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We describe a purified ubiquitination system capable of rapidly catalyzing the covalent linkage of poly-
ubiquitin chains onto a model substrate, phosphorylated IkBa. The initial ubiquitin transfer and subsequent
polymerization steps of this reaction require the coordinated action of Cdc34 and the SCF*OS/B-TRCF.ROC1 E3
ligase complex, comprised of four subunits (Skpl, cullin 1 [CUL1], HOS/B-TRCP, and ROC1). Deletion
analysis reveals that the N terminus of CULL is both necessary and sufficient for binding Skp1 but is devoid
of ROC1-binding activity and, hence, is inactive in catalyzing ubiquitin ligation. Consistent with this, intro-
duction of the N-terminal CUL1 polypeptide into cells blocks the tumor necrosis factor alpha-induced and
SCF-mediated degradation of IkB by forming catalytically inactive complexes lacking ROC1. In contrast, the
C terminus of CULI1 alone interacts with ROC1 through a region containing the cullin consensus domain, to
form a complex fully active in supporting ubiquitin polymerization. These results suggest the mode of action
of SCF-ROC1, where CULI1 serves as a dual-function molecule that recruits an F-box protein for substrate
targeting through Skpl at its N terminus, while the C terminus of CUL1 binds ROC1 to assemble a core

ubiquitin ligase.

Regulation of protein stability by ubiquitin (Ub)-dependent
proteolysis plays major roles in the control of multiple aspects
of cell function, such as transcriptional control, cell cycle pro-
gression, and signal transduction (17). Ubiquitination involves
three distinct enzymatic events that ultimately lead to the co-
valent linkage of Ub polymers to the lysine e-amino groups of
substrate proteins. Ub is initially charged in an ATP-depen-
dent fashion by the Ub-activating enzyme, E1, to form a high-
energy thiol-ester bond between the carboxyl group of its C-
terminal glycine residue and E1. The thiol-ester-linked Ub is
then transferred to an E2, which cooperates with an E3 ligase
to catalyze the formation of an isopeptide bond between Ub
and the substrate (16).

One well-characterized Ub-proteasome pathway is the deg-
radation of IkBa required for the activation of the transcrip-
tion factor NF-kB (26). IxBa, which sequesters NF-«kB in the
cell cytoplasm (3), is phosphorylated by the IKK kinase com-
plex that is activated in response to proinflammatory cytokines
(4, 9, 28, 36, 48, 53). Such phosphorylation triggers the rapid
ubiquitination and subsequent degradation of IkBa, resulting
in the release of NF-kB (5, 7, 37). Recent studies have dem-
onstrated that the 3-TRCP/HOS F-box protein family plays a
direct role in targeting IkBa for ubiquitination and deg-
radation (12, 15, 21, 22, 30, 42, 47, 50) by binding to this
inhibitor at its N-terminally located DS(PO5)G¥XS(PO5) mo-
tif (1, 47, 49). More recently, the ubiquitination of IkBa has
been reconstituted in vitro with purified components including
SCFHOS/BTREP_ROCTI as the E3 ligase complex (44).

SCFHMOSB-TRCP_ROC1 contains Skpl, cullin 1 (CULL),
HOS/B-TRCP, and the newly identified ROCI (also called
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Rbx1 or Hrtl). ROCI is a novel RING-H2 finger protein that
was initially isolated as a CUL4A-interacting protein by a yeast
two-hybrid screen (30). It has also been biochemically purified
as a common component of both the human (44) and yeast
(38) SCF complexes, as well as the native human von Hippel-
Lindau (VHL) tumor suppressor complex (19). In addition,
the ROC1 homologue, ROC2 (also called SAG), was isolated
as a redox-agent-induced gene product that protects cells from
apoptosis (10). ROC1 plays an essential role in the Cdc34/
SCF-mediated ubiquitination-degradation pathway. Yeast
ROCI1 encodes an essential gene whose reduced expression led
to the accumulation of Sicl and Clns (19, 30, 38, 40), both of
which are previously identified substrates of the Cdc34-SCF
ubiquitination apparatus (11, 35, 39). Yeast ROC1 is a com-
ponent of the SCF complexes that mediates the in vitro ubiq-
uitination of Sicl by Cdc4 (19, 38) and Clns by Grrl (40).

The in vitro reconstitution experiments (44) reveal that the
human ROCI1 protein is recruited by CULI to form the
SCFHOS/B-TREP ROCT complex (with Skpl and HOS/B-
TRCP). Like its yeast counterpart, human Skp1 links CULL1 to
the F-box protein HOS/B-TRCP. In addition, Skpl enhances
the ability of HOS/B-TRCP to interact with phosphorylated
IkBa. The purified recombinant SCFHOSBTREF.ROCT com-
plex specifically binds IKKB-phosphorylated IkBa and cata-
lyzes its ubiquitination in the presence of Ub, E1, and Cdc34 as
the E2-conjugating enzyme. Each of the four subunits within
SCFHOSB-TRCP_ROCL is required for the substrate ubiquiti-
nation reaction. These studies suggest that SCFHOS/F-TRCP.
ROCI1 acts as an E3 holoenzyme that is both necessary and
sufficient to initiate and catalyze ubiquitination. A recent study
has identified Sgtlp as a novel protein that interacts with Skp1
and which is required for assembling the yeast kinetochore
complex (20). However, the biochemical role of Sgtlp in the
SCF-ROCI1-mediated ubiquitination reaction remains to be
determined.

