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Regulation of NF-kB occurs through phosphorylation-dependent ubiquitination of IkBa, which is degraded
by the 26S proteasome. Recent studies have shown that ubiquitination of IkBa is carried out by a ubiquitin-
ligase enzyme complex called SCF®' Herge we show that Nedd8 modification of the Cul-1 component of
SCFP " is important for function of SC[EE in ubiquitination of IkBa. In cells, Nedd8-conjugated Cul-1 was
complexed with two substratespof SCFP ", phosphorylated IkBa and B-catenin, indicating that Nedd8—Cul-1
conjugates are part of SCF® " in vivo. Although only a minute fraction of total cellular Cul-1 is modified by
Nedd8, the Cul-1 associated with ectopically expressed BTrCP was highly enriched for the Nedd8-conjugated
form. Moreover, optimal ublqultmatlon of IxBa required IP\IeddS and the Nedd8-conjugating enzyme, Ubcl12.

The site of Nedd8 ligation to Cul-1 is essential, as S¢
supported IkBa ubiquitination compared to SCF‘s o
of Cul-1 affects the ubiquitination activity of SCF®"

CF*

containing a K720R mutant of Cul-1 only weakly

contamlng WT Cul-1, suggesting that the Nedd8 ligation
. These observations provide a functional link between the
highly related ubiquitin and Nedd8 pathways of protein modification and show how they operate together to
selectively target the signal-dependent degradation of IkBa.

NF-«kB is a transcription factor required for inducible ex-
pression of a number of proinflammatory mediators including
cytokines, chemokines, and leukocyte adhesion molecules (6).
In addition, NF-«kB regulates the expression of survival genes
which prevent cell death in response to tumor necrosis factor
alpha (TNF-a) (7, 37, 59, 62). NF-kB is a member of the Rel
family of proteins and is typically a heterodimer composed of
pS0 and p65 subunits. In quiescent cells, NF-«B is retained in
the cytosol bound to IkB, a family of inhibitory proteins which
mask the nuclear localization and DNA binding sequences on
NF-«B (5, 22). Stimulation of these cells with various cyto-
kines, lipopolysaccharide, viruses, antigens, or oxidants triggers
signaling events that ultimately lead to the phosphorylation
and degradation of IkB, allowing NF-«B to translocate into the
nucleus and activate target genes (3, 21, 38, 54).

Phosphorylation of Ser*? and Ser*® has been shown to target
IkB for ubiquitination and subsequent proteolysis by the ubig-
uitin-proteasome pathway (UPP) of protein degradation (2, 8
45, 49). The UPP is the principal pathway for intracellular
protein turnover, including regulatory proteins (9). Protein
substrates that enter the UPP are first marked by the covalent
ligation of polyubiquitin chains mediated by a cascade of en-
zymes called E1 (ubiquitin activation enzyme), E2 (ubiquitin-
conjugating enzyme), and E3 (ubiquitin ligase) (9). In a reac-
tion requiring ATP, ubiquitin is activated by E1 and charged
onto an E2 through a thioester formed between the active-site
cysteine residue in the E2 and the C-terminal glycine of ubiq-
uitin. The E3 then directs the transfer of ubiquitin from the E2
onto lysine residues within specific substrate proteins, ulti-
mately resulting in the formation of a ubiquitin-protein conju-
gate. Polyubiquitinated proteins are then recognized and de-
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graded by the 26S proteasome complex to yield small peptides
and monomeric ubiquitin.

Recently, the receptor component of the IkB E3 was iden-
tified as a member of the BTrCP (beta-transducin repeat-
containing protein) family of proteins called E3RS™® (39, 53,
63, 65) or HOS (11). BTrCP is a member of a much larger
family of F-box domain containing proteins which form SCF
complexes. The core components of SCF complexes include
Skp-1, which interacts with the F-box domain, and Cul-1, which
is linked to the F-box protein via binding to Skp-1 (4, 10, 35, 46,
47, 51). At least two additional SCF components have been
described: (i) Rbx1, which is thought to stabilize the interac-
tion between Cul-1 and the E2s, Cdc34, and UbcS (25, 26, 43,
50, 52, 56), and (ii) Sgtl, a protein which interacts with Skp-1
(27). SCF complexes were initially described in yeast to func-
tion as E3 ligases for a variety of phosphorylated proteins,
including the cell cycle regulator, Sicl (10, 51). In addition to
an F-box domain, BTrCP also contains a WD40 repeat domain
that specifically recognizes IkBa only when IkBa is phosphor-
ylated on Ser*” and Ser’°. Similarly, at least two other proteins
are recognized by BTrCP in a phosphorylation-dependent
manner, B-catenin (16, 31, 36, 63) and human immunodefi-
ciency virus type 1 Vpu (40). BTrCP in which the F-box is
deleted (AF-BTrCP) retains its specificity for phosphorylated
IkBa but fails to interact with Skp-1 and no longer supports the
ubiquitination reaction. Thus, the interaction of the F-box pro-
tein with other SCF components is essential for function. The
core components of SCF® " alone, however, are not sufficient
to support the ubiquitination of phosphorylated IkBa (53,
63, 65). Additional components, supplied by the addition of
crude cellular extracts (63) or recombinant proteins (including
UbcHS [43, 53, 65], Cdc34 [56], and Rbx1 [56]), are required
for activity, suggesting that essential proteins and/or modifica-
tions to existing protelns are needed to support ubiquitination
of IkBa by SCF®" +Fo date, modifications of the cellular
components in SCF® "~ have not been characterized.

In an effort to understand the requirements for SCF*""-
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mediated ubiquitination of IkBa, we examined SCF core com-
ponents that associate with BTrCP as well as with IkBa. Re-
markably, we observed that endogenous phosphorylated IkBa
associated exclusively with a form of Cul-1 that is singly mod-
ified by the ubiquitin-like protein NeddS8. Along this line, we
found that optimal ubiquitination of IkBa in vitro required
the presence of Nedd8 and the Nedd8-conjugating enzyme,
Ubc12, as well as two ubiquitin-conjugating enzymes, UbcH5A
and Cdc34. Moreover, a Cul-1 point mutant which retains the
ability to associate with other SCF components, but lacks the
site of the Nedd8 modification, showed a greatly reduced abil-
ity to ubiquitinate IkBa in vitro. It is well established that a
small percentage of cellular Cul-1 and related cullin proteins
form conjugates containing single molecules of NeddS in yeast
and mammalian cells (30, 44, 60), and the Nedd8 homologue,
Rubl, has been genetically linked to SCF components in yeast
(30) and plants (14). However, a functional role for NeddS8 in
any ubiquitination reaction or cellular process has not been
demonstrated. Here we show that the Nedd8 ,lzrrglpdiﬁcation of
Cul-1 is necessary for the function of SCF® ~, linking the
ubiquitin and Nedd8 pathways in the regulation of targeted
protein degradation.

