cos-7 cells were transiently transfected with cDNAs coding for either wild-type p105 or
p105-A918-934. cDNAs coding for AF-box B-TrCP1 and IxkKP were co-transfected as indicated. Processing was monitored in a pulse—chase labeling
and immunoprecipitation experiment as described in Materials and methods. (B) Effect of AF-box B-TrCP1 on processing of wild-type p105 and
p105-A918-934 in the absence of IkKp. Cos-7 cells were transiently transfected with cDNAs coding for either wild-type p105 or p105-A918-934.

A cDNA coding for AF-box B-TrCP was co-transfectd as indicated. Processing was monitored as described in (A). Quantitative analysis of processing
([pS0/p50 + p105] X 100) is presented (bottom of panels) following subtraction of background radioactivity (time 0). (C) The C-terminal domain of
p105 is phosphorylated in vivo under non-stimulated conditions. (C1) Phosphorylation of wild-type and A918-934 p105s in vivo. Cos-7 cells were
transiently transfected with cDNAs coding for either wild-type p105 or p105-A918-934. Cells were labeled with H;[3?P]O,, and the labeled p105 was
precipitated and visualized as described in Materials and methods. (C2) Western blot analysis of expressed wild-type p105 and p105-A918-934.
Cos-7 cells were transfected with cDNAs coding for either wild-type p105 or p105-A918-934 as described in (A). Proteins were analyzed using

anti-p50 antibody and western blot analysis.
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Fig. 5. AF-box B-TrCP1 and AF-box B-TrCP2, but not AF-box Skp2, inhibit processing of p105. (A) Effect of AF-box B-TrCP1 and 2 on the
processing of p105. Cos-7 cells were transiently transfected with a cDNA coding for wild-type p105. A ¢cDNA coding for AF-box B-TrCP1 (Al)

or AF-box B-TrCP2 (A2) was co-transfected where indicated. Processing of p105 was monitored in a pulse—chase labeling and immunoprecipitation
experiment as described in Materials and methods. (B) Effect of AF-box Skp2 on processing of wild-type p105. Cos-7 cells were transiently
transfected with a cDNA coding for wild-type p105. cDNAs coding for AF-box Skp2 or AF-box B-TrCP1 were co-transfected where indicated.

Processing of pl05 was monitored as described in (A).

basal conditions. To our surprise, we found that the
dominant-negative TrCP inhibits processing of p105 in the
absence of the active kinase as well (Figure 4B, compare
lanes 3 and 4). This is probably due to basal phosphoryl-
ation of pl05 that occurs in the absence of exogenous
stimulation, or to stress-induced activation caused by the
transfection of the DNA probes. Indeed, as can be seen in
Figure 4C1, p105 is also phosphorylated in non-stimulated
cells, and the wild-type protein is modified to a signifi-
cantly greater extent compared with its p105-A918-934
counterpart, suggesting a role for C-terminal phosphoryl-
ation in pl05 processing under these conditions. It is
possible that the difference in phosphorylation between
the wild-type and the A918-934 p105s is even larger than
that observed, as in most experiments the expression of the
mutated p105 was much greater than that of the wild-type
protein (Figure 4C2; compare also, for example, lanes 5
and 1 in Figure 4A). Quantitatively, however, the amount
of p50 generated following IkKP phosphorylation is
significantly greater than that formed under basal condi-
tions and, therefore, the inhibition by the mutant E3 is
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more striking [30% (41-11) reduction in p50 generation in
the presence of the kinase versus 10% (14-4) in its
absence; Figure 4A and B, respectively]. The striking
effect of IKK is also reflected in the finding that most of
the p105 precursor disappears in the presence of the kinase
(Figure 4A, lane 3), and this disappearance is strongly
inhibited by the dominant-negative E3 (lane 4). In the
absence of the kinase, there is almost no disappearance of
pl105, while slow processing occurs under these condi-
tions, reflecting the low efficiency of the process under
basal conditions (Figure 4B, lane 3). Based on these
findings, we concluded that TrCP may serve as the E3 that
recognizes the phosphorylated C-terminal domain of p105,
and is involved in phosphorylation-mediated processing of
the molecule. To determine the specificity of B-TrCP1, we
monitored the effect of the second isoform of TrCP,
TrCP2. The two proteins are highly homologous, but
nevertheless distinct. While both recognize IxkBo (Suzuki
et al., 1999), TrCP2 does not recognize P-catenin (Hart
etal., 1999). As can be seen in Figure SA1 and A2, the two
AF-box derivatives inhibit p105 processing in vivo to the
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Fig. 6. The IxBo phosphopeptide specifically inhibits conjugation and processing of p105 in vitro. (A) The IxBo phosphopeptide inhibits conjugation
of p105. Conjugation of p105 in a cell-free system was monitored as described in Materials and methods in the absence or presence of ATP, the
IxBo-derived phosphopeptide (pP) or the S32,36A control peptide (S/A) as indicated. (B) The IxBo. phosphopeptide inhibits processing of p105.
Processing of p105 in a cell-free system was monitored as described in Materials and methods and in (A). (C) Effect of the IkBa-derived
phosphopeptide on processing of wild-type p105, p105-A918-934 and p105-A446-454. Processing of wild-type p105, p105-A918-934 and
p105-A446-454 was monitored in a cell-free system as described in Materials and methods in the absence or presence of ATP and the IxkBo-derived