In addition to its role in the SCF pathway, ROCI may
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FIG. 1. The SCFHOSF-TRCP.ROC1/Cdc34 ligase system rapidly catalyzes the initial Ub transfer and subsequent polymerization onto phosphorylated IxBa. (A)
Substrate-dependent ubiquitination of IkBa. The ubiquitination of GST-IkBa (1 to 54) was carried out as described in Materials and Methods in the presence (lane
1) or absence (lane 2) of GST-IkBa (1 to 54). The reaction was incubated at 37°C for 60 min. (B) Kinetics of the GST-IkBa (1 to 54) ubiquitination reaction.
Ubiquitination reactions were carried out with wild-type Ub (lanes 2 to 6) or UbX**R (lanes 7 to 11). The reaction mixture was incubated for the times indicated, and
aliquots of the reaction products were separated by both SDS/8.5% and 6% PAGE. The autoradiogram is shown, and the Ub polymerization status of the ubiquitinated
GST-IkBa (1 to 54) is indicated. (C) Quantitation of the ubiquitinated GST-IkBa (1 to 54) products. Shown is the phosphorimager quantitation of the levels of each

of the ubiquitinated species.

mediate other ubiquitin-dependent proteolysis events in the
cell. It has been shown by cotransfection experiments that
ROC1 binds five cullin family members (CUL1, CUL2, CUL3,
CULA4A, and CUL4B), whereas ROC2 preferentially interacts
with CULS5 (30). Consistent with this, ROC1 is found to be a
component of the pVHL complex (19), whose additional sub-
units include pVHL, CUL2, and elongins C and B (24, 33, 43).
Furthermore, ROC1 shares extensive homology with APC11
(19, 30, 38), a subunit of the anaphase-promoting complex
(35), which interacts with the cullin-related protein APC2 (30).
These findings suggest that ROC/APC11, through its combi-

natorial interaction with cullin/APC2, forms a dimeric core
component common to a large family of multisubunit Ub li-
gases.

Using a sensitive *?P-Ub-incorporation assay, we have pre-
viously observed that the purified ROC1-CULI complex con-
tains a ligase activity capable of catalyzing Ub polymerization
in a substrate-independent manner (44). In addition, missense
mutations in ROC1 significantly reduce Ub ligase activity with-
out affecting its interaction with CUL1 (30). Consistent with
these observations, a recently published study by Seol et al.
(38) has shown that the Cdc53-Hrtl subcomplex is capable of
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FIG. 2. Comparison of Cdc34 and Ubc4 and -5 in their ability to support the ubiquitination of IkBa. The reaction mixture contained 20 (lanes 2, 5, and 8) or 60
(lanes 3, 6, and 9) pmol of E2 as indicated, as well as other components as described in Materials and Methods. In reactions shown in lanes 11 and 12, 20 pmol of Cdc34
was mixed with 20 pmol of either Ubc4 or Ubc5. No ubiquitination agents (Ub, E1, E2, or SCFHOSF-TRCP.ROC1) were added to the reaction shown in lane 1.
SCFHOSB-TRCP_ROC1 was omitted in lanes 4, 7, and 10, while E2 was omitted in lane 13. The reaction was incubated for 60 min, and the products were separated

by SDS-8.5% PAGE. The autoradiogram is shown.

activating the autoubiquitination of Cdc34. These studies in-
dicate that the ROC1-CULI complex constitutes a Ub ligase.
Furthermore, yeast ROC1 has been shown to directly interact
with Cdc34 (38, 40). Taken together, these findings raise the
intriguing possibility that the ROC/APC11—cullin/APC2 sub-
assembly within the E3 complex carries out a common Ub
ligase function that facilitates the transfer of activated Ub from
a cognate E2 to targeted substrates.

In this report, we show a rapid synthesis of polyubiquitin
chains covalently linked to IkBa through a coordinated action
between SCFHOSB-TRCEP.ROCT and Cdc34. We further eluci-
date the mechanism of action of SCFHO¥FTRCEP.ROCI in
which it utilizes two distinct domains within CUL1 for sub-
strate targeting and for Ub ligation.

MATERIALS AND METHODS

Plasmids. N-terminally Flag-tagged CULI fragments were constructed by
PCR by using the pcDNA-CULI plasmid (29) as the template. The following
primers were used (boldfaced sequences indicate Flag tag): Flag-CULL1 (started
at the initiation codon), 5’GCCACCATGGATTACAAGGATGACGACGATAAG
ATGTCGTCAACCCGGAGCC; Flag-CUL1 (amino acids 324 to 776), 5'GCC
ACCATGGATTACAAGGATGACGACGATAAGAATCTTGTATCTAGAATC
CAGGAT; Flag-CULLI (terminated at amino acid 776), 5’GGACTAGTTAAG
CCAAGTAACTGTAGGTG; Flag-CULL1 (1 to 452), 5’GACAACCATCACTT
GATTGAG:; Flag-CULL (1 to 544), 5'GGACCCGGAGCTCAGCACTTG; and
Flag-CULI (1 to 645), 5’CTTTAATAAAATCTGTAAAACTTGCGCC. PCRs
were performed with the Expand High Fidelity PCR System from Boehringer
Mannheim per manufacturer’s protocol, and the 3’ deoxyadenosine overhangs
were added by using Tag DNA polymerase from Stratagene for a final 10-min
extension step. The Flag-tagged CULI1 constructs were inserted into cytomega-
lovirus (CMV)-promoter-based expression vectors using either the Invitrogen
Eukaryotic TA Cloning Kit (Flag-CULI fragments) or the Eukaryotic TOPO TA
Cloning Kit (full-length Flag-CUL1) per manufacturer’s instructions. All Flag-
CULLI truncations were verified by dideoxy sequencing.

The plasmids expressing HA-ROC1 and Skp1 have been described previously
(29, 30).

Enzymes. Human E1, mouse Cdc34 (mCdc34), SCFHOS-ROCI, and
IKKBS!77ESISIE were prepared as described previously (44). E2-25K was iso-
lated from cytosolic extracts of HeLa cells by using a Ub-affinity column as

previously described (16). E1 and other E2s present in the E2-25K preparation
were removed by Q-Sepharose chromatography and glycerol gradient sedimen-
tation. Ubc4 and Ubc5 were kindly provided by G. Fang (Harvard Medical
School) and T. Ohta and Y. Xiong (University of North Carolina at Chapel Hill).

Transfection, metabolic labeling, and extract preparation. Plates (150 by 25
mm) of 293T cells were grown on 20 ml of Dulbecco modified Eagle medium per
plate (Gibco BRL), 10% heat-inactivated fetal bovine serum (Sigma), and 1%
antibiotic-antimycotic agent (Gibco BRL). DNA(s) was transfected up to a
concentration of 30 pg per plate by using the standard calcium phosphate
precipitation method. For metabolic labeling, 45-h-posttransfected cells were
washed with 10 ml of phosphate-buffered saline and were starved for 30 min with
6 ml of Dulbecco modified Eagle medium lacking L-methionine/L-cysteine per
plate (Gibco BRL), 10% heat-inactivated and dialyzed fetal bovine serum (Gibco
BRL), and 1% antibiotic-antimycotic agent. The media was then changed to
include 100 p.Ci of Easy Tag Express-[*°S] Protein labeling Mix (NEN) per ml.
Labeling was allowed to occur for approximately 2 h.