MATERIALS AND METHODS

Plasmids and antibodies. BTrCP, Cul-1, Cul-2, Skp-1, and Rbx1 were isolated
from the SuperScript human leukocyte cDNA library (GibcoBRL) by PCR using
AmpliTaq (Perkin-Elmer) or Pwo (Boehringer Mannheim) DNA polymerase
and oligonucleotides purchased from Research Genetics. BTrCP and Cul-1 were
subcloned into Notl-BamHI sites, Cul-2 was cloned into EcoRI-BamHI sites, and
Skp-1 was cloned into NotI-Xbal sites of pFlag-CMV2 vector. The BTrCP clone
corresponds to GenBank accession no. Y14153 (40). The Cul-1 clone encoded
the same 24 amino acid insertion as previously reported (42). Cul-1 K720R
mutant was generated by PCR using high-fidelity DNA polymerase Pfu (Quick-
Change site-directed mutagenesis kit; Stratagene). To generate the AF-BTrCP,
the BTrCP was subjected to site-directed mutagenesis with the primer 5'GATT
TCATAACTGCTAAGCTTGCTCGGGGATTGG3' and its complement, in-
serting a HindIII site just upstream of the F box. The F-box coding region
corresponding to amino acid residues 148 through 190 was removed by restric-
tion digestion with HindIII. Mutagenesis and subsequent removal of the F box
were both confirmed by sequence analysis. BTrCP (wild type [WT] and AF box)
were subcloned into pcDNA (Invitrogen) with a Myc epitope tag. Rbxl was
cloned into the Ndel-Xba sites of pcDNA3 with addition of a hemagglutinin
(HA) epitope tag.

GenBank sequences for the E2 cDNAs and Nedd8 were isolated by PCR and
subcloned into the following plasmids: UbcHSA, pGEX-4T-2; Ubcl2, pT7-7;
Cdc34, pT7-7; Nedd8, pT7-7. Active-site cysteines were mutated to serines by
site-directed mutagenesis using a QuickChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions.

Antisera to Cul-1 (Rb-042), Cul-2 (Rb-046), and Skp-1 (Rb-040) were pur-
chased from NeoMarker, LabVision Corporation. Anti-Nedd8 was purchased
from Alexis Biochemicals. Anti-IkBa (sc-371), anti-SUMOL (sc-6375), anti-Myc
(sc-789), and anti-HA (sc-7392) were purchased from Santa Cruz. Anti-B-catenin
(C19220) was purchased from Transduction Laboratories. Mouse anti-FLAG
M5 antibody and M2 resin were purchased from Sigma. Horseradish peroxidase-
conjugated anti-rabbit and anti-mouse were purchased from Amersham. Anti-
Cul-1%9%-670 was produced in rabbits against the peptide VDEVELKPDTLIKC
corresponding to residues 658 to 670 of human Cul-1 and was affinity purified
using the peptide coupled to Sulfolink resin (Pierce) according the manufactur-
er’s instructions.

Preparation of proteins. Plasmids encoding the E2 proteins Ubc12 and Cdc34
were expressed in Escherichia coli BL-21(DE3) (Novagen, Milwaukee, Wis.) in
Luria-Bertani medium containing carbenicillin (50 pg/ml; Sigma), and induced
with 1 mM isopropyl-B-p-thiogalactopyranoside (Boehringer Mannheim) for 3 h
at 37°C. Bacterial cell pellets were resuspended in 50 mM HEPES-0.1% Triton
X-100-1 ng of leupeptin per ml-50 ug of lysozyme per ml, lysed by sonication,
and clarified by centrifugation at 10,000 X g for 1 h. Ubc12 lysates were subjected
to anion-exchange chromatography (Mono Q; Pharmacia), and the flowthrough
was separated by size exchange chromatography, resulting in proteins of >95%
purity. For Cdc34, protein was purified over Ni-nitrilotriacetic acid agarose
(Qiagen) followed by size exclusion chromatography. UbcH5A (pGEX-4T-2)
was expressed in E. coli BL-21(DE3)pLysS (Novagen) in Luria-Bertani medium
containing carbenicillin (50 pg/ml; Sigma) and induced with 1 mM isopropyl-B-
p-thiogalactopyranoside (Boehringer Mannheim) for 3 h at 37°C. Bacterial cell
pellets were resuspended in 50 mM HEPES (pH 7.6)-0.5 mM dithiothreitol-1
ng of leupeptin per ml, lysed by sonication, and clarified by centrifugation at
10,000 X g for 1 h. The glutathione S-transferase (GST)-tagged protein was
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purified over GST-Sepharose 4B (Pharmacia) according to manufacturer’s in-
structions. The fusion protein was subjected to thrombin cleavage using biotin-
ylated thrombin (Novagen), followed by separation over HiTrap heparin-Sepha-
rose (Pierce), using a NaCl gradient.

In vitro ubiquitin and Nedd8 conjugation reactions. WT or Ser32/36Ala His,-
IkBa in pET15b was metabolically labeled with [>*S]methionine in B834(DE3)
cells (Novagen) (32). Recombinant p65, RHR (residues 1 to 323) (22) was
provided by Marc D. Jacobs and was produced in E. coli. The purified radiola-
beled Hiss-IkBa and purified recombinant p65, were combined in equal molar
ratios to form trimeric IkBo/p65,. The IkBa/p65, was phosphorylated with
purified recombinant IKK2 produced in baculovirus (33). For conjugation reac-
tions, the phosphorylated substrate was incubated with fraction I (FI; 20 wg) and
fraction II (FII; 40 pg) (18), an ATP regeneration system (8), 60 pM ubiquitin
(Sigma), 1 uM microcystin LR (Calbiochem), 0.5 wM ubiquitin aldehyde (19,
41), and 2.5 uM MG273 (15) in a final volume of 20 pl. Unless otherwise
indicated, reactions were incubated at 37°C for 90 min, terminated with the
addition of sodium dodecyl sulfate (SDS) sample buffer, and resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) on 9% gels. Conjugates were de-
tected by phosphorimager analysis (ImageQuant software, Storm 840).