phosphopeptide (pP), as indicated.

same extent. In contrast, the dominant-negative species of
a different F-box protein, AF-box Skp2, does not affect
p105 processing (Figure 5B).

To explore further the role of B-TrCP in p105 recog-
nition, we utilized the phosphopeptide that spans the
phosphorylation domain of IxkBo. This peptide binds
specifically to TrCP and inhibit its activity towards IxBo
and B (Yaron et al., 1997, 1998). As can be seen in
Figure 6A, the peptide significantly inhibits conjugation of
p105 in vitro. In contrast, a similar peptide in which the
two phosphorylated serine residues were substituted with
alanine was inactive. The peptides had similar effects on
processing of pl05 (Figure 6B). At this point, it was
important to demonstrate that the phosphopeptide acts via
inhibition of recognition of the C-terminal domain of p105
by TrCP. As is shown in Figure 6C, the peptide inhibits
processing of the wild-type and A446—454 p105s, but not
of the A918-934-p105. This finding complements our
initial finding that IkKPB stimulates, in the intact cell,
processing of the wild-type and A446-454 proteins, but
not of the A918-934 deletion mutant (Figure 2C and D,
respectively). It should be stressed again that processing of
any of the single mutants is significantly less efficient than
that of the wild-type protein (see also Figure 1D). The
series of experiments presented in Figures 4—6 is based on
the utilization of inhibitory E3 and peptides. Therefore,
more direct evidence is necessary in order to establish
firmly the role of SCFPTCP in p105 processing. If TrCP is
indeed the E3 involved in recognition of the phosphoryl-
ated C-terminus of p105, it is expected that it will associate
physically with the substrate, and that the association will
be enhanced following stimulation. Indeed, as can be seen
in Figure 7A, physical association between TrCP1 and
pl105 is increased several fold following tumor necrosis
factor-oo (TNF-o) stimulation of cells. Deletion of the
IkKB phosphorylation site (residues 918-934) abrogates
the enhanced binding. The fact that TrCP was able to bind
the A918-934 pl05 is probably due to the minor

