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Covalent modification of cullins by the ubiquitin-like protein
NEDD8 (neddylation) regulates protein ubiquitination by pro-
moting the assembly of cullin-RING ligase E3 complexes. Like
ubiquitination, neddylation results from an enzymatic cascade
involving the sequential activity of a dedicated E1 (APPBP1/
Uba3), E2 (Ubc12), and an ill-defined E3.We show that SCCRO
(also known as DCUN1D1) binds to the components of the ned-
dylation pathway (Cullin-ROC1, Ubc12, and CAND1) and aug-
ments but is not required for cullin neddylation in reactions
using purified recombinant proteins.We also show that SCCRO
recruits Ubc12�NEDD8 to the CAND1-Cul1-ROC1 complex
but that this is not sufficient to dissociate or overcome the inhib-
itory effects of CAND1 on cullin neddylation in purified protein
assays. In contrast to findings in cellular systemswhere no bind-
ing is seen, we show that SCCRO and CAND1 can bind to the
neddylatedCul1-ROC1 complex in assays using purified recom-
binant proteins. Although neddylated (not unneddylated) Cul1-
ROC1 is released from CAND1 upon incubation with testis
lysate from SCCRO�/� mice, the addition of recombinant
SCCRO is required to achieve the same results in lysate from
SCCRO�/� mice. Combined, these results suggest that SCCRO
is an important component of the neddylation E3 complex that
functions to recruit charged E2 and is involved in the release of
inhibitory effects of CAND1 on cullin-RING ligase E3 complex
assembly and activity.

Post-translational modification of proteins by ubiquitin (Ub)4
regulates diverse cellular functions including protein turnover,

differentiation, apoptosis, cell cycle, and transcription (1–5).
Given its essential role, ubiquitination is a highly regulated
process that involves the sequential action of three enzymes
termed as E1, E2, and E3. In this enzymatic cascade, E1 initiates
the process by forming a high energy thioester bond with Ub in
an ATP-coupled reaction. The Ub is then transferred to E2 as a
thioester intermediate. Finally, E3s serve as the targeting arm in
the ubiquitination process, mediating the transfer of Ub from
E2 to the target protein to create an isopeptide bond between
the C-terminal glycine in Ub and a lysine residue on the sub-
strate protein. Once attached, the Ub itself can be modified to
generate polyubiquitin chains on the target protein (6). The
functional effects of ubiquitination are influenced by the chain
length and the residue on theUb to which the chain is attached.
Polyubiquitination promotes translocation to the 26 S protea-
some for degradation. Other functional effects of mono- and
polyubiquitination include protein translocation, interaction,
and activation.
Although there is only one known E1 (except in plants) and

relatively few E2s, E3s exist in multiple forms to allow for spe-
cific protein targeting (6). In general, E3s aremodularmultipro-
tein complexes that can be divided into two broad categories
based on the presence of either a HECT (homologous to E6-AP
C terminus) or RING (Really Interesting New Gene)-finger
domain-containing protein at their core. Although HECT E3s
form a thioester intermediate with the Ub before its transfer,
RING-containing complexes serve as scaffolds to facilitate the
direct transfer of Ub from E2 to the target protein.
Cullin RING ligases (CRLs) constitute the largest class of E3s

in mammals (7, 8). All CRLs are anchored by cullins, a highly
conserved protein family with seven known isoforms in
humans (Cul1, Cul2, Cul3, Cul4a, Cul4b, Cul5, and Cul7). A
small RING protein (ROC1) and a variable substrate recogni-
tion subunit bind to the cullin core to form the CRL complex.
The SCF (SKP1 cullin1 F-box) complex is the prototypic CRL
E3 complex and is made up of ROC1 bound to the C terminus
and SKP1 adaptor protein bound to the N terminus of Cul1.
SKP1 in turn binds to a host of different F-box containing pro-
teins to confer target specificity, and ROC1 binds to E2 to form
the catalytic core of the SCF complex.
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Assembly of CRL complexes serves as a key regulatory step
for ubiquitination. Cullins normally exist as part of two mutu-
ally exclusive complexes in cells. The majority of cullins are in
complex with CAND1 (Cullin-associated and neddylation-dis-
sociated 1), which sterically inhibits assembly of CRL com-
plexes. The covalent modification of cullins with the ubiquitin-
like protein (Ublp) NEDD8, in a process termed neddylation,
dissociates CAND1 and promotes assembly of CRL complexes
(9–12). In addition, cullin neddylation also enhances CRL
activity through the recruitment of ubiquitin E2s to the com-
plex and possibly facilitating cullin heterodimer formation (13–
15). Conversely, deneddylation of cullins, principally by the
COP9 signalosome, promotes dissociation of CRL complexes
and binding to CAND1. Several studies suggest that cycling of
neddylation and deneddylation is required for normal CRL
function (8, 16, 17).
Neddylation occurs by mechanisms analogous to Ub or

Ublp conjugation, involving the sequential activity of a ded-
icated E1, E2, and E3. Although APPBP1/Uba3 functions as
the E1 and Ubc12 as the E2, the precise components of the
neddylation E3 remain to be established. Using a positional
cloning strategy, we identified SCCRO (squamous cell carci-
noma-related oncogene) within a recurrent amplification
peak at 3q26.3 in squamous cell carcinomas (18). Activation
of SCCRO by amplification is associated with malignant
transformation in vitro and in vivo and an aggressive clinical
course in human cancers. Moreover, cancer cell lines carry-
ing amplification are addicted to high SCCRO levels, rapidly
undergoing apoptosis with SCCRO suppression using RNAi
(18). Here we show that SCCRO interacts with known cullin
isoforms as well as ROC1, Ubc12 and CAND1. SCCRO pref-
erentially binds to Ubc12�NEDD8 thioester and augments
cullin neddylation in both lysate and purified systems.
Although SCCRO is not essential in a purified system, acti-
vated neddylation is reduced in extracts made from
SCCRO�/� mice. In addition, these mice have reduced via-
bility and severe developmental defects, suggesting that
SCCRO plays an important role in vivo. Details of the SCCRO
knock-out mouse construction and characterization will be
published elsewhere.5 Although SCCRO does not release
CAND1 or overcome its inhibition of cullin neddylation in
assays using purified protein, Cul1-ROC1 dissociates from
CAND1 when incubated in lysate from SCCRO�/� mice but
not SCCRO�/� mice. These findings suggest that SCCRO
plays an essential role in neddylation and supports its inclu-
sion as a component of the E3 complex for neddylation.