Nedd8 conjugation reactions of Cul-1 were performed using FLAG epitope-
tagged WT and K270R Cul-1 immunoprecipitated from 293 cells as substrates.
Substrate proteins were incubated with 1.6 wg of Nedd8, 20 pmol of Ubcl2, an
ATP regeneration system, and 20 pg of FII (as a source of Nedd8-activating
enzyme, APP-BP1/Uba3). Reactions were adjusted to 20 pl with 50 mM Tris-
HCI (pH 7.5) and incubated at 30°C for 30 min. Reactions were stopped by the
addition of SDS sample buffer, resolved by SDS-PAGE on 9% gels, and trans-
ferred to nitrocellulose for Western blotting with anti-FLAG antibody as de-
scribed.

The heterodimeric Nedd8-activating enzyme, APP-BP1/Uba3, was affinity pu-
rified from HeLa S100 by Nedd8 affinity chromatography using activated CH
Sepharose 4B (Pharmacia).

Cell culture and transfections. For studies examining in vivo protein interac-
tions, human embryonic kidney 293 cells were seeded in 100-mm-diameter plates
in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum.
Transfection of 293 cells was performed with 4 pg of the indicated DNA and
Lipofectamine PLUS as instructed by the manufacturer (Gibco-BRL). Where
indicated, 48 h after transfection, cells were treated with 5 uM MG273 (15) for
1 h and then stimulated with 10 ng of recombinant human TNF-a (R&D) per ml
for 10 min. P

For ubiquitination assays using SCFP ", 293 cells were seeded as above and
cotransfected with 4 pg each of the indicated DNAs, using calcium phosphate
transfection as instructed by the manufacturer (InVitrogen). Cells were har-
vested 48 h after transfection as described below.

Immunoprecipitations and immunoblotting. Cells were rinsed in cold phos-
phate-buffered saline and lysed in 400 wl of cold lysis buffer (50 mM Tris-HCI
[pH 7.5], 150 mM NaCl, 1 mM EGTA, 0.1% NP-40, 1 mM phenylmethylsulfonyl
fluoride, 1 pg of leupeptin per ml, 2.5 uM MG273, 1 uM microcystin). Lysates
cleared by centrifugation at 10,000 X g for 5 min at 4°C were incubated with
anti-FLAG M2 resin or 1 pg of primary antibody plus 25 pl Tris-acryl protein A
(Pierce) for 4 h with rotation at 4°C. Resins were washed six times with lysis
buffer and resuspended in Laemmli SDS sample buffer. Proteins bound to resin
were resolved by SDS-PAGE on a 9 or 15% gel and analyzed by Western
blotting, using indicated primary antibodies and either horseradish peroxidase-
conjugated anti-mouse or anti-rabbit (Amersham) followed by detection by en-
hanced chemiluminescence (Amersham) according to the manufacturer’s in-
structions.

RESULTS

The Nedd8-modified form of the SCF®"™" component Cul-1
preferentially T:?Cspsociates with phosphorylated IkBa and f3-
catenin. SCF® ~ was recently identified as a ubiquitin E3 li-
gase that recognizes phosphorylated IkBa (11, 17, 28, 53, 55,
63, 65). We and others have noticed that multiple cullin pro-
tein species cofractionate with IkBa ubiquitin-conjugating ac-
tivity in cellular extracts (data not shown) (63). Both BTrCP
and phosphorylation-specific IkBa ubiquitin ligase activity can
be detected in immunoprecipitates of IkBa/NF-kB complexes
from cells treated with TNF-a (65). Taking advantage of the
high affinity of the phosphorylated substrate for the active
enzyme, we investigated the in vivo association of endogenous
Cul-1 with endogenous IkBa. The dependence of this interac-
tion on TNF-« induction was examined in 293 cells pretreated
with the proteasome inhibitor MG273 (to prevent degradation
of phosphorylated IkBa [15]). Lysates from these cells were
immunoprecipitated with an antibody to IkBea, and the immu-
noprecipitates were subjected to Western blotting with anti-



2328 READ ET AL.

A
FLAG-BTrCP
Transfection: - - AFbox WT
MG273: + + - -
TNFo: -+ - -
IP: anti-IxBo.  anti-FLAG
anti-Cul-1 <«— Cul-1*
Western b <«— Cul-1
anti-NEDD8 g Sy @ ¢— Cul-1*
Western
2 3 4
B anti-FLAGBTrCP 94’
<
IP <
TNFa: -+ I
anti-FLAG e e <4— BTrCP
*
Western: |anti.Cul-1 .‘g:.‘—g‘;*{
tcmz
anti-Skp-1 @» e <—Skp-1
1 2 3
C
FLAG-BTrCP
Transfection: - - AFbox WT
MG273: - + - -
IP: anti-Bcatenin  anti-FLAG
anti-Cul-1 s gy <+— Cul-1*
Western |90 Sl <“—Cul-1
1 2 3

FIG. 1. Cul-1 associated with IkBa, B-catenin, and SCFISTrCP is modified by
Nedd8. (A) Association of endogenous Nedd8 conjugated Cul-1 with IkBa or
ectopically expressed BTrCP. Lanes 1 and 2, 293 cells were treated with 5 pM
MG273 for 1 h and with TNF-a (10 ng/ml) for 10 min as indicated. Lysates were
immunoprecipitated (IP) with anti-IkBa. Lanes 3 and 4, 293 cells were trans-
fected with FLAG-tagged AF-BTrCP or WT-BTrCP, and lysates were immuno-
precipitated with anti-FLAG resin. In all lanes, immune complexes were resolved
by SDS-PAGE on 9% gels and immunoblotted with anti-Cul-1 and anti-Nedd8.
(B) Ectopically expressed BTrCP associates with endogenous Cul-1 and Cul-1*.
Lanes 1 and 2, 293 cells were transfected with FLAG-tagged WT-BTrCP and
treated with TNF-a as indicated, and lysates were immunoprecipitated with
anti-FLAG. Immune complexes were resolved by SDS-PAGE and immunoblot-
ted with anti-FLAG, anti-Cull, or anti-Skp-1. Lane 3, cell lysate (30 pg) from
nontransfected 293 cells analyzed as above. (C) Association of endogenous Cul-1
with B-catenin. Lanes 1 and 2, 293 cells were treated with or without 5 uM
MG?273 for 2 h as indicated. Lysates were immunoprecipitated with anti-p-
catenin. Lanes 3 and 4, 293 cells were transfected with FLAG-tagged AF-BTrCP
or WT-BTrCP, and lysates were immunoprecipitated with anti-FLAG resin. In
all lanes, immune complexes were resolved by SDS-PAGE on 9% gels and
immunoblotted with anti-Cul-1. Cul-1* = Nedd8-ligated Cul-1.