phosphorylation sites still available in this mutant (see
above; Heissmeyer, 1999). It should be noted that TrCP
transfected alone did not pull down any plO5 cross-
reactive material (not shown). Similarly, p105 transfected
alone did not bind to the Ni beads (not shown). Further
supporting the notion that TrCP associates directly with
p105 is the experiment presented in Figure 7B. Here, in a
reconstituted cell-free system, only p105 that was phos-
phorylated by IkKP could be precipitated by TrCP. Wild-
type p105 that was incubated in the absence of the kinase
or pl05-A918-934 that was incubated in the presence of
the kinase failed to associate with TrCP. Lastly, it was
important to demonstrate directly that B-TrCP can conju-
gate ubiquitin to C-terminally phosphorylated p105 and
promote its processing. As can be seen in Figure 8Al,
tetrameric SCFP-TCP complex conjugates an in vitro
phosphorylated wild-type p105 (lanes 1 and 2). In contrast,
a crude wheat germ extract that lacks this complex cannot
reconstitute conjugation (lanes 3 and 4). As a control, we
used a crude HeLa extract that, not surprisingly, catalyzes
efficient conjugation (lanes 5 and 6). The experiment
described in Figure 8A2 clearly demonstrates that TrCP-
mediated conjugation requires the prior activity of IxKp.
In the absence of the kinase, TrCP cannot promote
conjugation (compare lanes 3 and 4 with lane 6). It is of
note that a substrate incubated in the absence of the kinase
migrates more rapidly (lane 6) than that incubated in its
presence (lanes 1-5). To demonstrate a role for TrCP in
pl05 processing, we depleted HeLa cell extract of
SCFB-TCP yging an antibody specific to Skpl. Utilization
of the anti-Skp1 antibody was necessary, as depletion with
anti-TrCP was not efficient due to the low affinity of the
antibody we have. As can be seen in Figure 8B, Skpl-
depleted HeLa cell extract demonstrated a lower process-
ing activity (compare lanes 2 and 3). The inhibited activity
could be restored following addition of purified recombi-
nant SCFF-TCP Addition of recombinant Skpl alone was
inefficient (not shown). Similarly, addition of an irrelevant
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Fig. 7. Wild-type p105, but not p105-A918-934, associates physically
with AF-box B-TrCP following phosphorylation. (A) TNF-o. stimulates
physical association between p105 and B-TrCP in cells. Cos-7 cells
were transiently transfected with cDNAs coding for Hise-tagged
AF-box B-TrCP and either wild-type p105 or p105-A918-934 as
indicated. After 40 h, TNF-o was added as described in Materials and
methods. Cells were disrupted, His-TrCP was immobilized, and
proteins were visualized via western blot analysis using anti-p50
antibody as described in Materials and methods. The site of migration
of wild-type p105 is marked by separation of in vitro translated labeled
pl105 (lane 5). (B) Association between p105 and B-TrCP in vitro
requires prior IkK-mediated phosphorylation. In vitro translated and
labeled wild-type p105 (lanes 1-3) or p105-A918-934 (lanes 4 and 5)
were incubated in the absence (lane 1) or presence (lanes 2-5) of IkK
and ATP as described in Materials and methods. His-tagged 3-TrCP
was added when indicated. Following incubation, the complex was
immobilized and proteins resolved and visualized as described in
Materials and methods.

antibody (anti-MyoD) had no effect on processing (not
shown). The ability to reconstitute a cell-free conjugation
assay enabled us to test the specificity of TrCP and to
compare its activity with that of a different F-box protein,
Skp2. As can be seen in Figure 8CI1, an Skp2-depleted
HeLa cell extract was unable to conjugate p27%¥! (lane 2).
Activity could be restored following addition of purified
Skp2. In contrast, the Skp2-depleted extract could conju-
gate phosphorylated pl105 efficiently (Figure 8C2). All
these experiments firmly establish the role of B-TrCP in
recognition of the phosphorylated C-terminal domain of
p105. This is particularly important as this domain does
not resemble the binding site for TrCP [S(P)GWXS(P)] in
the three previously identified substrates of this enzyme:
HIV-1 Vpu, IxkBa and B-catenin (see above).

p105 is conjugated by two distinct E3s, one of
which, B-TrCP, recognizes the phosphorylated
C-terminal serine residues of the molecule

To analyze the C-terminal motif of p105 targeted by TrCP,
we initially monitored conjugation of wild-type, A446—
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454 and A918-934 pl05s in a reconstituted cell-free
system. As can be seen in Figure 9A, the wild-type
(lanes 1-3) and A446-454 (lanes 4-6) proteins are
conjugated efficiently by the SCF complex. In contrast,
p105-A918-934 does not generate high molecular weight
adducts (lanes 7-9). To identify specifically the residues
that play a role in recognition of phosphorylated p105, we
substituted serine residues 922, 924 and 933 with alanine.
As can be seen in Figure 9A (lanes 10-12), these
replacements abolished the ability of TrCP to catalyze
conjugation, strongly suggesting that these residues are
targeted by the kinase. While these findings clearly
support the notion that IxK is mostly a serine kinase,
they further corroborate the notion that the TrCP recog-
nition motif in p105 is novel. We noted that the E2 used,
UbcH5c¢ (see also Discussion), generates low molecular
weight adducts with all three proteins (Figure 8A, lanes 2,
5, 8 and 11). This reaction may be catalyzed by the E2
alone, or along with a non-specific E3 present in the crude
wheat germ extract.