EXPERIMENTAL PROCEDURES

Alignment and Sequence Analyses—Data base and BLAST
searches were carried out at NCBI (www.ncbi.nlm.nih.gov).
Multiple sequence alignments were performed using the
ClustalW program.
Reagents—All constructs were generated by standard PCR

ligation-based methods and verified by automated sequencing.

Proteins were expressed as GST fusions in Escherichia coli,
induced overnight at 18 °C with the addition of 1 mM isopropyl
1-thio-�-D-galactopyranoside, and purified by passing through
glutathione-Sepharose 4B beads (GE Healthcare) followed by
thrombin cleavage where required. Cul1-ROC1 was expressed
and purified from E. coli essentially as described previously
(19). APPBP1/Uba3, Ubc12, and NEDD8 were obtained from a
commercial source (Boston Biochem).
cDNAs for mammalian transfection were cloned into pUSE-

amp or pCMV-HA vector (Clontech). Anti-SCCRO RNAi and
scrambled RNAi were generated, validated, and used as previ-
ously described (18). Transfection was carried out with Lipo-
fectamine 2000 (Invitrogen) or FuGENE (Roche Applied Sci-
ence) using manufacturer’s specifications.
All cell lines used in this study were obtained from ATCC

(American Type Culture Collection,Manassas, VA) and grown
at 37 °C in 5% CO2. HeLa cells were maintained in minimal
essential media supplemented with 10% fetal calf serum-con-
taining antibiotics.
The following antibodies were used in this study: anti-Cul1

(Zymed Laboratories Inc.), anti-Cul2 (Abcam), anti-Cul3 (BD
Biosciences), anti-Cul4, anti-Cul5, anti-SKP2 (Santa Cruz),
anti-ROC1 (Abcam), anti-SKP1 (Abnova), anti-Ubc12 (Rock-
land, MA), anti-NEDD8 (Invitrogen), anti-CAND1 (BD Bio-
sciences), anti-tubulin (Calbiochem), anti-HA (Abcam), and
anti-FLAG (Sigma). Anti-SCCRO (rabbit polyclonal) antibody
was produced and utilized as described previously (18). Anti-
SCCROmonoclonal antibody was raised against anN-terminal
region of the protein in SCCRO�/� mice. This antibody was
found to be highly sensitive and specific in control experiments
(data not shown). Secondary antibodies conjugated to horse-
radish peroxidase (Santa Cruz, CA) were used according to the
manufacturers’ specifications.
GST Pulldown Assay—GST tagged proteins were bound to

glutathione-Sepharose beads by gentle rocking at 4 °C for 30
min. The beads were washed 3 times with EBC buffer (50 mM

Tris-HCl, pH 7.5, 2.5 mMMgCl2, 150 mMNaCl, and 0.5% Non-
idet P-40) at 20� bead volume. The beads were incubated with
500 �g of HeLa cell lysate or purified proteins as indicated at
4 °C for 1 h followed by 3 washes with EBC buffer at 20� bead
volume. Bound proteins were eluted by the addition of 6� Lae-
mmli buffer, resolved on SDS-PAGE gels, and analyzed by
Western blot. For mass spectrometric analysis, the resolved
proteins were stained with Coomassie R250. Bands were
excised and subjected to matrix-assisted laser desorption/ioni-
zation reflectron time-of-flight (MALDI-reTOF)mass spectro-
metric analysis.
Immunoprecipitations—Immunoprecipitations were per-

formed essentially as described earlier (18). In brief, all cells
were lysed using mammalian cell lysis buffer (20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, 1 mM �-glycerophos-
phate, 1 mM Na3VO4, 1 �g/ml leupeptin) (Cell Signaling). One
mg of lysate was incubated with antibody (�HA, �SCCRO,
�ROC1, or preimmune sera) bound to agarose beads by gentle
rocking at 4 °C for 2 h. The same wash and detection sequence
was used as for the GST pulldown assay.

5 A. Kaufman, L. Hyurn, A. Conway, A. Kim, D. Pham, S. Talbot, S. Broderick, G.
Huang, P. Morris, K. Manova, G. Hannicut, Y. Ramanathan, and B. Singh,
manuscript in preparation.
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Thioester Reactions—Reactions were performed at room tem-
perature in a buffer (50mMTris-HCl, pH 7.6, 50mMNaCl, 10mM
MgCl2, 0.5 mMDTT) with 4 mMATP, 80 nM APPBP1/Uba3, 800
nM Ubc12, and 9 �MNEDD8. Reactions were quenched with 3�
non-reducing Laemmli buffer (withoutDTT), and the presence of
Ubc12�NEDD8 thioester complexes were verified by Western
blot for Ubc12 and/or NEDD8 in the presence and absence of 50
mMDTT.Timecourse experiments showed that incubation times
greater that 10min resulted in the formation of a small fraction of
NEDD8 bound to Ubc12 that was not reducible by DTT (supple-
mental Fig. 1).Accordingly, all thioester reactionswere carriedout
for 10 min or less. For use in binding assays, the reaction mix was
quenchedwith the additionofEDTAtoa final concentrationof 50
mMandpurified on aG-50micro spindesalting column. For com-
petitionexperiments, reactionconditionswere identical except for
the addition of a gradient of free Ubc12 to the purified thioester
reaction mix. Reaction conditions for HeLa transfected with HA-
Ubc12 orHA-Ubc12�1–26was the same, except a longer incuba-
tion time (30min) was employed for HA-Ubc12�1–26.
In Vitro Neddylation—The source of Cullin-ROC1 substrate