Cul-1 antiserum generated against a C-terminal Cul-1 peptide.
As expected, IkBa associated with Cul-1 in a TNF-a-depen-
dent manner (Fig. 1A, lanes 1 and 2, upper panel), and only a
single anti-Cul-1-reactive species was detected (lane 2). For
comparison, anti-FLAG immunoprecipitates from 293 cells
transfected with either FLAG-tagged WT or F-box deletion
mutant BTrCP were analyzed alongside the IkBa immunopre-
cipitates (Fig. 1A, lanes 3 and 4, upper panel) by immunoblot-
ting with the same anti-Cul-1 antibody. In contrast to the single
anti-Cul-1 reactive band associated with phosphorylated IkBa,
two Cul-1 immunoreactive species were associated with the
ectopically expressed WT BTrCP (lane 4). The faster-migrat-
ing species was consistent with the majority of cellular Cul-1
(Fig. 1B, lane 3), and we refer to the species exhibiting reduced
mobility by SDS-PAGE as Cul-1*. The identity of both immu-
noreactive species was confirmed using a second, indepen-
dently derived antibody directed against a peptide sequence in
Cul-1 that is poorly conserved in other cullin proteins (residues
658 to 670 of Cul-1) and is specific for Cul-1 (data not shown).
Cul-1 is the only cullin family member that has been shown to
interact with Skp-1 and thus with F-box proteins (42). Concor-
dant with these findings, AF-BTrCP, which does not bind to
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Skp-1 (40), also failed to associate with either Cul-1 or Cul-1*
(Fig. 1A, lane 3). Strikingly, only Cul-1* was associated with en-
dogenous IkBa in TNF-a-treated cells, mdlcatlngr that Cul-1*
is the prevalent species of Cul-1 present in SCF®

Several cullin proteins, including Cul-1 (mammahan) and
Cdc53 (yeast), are known to be modified by the ubiquitin-like
protein Nedd8 (mammalian) or Rubl (yeast) (26, 30, 34, 44,
60). The mobility of Cul-1* on SDS-PAGE is consistent with
Cul-1 that is conjugated to a single molecule of Nedd8. To test
whether Cul-1* was in fact a Nedd8-conjugated form of Cul-1,
we examined the Cul-1 associated with IkBa and BTrCP with
a Nedd8-specific antibody. Cul-1* was immunoreactive with
the Nedd8 antibody (Fig. 1A, lower panel), whereas the faster-
migrating Cul-1 was not. Thus, Cul-1* is a Nedd8-conjugated
form of Cul-1.

We next investigated whether the Nedd8 modification oc-
curred in response to TNF-a by examining endogenous Cul-1
associated with FLAG-BTrCP in control and TNF-a-treated
cells. Lysates from 293 cells transfected with FLAG-BTrCP
were immunoprecipitated with anti-FLAG resin, and Western
blot analyses were performed with antibodies to the SCF com-
ponents Skp-1 and Cul-1. Endogenous Skp-1, Cul-1, and Cul-1*
were associated with BTrCP (Fig. 1B, lanes 1 and 2). The
association of Cul-1 and Cul-1* with BTrCP and the relative
abundance of the two Cul-1 species was unaffected by TNF-a
induction (Fig. 1B, lanes 1 and 2), unlike the association of
Cul-1* with phosphorylated IkBa (Fig. 1A, lane 2). We ob-
served that Cul-1* was a minor component in cell extracts
relative to the majority of total Cul-1 and was not readily
detected in crude cell lysates (Fig. 1B, lane 3). We also noted
that the crude cell lysates contained an additional Cul-1-im-
munoreactive species which was most likely Cul-2 based on its
SDS-PAGE mobility and its reactivity with anti-Cul-2 antibod-
ies (data not shown).

We next addressed whether another known substrate of
SCF® ", B-catenin, also associated with Nedd8-modified Cul-1
in vivo. To stabilize B-catenin and allow detection of associated
proteins, 293 cells were treated with MG273 prior to lysis (data
not shown) (2). Lysates from these cells were immunoprecipi-
tated with anti-B-catenin, and the immune complexes were
subjected to immunoblotting with anti-Cul-1 (Fig. 1C, lanes 1
and 2). As in Fig. 1A, FLAG-tagged WT and AF-box BTrCP
immunoprecipitates were included on the same gel for com-
parison (Fig. 1C, lanes 3 and 4). Similar to results with phos-
phorylated IkBa, stabilized B-catenin associated strictly with
Cul-1*.

Two lines of evidence suggest that Nedd8-Cul-1 is the pre-
ferred form of Cul-1 present in cellular SCF®"" even though
the Nedd8-modified Cul-1 represents only a minor portion of
the total cellular Cul-1. First, the relative proportion of Nedd8-
Cul-1 (Cul-1*) to unmodified Cul-1 was greatly enriched in
association with ectopically expressed BTrCP compared to the
total cellular pool of Cul-1. Second, Cul-1* was the sole form
of Cul-1 associated with two substrates of SCF® ", IkBa and
B-catenin, when examined at physiological levels i 1n cells.