While recognition of the phosphorylated C-terminal
domain is mediated by SCFPTCP it is not clear whether
this E3 is also involved in recognition of the upstream
acidic domain. In cells, dominant-negative AF-box
B-TrCP has a minor effect on processing of p105-A918—
934 (Figure 4A and B, compare lanes 6 and 7 with lanes 3
and 4). Also, processing of the C-terminally deleted
mutant is not affected by the inhibitory phosphopeptide
(Figure 6C). Furthermore, p105-A446-454 and the wild-
type proteins are conjugated equally by the SCF complex
in vitro (Figure 9A, lanes 3 and 6), suggesting that the
acidic domain is not recognized by this ligase. To test a
possible role for an additional, as yet unidentified, E3 in
targeting the acidic domain, wild-type and the
C-terminally deleted p105s were incubated in the presence
of crude HeLa extract. Unlike the SCF complex that
cannot conjugate p105-A918-934, here both proteins were
conjugated efficiently (Figure 9B), suggesting that the
Hela extract contains an additional, acidic domain-
recognizing E3. Similar to its processing (Figure 1D),
conjugation of the A918-934 species is less effective than
that of the wild type. This is probably due to the
elimination of the TrCP conjugation motif. While indirect,
these findings strongly suggest that p105 is conjugated by
at least two ligases, recognizing two distinct motifs. It is
not known whether Lys441 and Lys442 are shared by the
two E3s as ubiquitylation sites.

Discussion

We have shown that, in addition to the GRR and the
downstream acidic domain, p105 processing also depends
on residues 918-934 (Figure 1). Mechanistic analysis
shows that IxK} utilizes this region to promote accelerated
processing (Figure 2). This processing is probably medi-
ated via phosphorylation of the C-terminal domain
(Figure 3). Similar data, though not identical (see
below), were also reported by Heissmeyer et al. (1999).
Since phosphorylation by IKKP leads to recruitment of
SCFF-TCP to the pIxBo, we thought to test the potential
role of this ligase in p105 processing. Expression of the
dominant-negative AF-box species of TrCP significantly
inhibited processing of wild-type but not A918-934 p105s
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Fig. 8. B-TrCP, but not Skp2, is the ubiquitin ligase involved in conjugation and processing of phosphorylated p105 in vitro. (A1) h-B-TrCP
reconstitutes p105 conjugation. 33S-labeled p105 translated in wheat germ extract was subjected to in vitro kinase assay in the presence of IKKp,

and conjugation was carried out as described in Materials and methods. Recombinant and purified SCF*FTCP (lanes 1 and 2), wheat germ extract
(75 ug of protein; lanes 3 and 4) or crude HeLa extract (75 ug of protein; lanes 5 and 6) were used as the source of E3. (A2) IkKB-dependent
phosphorylation of p105 is required for its B-TrCP-mediated conjugation. 3>S-labeled p105 (as in A1) was subjected to in vitro kinase assay in the
presence (lanes 1-5) or absence (lane 6) of IKK[ as described in Materials and methods, and conjugation was monitored as described. Purified
recombinant tetrameric SCFPT'CP was used at 0.75 (1X; lane 3) and 1.5 (2X; lanes 4 and 6) ug. (B) SCFFTCP reconstitutes processing of p105.
35S-labeled p105 (as in Al) was subjected to in vitro kinase assay as described in Materials and methods. Processing was carried out in a complete
(lanes 1 and 2) or Skpl-depleted (lanes 3 and 4) HeLa cell extract in the absence (lane 3) or presence (lane 4) of purified SCFF-TCP a5 described in
Materials and methods. (C) Skp2 is not required for conjugation of phosphorylated p105. (C1) Conjugation of p27Xi! requires Skp2. In vitro trans-
lated 33S-labeled p27%7! was incubated in the presence of Skp2-immunodepleted synchronized HeLa extract as described in Materials and methods.
Recombinant and purified Skp2 (0.5 pg) were added when indicated. (C2) Conjugation of p105 is Skp2 independent. 33S-labeled p105 (as in Al) was
subjected to in vitro kinase assay in the presence of IKKp as described in Materials and methods. Conjugation was monitored in the presence of
complete or Skp2-immunodepleted HeLa cell extract as indicated and described in Materials and methods. All notes are as described in the legend to

Figure 1.