for in vitro neddylation reactions was either HeLa lysates or
mouse tissue extracts or was bacterially derived (see above).
Lysates from testes were used, as the SCCRO�/� mouse had
developmental defects restricted to the testis.5 For reactions
using HeLa or tissue-derived Cullin-ROC1 complexes, 100 or
10 �g, respectively, of lysates (Cul1 concentration �20 fmol)
were added to reactions containing 0.2–2 pmol of APPBP1/
Uba3, 1–12.5 pmol of Ubc12, and 150 pmol of cold NEDD8 or
32P-labeledNEDD8 in neddylation buffer (50mMTris-HCl, pH
7.6, 55mMNaCl, 5mMMgCl2, and 1mMDTT). Reactions were
incubated at 30 °C and stopped with the addition of 6� Lae-
mmli buffer. Reactions with bacterially derived substrate were
performed at 30 °C in neddylation buffer containing 20 nM
Cul1-ROC1, 4mMATP, 10 nM of APPBP1/Uba3, 20 nMUbc12,
and 0.9 �M NEDD8. In reactions containing CAND1, Cul1-
ROC1was preincubatedwith the indicated amounts ofCAND1
for 15 min at room temperature. Proteins were resolved on an
SDS-PAGE gel and subjected to autoradiography and/orWest-
ern blot analysis. For quantificationWestern blots were imaged
using MultiImage Light Cabinet and quantified using Alpha-
EaseFC v3.2.1 (Alpha Innotech Corp.).
Assay for Binding to Neddylated and Unneddylated Cullins—

Neddylation reactions were performed on purified Cul1-ROC1 at
30 °C for the indicated times. The reactions were stopped by the
addition of EDTA to a final concentration of 50mM, and the prod-
uctswere purified on aG-50micro spin desalting column.A small
aliquot of the flow-throughwas subjected toWestern blot analysis
forCul1 to establish the level of cullin neddylation. The remaining
flow-through was incubated with GST-SCCRO and/or GST-
CAND1 (at limiting concentrations) at room temperature for 20
min followed by the addition of glutathione-Sepharose beads and
incubationwith gentle rocking at 4 °C for 45min. After three 20�
beadvolumewasheswithEBCwashbuffer, 6xLaemmli bufferwas
added to the beads, and bound proteins were resolved on an SDS-
PAGE gel and analyzed by Western blot for Cul1. To assess the
effects of lysate on release of cullins from CAND1, neddylated or
unneddylated Cul1-ROC1 was incubated with GST-CAND1 at
room temperature for 20 min and rocked at 4 °C for 30 min.

SCCRO, SCCRO-D241N and/or testis lysate from SCCRO�/� or
SCCRO�/�micewas added onto the beads and rotated at 4 °C for
1 h followed by three 20� bead volume washes with EBC buffer.
6� Laemmli buffer was added to the beads, and bound proteins
were analyzed byWestern blot for Cul1.

RESULTS

SCCRO Interacts with Components of the Neddylation
Pathway—We identified SCCRO by fluorescent in situ hybrid-
ization-based fine resolutionmapping of a recurrent amplifica-
tion at 3q26.3 that is present in multiple human cancers (18,
20–22). As a step toward understanding themolecular function
of SCCRO, we sought to identify interacting proteins. GST-
SCCRO pulldown from HeLa lysates identified two unique
bands relative toGST alone (Fig. 1A). These bandswere excised
and subjected tomass spectrometric analysis (MALDI-ReTOF)
identifying CAND1 and members of the cullin family of pro-
teins (Cul1, Cul2, Cul3, and Cul4) as putative binding partners
(Fig. 1A). We confirmed these interactions by GST-SCCRO
pulldown from HeLa lysates followed byWestern blot for each
of the identified proteins. In addition, we found that SCCRO
also binds to Cul5 and ROC1 (Fig. 1B, lane 2). GST pulldown
assays using purified proteins showed that SCCRO directly
binds to ROC1, consistent with findings in yeast (data not
shown) (23). Because they are soluble only as a complex with
ROC1, we could not assess if SCCRO can also bind to cullins
directly.
Given the established role of CAND1 and the cullin family of

proteins in neddylation, we assessed for binding to other pro-
teins in the neddylation pathway, including NEDD8, APPBP1/
Uba3, and Ubc12 and found that SCCRO interacts with Ubc12
(Fig. 1B, lane 2). The co-immunoprecipitation of SCCRO with
each of its putative binding partners in HA-SCCRO-trans-
fected HeLa cells confirmed that the observed interactions
occur in cells (Fig. 1C, lane 2). SCCRO does not bind to Ubc9
(an E2 for sumoylation), SKP1, or SKP2, suggesting that its
interactions are specific to the components of the neddylation
pathway (data not shown).
To confirm these interactions occur in vivo, we performed

immunoprecipitation experiments using a SCCROmonoclonal
antibody that is highly sensitive and specific for SCCRO.West-
ern blots on the immunoprecipitates showed that SCCRO
binds to Cul1, ROC1, and CAND1 (Fig. 1D, left panel). Simi-
larly, reciprocal immunoprecipitation for ROC1 followed by
Western blotting confirmed the interaction with SCCRO as
well as CAND1, Cul1 and SKP2 (Fig. 1D, right panel). While
SCCRO did not interact with SKP2, ROC1 bound, as expected.
Tomapbinding domains, we created a series of SCCROdele-

tions and pointmutants asGST fusions, including those involv-
ing the N-terminal UBA (amino acids 8–45) and C-terminal
DCUN1 domain (amino acids 60–259) (Fig. 1, B, C, and E, and
supplemental Fig. 2). Whereas the N-terminal deletions
(SCCRO�1–33, SCCRO�1–45, and SCCRO�1–82) retained
binding, C-terminal deletions (SCCRO�151–259 and
SCCRO�210–259) lost detectable binding to CAND1, Cul-
ROC1, and Ubc12, suggesting that these proteins interact with
the C-terminal 49 amino acids within the DCUN1 domain of
SCCRO (Fig. 1, B and C, lane 3 and 4, and E). Point mutations
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were generated in highly conserved residues within the C-ter-
minal region of SCCRO and tested for binding to cullins,
CAND1, andUbc12. SCCRO-D241N lost detectable binding to
CAND1 and Cul-ROC1 complex but not to Ubc12, suggesting
that Ubc12 and CAND1/Cul-ROC1 bind to different regions
within the C terminus of SCCRO (Fig. 1B, lane 6). Our findings
using a biochemical approach are consistent with results from
structure-based analyses of Caenorhabditis elegans and Sac-
charomyces cerevisiae DCN-1/Dcn1p where mutations in a
similar residue in the SCCRO paralogue DCN1 (Asp-259) also
resulted in loss of binding to cullin-ROC1 (23–25).
SCCRO Augments Cullin Neddylation—Recently it was

reported that DCN-1/Dcn1p, the C. elegans and S. cerevisiae
orthologs of SCCRO, facilitate cullin neddylation (23–25). To

test if the human ortholog also
promotes cullin neddylation, we
performed in vitro neddylation
assays in the presence of varying
concentrations of SCCRO. Reac-
tions containing NEDD8, recombi-
nantAPPBP1/Uba3 (E1), Ubc12 (E2),
ATP, and whole cell lysate from
HeLa cells (as a source of cullin-
ROC1 substrate) showed a dose-de-
pendent increase in cullin neddyla-
tionwith SCCRO (Fig. 2,A andB). A
time course reaction showed that
SCCRO also enhances the rate of
cullin neddylation (Fig. 2, C and D).