The Nedd8 conjugation pathway is required for IkBa ubiq-
uitination. The association of Nedd8-conjugated Cul-1 with
phosphorylated IkBa in vivo prompted us to ask whether the
Nedd8 conjugation pathway is involved in the IkBa ubiquiti-
nation reaction. We performed ubiquitination assays using cell
extract or recombinant proteins as sources of IkBa-conjugat-
ing enzymes. HeLa cells contain a phosphorylation-specific
IkBa ubiquitin ligase activity which can be detected in cytosolic
extract (see below) (2, 63, 64). When this extract is passed over
a Q-Sepharose column, two fractions are obtained: FI, consist-
ing of proteins which flow through the column, and FII, con-



VoL. 20, 2000

A Frl

Nedd8
UbcHSA
Ubcl2

Ubc12 C-S
Time(min)

IxBo
+
Ub*

IxBa -+

Ubcl2 C-S

Ubcl2 WT +
Time (min): o

IxBa

e ———————

1 2 3 4 5 6

FIG. 2. Ubiquitination of IkBa requires the Nedd8 pathway. (A) Reconsti-
tution of IkBa ubiquitination activity in vitro. Ubiquitination assays were per-
formed with HeLa FII (40 pg), ubiquitin (60 uM), an ATP-regenerating system,
and recombinant 3*S-labeled IkBa/p65, phosphorylated on S32 and S36 as de-
scribed in the text. Into these reactions, HeLa FI (15 pg), UbcHS5A (150 nM),
Nedd8 (250 nM), and WT Ubcl12 (150 nM) or Ubc12C111S (5 pM) was added
as indicated. Following incubation at 37°C for 0 or 90 min, reactions were stopped
by the addition of SDS sample buffer and resolved on an SDS-9% gel, and the
reaction products were detected with a phosphorimager. (B) Ubc12C111S acts as
a dominant negative inhibitor of IkBa ubiquitination. Reactions were performed
as for panel A, using FII (40 pg), ubiquitin (60 uM), UbcHS5A (150 nM), Nedd8
(1 pM), an ATP-regenerating system, and recombinant >°S-labeled IxBa/p65,
phosphorylated on S32 and S36 as described in the text. Into these reactions, WT
Ubcl2 was added at 50 nM (lanes 1, 2 and 4), 500 nM (lane 5), or 1 uM (lane
6). Ubcl12C111S (Ubcl2 C-5; 5 pM) was added in lanes 3 to 6. Following
incubation at 37°C for 0 or 90 min, reactions were stopped by the addition of SDS
sample buffer and resolved on an SDS-9% gel, and the reaction products were
detected with a phosphorimager.

sisting of proteins which are retained on the column and eluted
with 300 mM NaCl (18). FII contains the heterodimeric
NeddS8-activating enzyme, APP-BP1/Uba3, as well as several
SCF components including Skp-1, Rbxl, Cul-1 (data not
shown), and Cdc34, the only E2 shown to interact directly with
SCF complexes by virtue of its binding to Cul-1 (46). It is well
established that in the presence of ubiquitin and ATP, FII
alone is insufficient to form ubiquitin conjugates on phosphor-
ylated IkB but requires the addition of FI proteins (see Fig.
2A, lanes 1 to 3) (2, 64). FI contains several ubiquitin-E2s,
including members of the Ubc4/5 family (UbcHSA, -B, and -C)
(23, 48), the Nedd8-E2 Ubcl2 (13, 44), and both ubiquitin and
Nedd8. Thus, supplementing FII with the required FI compo-
nents should faithfully reproduce the conjugation reaction.
We performed ubiquitin conjugation reactions with purified
recombinant phosphorylated **S-labeled IkBa/p65, as the sub-
strate and with FII supplemented with FI, or with purified,
recombinant FI components, as the source of conjugating en-
zymes. The combination of FI and FII supported IkBa ubig-
uitination resulting in the formation of high-molecular-weight
conjugates (Fig. 2A, lane 3). When FI was replaced by the
addition of either bacterially produced Nedd8 or UbcHSA,
only a slight difference in conjugate formation was observed
compared to FII alone (Fig. 2A, lanes 2, 4, and 5). The effect
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of adding Nedd8 together with UbcHSA and FII resulted in a
modest enhancement of conjugate formation (lane 6). Strik-
ingly, the presence of Nedd8, UbcHSA, and Ubc12 resulted in
the formation of high-molecular-weight conjugates to a greater
extent than even observed for FI and FII (compare lanes 3 and
7). Clearly, the presence of both the Nedd8-E2 and ubiquitin
E2 activities was required for full conjugation activity in this
system since the omission of UbcHS5A from reactions contain-
ing Nedd8 and Ubcl2 resulted in the formation of only low-
molecular-weight conjugates (lane 9).

To further define the requirement for the Nedd8-activating
pathway in IkBa ubiquitination, recombinant Ubc12 with an
active-site Cys-to-Ser mutation was expressed and purified
from bacteria. In the presence of Nedd8 and Nedd8-activating
enzyme, Ubcl2C112S can form stable oxygen esters with
Nedd8 but cannot transfer Nedd8 to a target protein (data not
shown). Similar ubiquitin-E2 mutants can act as competitive
inhibitors in conjugation assays and therefore are useful re-
agents for discerning the role of specific E2s within crude
reaction systems (57). Substitution of WT Ubcl2 with the
active-site mutant Ubcl2C111S in ubiquitination reactions
failed to support IkBa conjugate formation and essentially
blocked all conjugate formation in the presence of Nedd8 and
UbcHSA (Fig. 2A, compare lanes 6 and 8). The Ubc12C112S
mutant also inhibited ubiquitination in the presence of WT
Ubc12 (Fig. 2B, compare lanes 2 and 4). This effect was re-
versible when increasing amounts of WT Ubcl2 were added
back to the reaction (lanes 4 to 6), suggesting that Ubc12C112S
exerts its effects by inhibiting Ubc12 through a competitive
mechanism. Taken together, these results suggest that the fac-
tors in FI responsible for supporting IkBa-conjugating activity
by FII include Nedd8 and at least two E2 activities operating in
both the Nedd8 (Ubc12) and ubiquitin (UbcH5A) conjugation
pathways.

