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Background: The NEDD8 protein and neddylation levels in cells are modulated by NUB1L.
Results: NUB1L down-regulated the NEDD8 levels by directly interacting with NEDD8 and P97.
Conclusion: NUB1L joins to the P97UFD1/NPL4 complex and promotes transfer of NEDD8 to proteasome for degradation.
Significance: This study provides a molecular mechanism for modulation of neddylation.

The NEDD8 protein and neddylation levels in cells are mod-
ulated by NUB1L or NUB1 through proteasomal degradation,
but the underlying molecular mechanism is not well under-
stood. Here, we report that NUB1L down-regulated the protein
levels of NEDD8 and neddylation through specifically recogniz-
ing NEDD8 and P97/VCP. NUB1L directly interacted with
NEDD8, but not with ubiquitin, on the key residue Asn-51 of
NEDD8 and with P97/VCP on its positively charged VCP bind-
ing motif. In coordination with the P97-UFD1-NPL4 complex
(P97UFD1/NPL4), NUB1L promotes transfer of NEDD8 to protea-
some for degradation. This mechanism is also exemplified by
the canonical neddylation of cullin 1 for SCF (SKP1-cullin1-F-
box) ubiquitin E3 ligases that is exquisitely regulated by the
turnover of NEDD8.

NEDD8 (neural precursor cell expressed developmentally
down-regulated 8, Rub in Saccharomyces cerevisiae) is a ubiq-
uitin (Ub)2-like protein sharing almost 60% identity and 80%
homology with Ub (1, 2). Analogous to Ub, mature NEDD8 can
attach to its substrates by an isopeptide linkage between its
C-terminal glycine and a lysine of the substrate, as called ned-
dylation. The pathway is catalyzed by APPBP1-UBA3 het-
erodimer (NEDD8-activating, E1) (3–5), UBC12, or UbE2F
(NEDD8-conjugating, E2) (3, 6) and various NEDD8 E3 ligases.
The neddylation of certain substrates are carried out by partic-
ular NEDD8 ligases. For example, Rbx1 and Dcn1 are respon-
sible for the neddylation of cullin family proteins, which are the
best characterizedNEDD8 targets. Cullins are scaffold proteins
of cullin-RING ligases that comprise the largest subfamily ofUb
E3 ligases (7, 8). Neddylation of cullins stimulates the activities
of cullin-RING ligases by introducing conformational changes
and prohibiting their binding with the inhibitor CAND1

(9–11). By controlling the turnover of a large number of key
regulators, cullin-RING ligases are contributable to many bio-
logical processes including cell cycle progression, cell signaling,
transcription, and so on (7, 12, 13).
Similar to ubiquitination, protein neddylation can also be

reversed by NEDD8 isopeptidases, called deneddylation, which
is carried out by COP9 signalosome (CSN) and other deneddy-
lating enzymes (14–18). Besides deneddylation, the protein lev-
els of NEDD8 and neddylated substrates are also negatively
regulated by some cellular factors. Interferon-inducible pro-
teins NUB1L (NEDD8 ultimate buster-1 long) and its splicing
variant NUB1 can interact with NEDD8 and promote the pro-
teasomal degradation of NEDD8 and its protein conjugates (19,
20). Although NUB1L contains a 14-residue insertion in the
NUB1 sequence, their biologically functional specificities are
currently unknown. In addition, NUB1L can also facilitate the
proteasomal degradation of FAT10, another Ub-like protein
(21, 22). As NUB1L and NUB1 have been identified to interact
with the Rpn10/S5a and Rpn1 subunits of proteasome, they are
postulated to recruit NEDD8 for proteasomal degradation (23–
25). Probably linking with the protein level of NEDD8 and the
activity of SCF (SKP1-cullin1-F-box) protein (12, 26), NUB1
plays a role in modulation of anti-proliferation actions through
affecting the levels of p27 and cyclin E (27). NUB1 also interacts
with AIPL1 (aryl hydrocarbon receptor-interacting protein-
like 1), a protein whose mutation causes a severe inherited
blindness, Leber congenital amaurosis (28, 29). AIPL1 modu-
lates the cellular localization ofNUB1 and suppresses the inclu-
sion formation by NUB1 fragments, indicating that NUB1 may
be related to the pathogenesis of Leber congenital amaurosis
(30, 31). Moreover, NUB1 can also reduce the transcriptional
activity of p53 by inhibiting its neddylation and promoting
cytoplasmic localization (32). NUB1 has also been found in the
formation of inclusion bodies though regulating synphilin-1
and glycogen synthase kinase 3� (33, 34), suggesting thatNUB1
is probably related to neurodegenerative diseases (35–38).
Although accumulating studies have shown that NUB1L/

NUB1 can promote proteasomal degradation ofNEDD8 and its
conjugates (19, 20, 39), the underlying molecular mechanism is
still obscure. In the Ub-proteasome system, a ternary complex

* This work was supported by grants from the National Basic Research Program
of China (2012CB911003), the National Natural Science Foundation of China
(31270773), and the Sino-Swiss Joint Research Projects (GJHZ0909).