(Figure 4). The effect was specific, as the dominant-
negative form of Skp2, a different F-box protein, was
inactive (Figure 5). To corroborate further the notion that
TrCP is the pl05 C-terminal E3, we utilized a specific
phosphopeptide that spans the IxBot signaling domain and
inhibits IkBo. conjugation. The phosphopeptide inhibits, in
a specific manner, conjugation and processing of pl05
(Figure 6). An additional experiment has shown that TrCP
associates with phosphorylated wild-type but not with the
C-terminally deleted pl05 both in vivo and in vitro
(Figure 7). Lastly, we have shown that purified recombi-
nant SCFPTCP can reconstitute specifically conjugation
and processing of phosphorylated wild-type pl05
(Figure 8). Also, TrCP cannot reconstitute conjugation
of either pl05-A918-934 or pl05-S922,924,933A,
strongly suggesting that phosphorylation of these specific
serine residues is essential for recognition by the E3
(Figure 9). In the SCF reconstitution experiment, we used
UbcHS5c as the E2 enzyme. Interestingly, this E2 is also the
enzyme that catalyzes ubiquitylation, along with
SCFB-TCP | of signal-induced and phosphorylated IxkBo
(Gonen et al., 1999). The possible role of other E2
enzymes, and in particular that of Ubc3/Cdc34, which also

acts along with SCF complexes, has not been studied.
Since, unlike purified SCF, crude HeLa extract conjugated
p105-A918-934 (Figure 9B), we concluded that p105 is
targeted by at least two distinct E3s that recognize
different structural motifs.

Several proteins are targeted via recognition of two
distinct domains, probably by different E2s and E3s.
Among them are p53, which is targeted under different
conditions by Mdm?2 (Honda et al., 1997) and E6-AP
(Scheffner et al., 1993). The yeast mating type transcrip-
tional regulator MAT02 is also targeted by two signals,
Degl and Deg2, and two E2 enzymes, Ubc6 and Ubc7
(Chen et al., 1993); however, the physiological signifi-
cance and identity of the E3s involved in recognition of the
two signals have remained obscure. The model protein
lysozyme is targeted following recognition of its o-NH,
lysine residue by the N-end rule Ubc-14 kDa and E3c, and
of a downstream ‘body’ site by E2-F1 (UbcH7) and an
unidentified E3 (Gonen et al., 1996).

Several mechanisms can explain the complex recogni-
tion of pl05. One simple explanation is that the acidic
domain is involved in basal processing, whereas the
function of the C-terminal domain is to enable accelerated,
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Fig. 9. Two ubiquitin ligases are involved in p105 processing, one of
them, SCFPTICP requires the presence of residues 918-934 and, in
particular, serine residues 922, 924 and 933. (A) SCFFTCP conjugates
wild-type and A446-454, but not A918-934 and A446-454-
S922,924,933A p105s. In vitro translated and kinase-phosphorylated
wild-type (lanes 1-3), A446-454 (lanes 4-6), A918-934 (lanes 7-9)
and A446-454-S922,924,933A (lanes 10-12) p105s were subjected to
in vitro conjugation in a reconstituted cell-free system as described in
Materials and methods. When indicated, Ubc5Hc and SCFB-TrCP were
added as described. (B) Conjugation of wild-type and A918-934 p105s
in crude HeLa extract. In vitro translated and kinase-phosphorylated
wild-type (lanes 1 and 2) and A918-934 (lanes 3 and 4) p105s were
subjected to in vitro conjugation as described in Materials and
methods. The cell-free system contained crude HeLa cell extract as

a source of the conjugating enzymes. Proteins were resolved and
visualized as described in Materials and methods.