Cul-1 Lys720Arg fails to form conjugates with Nedd8. Given
that only a minor fraction of Cul-1 is modified by Nedd8 in
vivo, the results above suggest that Nedd8 modification may
play a significant role in the regulation and function of
SCF® . To examine this possibility further, we prepared a
mutant of Cul-1 that does not form conjugates with Nedd8.
Recently, a single lysine residue present in the C terminus of
Cul-2 was shown to be required for Nedd8—Cul-2 conjugate
formation (60). This lysine lies within a region of Cul-2 that is
highly conserved in all cullin proteins and is analogous to
residue 720 in Cul-1 (Fig. 3A). We thus prepared a FLAG
epitope-tagged construct of Cul-1 with the lysine at position
720 changed to arginine, a conservative residue that cannot
accept the Nedd8 modification. To establish that K720R Cul-1
was not a substrate for Nedd8 conjugation, FLAG-WT and
FLAG-K720R Cul-1 were expressed in 293 cells and immuno-
precipitated. The immunoprecipitates were then incubated
with recombinant Nedd8, recombinant NeddS8-conjugating en-
zyme Ubcl2, FII (see Materials and Methods) as a source
of Nedd8-activating enzyme (APP-BP1/UBA3) (13, 44), and
an ATP-regenerating system. The reaction products were re-
solved by SDS-PAGE and immunoblotted with the anti-FLAG
antibody. Nedd8 conjugates of WT Cul-1 were readily detected
due to a mobility shift in SDS-PAGE (Fig. 3B, lane 2), which
was notably similar to the pattern observed for cellular Cul-1*
versus Cul-1 (Fig. 1). Conversely, the K720R mutant Cul-1 was
not subject to Nedd8 modification under these conditions,
confirming that K720 is a critical residue for the formation of
Nedd8-Cul-1.

SCFP " containing K720R Cul-1 has reduced IxBa ubig-
uitination activity. In addition to the results presented here, a
growing body evidence from other systems, including yeast (20,
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Cul-1 AAIVRIMKMRKVLKHQQLLGE
Cul-2 AAIVRIMKARKVLRHNALIQE
Cul-4a AAIVRIMKMRKTLGHNLLVSE
Cul-4b AAIVRIMKMRKTLSHNLLVSE
cdc53 ACIVRIMKAKRNLPHTTLVNE

WT K720R
b

<+— Cul-1*

1 2 3 4

FIG. 3. Identification of Nedd8 conjugation site in human Cul-1. (A) Align-
ment of Cul-1 amino acid sequence with sequences of other cullins. The Nedd8
conjugation site identified in Cul-2 is indicated by an arrowhead. (B) K720R
Cul-1 is defective in forming Nedd8 conjugates. FLAG-tagged WT Cul-1 (lanes
1 and 2) or K720R Cul-1 (lanes 3 and 4) was expressed in 293 cells and immu-
noprecipitated with FLAG resin. The immunoprecipitates were then incubated
with recombinant Nedd8 (250 nM), Ubc12 (150 nM), and FII (20 pg) for either
0 (lanes 1 and 3) or 30 (lanes 2 and 4) min at 30°C. The reaction products were
resolved by SDS-PAGE (7.5% gel) under reducing conditions and immunoblot-
ted with the anti-FLAG antibody. Cul-1* = Nedd8-Cul-1.

30) and plants (14), suggests that Nedd8—Cul-1 is important for
the regulation of SCF function. To address a potential role of
Nedd8-Cul-1 in SCF®"" assembly, FLAG-WT and FLAG-
K720R Cul-1 were tested for the ability to associate with SCF
components. WT or K720R Cul-1 was coexpressed in 293 cells
with WT BTrCP fused to a Myc epitope tag, and immune
complexes were purified from cell lysates with anti-FLAG
resin. An aliquot of each complex was resolved by SDS-PAGE
and immunoblotted with anti-FLAG, anti-Myc, and anti-Skp-1.
Given that mutation of the sequence 755-IVRIMK-760 to
polyalanine in the yeast Cul-1 homologue Cdc53 (in which
K760 in Cdc53 is analogous to K720 in human Cul-1) did not
affect Cdc53 binding with Skp-1, F-box proteins, or Cdc34 (46),
we expected that the K720R Cul-1 would also retain its ability
to participate in SCF-protein interactions in this system. In-
deed, no difference in the interaction of either FLAG-WT or
K720R Cul-1 with Skp-1 or Myc-BTrCP was detected (Fig. 4A,
lanes 1 and 2). We noted that a portion of FLAG WT Cul-1
was modified by Nedd8 (Cul-1*), while K720R Cul-1 was not
(Fig. 4A). We also noted that WT Cul-1 coexpressed with
BTrCP showed enhanced NeddS8 ligation compared to WT
Cul-1 expressed alone (compare Fig. 3B, lane 1, to Fig. 4A,
lane 1).

To assess the affect of the Nedd8 pathway on the activity of
these SCF?" complexes ubiquitination reactions were recon-
stituted using FLAG immunoprecipitates containing either
WT or K720R Cul-1 and phosphorylated *°S-labeled IkBa/
P65, as the substrate (Fig. 4B). In the absence of added ubiq-
uitin E2, the FLAG immune complexes did not support ubiq-
uitination of IkBa (lanes 1 and 6). Formation of conjugates
was stimulated when the ubiquitin E2s Cdc34 and UbcHS,
both previously implicated in IxBa ubiquitination (12, 43, 53,
56, 65), were added to SCF?" containing WT Cul-1 (lane 2).
In contrast, under the same reaction conditions, the conjuga-
tion activity of complexes containing K720R Cul-1 was signif-
icantly less compared to WT Cul-1 (compare lanes 2 and 7).
When Nedd8 pathway components were added to the FLAG
immune complexes in the absence of ubiquitin E2 activity, no
conjugates were detected, indicating that addition of the
Nedd8 pathway alone was insufficient to promote ubiquitina-
tion and that IkBa itself did not form conjugates with Nedd8
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(lane 3). Strikingly, Nedd8 pathway components added to
FLAG-WT Cul-1 immunoprecipitates in the presence of
UbcHSA and Cdc34 resulted in an increase in formation of
high-molecular-weight conjugates over that observed with the
ubiquitin-E2s alone (compare lanes 2 and 4), and anti-FLAG
Western blots of these reactions showed increased ligation of
Nedd8 to WT Cul-1 (data not shown). Conversely, addition of
the Nedd8 pathway had no effect on the ubiquitination activity
of the K720R complexes (compare lanes 7 and 9). Importantly,
the effects of the Nedd8 pathway on ubiquitination activity in
these reactions retained specificity for phosphorylated IkBa, as
no conjugates were detected with S32/36A IkBa (lanes 5 and
10). Together, these results suggest that optimal ubiquitination
activity of SCF® ~ requires Nedd8 and ubiquitin-conjugating
enzyme systems, and that K720 of Cul-1 is an important site of
Nedd8 conjugation that has profound effects on activity.