To harvest the transfected cells, the plates were washed with 10 ml of phos-
phate-buffered saline, and cells were pelleted at 180 X g for 5 min with a
Beckman CS-6KR centrifuge at 4°C. Cell pellets were resuspended in 0.4 ml of
buffer A (10 mM Tris-HCI [pH 7.4], 10 mM NaCl, 0.5% NP-40, 1 mM phenyl-
methylsulfonyl fluoride, 2 g of antipain per ml, and 2 pg of leupeptin per ml)
per plate, and the resulting suspension was sonicated (seven repetitive 20-s
treatments). Buffer B (20 mM Tris-HCI [pH 7.4], 1 M NaCl, 0.2% NP-40, 1 mM
phenylmethylsulfonyl fluoride, 2 pg of antipain per ml, and 2 pg of leupeptin per
ml) (0.6 ml per plate) was then added. The mixture was agitated for 60 min at 4°C
followed by centrifugation (at 100,000 X g at 4°C for 60 min). Supernatants were
saved.

In vitro ubiquitination of IkBa. The in vitro ubiquitination of IkBa was
carried out as previously described (44), with modifications. Glutathione S-
transferase (GST)-IkBa (1 to 54) (3.3 pmol) was phosphorylated by purified
IKKBS!'77ESISIE (0.1 pmol) in a reaction mixture (30 pl) that contained 50 mM
Tris-HCI [pH 7.4], 0.6 mM dithiothreitol, 5 mM MgCl,, 2 mM NaF, 10 nM
Okadaic Acid, and 50 pM [y-”P]ATP. After incubation at 37°C for 20 min,
SCF'©S.ROC1 (1 pmol) and ATP (to a final concentration of 4 mM) were
added to the reaction mixture, and the second incubation was carried out at 0°C
for 15 min. Ub (300 pmol), E1 (2 pmol), and mCdc34 (60 pmol or specified
otherwise) were then added to the mixture, and the final incubation was at 37°C
for times as indicated. The reaction was terminated by the addition of sodium
dodecyl sulfate (SDS) loading buffer (15 wl), and the mixture was boiled for 3
min. Aliquots of the reaction products (20 pl) were separated by SDS-8.5% and
6% polyacrylamide gel electrophoresis (PAGE).

Immunoprecipitation. Extracts, in the amounts indicated, were mixed with 10
pg of aHA (12CAS), aFlag (M2) antibody, or aSkp1 antibody (4 pl). Protein
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FIG. 3. The N terminus of CULI binds Skp1, but not ROCI. (A) Immuno-
precipitation analysis of the CUL1 N-terminal polypeptide for its interaction
with Skpl and ROCI. 293T cells were transfected with various combinations of
full-length Flag-CULI, Flag-CULI (1 to 452), HA-ROC], and Skp!1. **S-labeled
extracts (approximately 0.2 mg of protein) were immunoprecipitated by using
aFlag (lanes 1 to 6), «HA (lanes 7 to 12), or aSkp1 (lanes 13 to 14) antibodies,
and immunoprecipitates were separated by SDS-12.5% PAGE followed by au-
toradiography. (B) Immunoprecipitation and immunoblot analyses of the CUL1
N-terminal protein for its interaction with endogenous SCF-ROCI1 components.
Approximately 1 mg of extract protein was immunoprecipitated by M2 antibody
cross-linked beads, and the resulting precipitates were examined by immunoblot
analysis for the presence of Flag-tagged CULI1 derivatives, Skpl, HA-tagged
ROCI1, endogenous ROC1, and B-TRCP.

A-agarose beads (10 pl; Upstate Biotechnology) were added. The mixture was
agitated for 1 h at 4°C. In experiments shown in Fig. 3B and 5B, protein extracts
were mixed with M2-cross-linked antibody beads (15 pl; Sigma), and the mixture
was agitated for 2 h at 4°C. Beads were washed three times with 0.5 ml of buffer
C (buffer A and B mixed in equal volumes) then were washed two times with 0.5
ml of buffer D (25 mM Tris-HCI [pH 7.5], 1 mM EDTA, 0.01% NP-40, 10%
glycerol, and 50 mM NaCl). Bound protein was released by boiling the beads for
3 min in the presence of 40 wl of SDS loading buffer. Twenty microliters of each
eluate was used for SDS-PAGE followed by autoradiography.

IkBa degradation. HeLa cells were transfected with 2 pg of CMV vectors
expressing Flag-IkBa, CUL1, or CULL1 (1 to 452) and were treated with human
tumor necrosis factor alpha (TNFa) (0.5 ng/ml) 24 h later. Cells were harvested
20 min after the addition of TNFa, and the level of Flag-IkBa in whole-cell
extracts (100 pg) was analyzed by immunoblot analysis with the M2 monoclonal
antibody.

Ub ligation assay. For the reactions shown in Fig. 4A, the reaction mixture (30
wl) contained 50 mM Tris-HCl (pH 7.4), 5 mM MgCl,, 2 mM NaF, 10 nM
Okadaic Acid, 2 mM ATP, 0.6 mM dithiothreitol, 5 pg of 3>P-Ub, E1 (2 pmol),
mCdc34 (10 pmol), and SCFHOS-ROC1 (0.1 pmol). For experiments shown in
Fig. 4B and 6, the immunoprecipitated recombinant ROC1-CUL1 complexes,
prepared as described above, were added to a Ub ligation mixture containing the
same components as above except for the omission of SCFHOS.-ROCI. The
mixture was incubated at 37°C for 60 min unless otherwise specified. The reac-
tion mixture was then treated with 20 ul of 4X concentrated Laemmli loading
buffer and was boiled for 3 min prior to SDS-12.5% and/or 7.5% PAGE analysis.