1 To whom correspondence should be addressed. Tel.: 86-21-54921121;
E-mail: hyhu@sibcb.ac.cn.

2 The abbreviations used are: Ub, ubiquitin; NLS, nuclear localization signal;
CUL1, cullin 1; ATP�S, adenosine 5�-O-(thiotriphosphate); VBM, VCP bind-
ing motif.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 43, pp. 31339 –31349, October 25, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

OCTOBER 25, 2013 • VOLUME 288 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 31339



comprised of P97/VCP, UFD1, and NPL4 (P97UFD1/NPL4) plays
a key role in recruiting and delivering ubiquitinated substrates
to the proteasome (40–43). P97/VCP (valosin-containing pro-
tein, Cdc48 in yeast) is a member of the AAA-ATPase family
(44), implicated in a variety of cellular processes including Ub-
proteasome related degradation, membrane fusion, autophagy,
and so on (40, 43, 45, 46). Normally, NPL4 binds with Ub, and
then P97UFD1/NPL4 delivers ubiquitinated proteins to the protea-
some fordegradation (47–52).DuringATPhydrolysis, P97under-
goes significant conformational changes that may affect its inter-
action with cofactors and clients (53–55). As for NEDD8 and
neddylation, whether P97UFD1/NPL4 is involved and howNUB1L/
NUB1 functions in this pathway remain to be explored.
We investigated NUB1L/NUB1 in neddylation and eluci-

dated the molecular mechanism by which NUB1L promotes
transfer of NEDD8 for proteasomal degradation. NUB1L spe-
cifically recognizes NEDD8 and interacts with P97; it joins to
the P97UFD1/NPL4 machinery and mediates NEDD8 delivery.
We propose that P97UFD1/NPL4 recruits NEDD8 toNUB1L dur-
ing ATP hydrolysis and ultimately transfers it to the protea-
some for degradation.

EXPERIMENTAL PROCEDURES

Plasmids, Reagents, and Antibodies—All plasmids were con-
structed using standardmolecular biology techniques. For HA-
tagged proteins, the cDNAs coding for NEDD8, Ub, and
NUB1(L) were subcloned into HA-pcDNA3.0 (Invitrogen). For
FLAG-tagged proteins, the cDNAs coding for NUB1L and P97
were subcloned into pCMV-tag 2B (Agilent). The pEGFP-N1
vector was used to express enhanced GFP in HEK 293T cells.
For GST-tagged proteins, the cDNAs coding for NEDD8,
Ub, NUB1(L)-VBM-(414–443), NUB1-UBAs-(373–520), and
NUB1L-UBAs-(373–534) were subcloned into pGEX-4T3 (GE
Healthcare). The cDNAs for P97-ND1-(1–458) and NUB1L
were subcloned into pET-22b (Novagen). For His-tagged full-
length P97 and NPL4, their cDNAs were subcloned into pET-
28a (Novagen). For Trx-tagged proteins, the cDNAs coding for
UFD1 and the NUB1L fragments (including 36–615, 82–615,
148–615, 211–615, and 373–615)were subcloned into pET-32
M (Novagen). For GB1-tagged NUB1L-UBA2 (414–472) and
NUB1L-PEST (545–615), the cDNAs were subcloned into
pHGB (56), whereas for C-terminal GB1-tagged NUB1L-(1–
372), the cDNA was subcloned into pET-GB1. Antibodies
against HA and FLAG were from Sigma. Anti-GFP, anti-actin,
and anti-NUB1L were from Santa Cruz. Antibodies against
NEDD8 and P97 were from Cell Signaling. Anti-cullin1 was
from Bioworld. MG132 was from Calbiochem, whereas ATP,
ADP, and ATP�S were from Sigma.
Cell Culture, Transfection,WesternBlotting, Immunoprecipi-

tation, and Immunofluorescence Microscopy—HEK 293T cells
were cultured in Dulbecco’s modified Eagle’s medium (Invitro-
gen) supplemented with 10% fetal bovine serum (Invitrogen)
and penicillin-streptomycin at 37 °C in 5% CO2. Transient
transfection of cells with expression vectors were carried out
using PolyJetTM reagent (SignaGen) according to the manufac-
turer’s instructions. Cells were harvested and lysed in radioim-
mune precipitation assay buffer (50 mM Tris-HCl, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1% Nonidet P-40, mixture protease

inhibitor (Roche Applied Science)). The lysates were subjected
to SDS-PAGE with 8, 12, or 15% acrylamide gels and trans-
ferred onto PVDF membranes (PerkinElmer Life Sciences).
The indicated proteins were probed with the respective pri-
mary and secondary antibodies and visualized by using an ECL
detection kit (Thermoscientific). For immunoprecipitation, cell
lysates were incubated with HA-antibody-conjugated agarose for
1 h at 4 °C. The beads were washed with radioimmune precipita-
tion assay buffer three times and subjected to immunoblotting
analysis. For immunofluorescence, cells were grown on glass cov-
erslips for 24 h after transfection. Imageswere obtained on a Leica
TCS SP2 confocal microscope (LeicaMicrosystems).
Protein Expression and Purification—Proteins were expressed

inEscherichia coliBL21 (DE3).TheHis-taggedproteinswerepuri-
fiedbyNi2�-nitrilotriacetic acid columns (Qiagen), and theGST-
fused proteins were purified using glutathione Sepharose-4B
columns (Amersham Biosciences). They were further purified
by gel filtration chromatography with respective columns (GE
Healthcare).