We next sought to Q gompare the relative ubiquitin-conjugat-
ing activity of SCF®" containing either WT or K720R Cul-1
by titrating similar amounts of the immunoprecipitates into
reactions containing 150 nM IkBa/p65,, a level well in excess
of its K,,, (see below). These reactions were performed in the
presence of the fully reconstituted ubiquitination system and
components of the Nedd8 pathway. The activity of both en-
zyme complexes was linear with time at eachpenzyme concen-
tration tested (data not shown), and SCF® ~ containing WT
Cul-1 was significantly more active than the K720R Cul-1 mu-
tant (Fig. SA). Importantly, the levels of Myc-BTrCP, endog-
enous Skp-1, and HA-Rbx1 associated with WT and K720R
Cul-1 were comparable between the enzyme preparations (Fig.
5B); thus, the lower activity of the SCF?" containing K720R
Cul-1 is not due to apparent differences in the association of
these complex components. These results provide the first bio-
chemical evidence that optimal catalytic activity of an SCF

A .é"
IP: anti-FLAG Cul-1: 4‘5 >
nt-FLAG Emem 3= Cull
Western: | anti-Myc om we «— BTrCP
anti-Skp-1 4% @& <«— Skp-1
12
B »
Ao
IxBo & — 3“‘:‘— 9“3‘3‘?
UbcH5a+Cdc34- + - + + |- +- + +
Nedd8 Pathway - - + + + |- - + + +

L B ] g R IxBo
: +
Ub®

hemes vemma i

| P 4
1234 5|6780910
IP: anti-FLAG Cul-1: WT K720R

FIG, 4. Nedd8 modification of Cul-1 stimulates ubiquitination activity of
SCFP" . 293 cells were cotransfected with FLAG-tagged Cul-1 (WT or K720R)
and Myc-BTrCP. (A) Anti-FLAG immune complexes from these lysates were
immunoblotted with anti-FLAG to detect Cul-1, anti-Myc to detect BTrCP, and
anti-Skp-1. Note the presence of Cul-1* in WT Cul-1-transfected cells only. (B)
Immune complexes from WT Cul-1 plus WT BTrCP (lanes 1 to 5) or K720R
Cul-1 plus WT BTrCP (lanes 6 to 10) were assayed for IkBa ubiquitination
activity. Ubiquitination of WT (lanes 1 to 4 and 6 to 9) or S32/36A (lanes 5 and
10) IkBa (150 nM) was assayed in the presence of 100 nM E1, 60 wM ubiquitin,
0.5 uM ubiquitin aldehyde, 2.5 uM MG273, an ATP-regenerating system, and 1
.M microcystin LR. UbcHS5a (150 nM), Cdc34 (150 nM), and the Nedd8 path-
way (Nedd8 [250 nM], Ubcl2 [150 nM], and APP-BP1/Uba3) were added as
indicated.
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FIG. 5. K720R Cul-1 affects the ubiquitination activity of SCFE™ 293 cells
were cotransfected as in Fig. 4 except that HA-Rbx1 was included. (A) Aliquots
of anti-FLAG immune complexes were assayed for IkBa ubiquitination activity
for 20 min at 37°C in the presence of 100 nM E1, 60 uM ubiquitin, 0.5 pM
ubiquitin aldehyde, 2.5 pM MG273, an ATP-regenerating system, 1 pM micro-
cystin LR, UbcH5a (150 nM), Cdc34 (150 nM), the Nedd8 pathway (Nedd8 [250
nM], Ubcl2 [150 nM], 0.5 pl of affinity-purified APP-BP1/Uba3), and 150 nM
IkBa/p65,. Samples were analyzed by SDS-PAGE on 9% gels and quantified by
phosphorimage (PI) analysis. Shown is conjugate formation plotted versus the
amount of enzyme added. (B) Indicated amounts of the immune complexes
assayed in panel A were separated by SDS-PAGE on 9% gels and immunoblot-
ted with the indicated antisera. (C) Nedd8 conjugation to Cul-1 does not affect
the K, for IkBa. Aliquots (5 wl [WT] or 10 pl [K720R]) of the anti-FLAG
immune complexes shown in panel B were assayed for IkBa ubiquitination
activity as in panel A, using IkBa/p65, ranging in concentration from 9.4 to 600
nM. Shown is conjugate formation plotted versus substrate concentration and
fitted to the equation v = V,,..[ST/K,, + [S].

complex ubiquitin ligase requires Cul-1 that is competent for
Nedd8 conjugation.

Since we observed no obvious difference in the composition
of SCF®"™" formed with either WT or K720R Cul- 1, we asked
whether the differences in ubiquitination activity could be ex-
plained by differences in the affinity of these complexes for
phosphorylated IkBa. FLAG immunoprecipitates were pre-
pared from cells transfected with FLAG-Cul-1 (WT or K720R),
Myc-BTrCP, and HA-Rocl. Ubiquitination reactions reconsti-
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tuted as above were conducted using **S-labeled IkBa/p65,
ranging in concentration from 9.4 to 600 nM (using twofold
serial dilutions) and resolved by SDS-PAGE. The high-molec-
ular-weight ubiquitin conjugates were quantified by phosphor-
image analysis. The K,,, for IkBa/p65, was determined by fit-
ting conjugate formation Versus substrate concentration to the
equation v = V. [S]/K,, + [S] (Fig. 5C). In two independent
experiments, the value of K., for IxBa/p65, was essentially the
same for both forms of SCFF - and ranged from 30 to 50 nM.
Thus, the Nedd8 modification of Cul-1 apparently does not
influence substrate binding affinity of SCF® ~ under our assay
conditions.

DISCUSSION

Several recent studies have shown that SCF®"" functions as
a ubiquitin ligase (E3) responsible for phosphorylation-depen-
dent ubiquitination of IkBa (11, 17, 28, 53, 55, 63, 65). In this
report, we present several lines of evidence that Nedd8 mod-
ification of Cul-1 and Nedd8-conjugating activity enhance the
IkBa ubiquitination activity of SCF*"" First, although only a
small portion of the total cellular pool of Cul-1 is modified by
Nedd8, Nedd8-Cul-1 was the only form detected in association
with the SCFP "~ substrates phosphorylated IkBa and B-cate-
nin in vivo. Second, a significant portion of endogenous Cul-1
associated with ectopically expressed BTrCP was modified by
NeddS8. Third, Ubcl2-dependent Nedd8-conjugating activity,
in addition to ubiquitin-conjugating acthlty, was required for
robust ubiquitination of IkBa by SCF*"" in vitro. Morcover,
an active-site mutant of Ubc12 was a potent inhibitor of IxBa
ubiquitination. Flnally, IkBa ubiquitination activity of SCF*"
was stimulated in the presence of Nedd8 pathway components.
In contrast, SCF®" assembled with a mutant Cul-1 (K720R)
that does not form conjugates with Nedd8 was significantly less
active than the WT enzyme and was not stimulated in the
presence of the Nedd8 pathway. Taken together, our results
suggest that Nedd8 conjugation of Cul-1 has profound effects
on SCF?" ublqumnatlon activity, linking the Nedd8 and ubig-
uitin pathways in the signal dependent degradation of IkBa
(Fig. 6).