RESULTS

Rapid ubiquitination of IkBa catalyzed by the Cdc34-
SCFHOS/B-TRCP_ROCI ligase system in vitro. We have previ-
ously reconstituted the ubiquitination of IkBa in vitro with six
purified components that include GST-IkBa (1 to 54) as the
substrate, IKKBS!77ES181E b, E1, Cdc34, and SCFHOS/FTRCP.
ROCI1 (44). In this reaction, GST-IkBa (1 to 54) was phos-
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phorylated with **P by IKKBS!7"ES181E and was subsequently
bound to SCFHOSFTRCF_ROCI. Following the addition of
Ub, El, and Cdc34, covalent linkage of Ub to the substrate
generated multiple high-molecular-weight substrate-Ub conju-
gates (Fig. 1A, lane 1) in a substrate-dependent manner (lane
2). The identity of these **P-labeled, high-molecular-weight
reaction products as GST-IkBa (1 to 54)-Ub conjugates was
confirmed by anti-GST Western blot analysis (reference 44 and
data not shown). To assess the kinetics of this reaction, we
examined the efficiency of GST-IkBa (1 to 54) ubiquitination
as a function of time. As shown in Fig. 1B, multiple high-
molecular-weight substrate-Ub conjugates were readily formed
after 3 min (lane 3), and the levels of polyubiquitinated sub-
strates (containing six or more ubiquitin moieties) further in-
creased over time (Fig. 1B, lanes 4 to 6 on the 6% gel, and Fig.
1C, middle and right panels). In contrast, time-dependent ac-
cumulation of mono-, di-, or triubiquitinated substrates was
not observed (Fig. 1B, lanes 3 to 6), suggesting an efficient Ub
chain polymerization by this reconstitution system. GST-IxkBa
(1 to 54) conjugated with four or five ubiquitin molecules
comigrated with the autophosphorylated IKK@S!77E-SISIE gpe_
cies, precluding an assessment of their production. The reac-
tion required Ub, E1, Cdc34, and SCFHOSBTRCP.ROCI as
their removal abolished ubiquitination (Fig. 1B, lane 1).

To analyze the initial catalysis leading to the formation of
the first isopeptide bond between GST-IkBa (1 to 54) and Ub,
we replaced Ub with Ub***® to inhibit Ub polymerization. A
monoubiquitinated substrate was formed within 3 min of in-
cubation at a level approximately sevenfold greater than that
observed with wild-type Ub (Fig. 1B, compare lanes 3 and 8,
also see Fig. 1C, left panel). This substrate-Ub conjugate
peaked after 9 min (Fig. 1B, lanes 8 to 11, and Fig. 1C, left
panel). Both di- and triubiquitinated GST-IkBa (1 to 54) ap-
peared with slower kinetics compared to the monoubiquiti-
nated product (Fig. 1B, lanes 8 to 11, and Fig. 1C, left panel).
Significant levels of polyubiquitinated products (containing six
or more ubiquitin moieties), formed through lysine residues
other than K48, were only detected after 60 min of incubation
(Fig. 1B, lanes 8 to 11 on the 6% gel). However, contrary to the
distinct ladder of polyubiquitinated products synthesized with
Ub (Fig. 1B, lanes 3 to 6 on the 6% gel), the high-molecular-
weight products formed with Ub***R were indiscrete and het-
erogeneous (Fig. 1B, lanes 8 to 11 on the 6% gel).

These results demonstrate that (i) the initial isopeptide bond
formed between GST-IkBa (1 to 54) and a thiol-ester-charged
Ub is rapidly catalyzed upon mixing the substrate-E3 complex
with Ub, El, and Cdc34; (ii) once the first Ub is covalently
attached, Ub chain polymerization proceeds promptly; and
(iii) K48 is the preferred acceptor residue for Ub polymeriza-
tion catalyzed by the Cdc34—SCFO¥FTRCF_ROC] ligase sys-
tem. The rapid reaction kinetics observed are in accord with in
vivo observations that the proinflammatory cytokine-induced
degradation of IkBa is an extremely rapid event (31).

Both Cdc34 and Ubc4 and -5 support ubiquitination of
IkBa in vitro. We compared Cdc34 and Ubc4 and -5 for their
ability to support SCFHOS/BTRCP_.ROCl-catalyzed ubiquitina-
tion of IkBa by using the purified reconstitution system. Con-
sistent with observations in Fig. 1, Cdc34 efficiently catalyzed
the covalent linkage of polyubiquitin chains to the substrate in
a concentration-dependent manner (Fig. 2, lanes 2, 3, and 13).
Addition of Ubc4 (lanes 5 and 6) or Ubc5 (lanes 8 and 9) in
place of Cdc34 also supported the ubiquitination of GST-IkBa
(1 to 54). However, several differences were observed. First,
incubation with Ubc4 or -5 resulted in more substrates con-
verted into Ub conjugates than did incubation with Cdc34
(compare lanes 5 and 8 with lane 2), suggesting that Ubc4 and
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-5 promoted more-efficient substrate utilization. This is in
keeping with previously published observations (30). Second,
Ubc4 and -5 produced a greater abundance of both the mono-
and diubiquitinated GST-IkBa (1 to 54) species than did
Cdc34 (compare lanes 5, 6, 8, and 9 with lanes 2 and 3). This
is consistent with the recent report that Cdc34 supported
polyubiquitination of an IkBa peptide (residues 20 to 43) in
the presence of the [B-TRCP]-containing SCF complex,
whereas Ubc5 predominantly stimulated mono- and diubiquiti-
nation (46). These results suggest that Ubc4 or -5 generates
mono- and diubiquitinated IkBa more efficiently than Cdc34.
However, Cdc34 and Ubc4 or -5 appear to be equally efficient
in producing polyubiquitinated species. Third, both Ubc4
and Ubc5, but not Cdc34, appeared to catalyze low levels
of monoubiquitination of the substrate in the absence of
SCFHOS/B-TREP. ROCI (compare lanes 7 and 10 with lane 4).
This is consistent with the previous finding that yeast Ubc4
alone catalyzed the formation of low-molecular-mass ubiquiti-
nated conjugates of IkBa (8). These results suggest that both
Ubc4 and Ubc5 may bind nonspecifically to the phosphory-
lated GST-IkBa (1 to 54) and catalyze its monoubiquitination
in an E3-independent manner. Fourth, while the high-molec-
ular-weight Ub conjugates (containing six or more Ub moi-
eties) (Fig. 1) formed with Cdc34 migrated as a protein ladder
(lanes 2 and 3), those produced by Ubc4 (lanes 5 and 6) or
Ubc5 (lanes 8 and 9) appeared as heterogeneous species. Fifth,
a significant portion of autophosphorylated IKKRS!77E-S181E
was converted into high-molecular-weight species by Ubc4 and
-5, but not by Cdc34 (compare lanes 5, 6, 8, and 9 with lanes 2
and 3). Thus, Ubc4 and -5 may also catalyze the ubiquitination
of autophosphorylated IKKBS!”7E-S181E by ynknown mecha-
nisms. Lastly, mixing of Cdc34 with Ubc4 (lane 11) or Ubc5
(lane 12) produced conjugate patterns identical to those ob-
served with Ubc4 or -5 alone, suggesting that Ubc4 and -5
acted in a dominant fashion under the conditions used.