FIGURE 1. NUB1L down-regulates the protein levels of NEDD8 and its con-
jugates. A and B, effect of NUB1L overexpression on the protein level of
NEDD8 (A) or Ub (B). FLAG-tagged NUB1L was co-transfected with HA-NEDD8
or HA-Ub into HEK 293T cells (GFP as a control). About 24 h after transfection,
the cell lysates were subjected to immunoblotting with respective antibod-
ies. C and D, effect of NUB1L knockdown on the protein level of NEDD8. HEK
293T cells were transfected with siRNA against NUB1L, then the protein level
of overexpressed (C) or endogenous NEDD8 (D) was analyzed by Western
blotting. The neddylated cullins are indicated in the gel as instructions from
the manufacturer supplying this antibody against NEDD8.
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GST Pulldown Experiment—The pulldown experiments for
GST-UFD1, NPL4, and P97 were carried out in a Tris-HCl
buffer (50 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 150 mM KCl, 1
mM DTT, 5% glycerol). The other pulldown experiments were
carried out in a PBS buffer (10mMNa2HPO4, 140mMNaCl, 2.7
mM KCl, 1.8 mM KH2PO4, pH 7.3). GST and GST-fused pro-
teins were incubated with glutathione Sepharose-4B beads at
4 °C for 0.5 h. Other proteins were then incubated with immo-
bilized GST or GST fusion proteins at 4 °C for 1 h. The beads
were collected by centrifugation and washed 3 times, then
eluted by a GSH buffer (50 mM Tris-HCl, 10 mM GSH, pH 8.0).
siRNA Knockdown Experiment—The siRNA target sequence is

5�-CGAUGGUGCUUGAACUAAA-3� for NUB1L, 5�-AAGUA-
GGGUAUGAUGACAUUG-3� forP97, and5�-UUCUCCGAAC-
GUGUCACGU-3� for the siRNA control sequence. Cells were
transfected with the duplex siRNA using Lipofectamine 2000
(Invitrogen) following themanufacturer’s instructions.
NMR Titration Experiment—The chemical-shift assignments

for GB1-NUB1L-VBM (residues 414–443) were obtained by tri-
ple resonance NMR experiments with a 13C,15N-double-labeled
sample. 15N-labeled GB1-NUB1L-VBM was expressed in M9

minimal medium containing 15NH4Cl as the sole nitrogen
resource. A sample of GB1-NUB1L-VBM (100 �M) was dis-
solved in a buffer containing 20 mM phosphate, 50 mM NaCl,
pH 6.5. All spectra were recorded at 25 °C on a 600-MHz NMR
spectrometer (Bruker). P97-N213 (residues 1–213) was titrated
to GB1-NUB1L-VBM at different molar ratios, and the 1H,15N
HSQC spectra were acquired to monitor the chemical-shift
changes upon titration. The NMR titration of 15N-labeled
NEDD8withGB1-UBA2orGB1-PEST followed this procedure
(57).

RESULTS

NUB1L Down-regulates the Protein Levels of NEDD8 and
Neddylation—It was previously reported that NUB1L was a
negative regulator of NEDD8 (39). In accordance with those
previous studies, we found that, compared with the negative
control GFP, NUB1L specifically down-regulated the protein
levels of overexpressed NEDD8 and its protein conjugates (Fig.
1A). However it had no effect on Ub or ubiquitinated proteins
(Fig. 1B). Knockdown of NUB1L (and NUB1) by siRNA caused
increases of both overexpressed (Fig. 1C) and endogenous

FIGURE 2. Asn-51 of NEDD8 determines its specific interaction with NUB1L. A, sequence alignment of NEDD8 and Ub. The 13 residues that are significantly
different are marked with asterisks. B, GST pulldown showing NUB1L specifically interacts with NEDD8 but not with Ub. GST-tagged NEDD8 or Ub was applied
to pull down NUB1L, whereas GST was used as a control. C, Asn-51 mutation influences its interactions with NUB1L. GST-tagged Asn-51 mutants of NEDD8 were
applied to pull down NUB1L. D, GST pulldown examining the NEDD8 binding fragments of NUB1L. GST-fused NEDD8 was used to pull down different NUB1L
fragments. The fragments include 36 – 615, 82– 615, 148 – 615, 211– 615, 373– 615, and 1–372. Except for fragment 1–372 that has attached a GB1 tag in C
terminus, all the fragments have an N-terminal Trx tag for pulldown experiments. E, effect of NUB1L on the protein level of wild-type NEDD8 or its N51E mutant
in a dose-dependent manner. HA-tagged wild-type NEDD8 or its N51E mutant was co-transfected with different dose of NUB1L plasmid (GFP as a control), and
then the protein amounts of NEDD8 or N51E mutant were detected by Western blotting.
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NEDD8 and its conjugates (Fig. 1D). Interestingly, the endoge-
nous level of neddylated cullins was also significantly enhanced
by reducing NUB1L. These results indicate that NUB1L nega-
tively regulates the protein levels of NEDD8 and its conjugates.
NUB1L Specifically Interacts with NEDD8 for Regulating