signal-induced processing. Indeed, it has been shown that
stimulation of cells leads to phosphorylation of serine and
possibly threonine residues in the C-terminal domain, with
subsequent increased processing (Fujimoto et al., 1995;
MacKichan et al., 1996). Basal processing can occur co-
translationally from a nascent polypeptide chain that does
not contain the C-terminal domain (Lin et al., 1998).
However, even here, the minimally required chain that can
undergo processing must include the acidic recognition
domain (Lin et al., 1998; Orian et al., 1999). An
alternative explanation involves the putative function of
the seven ankyrin repeat domain of plO5 that spans
residues 544-803. It has been shown that different
transcriptional regulators such as p5S0 (Liou et al., 1992),
c-rel, p65 (Rice et al., 1992) and Bcl-3 (Hatada et al.,
1992) bind specifically to this region. Under basal
conditions, binding sequesters them in the cytosol. Their
release and subsequent translocation to the nucleus will be
possible only following destruction of the ankyrin repeat
domain. It is possible that following synthesis of one or
more ankyrin repeats and binding of the transcription
factors, the acidic domain involved in basal processing is
not accessible to the ligase. Therefore, a novel recognition
domain must be synthesized, preferably at the C-terminal
region of the molecule. This domain will enable binding of
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ligase, ubiquitylation and partial (processing) or complete
degradation of p105. This will release the active bound
factors and, in the case of processing, will generate an
additional molecule of p50 or p52. Synthesis of complete
pl05 that contains a signal-induced phosphorylation
domain for processing/degradation and that is resistant to
co-translational processing ensures sequestration of an
inactive set of transcription factors that are ‘ready to go’
following stimulation. Indeed, Belich ef al. (1999) and
Heissmeyer et al. (1999) reported that phosphorylation at
the C-terminal domain of pl05 by TPL-2 and IxK,
respectively, stimulates proteolysis of p105. It should be
noted, however, that immunoprecipitated TPL-2 does not
phosphorylate pl105 in vitro, suggesting that it may act as
an upstream kinase, possibly for IkKp, as is NIK in the
case of IkBa. Heissmeyer et al. (1999) showed that the
accelerated degradation leads to activation of the Bcl-
3-p50 transcriptional complex that follows release of
sequestered pS0. We have shown that, in addition, IkK
phosphorylation leads to accelerated processing and
increased formation of p50, thus amplifying the signal
even further by generating a larger quantity of the active
transcriptional factors. It should be noted that even in this
case, a large part of p105 is completely degraded, as the
generated p50 cannot account for all the lost p105 (see, for
example, Figure 2A, lanes 4 and 6, or Figure 2B, lanes 1
and 3). While processing appears to be an intrinsic
property of pl05, complete degradation probably reflects
the inefficiency of the GRR as a processing ‘stop’ signal. It
is of note that the C-terminal recognition pathway also
operates under basal conditions (Figure 4B). This is
probably due to phosphorylation of p105 (Figure 4C) that
may result, for example, from stress-induced activation of
the internal cellular signaling pathway that follows
transfection. The malignantly transformed cells utilized
may also have partially activated signaling pathways. A
constitutively active kinase that is different from IxKp or
activation of IKKP by a kinase that is different from IxKot
(O’Mahony et al., 2000) may also be involved in basal
phosphorylation. Li et al. (1994) have already shown that
p105 is phosphorylated in unstimulated cells, and becomes
hyperphosphorylated following stimulation. We demon-
strated that a significant part of this modification occurs on
the C-terminal domain. It should be emphasized, however,
that even on that background, signaling significantly
increases processing, as reported by Fujimoto et al.
(1995) and McKichan et al. (1996). Our data showing
that IkKp increases processing (Figure 2) and that TrCP
associates physically with phosphorylated p105 (Figure 7)
strongly support the notion that signaling plays an
important role in p105 processing/degradation that results
in enhanced transcription.

Materials and methods

Materials

Materials for SDS-PAGE and Bradford reagent were from Bio-Rad. A
mixture of L-33S-labeled methionine and cysteine for metabolic labeling,
[**S]methionine for in vitro translation, [0-3?P]JATP, [y->2P]ATP,
H;3[*2P]O,, as well as pre-stained molecular weight markers and
immobilized protein A were obtained from Amersham Pharmacia
Biotech. Tissue culture sera and media were from Biological Industries,
Bet Haemek, Israel or from Sigma. Antibodies (polyclonal) against
NF-xB1 p50 and Skp2 were from Santa Cruz. Anti His-tag and Ni-NTA



resin were from Qiagen. Anti-hemagglutinin (HA), anti-FLAG and anti-
T7 were from Roche, Sigma and Novagen, respectively. Ubiquitin,
dithiothreitol (DTT), ATP, phosphocreatine, creatine phosphokinase, 2-
deoxyglucose and Tris buffer [Tris(hydroxymethyl)aminomethane] were
from Sigma. Hexokinase and Fugene™ 6 transfection reagent were from
Roche. HEPES and protease inhibitor cocktail were from Calbiochem.
The wheat germ extract-based transcription—translation coupled kit
(TNT®) was from Promega. Restriction and modifying enzymes were
from New England Biolabs. Reagents for ECL were from Pierce.
Oligonucleotides were synthesized by Biotechnology General, Rehovot,
Israel. IkBa-derived synthetic peptides (doubly phosphorylated and
S$32,36A, both spanning residues 28-39) were synthesized by SynPep
(Dublin, CA). TNF-o. was from PeproTech EC Ltd, UK. All other
reagents were of high analytical grade.