To determine whether binding is
required for the observed functional
effects, we supplemented neddyla-
tion reactions with SCCRO or se-
lected SCCRO deletions. Whereas
theN-terminal deletion (SCCRO�1–
33) enhanced the rate of Cul3 neddy-
lation to levels similar to SCCRO, the
C-terminal deletion (SCCRO�210–
259) that loses binding to Ubc12 and
Cul-ROC1 failed to augment cullin
neddylation beyond basal levels (Fig.
2E). Consistent with these findings,
we found that SCCRO, but not the
lossof cullinbindingmutantSCCRO-
D241N, increased neddylation effi-
ciency beyond basal levels (Fig. 2, C
and D). These findings suggest that
the effects of SCCRO on cullin
neddylation require its interaction
with Cul-ROC1 and/or Ubc12 and
implicate it as a component of the
neddylation E3. Furthermore, cullin
neddylation increased with tran-
sient expression of HA-SCCRO and
decreased with knockdown of
SCCRO by RNAi (Fig. 3B). The
decrease in cullin neddylation as a
result of SCCRO protein knock-

down by RNAi was rescued by the addition of recombinant
SCCRO to the lysate (Fig. 3D).
SCCRO Is Not Required for Neddylation in Vitro—Several

in vitro studies suggest that ROC1 functions as an E3 ligase
and is sufficient to promote neddylation by itself (26–29) To
determine the effect of SCCRO on cullin neddylation, we
performed a time course reaction using recombinant puri-
fied components (E1, E2, ATP, NEDD8, and Cul1-ROC1).
Although Cul1 neddylation occurred in its absence, the addi-
tion of SCCRO enhanced the rate of cullin neddylation (Fig.
2F). This is consistent with published reports showing cullin
neddylation occurs in the absence of SCCRO in vitro (26, 28).
Neddylation is reduced in testis lysates from SCCRO�/�

mice (Fig. 3E, right panel) as well as in C. elegans and S. cer-

FIGURE 1. SCCRO interacts with Cullins, CAND1, and Ubc12. A, Coomassie-stained SDS-PAGE gel showing
GST (lane 1) and GST-SCCRO (lane 2) pulldown products from HeLa extracts. Unique bands from GST-SCCRO
pulldown assays were excised and subjected to tandem mass spectroscopy analysis (MALDI-ReTOF) revealing
the 120-kDa band as CAND1 and the 80 –90-kDa bands as cullins 1– 4. B, Western blot on the pulldown prod-
ucts of GST-SCCRO and GST-SCCRO mutants from HeLa extracts probed with indicated antibodies showing
SCCRO binds to CAND1, cullins 1–5, ROC1, and Ubc12 (lane 2). The C-terminal (SCCRO�210 –259; lane 4) but not
the N-terminal deletion of SCCRO (SCCRO�1–33; lane 3) lost interaction with the Cullin-ROC1, CAND1, and
Ubc12 (lane 4). SCCRO-D241N lost interaction with the Cullin-ROC1 and CAND1 while retaining binding to
Ubc12 (lane 6). The level of the various GST-tagged proteins used in the pulldown experiment was confirmed
by probing a Western blot with anti-GST antibody (bottom panel). C, Western blot showing products from an
HA immunoprecipitation (IP) of lysates from HeLa cells transfected pCMV-HA-SCCRO or selected SCCRO dele-
tions/mutants probed with indicated antibodies showing SCCRO maintains binding to neddylation compo-
nents in vivo (lane 2). SCCRO�210 –259 (lane 4) and SCCRO-D241N (lane 6) lose binding to cullins, ROC1, and
CAND1. D, Western blot on immunoprecipitates from HeLa extract prepared with anti- SCCRO (left panel; lane
2) anti-ROC1 (right panel; lane 2) or preimmune serum (PIS; lane 1) probed with indicated antibodies showing in
vivo interaction between native SCCRO and CAND1, Cul1, and ROC1 but not SKP2 (left panel), whereas ROC1
binds to CAND1, Cul1, SCCRO, and SKP2 (right panel). E, summary of results from pulldown assays using GST-
SCCRO or SCCRO deletions/mutations showing binding of CAND1, Cul-ROC1, and Ubc12 requires C-terminal
50 amino acids. SCCRO-D241N loses binding to CAND1 and Cul1-ROC1 but retains binding to Ubc12.
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evisiae where DCN-1/Dcn1p knockouts lose neddylation
activity (24) Combined, these findings suggest that although
SCCRO is not required for neddylation in vitro, it may be
required in vivo.
SCCRO Preferentially Interacts with Ubc12 Thioester

Intermediate—The mechanisms and reaction processivity
involved in the conjugation of Ub and Ublp are highly con-
served. A mutually exclusive interaction between E1 and E3
with E2 is a key aspect in maintaining reaction processivity.
Accordingly, an E2 conjugating enzyme must dissociate
from its cognate E1 before binding to E3 (30). One way this is
achieved is the differential affinity of E1 and E3 for free and
conjugated E2. Several studies show that the affinity of E2 for