Its Protein Level—To understand how NUB1L distinguishes
NEDD8 from Ub, we studied their interactions by GST pull-
down. Although NEDD8 has the highest homology with Ub
among the Ub-like proteins (Fig. 2A), NUB1L only interacted
with NEDD8 but not with Ub (Fig. 2B). In comparison of the
sequences, there are 13 residues significantly different between
NEDD8 and Ub (Fig. 2A). We separately replaced these resi-
dues in NEDD8with the corresponding ones in Ub and studied
their interactionswithNUB1L (Fig. 2C). The result showed that
N51E mutation severely abolished the interaction, indicating
that Asn-51 in NEDD8 played a critical role in binding with
NUB1L. Because the N51E and N51D mutations, but not
N51Q, could abolish this interaction (Fig. 2C), the negative
charges might be involved in the breakdown of the interaction
between NUB1L and NEDD8. However, the E51N mutant in
Ub still could not obtain the ability to bind NUB1L (data not
shown), possibly due to other residues responsible for this spe-
cific interaction. NUB1L is amultidomain protein and contains
three UBA domains that potentially bind with Ub (21, 39). Pre-
vious studies suggested that NEDD8 bound NUB1L through
the C-terminal PEST motif and the linker between UBA1 and
UBA2 (39).We investigated whether these segments inNUB1L
were responsible for NEDD8 binding by GST pulldown (Fig.
2D). It seems that a large portion ofNUB1L (Ala-148–Asn-615)

FIGURE 3. The VBM motif of NUB1L (or NUB1) is responsible for interacting with P97. A, domain architectures of NUB1L and NUB1. With insertion of 14
residues, NUB1L has three UBA domains, whereas NUB1 has only two; both of them contain a VBM motif in between UBA1 and UBA2. B, sequence alignment
of some typical VBMs. The VBM motif of NUB1L is compared with those of three proteins, HRD1, E4B and ataxin-3. C, co-immunoprecipitation (IP) experiment
for the interaction between NUB1L/NUB1 and P97. HA-tagged NUB1L or NUB1 and FLAG-tagged P97 were co-transfected into HEK 293T cells, and 48 h after
transfection the cell lysates were subjected to immunoprecipitation by anti-HA antibody. D, GST pulldown showing the interactions between the VBM motif
of various NUB1L/NUB1 and the ND1 domain of P97. GST-fused NUB1L/NUB1 fragments or their M5 mutants were applied to pull down P97-ND1. VBM, residues
Arg-414 –Gly-443; NUB1L-UBAs, residues Leu-373–Ser-532; NUB1-UBAs, residues Leu-373–Ser-518; M5, mutation of 428KKRRR432 to 428GGPGG432; P97-ND1,
residues M1-Q458.

FIGURE 4. NMR titration showing the interaction between the VBM motif
of NUB1L (or NUB1) and the N-terminal domain of P97. A, overlay of the
HSQC spectra of 15N-labeled GB1-tagged NUB1L-VBM (100 �M) (red) and titra-
tion with P97-N213 at a molar ratio of 1: 2 (blue). VBM, residues 414 – 443 of
NUB1L; P97-N213, residues 1–213 of P97. B, plot of the chemical-shift change
against the residue number of GB1-tagged NUB1L-VBM. The mean chemical-
shift change in GB1 or VBM is shown with a solid line. The asterisks stand for the
residues (shown in A) with a significant chemical-shift change.
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except for the N terminus contributes to binding with NEDD8,
suggesting that the specific interaction requires the overall con-
formation of NUB1L.
We next performed co-transfection of FLAG-NUB1L and

HA-NEDD8 or its N51E mutant in HEK 293T cells. The result
showed that NUB1L significantly reduced the protein level of
wild-type NEDD8 in a dose-dependent manner (Fig. 2E). How-
ever, NUB1L could not effectively down-regulate the N51E
mutant of NEDD8. This demonstrates that the interaction
between NUB1L and NEDD8 is responsible for the down-reg-
ulation of NEDD8 by NUB1L.
NUB1L and Its Splicing Variant NUB1 Interact with P97

through a VCP Binding Motif (VBM)—NUB1L as well as its
splicing variant NUB1 is characterized by multidomains or
motifs in its sequence, whereas NUB1 lacks a UBA domain
(UBA2) due to 14 residues missing (Fig. 3A). From sequence
analysis, a potential VBMresided in between twoUBAdomains
was identified from both NUB1L and NUB1 (Fig. 3B). This motif
shares high similarity with those known VBMmotifs fromHRD1
(58), E4B (59), and ataxin-3 (60). To get insights into the under-
lying mechanism that NUB1L down-regulates the protein lev-
els of NEDD8 and its conjugates, we examinedwhetherNUB1L
or NUB1 interacted with P97. In the co-immunoprecipitation
experiment, P97 could co-immunoprecipitate with NUB1L or
NUB1 (Fig. 3C), indicating that P97 associated with NUB1L or
NUB1. We then tested whether NUB1L/NUB1 directly inter-