Our experiments suggest that NechL§ conjugatlon of Cul-1 is
important for the function of SCF® " but is not essential for
detecting ubiquitination activity in vitro (Flg 4B and 5). These
results are reminiscent of recent studies in which SCFP
activity was reconstituted in the absence of exogenous Nedd8
pathway components (53, 65). While the status of Nedd8-
Cul-1 conjugation was not examined in these studies, in light of
our findings, at least some portion of the Cul-1 was likely
modified by Nedd8. We found that the IxBa ubiquitination
activity both in cellular extracts and in isolated SCF*"™" was
significantly enhanced in the presence of the Nedd8 pathway.
We also noted that a portion of the WT Cul-1 in 1mmun0pre—
cipitated SCF*"" was conjugated to Nedd8 in vivo and that
Nedd8-Cul-1 levels increased in reactions containing Nedd8
pathway components, an effect coincident with increasing IkBa
ubiquitination activity (Fig. 4).

SCF complexes are implicated in the regulated proteolysis of
a growing number of cellular proteins. Recent reports have
added the R-box proteins, Rbx-1 (Rocl), Rbx-2, and APC11,
as members of SCF and related E3 complexes and have begun
to shed light on the mechanism by which these enzymes rec-
ognize target substrates and catalyze the formation of Ub con-
jugates (25, 43, 50, 52, 56) and Nedd8 conjugates (26). Cul-1
and related cullin proteins are known to form conjugates with
Nedd8 (60). How Nedd8 conjugation of the cullin proteins
impinges on the association and/or activity of these factors with
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FIG. 6. Ubiquitination of IxBa by SCF®"™" involves both the ubiquitin and
Nedd8 conjugation pathways. SCFP " is composed of Skp-1 e

1-1, Rbx1, and
the F-box protein, BTrCP. The ubiquitination activity of SCF® " is potentiated

when Cul-1 is modified by Nedd8. Nedd8 modification of Cul-1 occurs through
a pathway which includes the heterodimeric Nedd8-activating enzyme, APP-
BP1/Uba3, and the Nedd8-conjugating enzyme, Ubc12. The ubiquitin E2, Cdc34,
is recruited to SCF® by 1nterdctmg with Rbx1 and Cul-1. Both Cdc34 and
UbcHS have been implicated in ubiquitination of IkBa, but their precise rela-
tionship is unclear. The ubiquitin-E2s build a polyubiquitin chain on phosphor-
ylated IkBa when IkBa is bound to BTrCP.

the core components of the SCF and related complexes is not
known. Our analysis of SCF® ~ using coimmunoprecipitation
experiments showed that the associations of B-TrCP, Skp-1,
and Rocl with either FLAG-tagged WT or K720R Cul-1 were
indistinguishable (Fig. 5B). Moreover, the ability to form
Nedd8-Cul-1 conjugates had no obvious affect on the affinity
of SCF*™" for phosphorylated IkBe, as the apparent K,, for
this substrate was similar for both forms of the enzyme. "The
striking  difference in ubiquitination activity observed for
SCF*' containing WT or K720R Cul-1 could reflect a role for
Nedd8 modification in altering the conformation of Cul-1 in a
manner that does not grossly affect interaction with other SCF
components or substrate but does stimulate ubiquitin transfer.
While this report was in preparation, two reports describing
Nedd8 conjugation of Cul-2 in an SCF-related E3 ligase (see
below) called the von Hippel Lindau-elonginB/C (VBC) com-
plex were published (34, 61). Neither report addressed a role
for Nedd8—Cul-2 in ubiquitination activity; however, both
showed that formation of Nedd8—Cul-2 in vivo was dependent
on the integrity of the VBC complex. Moreover, Wada et al.
(61) speculated that differences in their ability to immunopre-
cipitate WT versus a mutant form of Cul-2 that is analogous to
K720R Cul-1 could reflect a conformational effect of forming
the Nedd8 conjugate.

SCF complexes, along with the VBC and other cullin-con-
taining complexes, are members of a proposed superfamily of
ubiquitin ligases (E3s) (for a review, see reference 58). These
complexes share a common architecture which includes the
presence of cullin-like and R-box proteins at the core. Cul-1
and related cullin proteins are the only components of these
complexes known to form conjugates with Nedd8. Since K720
and the surrounding sequence in Cul-1 is conserved in all cullin
proteins (Fig. 3A), and since all cullin proteins tested to date
can be modified by a single Nedd8 molecule (44, 60), it seems
likely that the requirement for Nedd8 modification at this site
will also be a common feature of all cullin protein-containing
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complexes. This raises the intriguing possibility that formation
of Nedd8 conjugates represents a novel and universal mecha-
nism for regulating the activity of SCF and other cullin-con-
taining complexes. Thus, regulation of Nedd8 levels, and/or the
associated NeddS8-activating enzyme and E2 activities, may
play a fundamental role in controlling levels of key protein
targets of these E3s under different physiological states. This
idea is supported by the fact that Nedd8 is differentially ex-
pressed in a variety of tissue types and is down regulated dur-
ing cellular differentiation (24, 29).

This study demonstrates that the Cul-1 component of
SCF*"" is decorated with a single Nedd8 molecule when it is
part of an active SCF®" complex engaged with its cellular
substrates, phosphorylated IkBa and B-catenin (Fig. 6). While
the role of the Nedd8 modification in any biological function
has been elusive, the involvement of Nedd8 in SCF-mediated
ubiquitination links these two highly related pathways of pro-
tein modification. Both pathways are required to ultimately
result in degradation of a phosphorylated substrate. Inhibition
of the Nedd8-activating pathway in cells could reveal addi-
tional pathways where this modification exerts a regulatory
role.
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