E1 (and E3 to E2) is higher when the latter is loaded with Ub
or Ublp (13, 31, 32). If SCCRO functions as a component of
the neddylation E3, it should have greater affinity for
Ubc12�NEDD8 thioester over free Ubc12. GST-SCCRO
pulldown from a Ubc12 thioester reaction followed byWest-
ern blot for Ubc12 showed that SCCRO preferentially binds
to Ubc12�NEDD8 thioester even in the presence of a large
excess of free Ubc12 (Fig. 4A, lane 1 and 3). To quantify the
differences in binding affinity of SCCRO for Ubc12 and
Ubc12�NEDD8, competition experiments were performed.
GST-SCCRO pulldown assays from a mixture containing
Ubc12�NEDD8 (generated and purified as discussed under
“Experimental Procedures”) and a gradient of free Ubc12

FIGURE 2. SCCRO augments Cullin neddylation in vitro. A and B, plot showing levels of Cul1 (A) and Cul3 (B) (mean � S.E.) neddylation quantified by
densitometry of Western blots from three independent in vitro neddylation reactions containing HeLa extract (as a source of cullin substrate), E1, E2, ATP,
NEDD8, and a concentration gradient of SCCRO. The fraction of neddylated Cul1 (A) and Cul3 (B) increased with increasing SCCRO concentration. Represent-
ative Western blots from in vitro neddylation reactions are shown as insets. C, a plot showing the fraction of neddylated Cul3 (means � S.E.) against time in
minutes from three independent neddylation assays. SCCRO but not SCCRO-D241N enhances neddylation efficiency. D, representative Western blot from C
showing Cul3 neddylation in presence of SCCRO or SCCRO-D241N. E, results from in vitro neddylation reaction supplemented with SCCRO (lanes 2 and 3) or
SCCRO deletions showing SCCRO�1–33 (lanes 4 and 5) but not the C-terminal deletion SCCRO�210 –259 (lanes 6 and 7) retained neddylation activity.
F, Western blot for Cul1 from a time course in vitro reaction containing purified, bacterially expressed Cul1-ROC1 showing SCCRO enhances efficiency but is not
required for neddylation.
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followed byWestern blot showed that SCCRO preferentially
binds to Ubc12�NEDD8 even in the presence of a �20-fold
excess of free Ubc12 (Fig. 4B, lane 3). Similarly, when lysates
from HA-SCCRO-transfected HeLa cells that were sub-
jected to in vitro thioester reaction (Fig. 4C, top and middle
panel) were immunoprecipitated with anti-HA antibody and
probed for Ubc12, preferential binding of SCCRO to
Ubc12�NEDD8 was detected (Fig. 4C, bottom panel). The
preferential interaction with Ubc12�NEDD8 thioester
over free Ubc12 suggests that SCCRO conforms to the con-
served processivity paradigm of Ub and Ublp pathway and
supports its role as a component of the E3 complex for
neddylation.
SCCRO Interacts with the Unique N Terminus of Ubc12—A

second mechanism that ensures processivity in Ub and Ublp
conjugation results from the presence of overlapping binding
sites on E2 for E1 and E3, making their interactions mutually
exclusive (30). Like all E2s, Ubc12 contains a �150 residue cat-
alytic core domain. However, it is distinguished from other E2s
by the presence of a unique N-terminal extension (33). Studies
have shown that both the N-terminal extension and the cata-
lytic core domain of Ubc12 are involved in its interaction with

the NEDD8�E1 (33). ROC1 binds
to the catalytic core domain of
Ubc12, with no known role for the
N-terminal extension in the Ubc12-
ROC1 interaction (11, 34) To deter-
mine whether SCCRO binds to the
unique N-terminal region of Ubc12
or to the catalytic core domain, we
performed HA immunoprecipita-
tion on lysates from HeLa cells
transfected with either HA-Ubc12
or HA-Ubc12�1–26 (N-terminal
deleted Ubc12) and probed for
SCCRO on aWestern blot. Because
SCCRO preferentially interacts with
the Ubc12�NEDD8 thioester, we
performed a thioester reaction on the
lysate to generate NEDD8 loaded
HA-Ubc12 and HA-Ubc12�1–26
before immunoprecipitation (Fig.
4D, top). Because the efficiency of
thioester formation is lower for
Ubc12�1–26 deletion, we allowed
the reaction adequate time to run to
completion so as to generate an
equivalent amount of the NEDD8
thioester. Even though longer in-
cubation time was required to ge-
nerate HA-Ubc12�1–26�NEDD8,
this interaction was reducible with
DTT, suggesting the presence of a
thioester bond (data not shown).
Despite equal loading of NEDD8 to
Ubc12 and Ubc12�1–26 (Fig. 4D,
top), only HA-Ubc12 pulled down
SCCRO (Fig. 4D,middle). However,

ROC1, which is known to interact with the conserved core
domain of Ubc12, bound to both HA-Ubc12 and
HA-Ubc12�1–26 (Fig. 4D, bottom). These observations sug-
gest that the binding site of SCCRO on Ubc12 (E2) overlaps
with the NEDD8�E1. Moreover, unlike ROC1 which interacts
with the conserved core domain of Ubc12 (E2), SCCRO inter-
acts with its unique N-terminal extension, raising the possibil-
ity that SCCRO-Ubc12 interaction is specific to the neddylation
pathway. This is further strengthened by lack of interaction
between SCCRO and other E2s (Ubc9) in GST pulldown assays
(data not shown). Taken together, these observations suggest
that SCCRO conforms to the conserved reaction processivity
paradigms, further supporting its candidacy as a component of
the E3 complex.
SCCRO Binds to CAND1 Only When It Is in Complex with

Cul1-ROC1—Reflecting the increasing complexity of protein
regulation, the neddylation pathway is also more complex in
higher organisms. For example, in contrast to S. cerevisiae,
where CAND1 is absent, in higher organisms unneddylated
cullin-ROC1 exists almost exclusively in complex with CAND1
(11, 35, 36). Binding to CAND1 inhibits cullin neddylation and
subsequent ubiquitination E3 complex assembly. Once neddy-