acted with P97 in vitro. The result showed that the GST-fused
NUB1L/NUB1 fragments containing the VBMmotif could pull
down the ND1 domain of P97 (P97-ND1) (Fig. 3D, third
through fifth lanes). NMR titration further confirmed that the
VBM peptide of NUB1L physically interacted with the N-ter-
minal domain of P97 (P97-N213) (Fig. 4). Because VBM is char-
acterized by its core basic residues (Fig. 3B), we prepared three
mutants of NUB1L/NUB1 (M5) by substituting the five posi-
tively charged residues (KKRRR) with non-charged residues
(GGPGG) (see Fig. 6A). The result showed that all the three
mutants appeared to have lost their binding abilities with P97-
ND1 (Fig. 3D, sixth to eight lanes). It suggests that NUB1L/
NUB1 interacts with P97 through its respective VBM motif
and the core basic residues are important for this specific
interaction.
NUB1L Promotes Proteasomal Degradation of NEDD8

by Interacting with P97—Because the multidomain protein
NUB1L is able to bind NEDD8 and P97, we want to understand
the biological significance of these interactions in cells. When
co-expressed withNEDD8, NUB1L could efficiently reduce the
amounts of NEDD8 and its conjugates, but its VBM mutant
exhibited an alleviated effect (Fig. 5A). When cells were treated
with MG132, a proteasome inhibitor, the action of NUB1L on
the protein level of NEDD8was significantly inhibited (Fig. 5B),
as in the case of NUB1L mutant. This suggests that NUB1L
promotes degradation of NEDD8 via the proteasome, and its

FIGURE 5. NUB1L regulates the protein level of NEDD8 by interacting with P97. A, effect of NUB1L or its M5 mutant on the protein level of NEDD8. HA-NEDD8 was
co-transfected with FLAG-tagged NUB1L or its M5 mutant into HEK 293T cells. The cell lysates were subjected to Western blotting using respective antibodies. B, as in
A, in the presence of MG132. After transfection, the cells were treated with MG132 (DMSO as a control) for 12 h, and about 24 h after transfection, the cells were
harvested and subjected to Western blotting. C, as in A and B, effect of NUB1L or its M5 mutant on the protein level of NEDD8�GG.

Regulation of NEDD8 Degradation by NUB1L

OCTOBER 25, 2013 • VOLUME 288 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 31343



interaction with P97 is required for this NEDD8 clearance
pathway.
As shown in the previous experiments, both NEDD8 and

neddylation levels are down-regulated in the presence of
NUB1L. However, whether NUB1L can promote the degrada-
tion of free NEDD8 protein remains to be clarified. We
prepared a C-terminal glycine-deleted mutant of NEDD8
(NEDD8�GG) that was unable to be conjugated to the sub-
strate proteins. As in the case of wild-type NEDD8 (Fig. 5A),
NUB1L could also reduce the amount of NEDD8�GG,whereas
its M5 mutant exhibited no such effect (Fig. 5C, left panels).
Similarly, MG132 treatment could abolish this effect (Fig. 5C,
right panels). These data demonstrate that NUB1L can pro-
mote the proteasomal degradation of free NEDD8, and its
interaction with P97 is essential to this action.
It was predicted that the VBM-motif region of NUB1L con-

tains a nuclear localization signal (NLS) (20),mutation ofwhich
may cause mis-localization of the protein. To exclude the pos-
sibility that the loss of function of the NUB1Lmutant is a result
of its cellular mis-location, we examined the relationship
between NUB1L localization and its effect on NEDD8 conju-
gates. Microscopy imaging showed that NUB1L localized pre-
dominantly in nucleus as well as distributed in cytoplasm,
whereas its M5 mutant had a slight change in the localization
distributed in the whole cell (Fig. 6B). This means that the
mutation disrupting this potential NLS site alters the localiza-
tion of NUB1L to a considerable extent. To overcome this dif-
ficulty, we fused anNLS sequence from largeT-antigen of SV40
to the C terminus of NUB1L (Fig. 6A) to lead NUB1L and its
mutant to localize in the nucleus (Fig. 6C). Still, both forms of
wild-type NUB1L reduced the protein levels of NEDD8 and its
conjugates, whereas the M5 mutant forms lost this ability (Fig.
6D) nomatterwhether the proteinswere localized in nucleus or
cytoplasm. It suggests that the region of NUB1L rich in basic
residues is both a VBM motif for P97 binding and an NLS for
nucleus localization. Thus, the loss of function of the M5
mutant is a result of disruption of the P97 binding but not orig-
inated from mis-localization of the protein.
We then investigated whether P97 influenced the protein