Both Cdc34 and Ubc4 and -5 have been reported to function
as an E2 for the ubiquitination of IkBa (8, 13, 30, 42, 44, 46,
50). By expressing dominant negative mutants of E2s, Gonan
et al. (13) showed that both Ubc5 and Cdc34 were involved in
signal-induced ubiquitination and degradation of IkBa. While
the above results are in accord with previous studies, they did
demonstrate that Cdc34 and Ubc4 and -5 produce distinct
conjugate patterns. Cdc34 appeared to predominantly pro-
mote synthesis of polyubiquitin chains, but not mono- and
diubiquitinated substrate species. However, Ubc4 and -5
seemed to be more efficient than Cdc34 in engaging the ubiq-
uitination of IkBa, albeit resulting in the accumulation of
mono- and diubiquitin conjugates. It is presently not under-
stood whether a mechanism exists in cells to coordinate these
two different classes of E2s to catalyze the efficient and exten-
sive polyubiquitination of IkBa.

The N terminus of CUL1 binds Skp1, but not ROC1, and is
inactive in supporting Ub ligation. The above results establish
that SCFHOS/F-TRCP_ ROC1 coordinates with Cdc34 to catalyze
polyubiquitination reactions. The fact that the Ub ligase activ-
ity resides within the ROC1-CULI1 subcomplex of the E3 ho-
loenzyme (30, 38, 44) implies that the core ligase module must
interact with Cdc34 to catalyze efficient Ub transfer and chain
polymerization. To determine structural domains required for
the assembly of the ROC1-CULI core Ub ligase, we employed
deletion analysis to define regions within CULI1 required for
interacting with Skpl and ROCI, as well as for the activation
of the Ub ligase activity.

Treatment of extracts of 293T cells containing **S-labeled
Flag-CUL1, HA-ROCI, and Skpl with either anti-Flag (Fig.
3A, lane 1) or anti-HA (lane 7) antibodies resulted in copre-
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cipitation of all three proteins. This result is consistent with
previous findings indicating that CUL1/Cdc53 is capable of
simultaneously binding both Skpl and ROCI (19, 30, 38, 40,
44). However, anti-Flag immunoprecipitation of extracts con-
taining overexpressed HA-ROCI, Skpl, and a Flag-tagged
CUL1 N-terminal fragment (spanning amino acids 1 to 452)
yielded Skpl, but not HA-ROCI (lane 2). This finding was
confirmed by a reciprocal immunoprecipitation experiment
with anti-HA antibodies, which failed to detect Flag-CULI (1
to 452) or Skpl (lane 8). Thus, ROCI interacts with neither
Skp1 nor the N terminus of CULL.

Several additional points were revealed by this immunopre-
cipitation experiment. First, the full-length CULL1 protein in-
teracted with HA-ROCT1 in the absence of overexpressed re-
combinant Skpl (lanes 3 and 9). Second, CUL1 bound Skpl
regardless of the presence of ROC1 (lane 4). Third, Flag-
CUL1 (1 to 452) formed a complex with endogenous Skpl
(lane 5), consistent with the previous finding that the N termi-
nus of Cdc53 is required for Skpl binding (32). Detection of
the interaction between CULL1 (1 to 452) or CUL1 and endog-
enous Skpl (Fig. 3B) is due to the presence of high levels of
Skpl in 293T cells (54). Lastly, immunoprecipitation with anti-

antibodies. In each titration set, the molar amounts of full-length CUL1 and the
truncated protein in the immunoprecipitates were approximately equal, based on
quantitation of the 3S-labeled polypeptides by phosphorimager analysis. The
immunoprecipitates were assayed for Ub ligase activity as described in Materials
and Methods. Aliquots of the reaction products were separated by SDS-7.5%
and 12.5% PAGE. The numbers in the middle indicate the polymerization status
of the ligation products. The autoradiogram of the 7.5% gel is shown at the top,
while a region of the autoradiogram of the 12.5% gel is shown at the bottom. The
autoradiogram from the 7.5% gel was exposed for three times as long as that
from the 12.5% gel. (C) Overexpression of CULLI (1 to 452) inhibits the degra-
dation of IkBa. TNFa-induced degradation of Flag-IkBa in HelLa cells was
carried out as described in Materials and Methods. One hundred micrograms of
extract proteins was separated by SDS-10% PAGE and was subjected to immu-
noblot analysis by using M2 antibody.

Skpl antibodies confirmed a direct interaction between Skpl
and CULI1 (lane 14) or CULL1 (1 to 452) (lane 13).

Further immunoprecipitation and immunoblot analyses
were carried out to better assess the ability of the recombinant
CULLI or CUL1 (1 to 452) to interact with the endogenous
SCF-ROCI1 components. As shown in Fig. 3B, both CUL1 and
CULI (1 to 452) interacted with Skpl independent of trans-
fection of the Skpl-expressing plasmid. In addition, they were
both associated with the endogenous B-TRCP, which appeared
as a doublet of proteins at 58 to 60 kDa (47). In cells transiently
expressing Flag-CUL1 and HA-ROCI, B-TRCP was com-
plexed with Flag-CULL in levels significantly higher than those
derived from other transfected cells (compare lane 3 with the
rest). The reason for this discrepancy is not clear. Contrary to
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their comparable capacity to interact with both Skpl and
B-TRCP, the full-length CULL1, but not CUL1 (1 to 452), was
able to bind both recombinant and endogenous ROCI.

Taken together, these results demonstrate that CULI inter-
acts with Skpl and ROCI1 through distinct domains and that
the N terminus of CULL1 is both necessary and sufficient for
binding Skpl. Therefore, CULI recruits the F-box substrate-
targeting protein through Skpl at its N terminus.