FIGURE 3. SCCRO augments cullin neddylation in vivo. A, Western blot on HeLa lysates showing elevated
SCCRO protein levels in SCCRO transfected (lane 3) relative to untransfected (lane 1) or vector-transfected (lane
2) cells. B, Western blot showing a higher level of neddylated cullins in lysates from SCCRO transfected (lane 2)
relative to vector-transfected cells (lane 1). Western blot on HeLa lysates from B after addition of neddylation
components (E1, E2, NEDD8, and ATP) showing increased neddylated Cul1 levels in SCCRO-transfected (lane 4)
relative to empty vector (lane 3)-transfected cells. C, Western blot on lysates from SCC15 cells showing a
decrease in SCCRO protein levels in cells transfected with specific RNAi against SCCRO (lane 3) relative to
untransfected (lane 1) or scrambled RNAi-transfected cells (lane 2). D, in vitro neddylation reaction of the same
lysates showing decreased Cul1 neddylation in SCCRO-RNAi transfected (lane 3) compared with untransfected
(lane 1) or scrambled RNAi (lane 2)-transfected cells. The addition of recombinant SCCRO to the lysate from
SCCRO RNAi-transfected SCC15 cells (lane 6) recovers Cul1 neddylation to levels observed in controls (lanes 4
and 5). E, Western blot showing the absence of detectable SCCRO protein in testis lysates from SCCRO�/� mice
(left panel, lane 2) in contrast to a SCCRO�/� (left panel, lane 1) litter mate control. The same lysates were
subjected to neddylation assays (right panel) showing a significant decrease in neddylated Cul3 levels in
SCCRO�/� mice (lane 2).
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lated, cullin-ROC1 is released from CAND1 and forms active
E3 ubiquitination complexes. Analysis of the crystal structure
shows that CAND1 binds to Cul1-ROC1 in a head to tail
arrangement, burying the otherwise solvent-exposed lysine res-
idue on Cul1 and making it inaccessible to the neddylation
machinery. In contrast, a�-hairpinmotif fromCAND1directly
binds to two helices in Cul1 that are involved in its interaction
with SKP1. In this arrangement it is possible for neddylation of
cullins to proceed if modifications expose the target lysine,

whereas binding to SKP1 would
require dissociation of CAND1.
Given that SCCRO interacts with

Cul-ROC1 and CAND1, we aimed
to determinewhether SCCRObinds
to CAND1 directly or indirectly
through its interaction with Cul-
ROC1. To begin to define the steric
interactions, we looked for the pres-
ence of SCCRO in exclusive com-
plexes with either Cul1-ROC1 or
CAND1 in cellular systems using gel
filtration analyses. SCCRO was not
found in fractions containing signif-
icant amounts of CAND1, Cul1, or
ROC1, suggesting that the majority
of endogenous cellular SCCRO is
not stably associated with CAND1
or cullin-containing complexes,
thereby limiting our ability to draw
conclusions about the individual
protein interactions (datanot shown).
GST-SCCRO pulldown assays using
purified proteins showed that
CAND1 only interacts with SCCRO
when in complex with Cul1-ROC1
(Fig. 5A, compare lanes 1 and 3). A
deletion of CAND1 (CAND1�604–
1230), which loses binding to Cul1-
ROC1,doesnot interactwithSCCRO
(Fig. 5A, lane 4 and 5). In a reciprocal
pulldown assay, GST-CAND1 only
pulls down SCCROwhen the latter is
in complexwith Cul1-ROC1 (Fig. 5B,
lane 3 and 4). These findings suggest
that the interaction of SCCRO with
CAND1 is mediated by Cul1-ROC1.
Moreover, the binding stoichiometry
between SCCRO and Cul1-ROC1
was not altered by the presence of
CAND1 (data not shown). Given that
in cells unneddylated cullins exist
exclusively as ternary complexes with
CAND1 and ROC1 and that SCCRO
preferentially interacts with unned-
dylated cullins (see below), it is likely
that SCCRO binds to the cullin-
ROC1 complexes before they are
released by CAND1. These observa-

tions raised the possibility that SCCRO may be involved in over-
coming CAND1 inhibition of cullin neddylation.
SCCRO Does Not Overcome Inhibition of Cullin Neddylation

by CAND1—Given the observed binding interactions, we
wanted to determine whether SCCRO could overcome the
inhibitory effects of CAND1 on cullin neddylation. We con-
firmed previous findings that CAND1 inhibits cullin neddyla-
tion in an in vitro purified recombinant system (Fig. 5C) (12,
35). To assess the ability of SCCRO to overcome CAND1

FIGURE 4. SCCRO interacts with the unique N terminus of Ubc12�NEDD8. A, Western blot for Ubc12 after
a thioester reaction showing generation of Ubc12�NEDD8 thioester (top panel, lane 1, upper band). GST (lane
2) and GST-SCCRO (lane 3) pulldown on the same reaction products showing preferential interaction of SCCRO
with Ubc12�NEDD8 despite a large excess of free Ubc12 (top panel, lane 3). Autoradiograph of products from
a thioester reaction containing E1, E2, ATP, and 32P-labeled PK-NEDD8 showing Ubc12�NEDD8 (bottom panel,
lane 1, upper band) and free NEDD8 (bottom panel, lane 1, lower band). GST (lane 2) or GST-SCCRO (lane 3)
pulldown assays on thioester reaction components showing SCCRO binds to Ubc12�NEDD8 but not to free
NEDD8 (bottom panel, lane 3) B, Western blot showing levels of Ubc12�NEDD8 and Ubc12 from a thioester
reaction supplemented with varying concentrations of free Ubc12 after quenching with EDTA (see “Experi-
mental Procedures”; top panel). The same reactions were subjected to pulldown assays using limiting amounts
of GST-SCCRO (70 pM) showing preferential binding to Ubc12�NEDD8 even in the presence of 20-fold excess
of free Ubc12 (bottom panel). C, Western blots for NEDD8 (top panel) and Ubc12 (middle panel) on thioester
reactions with and without ATP in lysates from HeLa cells transfected with pCMV or pCMV-SCCRO showing
lower levels of Ubc12�NEDD8 in reactions not containing ATP (compare first and third lanes with the second
and fourth lanes). HA immunoprecipitation of the same reaction mix showing preferential binding of SCCRO (in
limiting concentrations) to Ubc12�NEDD8 (bottom panel, third and fourth lanes), even in the presence of a
large excess of free Ubc12 (bottom panel, third lane). D, Western blot for HA after thioester reactions on HeLa cell
lysates transfected with HA-Ubc12 or HA-Ubc12�26 showing equal amounts of NEDD8 thioester formation
after 10 and 30 min of incubation, respectively. HA immunoprecipitation on the same reaction products
followed by Western blot with the indicated antibody showing SCCRO interacts with full-length
Ubc12�NEDD8 but not with Ubc12�26�NEDD8, whereas ROC1 interacts with both (bottom right).
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inhibition, we preincubated Cul1-
ROC1 with the minimal concentra-
tion of CAND1 required to com-
pletely inhibit cullin neddylation. The
additionofup toa5-foldmolar excess
of SCCRO failed to overcome the
inhibitory effects of CAND1on cullin
neddylation (Fig. 5D). To determine
whether the effects ofCAND1oncul-
lin neddylation were related to
recruitment of Ubc12�NEDD8, we
performed pulldown assays. We
found CAND1-Cul1-ROC1 is able to
bind to Ubc12�NEDD8. This bind-
ing is enhanced by the addition of
SCCRO (Fig. 5E, lane 3). However,
assembly of the protein complex was
not sufficient to overcome CAND1
inhibition. As expected, this complex
was not detected in HeLa lysates
where its assembly should lead to effi-
cient transfer of theNEDD8 to cullins
and dissociation of CAND1 (data not
shown). These observations suggest
that SCCRO is not sufficient to over-
comethe inhibitoryeffectsofCAND1
and raise the possibility of additional
factors involved in CAND1 release.
Neddylated Cul1 Can Bind to