levels of NEDD8 and neddylation in cells. Co-expression of P97
caused a decrease of the overexpressed NEDD8 and its conju-
gates (Fig. 7A, second lane), whereas knockdown of P97
increased the amounts of both overexpressed NEDD8 and its
conjugates (Fig. 7B). The amounts of endogenous NEDD8 and
neddylated cullins were also raised through reducing P97 by
siRNA (Fig. 7C). These data provide direct evidence that P97 is
directly involved in the degradation of NEDD8 and its conju-
gates. Moreover, we examined whether the ATPase activity of
P97 was required for this function.We replaced two active-site
residues, Glu-305 and Glu-578, with Gln in the ATPase
domains of P97 (P97-EQ) (61). Interestingly, P97-EQ signifi-
cantly increased the amounts ofNEDD8 and its conjugates (Fig.
7A, third lane). This is probably a result of the dominant-neg-
ative effect in which overexpression of the P97 mutant inter-
feres with the normal function of endogenous P97 and conse-
quently inhibits the degradation of NEDD8. Thus, the ATPase
activity or ATP hydrolysis is required for P97 modulating the
protein levels of NEDD8 and neddylation.

To examine whether NUB1L coordinates with P97 in the
turnover ofNEDD8,we investigated the effect ofNUB1L on the
degradation of NEDD8 under the circumstance of P97 silenc-
ing. Similarly, knockdown of P97 caused the increases of
NEDD8 and its conjugates (Fig. 7D, fourth lane).When P97was

FIGURE 6. The cellular localization of NUB1L. A, diagram of the constructs
for NUB1L and its mutants. NUB1L-NLS, attachment of the NLS sequence of
SV40 large T-antigen (PKKKRKV) to the C terminus of NUB1L. B, immunofluo-
rescence imaging of NUB1L and its M5 mutant. FLAG-tagged NUB1L or its M5
mutant was transfected into HEK 293T cells. NUB1L was stained with FLAG-
antibody, whereas the nuclei were stained with Hoechst. Scale bar, 10 �m. C,
co-localization of NUB1L-NLS with P97. FLAG-tagged NUB1L-NLS or its M5
mutant was co-transfected with HA-tagged P97 into HEK 293T cells. NUB1L or
P97 was stained with FLAG- or HA-antibody, whereas the nuclei were stained
with Hoechst. D, effect of NUB1L-NLS or its M5 mutant on the protein levels of
NEDD8 and neddylation. HA-tagged NEDD8 and FLAG-tagged NUB1L,
NUB1L-M5, NUB1L-NLS, or NUB1L-M5-NLS were co-transfected into HEK 293T
cells. Around 24 h after transfection, the cell lysates were subjected to immu-
noblotting with respective antibodies.
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down-regulated, NUB1L still had an ability to promote the deg-
radation of NEDD8 but with amuch less extent, whereas itsM5
mutant lost this effect (Fig. 7D, fifth and sixth lanes). This indi-
cates that NUB1L cooperates with P97 in regulating the degra-
dation of NEDD8.
NUB1L Joins to the P97UFD1/NPL4 Complex—In the Ub-pro-

teasome system, P97 is responsible for delivering ubiquitinated
substrates by forming a tripartite complex with UFD1 and
NPL4 (43, 62).Our data demonstrate thatNUB1Lpromotes the
proteasomal degradation of NEDD8 by interacting with P97.
Wewondered whether NUB1L coordinated with P97UFD1/NPL4

in theNEDD8-proteasome pathway. By usingGST pulldown in
vitro, we studied the interactions between P97UFD1/NPL4 and
NEDD8. As in the case of Ub (50, 63), neither P97 nor UFD1
interacted with NEDD8 or Ub, but only NPL4 could bind
NEDD8 as well as Ub (Fig. 8A). Moreover, the I44A mutant of

NEDD8 did not interact with NPL4, indicating that the hydro-
phobic patch of NEDD8 centered with Ile-44 played a critical
role in this NPL4 interaction. Without P97, UFD1/NPL4 could
bind NEDD8 no matter whether ATP or ADP was present or
not (Fig. 8B, third through fifth lanes). However, P97UFD1/NPL4

bound NEDD8 only in the presence of ATP, whereas it lost this
abilitywhenADPwaspresent (Fig. 8B,ninth and tenth lanes).This
suggests that P97 regulates the binding of NPL4 with NEDD8
through conformational changes during ATP hydrolysis.
Because NUB1L interacts with P97 (Fig. 3D), we then inves-

tigated whether NUB1L was also involved in the P97UFD1/NPL4

complex. The result showed that P97UFD1/NPL4 could pull down
NUB1L but not its M5 mutant (Fig. 8C, fifth and tenth lanes).
This suggests that NUB1L joins to the P97UFD1/NPL4 complex
by interacting with P97. Furthermore, formation of this com-
plex was not affected by the nucleotide type (Fig. 8D). We pro-