We next examined the ability of the full-length and N-ter-
minal CULIs to support substrate-independent Ub ligation by
using a **P-Ub-incorporation assay as previously established
(44). Incubation of purified E1, Cdc34, and SCFHOS/B-TRCP.
ROC1 with [**P]-Ub resulted in the formation of a protein
ladder of *?P-labeled Ub polymers in an E1-Cdc34-dependent
manner (Fig. 4A, lanes 1 to 4), consistent with previously
reported observations (44). As shown, the synthesized Ub
polymers, ranging in size from dimers to octamers, migrated
identically to those produced by E2-25K/E1 (compare lanes 4
and 5). E2-25K is known to be capable of polymerizing unan-
chored Ub chains (6). Of note, the addition of SCFHOS/F-TRCP_
ROCI1 did not further enhance the ability of E2-25K to cata-
lyze Ub polymerization (data not shown), suggesting that these
two enzymes do not cooperate. These results thus confirm that
the human SCFHOSB-TRCP.ROCI-Cdc34 ligase system cata-
lyzes Ub self-polymerization. Significant cellular levels of un-
anchored polyubiquitin chains have been previously identified
(14, 41, 45). The mechanism and biological significance of this
self-ligation reaction is presently unclear. However, this reac-
tion obviates the requirement for a specific substrate, thus
providing a sensitive assay to measure the Ub ligase activity by
Cdc34 and ROCI1-CULL.

It has been reported that in yeast, ROC1 complexed with
either SCF or Cdc53 (CUL1 homologue) alone, can catalyze
extensive autoubiquitination of Cdc34 (2, 38, 40). However,
only low levels of autoubiquitination of Cdc34 by the human
SCFHOS/B-TRCP_ROCI complex were detected by immunoblot
analysis (data not shown). Nevertheless, we cannot rule out
that the high-molecular-weight Ub ligation products (with mo-
lecular weight greater than that of Ub9) contained autoubiq-
uitinated Cdc34.

The addition of a reaction mixture containing **P-Ub, E1,
and Cdc34 to the **S-labeled HA-ROC1/Flag-CULI1 complex,
immobilized to anti-Flag-protein A beads, resulted in the syn-
thesis of *?P-labeled Ub polymers (Fig. 4B, lanes 1 to 5). The
synthesis of Ub polymers by ROC1-CULI1 required the pres-
ence of Cdc34 (lane 6). Substitution of the HA-ROCI/Flag-
CULI1 complex with the Flag-CUL1 (1 to 452) immunopre-
cipitates abolished Ub polymerization reaction (Fig. 4B, lanes
7 to 9). These results demonstrate that the N terminus of
CULL, incapable of binding ROCI, is also catalytically inactive
in supporting Ub ligation.

We have previously established that the SCF components
HOS/B-TRCP and CULL1 are required for the degradation of
IkB in HeLa cells induced by TNFa (12). The results shown in
the present study indicate that CUL1 and CULI (1 to 452)
interacted with endogenous SCF-ROC1 components to form
SCFFTRCP . ROCI or SCFFTRCP complexes lacking ROCI,
respectively (Fig. 3B). Based on our previous finding that the
SCFHOSBTRCP complex lacking ROC1 binds IkBa but does
not support IkBa ubiquitination (44), we reasoned that expres-
sion of CUL1 (1 to 452) in cells would block the degradation of
IkB. To test this possibility, we examined the levels of IkBa by
immunoblot analysis in TNFa-induced cells that were trans-
fected with CMV-based vectors expressing Flag-IkBa and ei-
ther the full-length or the N-terminal fragment (amino acids 1
to 452) of CULL. The results indicate that TNFa induced
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degradation of IkBa in the presence of vector alone (Fig. 4C,
upper panel, lanes 2 and 3) or recombinant CUL1 (lanes 4 and
5). This result suggests that the assembled SCFP""RP_ROC1
complex containing the recombinant full-length CUL1 de-
tected in Fig. 3B is functional in promoting the IkBa degra-
dation. In contrast, introduction of CUL1 (1 to 452) into cells
significantly reduced Flag-IkBa degradation (lanes 6 and 7).
Under these conditions, the levels of PCNA remained un-
changed (Fig. 4C, lower panel), excluding the possibility of any
nonspecific effects that might influence the levels of IkBa de-
tected. Furthermore, overexpression of CUL1 (1 to 452) in-
hibited the degradation of endogenous IkBa as well (data not
shown). These results establish that CULL (1 to 452) exerts a
dominant negative effect by forming SCF complexes lacking
ROCI that bind phosphorylated IxB but which are unable to
catalyze its ubiquitination.

These data collectively demonstrate that the N terminus of
CULLI provides an anchorage site for Skpl, which recruits a
given F-box protein, capable of targeting its cognate substrates.
This region alone, however, is devoid of ROC1-binding activity
and, hence, is inactive in supporting Ub ligation and degrada-
tion of a physiological substrate.

ROC1 forms a complex with the C terminus of CULI1, that
includes the cullin/APC2 consensus region, to catalyze Ub
polymerization. To determine the role of the C terminus of
CULLI in ubiquitination, we expressed a Flag-tagged CULI1
fragment spanning amino acids 324 to 776 in 293T cells. Im-
munoprecipitation with anti-Flag antibodies detected this C-
terminal species, which migrated as a doublet at apparent
molecular weights of ~50 and 60 kDa (Fig. 5A, lane 7). Fur-
ther experiments are required to determine whether this het-
erogeneity derives from protein modification or degradation.
When Flag-CUL1 (324 to 776) and HA-ROCI1 were coex-
pressed, the two formed a complex, as demonstrated by recip-
rocal immunoprecipitations with either anti-HA (lane 5) or
anti-Flag (lane 10) antibodies. Phosphorimager analysis indi-
cated that Flag-CUL1 (324 to 776) bound to ROC1 with an
efficiency equal to that observed with the full-length CULI1
(lanes 4 and 9). Like the full-length protein, Flag-CUL1 (324
to 776) interacted with ROCI in both recombinant and endog-
enous forms (Fig. 5B, lanes 2 and 3). Furthermore, this C-
terminal polypeptide did not bind Skpl. In contrast, Flag-
CULI (1 to 452) interacted with Skp1, but not ROCI1 (Fig. 5B,
lane 4), which is consistent with observations shown in Fig. 3B.
As expected, anti-Flag immunoprecipitates derived from un-
transfected cells did not contain SCF-ROC1 components (Fig.
5B, lane 1).