CAND1 and SCCRO in Vitro—To
assess if SCCRO binding to Cul1-
ROC1 is affected by neddylation,
lysates from HeLa cells transfected
with HA-SCCRO were subjected to
in vitro neddylation reaction with
and without ATP (Fig. 5F, left panel).
Western blot analysis showed in-
creased cullin neddylation in reac-
tions containing ATP. When HA
immunoprecipitation was performed
on these lysates, only unneddylated
cullins were pulled down (Fig. 5F,
right panel). In contrast, binding
assays using purified proteins showed
that both neddylated and unneddy-
lated Cul1-ROC1 were pulled down
by GST-SCCRO and GST-CAND1
(Fig. 5G). These results suggest that
neddylation of cullinsmay not be suf-
ficient by itself to dissociate CAND1.
Because we could not detect any
binding between neddylated cullins
and CAND1 in lysates, a factor in the
lysatemay be required to release ned-
dylated cullins. To address this issue,
GST-CAND1 complexed with either
neddylated or unneddylated Cul1-
ROC1 was incubated with lysate.

FIGURE 5. SCCRO does not overcome the inhibitory effects of CAND1 on neddylation. A, Western blot on
GST-SCCRO pulldown products after incubation with purified, bacterially expressed Cul1-ROC1 and CAND1
showing CAND1 is pulled down by SCCRO only when it is complexed with Cul1-ROC1 (lanes 1 and 3). A CAND1
deletion (CAND1�604 –1230) that loses binding to cullins is not pulled down by SCCRO (lane 4 and 5).
B, Western blot from reciprocal GST-CAND1 pulldown assay showing interaction of CAND1 with SCCRO requires
Cul1-ROC1 (lanes 2– 4). C, Western blot for Cul1 following in vitro neddylation reaction using purified recombi-
nant components showing complete inhibition of neddylation in the presence of 2-fold or higher molar excess
of CAND1. D, Western blot on products from an in vitro neddylation reaction confirming increasing Cul1
neddylation with increasing amounts of SCCRO (lanes 2– 4). The addition of CAND1 inhibits Cul1 neddylation
(lane 5), which is not rescued even by 5-fold molar excess of SCCRO (lane 6; same blot, excess lanes removed).
E, Western blot showing GST-CAND1 pulldown products after incubation with purified, bacterially expressed
Cul1-ROC1, Ubc12�NEDD8, and SCCRO. CAND1 interacts with Ubc12�NEDD8 only when Cul1-ROC1 is pres-
ent (lanes 1 and 2), and this interaction is enhanced by the presence of SCCRO (lane 3). F, Western blot on lysates
from HA-SCCRO-transfected HeLa cells subjected to neddylation reaction showing an increase in cullin ned-
dylation with the addition of ATP (lanes 1 and 2). HA immunoprecipitation (IP) of the same reaction products
showed SCCRO preferentially interacts with unneddylated cullins (lanes 3 and 4). G, Western blot on products
from an in vitro neddylation reaction using purified recombinant components showing an increase in the
fraction of neddylated Cul1 with increasing reaction time (top panel). Western blot on the same reaction after
GST-SCCRO (middle panel) and GST-CAND1 (bottom panel) pulldown assays showing that SCCRO and CAND1
interact with both free and neddylated cullins (same blot, excess lanes removed). H, Western blot on products
from pulldown assays after GST-CAND1 complexed with either NEDD8-Cul1-ROC1 or free Cul1-ROC1 was
incubated with increasing amounts of testis lysate from SCCRO�/� mice showing release of NEDD8-Cul1-ROC1
but not unneddylated Cul1-ROC1. I, Western blot on products from pulldown assays after GST-CAND1 com-
plexed with either NEDD8-Cul1-ROC1 or free Cul1-ROC1 was incubated with increasing amounts of testis lysate
from SCCRO�/� mice showing release of Cul1-ROC1-NEDD8 only with addition of SCCRO and not SCCRO-
D241N (same blot, excess lanes removed).
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Incubation with HeLa lysate or SCCRO�/� mice testis lysate
resulted in the dissociation of neddylated but not unneddylated
cullins from CAND1 (Fig. 5H). This dissociation was not due to
competition with native cullin complexes, as these complexes
were not detected on theGST-CAND1 pulldown assays (data not
shown). In contrast, incubationwith testis lysate from SCCRO�/�

mice failed to dissociate GST-CAND1 from neddylated Cul1-
ROC1. The addition of recombinant SCCRO, but not SCCRO-
D241N, to the SCCRO�/� lysate allowed dissociation of neddy-
lated Cul1-ROC1 from CAND1 (Fig. 5I) These data suggest that
neddylated cullins are dissociated from CAND1 by a factor in
lysate and that SCCROmay be required for this dissociation.