FIGURE 7. P97 down-regulates the protein levels of NEDD8 and its conjugates. A, effect of P97 or its P97-EQ mutant on the protein level of overexpressed
NEDD8. HA-NEDD8 was co-transfected with FLAG-tagged P97 or its P97-EQ mutant into HEK 293T cells. B and C, effect of P97 knockdown on the protein level
of overexpressed (B) or endogenous NEDD8 (C). The P97 siRNA or its control was transfected into HEK 293T cells, and then its effect on the amount of
overexpressed or endogenous NEDD8 was analyzed by Western blotting. D, effect of NUB1L and its M5 mutant on the protein level of NEDD8 under the
circumstance of P97 silencing. The siRNA against P97 was transfected into HEK 293T cells, and 24 h later HA-NEDD8 was co-transfected with FLAG-tagged
NUB1L or its M5 mutant. After another 24 h, the cells were collected and subjected to Western blotting. The protein levels of NEDD8 and its conjugates were
quantitated and are presented as the means � S.E. (n � 3). *, p � 0.05; **, p � 0.01; ***, p � 0.001; N.S., no significance.
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pose that this quaternary complexmight be the key element for
NEDD8 transfer to proteasome.
NUB1L Coordinates P97UFD1/NPL4 to Down-regulate Neddy-

lation of Cullin 1—Our studies have revealed thatNUB1L coor-
dinates P97 functioning in the proteasomal degradation of
NEDD8. However, whether the neddylated substrates are also
delivered to the proteasome for degradation remains to be
demonstrated. We employed cullin 1 (CUL1) as a model sub-

strate to investigate the effect of NUB1L and P97 on its neddy-
lation level (64, 65). By using an anti-CUL1 antibody, both free
and neddylated CUL1 could be detected in a gel. As compared
with wild-type NEDD8, overexpression of the N51E mutant
significantly increased the neddylation of endogenous CUL1
(Fig. 9A). However, overexpression of the glycine-dele-
ted mutant (NEDD8�GG) did not change the amount of
CUL1NEDD8. This indicates that neddylation of CUL1 is prob-
ably influenced by interaction of NUB1L with NEDD8. More-
over, overexpression of wild-type NUB1L or P97 significantly
decreased the neddylation level of CUL1 (Fig. 9B, second and
fourth lanes), but it had no evident influence on the total pro-
tein level of CUL1. However, neither NUB1L-M5 nor P97-EQ
mutants had any such effect (Fig. 9B, third and fifth lanes). On
the other hand, knockdown of NUB1L or P97 significantly
increased the amount of neddylated CUL1 (Fig. 9C). Together,
these data demonstrate that both NUB1L and P97 are directly
involved in regulating the neddylation level of CUL1 but not the
total CUL1 protein.

DISCUSSION

NUB1L Specifically Recognizes NEDD8—We have identified
a key residue of Asn-51 in NEDD8 critical for interacting with
NUB1L, but the structural basis of NUB1L distinguishing
NEDD8 from Ub remains to be elucidated. Analogously, the
Asn-51 residue of NEDD8 also plays an important role in rec-
ognition by the NEDD8-specific proteases, such as DEN1 (66)
and SENP8 (67). It was also reported that theN-terminal UBQ1
domain of FAT10, but not theC-terminal UBQ2 domain, inter-
acts with NUB1L (24). By sequence alignment, the correspond-
ing residues in UBQ1 and UBQ2 of FAT10 are lysine and glu-
tamate, respectively. Our study indicates that NUB1L can
interact with the N51Q mutant of NEDD8 but not with N51D
orN51E (Fig. 2C). Therefore, we propose that the binding inter-
faces of NUB1L for NEDD8 or FAT10 might be negatively
charged. If the corresponding residue in the Ub-like proteins
(or domains) is also negatively charged, its interaction with
NUB1L would be prohibited by charge repulsion. On the other
hand, Tanaka et al. (39) reported that both UBA2 and PEST
domains of NUB1L are responsible for NEDD8 binding. How-
ever, NMR titration did not detect the interaction between
NEDD8 and UBA2 or PEST (data not shown). Our pulldown
experiment indicated that the shortest fragment of NUB1L that
is able to interact with NEDD8 is from Ala-148 to the C termi-
nus. We propose that both of the UBA2 and PEST domains are
important but not enough for binding with NEDD8. More
detailed structural information is needed to reveal the interac-
tion between NUB1L and NEDD8.
P97UFD1/NPL4 Is Involved in the Degradation of NEDD8—We

have identified a VBM motif in NUB1L and demonstrated its
specific interaction with P97. The interaction between NUB1L
and P97UFD1/NPL4 is a key element of the NEDD8 degradation
pathway. NEDD8 is recruited by NPL4 and then passed on to
NUB1L. It is possible that P97 experiences significant confor-
mational changes during hydrolysis of ATP by the ATPase
domains of P97, by which the interaction between NPL4 and
NEDD8 might be intervened. A number of studies have dem-
onstrated the conformational changes of P97 during ATP