Cell lines

Cos-7 and HeLa cells were grown at 37°C in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum (FCS). HI-5 insect cells
were grown at 27°C in Grace medium supplemented with 10% FCS,
lactalbumin hydrolysate and yeastolate. All transfections were carried out
using the Fugene reagent.

Plasmids and construction of mutants

Wild-type human p105 ¢cDNAs used for in vitro translation (pT73105)
and for transient transfection (in pCl-neo) were described previously
(Orian et al., 1995, 1999). The different p105 mutants were generated in
these two vectors by site-directed mutagenesis using the QuikChange™
kit (Stratagene). cDNAs coding for the constitutively active (S176,180E)
and dominant-negative (S176,180A) IkBP kinase were as described
(Mercurio et al., 1997). cDNAs coding for h-B-TrCP1 (Margottin ef al.,
1998) and B-TrCP2 (Suzuki et al., 1999) were generated by RT-PCR of
RNA derived from 293 and HeLa cells, respectively. Using two-step PCR
(Higuchi et al., 1988), the F-box deletion mutants of the two proteins were
generated by removing nucleotides 93-536 and 1-511 from the cDNAs of
h-B-TrCP1 and h-B-TrCP2, respectively. Using PCR, Hise tags were
fused to the N-terminal residues of the TrCPs. The cDNAs were
subcloned into the pCAGGS expression vector (Niwa, 1991). AF-box
Skp2 for cell expression was as described (Carrano et al., 1999). The
sequence of all constructs was confirmed using ABI 310 or 377
autosequencers.

Expression of recombinant proteins in insect cells

h-B-TrCP1 was cloned via RT-PCR of 293 cell RNA. Similarly, Skpl
and RBX1/Rocl ¢cDNAs were cloned from HeLa cells. To discriminate
between the three proteins, Hisg, FLAG and T7 tags were fused to their
N-terminal residues, respectively. All cDNAs were subcloned into the
pVL1393 vector (Invitrogen). Recombinant baculovirus constructs were
generated using the Bac-PAK6 baculovirus expression system
(Clontech). Recombinant baculovirus vector expressing C-terminally
HA-tagged cullinl was provided by Dr Arnim Pause. For the genera-
tion of a tetrameric His-TrCPl-containing SCF complex (h-B-
TrCP1-Skpl-cullinl-Rbx1/Rocl), cells were co-infected with all four
viruses. After 60 h, cells were harvested and lysed in a buffer containing
1% Triton X-100, 50 mM Tris—HCl pH 8.0, 150 mM NaCl, 10% glycerol,
0.1 mM DTT and protease inhibitor cocktail. Solubilized cells were
centrifuged at 14 000 g for 20 min at 4°C, and the supernatant collected.
SCFB-TCP complex was purified using Ni-NTA-agarose (Qiagen). The
resin-recovered complex contained all four components as determined via
western blot analysis using the appropriate anti-tag antibodies.
Baculovirus-expressed constitutively active Skp2 and IkKf were as
described (Carrano et al., 1999; Mercurio et al., 1999, respectively).

Preparation of cell extracts

HeLa cell extract was prepared by hypotonic lysis as described previously
(Orian et al., 1995). Cell cycle-synchronized/Skp2-depleted HeLa extract
was prepared using a specific anti-Skp2 antibody as described (Carrano
et al., 1999). Skpl-depleted HeLa extract was prepared using a specific
antibody (Transduction Laboratories) and immobilized protein A.

In vitro processing of p105

All p105 proteins and p27%? were translated in vitro using a wheat germ
extract-based transcription—translation coupled kit in the presence of
L-[**S]methionine according to the manufacturer’s instructions.
Processing of labeled p105 to p50 was monitored as described (Orian
et al., 1995, 1999). To inhibit SCF#T*CP_dependent processing, a doubly
phosphorylated peptide that spans the IxBow recognition domain
[28-DRHDS3?(P)GLDS?*¢(P)MKD-39] and the inactive S32,36A peptide

SCFBTCP.mediated processing of NF-xB p105

were added at 40 uM at the pre-incubation step along with bestatin
(20 pg/ml) as described (Gonen et al., 1999). Following incubation,
reaction mixtures were resolved via SDS-PAGE (10%). Gels were dried
and analyzed by phosphoimager (Fuji, Japan).