Previously described sequence analysis identified a cullin/
Cdc53/APC2 region of homology at the C terminus spanning
approximately 200 amino acids (the cullin box) (51, 52). In
CULI, the cullin box is located between amino acids 450 and
650. The apparent overlap between the cullin box and the
ROCI1-binding domain (Fig. 5SA) prompted us to examine the
intriguing possibility that this conserved cullin box is the region
responsible for ROC1 binding. For this purpose, we expressed
two additional Flag-tagged truncated CULI1 polypeptides
spanning amino acids 1 to 544 and 1 to 645, respectively, in
293T cells. Immunoprecipitation experiments with anti-Flag
antibodies indicate that both truncated proteins interacted spe-
cifically with endogenous Skpl, though each truncated CULL1
protein was bound to Skpl with lower efficiency than that of
the wild type (Fig. 5C, lanes 1 to 5). However, while full-length
CULLI and Flag-CULI1 (1 to 645) were found complexed with
both Skpl and HA-ROCI (Fig. 5C, lanes 1 and 4, respective-
ly), neither Flag-CUL1 (1 to 452) nor Flag-CULI (1 to 544)
interacted with ROCI1 (lanes 2 and 3, respectively). Of note,
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Flag-CULL1 (1 to 645) bound to HA-ROC1 with an efficiency
3.3-fold lower than that of the conjugate containing the full-
length CUL1 (compare lanes 1 and 4; determined by phosphor-
imager analysis), suggesting that the C-terminal 130 amino
acids of CUL1 may play a role in stabilizing the ROC1 binding.
Furthermore, a truncated CULLI protein (amino acids 452 to
776) was found to be able to bind ROC1 (data not shown),
suggesting that a sequence stretch spanning amino acids 324 to
452 (upstream of the cullin box) is also dispensable for ROC1
binding. Taken together, these results suggest that the ROCI1-
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FIG. 5. The C terminus of CULL interacts with ROCI in a region that
includes the cullin/APC2 consensus motif. (A) Immunoprecipitation analysis of
Flag-CUL1 (324 to 776). 293T cells were transfected with HA-ROCI, Flag-
CULL, or Flag-CULI1 (324 to 776), alone or in combination. **S-labeled extracts
(approximately 0.2 mg of protein) were immunoprecipitated with o« HA (lanes 1
to 5) or aFlag antibodies (lanes 6 to 10). Immunoprecipitates were separated by
SDS-12.5% PAGE followed by autoradiography. (B) Immunoprecipitation and
immunoblot analyses of Flag-CULI (324 to 776). Approximately 1 mg of extract
protein was immunoprecipitated by M2 antibody cross-linked beads, and the
resulting precipitates were examined by immunoblot analysis for the presence of
Flag-tagged CULI1 derivatives, Skpl, HA-ROCI and endogenous ROCI. (C)
The ROC1 binding domain coincides with the cullin/APC2 homology region.
293T cells were transfected with CMV-based vectors expressing HA-ROCI,
Flag-CULI, Flag-CULI (1 to 452), Flag-CULL1 (1 to 544), or Flag-CUL1 (1 to
645), alone or in combination. 3>S-labeled extracts (approximately 0.6 mg of
protein) were immunoprecipitated with aFlag antibodies, and the immunopre-
cipitates were separated by SDS-12.5% PAGE. The portion of the gel containing
both Skpl and HA-ROC1 was exposed for four times as long as that containing
CULL

binding domain coincides with the conserved cullin box (see
Fig. 7).

The rate of synthesis of Ub ligation products was examined
and compared in the presence of immunopurified HA-ROC1/
Flag-CULL1 (Fig. 6A, left panel, lanes 1 to 5) or HA-ROC1/
Flag-CULL1 (324 to 776) (left panel, lanes 6 to 10) complex.
With HA-ROCI1/Flag-CUL1, multiple high-molecular-weight
species were formed after 3 min of incubation and increased
over time (left panel, lanes 2 to 5). An approximately 50%-
higher rate of Ub ligation was observed with HA-ROCI1/Flag-
CUL1 (324 to 776) in comparison to HA-ROCI/Flag-CUL1
(left panel, lanes 7 to 10; see right panel for quantitation).
Further experiments indicated that the presence of both ROC1
and CULL or CUL (324 to 776) is required for the assembly of
the active Ub ligase complex (Fig. 6B). Low levels of Ub ligase
activity observed with extracts from cells transfected with HA-
ROCI1 alone (Fig. 6B, lane 3) are due to the presence of a
small amount of endogenous CULLI in the immunoprecipitates
(data not shown). Furthermore, CUL1 (1 to 544), which was
incapable of binding ROC1, was also inactive in supporting Ub
ligation (Fig. 6C), suggesting that the integrity of the cullin box
is required for both ROCI1 binding and Ub ligase activation.
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FIG. 6. The C terminus of CULI fully supports Ub ligation. (A) Flag-CUL1 (324 to 776) complexes with ROC1 to catalyze Ub ligation. The « HA immunopre-
cipitates of >S-labeled extracts (approximately 0.3 mg of total protein) containing HA-ROC1 and Flag-CULT1 (lanes 1 to 5) or Flag-CULI1 (324 to 776) (lanes 6 to 10)
were assayed for Ub ligase activity (as shown on the left). The reaction was terminated at the time points indicated. The autoradiogram is shown. Equal molar mounts
of Flag-CULI and Flag-CUL1 (324 to 776) were present in the immunoprecipitates, as determined by phosphorimager analysis of the 3°S-labeled polypeptides.
Quantitation of Ub ligation products (molecular masses greater than 70 kDa) is shown on the right. (B) Both CULI1 (324 to 776) and HA-ROCI are required for Ub
ligation. HA-ROC1, Flag-CULI, and Flag-CUL1 (324 to 776), alone or in combination, were transfected into 293T cells. 3*S-labeled extracts (approximately 0.3 mg
of total protein) were immunoprecipitated with «HA antibodies and were assayed for ligase activity. (C) CULL (1 to 544) is inactive in supporting Ub ligation.
35S-labeled extracts containing HA-ROC1/Flag-CUL1 (lane 1) or HA-ROC1/Flag-CUL1 (1 to 544) (lanes 2 and 3) were immunoprecipitated with aFlag antibodies
and were assayed for ligase activity. The immunoprecipitates used in lane 2 contained an equal molar amount of Flag-CULI1 (1 to 544) (derived from approximately
0.2 mg of total extract protein) compared to the Flag-CUL1 used in lane 1. A 0.6-mg sample of extract protein containing Flag-CULI (1 to 544) was used in lane 3.