FIGURE 8. NUB1L collaborates with P97UFD1/NPL4 for targeting NEDD8. A,
examination of the interactions between the P97-complex components and
NEDD8 or Ub. GST-tagged NEDD8 or Ub was used to pull down P97, Trx-UFD1,
or NPL4. Trx-UFD1, a thioredoxin fusion of UFD1 for improving stability. B,
interaction of P97UFD1/NPL4 with NEDD8 in the presence of ATP or ADP. GST-
UFD1 was applied to pull down NEDD8 assisted by P97 and/or NPL4 in the
presence of ATP or ADP, and NEDD8 was detected by Western blotting using
an antibody against NEDD8. NEDD8 input (5% amount) was also loaded for
control. The asterisk stands for a degradation band of GST-UFD1. C, NUB1L
joins to the complex of P97UFD1/NPL4. GST-UFD1 was used to pull down NUB1L
or its M5 mutant assisted by P97 and NPL4, and the proteins were detected by
Coomassie Blue. The asterisk stands for a degradation band of GST-UFD1. D,
as in C, in the presence ATP or ADP.
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hydrolysis (53, 54, 68–70). So far, little is known about how the
conformational change of P97 affects the interactions of P97
cofactors with other proteins. Three-dimensional cryoEM
reconstruction has revealed that the P97UFD1/NPL4 complex is
highly dynamic, and UFD1/NPL4 shows distinct positions
upon the addition of nucleotide (71). This research sheds light
on the cooperation between P97 and its partners during ATP
hydrolysis. Similarly, NUB1L is also reported responsible for
the degradation of FAT10 (21, 24, 72) through interacting with
theVWAdomain of Rpn10 or Rpn1 (25). Thus, P97UFD1/NPL4 is
probably involved in the degradation process of FAT10 as well.
NUB1L Functions in Delivering NEDD8 from the P97UFD1/NPL4

Complex to Proteasome for Degradation—A couple of studies
have suggested thatNUB1/NUB1L regulates the degradation of
NEDD8 (19, 20, 39). Our studies have revealed that NUB1L
joins to the P97UFD1/NPL4 complex and promotes transfer of
NEDD8 for proteasomal degradation. Thus, a model that
NUB1L functions in delivering NEDD8 from the P97UFD1/NPL4

complex to proteasome is proposed as follows (Fig. 9D). 1)

P97UFD1/NPL4 recruitsNEDD8 through the interaction between
NPL4 and NEDD8. 2) NUB1L joins to the P97UFD1/NPL4 com-
plex by interacting with P97. When hydrolysis of ATP by P97
triggers its conformational switch, the NPL4-bound NEDD8 is
passed onto NUB1L. 3) By interacting with the subunits of pro-
teasome, such as Rpn10 and Rpn1 (23, 25), NUB1L delivers
NEDD8 to the proteasome for degradation. Thus, through
modulating the turnover of NEDD8, the neddylation levels of
NEDD8 substrate proteins are exquisitely regulated in cells.
Control of the NEDD8 and Neddylation Levels—The best

known function of NEDD8 is activating cullin-RING ligases by
conjugating to cullin proteins (9, 12, 26). Cullin-RING ligases
control the turnover of a large number of substrate proteins,
which are key elements of pivotal cellular processes, including
cell-cycle progression, cell signaling, and so on (8). Therefore, it
is very important to control the protein levels of NEDD8 and
the neddylation. There is literature reporting that NUB1medi-
ates anti-proliferation and apoptosis in renal cell carcinoma
cells (27) and suppression of mutant huntingtin toxicity in ani-

FIGURE 9. NUB1L or P97 suppresses the neddylation of CUL1. A, effect of NEDD8 and its mutants on the neddylation of CUL1. Transfection and Western
blotting analysis were similar to that described in Fig. 1, A and B. Data were quantitated and presented as the means � S.E. (n � 3). *, p � 0.05; **, p � 0.01; N.S.,
no significance. B, effect of NUB1L or P97 on the neddylation of CUL1. C, effect of knockdown of NUB1L or P97 on the neddylation of CUL1. The experimental
condition is the same as in Fig. 1, C and D. E, schematic representation showing that NUB1L regulates proteasomal degradation of NEDD8 via the P97UFD1/NPL4

complex. The P97UFD1/NPL4 complex can recruit NEDD8 via NPL4 binding, whereas NUB1L forms a quaternary complex with P97UFD1/NPL4 by interacting with
P97. In the complex the ATP hydrolysis by P97 triggers transfer of NEDD8 from NPL4 to NUB1L, by which NEDD8 is delivered to the proteasome for degradation.
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mal models (73). NUB1L (or NUB1) is an interferon-inducible
protein whose expression is probably promoted under certain
circumstances like infection and uncontrolled cell prolifera-
tion. By targetingNEDD8 for proteasomal degradation,NUB1L
cooperates with P97UFD1/NPL4 to suppress the protein levels of
NEDD8 and neddylation. Because down-regulation of protein
neddylation (such as cullins) affects cell proliferation by inhib-
iting the Ub E3 ligase activity of SCF (SKP1-cullin1-F-box)
complexes, inhibiting the NEDD8 conjugation pathway is con-
sidered to be a promising pharmaceutical intervention (74, 75).
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