In vitro kinase assays

In vitro translated labeled p105 was phosphorylated in a cell-free system
in a reaction mixture that contained in 25 pl: 20 pl of wheat germ extract
containing the labeled p105 (see above), 5 mM MgCl, and 0.5 mM ATP.
When indicated, unlabeled p105 was used instead of the labeled protein,
and [y-3?P]JATP (2.5 pCi) substituted for the unlabeled nucleotide.
Baculovirus-expressed IkKP (~0.4 g) was added to the cell-free system
when indicated. Reaction mixtures were incubated for 20 min at 30°C.

In vitro conjugation assays

Ubiquitin—p105 conjugates were generated in a crude extract in an assay
similar to that described for processing, but with the following
modifications: (i) ubiquitinaldehyde (UbAl; 0.5 Lig), a specific inhibitor
of certain isopeptidases (Hershko and Rose, 1987), was present in the
reaction mixture; (ii) okadaic acid was added at 1 uM; and (iii) the
proteasome inhibitor MG132 was added at a final concentration of 20 uM.
Where indicated, the IkBa-derived peptides were added to the reaction
mixture as described for processing of pl0S5. Reconstitution of
conjugation with purified SCFPTCP! complex was carried out using
2.5 wl (~20 000 c.p.m.) of the [33S]methionine-labeled p105 that was
phosphorylated in vitro by IkKp as described above. E1 was provided by
the wheat germ extract that contained the substrate, whereas E2 was
provided by the addition of reticulocyte fraction I (2.5 pl; Blumenfeld
et al., 1995), or purified recombinant UbcHS5c (0.5 ng; Gonen et al.,
1999). Purified SCF complex was added at ~1.5 pg. Reactions were
incubated at 37°C for 30 min, resolved via SDS-PAGE (7.5%) and
analyzed as described above. Conjugation of p27%%?! in HeLa cell extract
was carried out as described (Carrano et al., 1999).

Transient transfections and processing of p105 in cells

Cos-7 cells were transiently transfected with 3-5 g of wild-type or the
various p105 mutant cDNAs. Where indicated, the p105 cDNAs were co-
transfected along with 2-3 pg of cDNAs coding for the different species
of IkKP, AF-box TrCP or AF-box Skp2. Processing of pl05 was
monitored in pulse—chase and immunoprecipitation experiments 40 h
after transfection as described (Orian et al., 1999). When indicated, cells
were incubated for 30 min in phosphate-free medium followed by 30 min
labeling with 0.5 mCi/ml of H3[3?P]O, (pulse only). Following lysis,
labeled proteins were precipitated with anti-p105 antibody. Immune
complexes were collected using immobilized protein A. Following SDS—
PAGE (10%), proteins were visualized by a phosphoimager.

Physical association between p105 and His-AFbox -TrCP1
Complex formation between p105 and His-AFbox B-TrCP in cells was
monitored as follows. Cells were transfected with the indicated
constructs. At 40 h post-transfection, cells were stimulated with
20 ng/ml TNF-o. for 15 min. Immediately following stimulation, cells
were harvested, washed twice with phosphate-buffered saline (PBS) and
lysed using a hypotonic lysis buffer containing 20 mM Tris—HCI pH 7.6,
10 mM B-mercaptoethanol and protease inhibitor cocktail. Cells were
disrupted by three cycles of freezing (liquid N») and thawing. Following
additional douncing, the broken cells were centrifuged at 14 000 g for
20 min at 4°C. Ni-NTA resin was added to the supernatant (200 pg of
protein), and binding was performed at 4°C for 1 h followed by three
washes with TENGEN buffer (50 mM Tris—HCI pH. 7.4, 1 mM EDTA,
100 mM NaCl, 10% glycerol, 0.1% NP-40). Following SDS-PAGE
(10%), proteins were visualized via ECL using anti-p50 antibody. For
monitoring association in a cell-free system, in vifro translated and 33S-
labeled p105 was subjected to kinase assay in the presence or absence of
IkKpB as described above. Purified baculovirus-expressed recombinant
His-tagged B-TrCP (~0.5 pg) was added as indicated and, following
30 min incubation at 30°C, the complex was immobilized as described
above. Proteins were resolved via SDS-PAGE and visualized by
phosphoimager.
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