The low expression of CUL (1 to 645) and CULLI (452 to 776)
in transfected 293T cells (approximately 10-fold lower than the
expression of the full-length CULL1) failed to yield levels of
protein sufficient for measuring Ub ligase activity.

We conclude from these results that ROCI1 binds the C
terminus of CUL1 (amino acids 324 to 776) and that this
complex is sufficient to catalyze Ub ligation. The interaction of
these two proteins is most likely mediated by direct contact
between ROCI1 and the cullin box within CUL1. However,

further experiments are required to determine whether the
cullin box alone is sufficient to activate Ub ligase activity.

DISCUSSION

The kinetic analysis in the present study reveals that the
SCFHOS/B-TRCP_ROC1-Cdc34 ligase system rapidly catalyzes
the initial Ub transfer and subsequent polymerization onto a
model substrate, phosphorylated IkBa. While both Cdc34 and
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FIG. 7. Structural domains within the human CULL1 protein. A schematic representation of the truncated human CULI polypeptides analyzed is shown on the left.
Structural and functional features of CULL1 are also shown. A summary of Skpl and ROCI1 binding as well as the Ub ligase activity of full-length and truncated CUL1
polypeptides is shown on the right. Note that CUL1 (1 to 645), marked by an asterisk, binds to ROCI1 threefold less efficiently than the full-length protein (see Fig.

5C).

Ubc4 and -5 support IkBa ubiquitination, they produce dis-
tinct conjugate patterns. Cdc34 appeared to predominantly
promote the synthesis of polyubiquitin chains, but not mono-
and diubiquitinated substrate species. However, Ubc4 and -5
seemed to be more efficient in engaging the ubiquitination of
IkBa when compared to Cdc34, albeit resulting in the accu-
mulation of mono- and diubiquitin conjugates.

Our previous reconstitution experiments have revealed that
Skpl is indispensable for tethering HOS/B-TRCP to CULI1
(44). The results of deletion analysis indicate that the N ter-
minus of CUL1 (amino acids 1 to 452) is both necessary and
sufficient for binding Skp1, and hence HOS/B-TRCP. Consis-
tent with this, introduction of the N-terminal CULI polypep-
tide into cells blocks the TNFa-induced and SCF-mediated
degradation of IkB by disrupting the endogenous SCF-ROC1
complexes. These observations confirm and extend the previ-
ous finding that deletion of Cdc53 (residues 9 to 280) com-
pletely disrupts Skp1-F-box protein binding in budding yeast
cells (32). Our mapping analysis has localized the C terminus
of CULL1 (amino acids 342 to 776) as the region responsible for
interaction with ROCI1, resulting in the assembly of a complex
fully active in supporting ubiquitin polymerization. This inter-
action is most likely mediated by a direct contact between
ROCT and the cullin/APC2 consensus motif. Taken together,
these results suggest the mode of action of SCF-ROCI in
ubiquitination (see Fig. 8A). In this model, CUL1 serves as a
dual-function molecule: the N terminus binds Skp1, which then
recruits the F-box protein for targeting a phosphorylated sub-
strate, and the C-terminal region, including the cullin box,
binds ROCI1, leading to the assembly of a Ub ligase, which
interacts with Cdc34 to catalyze Ub transfer and polymerization.

Mutagenesis studies have shown that the conserved
RING-H2 residues within ROCI are critical for ubiquitination
(19, 30, 40), implicating a role of the RING finger structure in
contacting Cdc34. More-recent studies have uncovered a large
number of RING-finger-containing proteins, including c-Cbl
(18) and BRCAL1 (25), that possess Ub ligase activity. As
shown in Fig. 6C, ROC1 and CULI1 are both important for
ubiquitin ligase activity. The identification of the core ligase
formed between ROCI and the C terminus of CULI should
enable further detailed structural analysis, leading to the elu-
cidation of the enzymatic action of the ubiquitin ligation reaction.

Previous studies have established that the human ROCI1

binds five members of the cullin family (CUL1, CUL2, CUL3,
CULA4A, and CUL4B), while ROC2 preferentially interacts
with CULS5 (30). In addition, the ROC homologue APCI11
binds APC2 (30). The localization of the ROC1-binding do-
main to the cullin box of CULI suggests a structural conser-
vation in the assembly of a core ROC/APC11-cullin/APC2
complex through this conserved region. Furthermore, our data
strongly suggests the interaction between ROCI and the cullin
box of CULL is required for the activation of the Ub ligase
activity (Fig. 7), implying that other ROC-CUL complexes may
contain Ub ligase activity as well. Indeed, both ROC1-CUL2
(unpublished data) and APC11-APC2 (30), assembled in
transfected cells, are capable of catalyzing Ub ligation reac-
tions in vitro.

We, therefore, propose a unified framework depicting the
action of the ROC/APC11-dependent super-family of E3 li-
gases (Fig. 8B). Members of this E3 class each contain a com-
mon dimeric core Ub ligase element formed by combinatorial
interactions between the ROC/APC11 and CUL/APC2 family
proteins (Fig. 8, left). This core ligase module is recruited, via
an adapter protein, to form a complex with a substrate-target-
ing molecule (Fig. 8B, middle). The resulting multisubunit E3
holoenzyme binds the substrate and catalyzes its ubiquitination
in the presence of an E2 (Fig. 8B, right). The Skpl-F-box
based SCF model is one such pathway that recruits the ROC1-
CULI core Ub ligase to catalyze the ubiquitination of phos-
phorylated substrate proteins, such as IkBa. There is accumu-
lating evidence that this mechanism may also apply to the
pVHL complex. pVHL, which targets HIF a-subunits for ox-
ygen-dependent degradation (27), forms a complex that struc-
turally resembles the SCF-ROC1 complex (19, 43) and also
contains Ub ligase activity (23). More recently, the N terminus
of CUL2 has been shown to bind the elongin BC dimer, which
interacts with pVHL (34). The underlying similarity between
CUL2 and CULI1 (this study) suggests a general dual func-
tional role for cullin molecules in substrate targeting and Ub
ligation. Using the N terminus of these cullin molecules as bait
may identify Skp1-like molecules that link respective substrate-
targeting molecules, leading to the identification of novel ubig-
uitination and degradation pathways. Lastly, APC, comprised
of 8 to 12 subunits (35), exhibits a greater degree of structural
complexity than SCF-ROCI. Understanding the assembly of
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this E3 ligase requires a more detailed biochemical character-
ization of the APC subunits.
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