DISCUSSION

Hershko and Ciechanover (1) define ubiquitin ligases as
enzymes that bind directly or indirectly to specific protein sub-
strates and promote the transfer of Ub directly or indirectly
from a thioester intermediate to amide linkages with proteins
or polyubiquitin chains. Our data suggest that SCCRO is part of
a complex that functions as the E3 for neddylation. The neddy-
lation E3 ligase complex (Cul-ROC1-SCCRO) shares amodular
architecture similar to CRL-containing ubiquitin ligases. CRL
complexes have a constant catalytic module (ROC1 bound to
E2 thioester) that is preserved in the neddylation E3 complex.
SCCRO has a unique regulatory role by helping to recruit the
Ubc12�NEDD8 thioester to the neddylation E3 complex.
Because SCCROpromotes cullin neddylation, which serves as a
signal for assembly of ubiquitination E3 complexes, factors
controlling SCCRO likely regulate ubiquitination by CRL-con-
taining E3 complexes. Given the diversity of proteins regulated
byCRL-containing E3s, it is not surprising that dysregulation of
Dcn1p/DCN-1 results in severe developmental defects in S. cer-
evisiae, C. elegans, and mice5 and that SCCRO appears to be a
key target activated by amplification in a vast array of human
cancers (18).
Assembly of E3 complexes is a key regulatorymechanism for

ubiquitination. CAND1 affects the assembly of both the neddy-
lation E3 complex as well as the CRL complexes. Several studies
as well as our own findings suggest that unneddylated cullins
exist almost exclusively in complexes with CAND1, whereas
neddylated cullins are predominantly in active ubiquitination
E3 complexes (10–12). Although it is accepted that neddylation
serves as a signal for CAND1dissociation fromCul1-ROC1 and
subsequent assembly of ubiquitination E3 complexes, the pre-
cise mechanisms leading to the release remain ill defined. The
finding that only endogenous Cul1-ROC1 (immunoprecipi-
tated from cells) and not the recombinant protein bound to
CAND1 can undergo neddylation leads to speculation that a
factor(s) in lysate allows release of CAND1 inhibition (10, 12).
Several experimental observations from our studies may begin
to help explain the mechanisms involved in CAND1 release.
First, we found that the entire E3 neddylation complex (includ-
ing Ubc12�NEDD8 and SCCRO) can assemble onto purified
Cul1-ROC1, when it is in complex with CAND1. However, this
is neither sufficient to promote cullin neddylation nor to induce
CAND1 dissociation, suggesting that the assembly of the ned-
dylation E3 complex by itself is not sufficient to overcome the
inhibitory effects of CAND1 and the subsequent CRL assembly.

However, the CAND1-Cul1-ROC1-Ubc12�NEDD8 complex
is not detectable in lysates, consistent with the fact that the
assembly of SCCRO and Ubc12 onto the CAND1-Cul1-ROC1
results in rapid neddylation and dissociation of the complex.
This is supported by the increase in neddylation of endogenous
cullins that are thought to be bound to CAND1 consequent to
the addition of Ubc12 and/or SCCRO to lysates. Given that
SCCRO is not required for neddylation in purified systems but
is important in SCCRO�/� mice5 and DCN-1/Dcn1p knock-
outs in C. elegans and S. cerevisiae raises the possibility that
SCCROmay be required to overcome CAND1 associated inhi-
bition of cullin neddylation in vivo where unneddylated cullins
are in complex with CAND1. Consistent with this hypothesis,
the addition of recombinant SCCRO, but not Ubc12�NEDD8,
can rescue neddylation in lysates from both DCN-1, Dcn1p,
and SCCRO knockouts in C. elegans, S. cerevisiae, and mice,5
respectively.
The prevailing theory has been that neddylation makes the

binding between CAND1 and cullins unfavorable. This led to
speculation that either neddylation serves as a signal for the
release or occurs after dissociation from CAND1. We found
that, in contrast to cellular lysates where they exist in exclusive
complex with unneddylated cullins, CAND1 and SCCRO can
bind to both neddylated and unneddylated cullins in assays
using recombinant proteins. This raises the possibility that
neddylation by itself, although required, may not be sufficient
for CAND1 dissociation. When incubated with HeLa or lysate
from SCCRO�/�mouse testis, CAND1 is dissociated fromned-
dylated Cul1-ROC1 but not unneddylated Cul1-ROC1, sug-
gesting that cellular factors are involved in the release of ned-
dylated cullins from CAND1. In contrast, neddylated Cul1 was
not released by CAND1 when incubated in lysates from
SCCRO�/� mice unless supplemented with recombinant
SCCRO (but not SCCRO-D241N). Factors that compete for
binding of neddylated cullins (i.e. SKP1/SKP2) dissociate
CAND1 from Cul1-ROC1 only in lysates (which contains wild
type SCCRO) but not in purified protein systems, suggesting
that SCCRO is required for release. The combined results from
these experiments suggest that SCCRO plays a critical role in
both cullin neddylation and CAND1 release. Our findings indi-
cate that SCCROby itself is not sufficient for cullin neddylation
andCAND1 release, and a factor(s) in lysate is required in these
processes. Goldenberg et al. (12) suggest that this factormay be
a small molecule that binds the CAND1-Cul1-ROC1 complex
to modify its structure, exposing the neddylation site on Cul1.
Because CAND1 binds to both neddylated and unneddylated
cullins with equal affinity, neddylation in itself, although
required, may not be sufficient for CAND1 release.
Based on these findings, we propose a two-step model lead-

ing to cullin neddylation and CAND1 release. We propose that
neddylation occurs through the assembly of the competent
neddylation E3 complex onto cullin-ROC1-CAND1, including
SCCRO, Ubc12�NEDD8, and an unidentified CAND1 open-
ing factor present in lysate. In this model neddylation serves as
a signal for recruitment of release factors required to dissociate
CAND1. The release factor remains to be defined but can
include a novel binding protein or posttranslational modifica-
tions in reaction components. Although provocative, further
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studies are required to validate this model. The other critical
question that remains is what is downstream of SCCRO.
Katanin is a key target in C. elegans and yeast, as its levels are
altered in DCN1/DCN1p knockouts. The identification of CRL
targets downstream of SCCRO ismore complex given the pres-
ence ofmultiple paralogues that retain neddylation activity and
the complex phenotype in SCCRO�/� mice.
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