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Abstract

NEDD8 is a ubiquitin-like protein that activates the largest ubiquitin E3 ligase family, the cullin 
RING ligases. Many non-cullin neddylation targets have been proposed in recent years. However, 
overexpression of exogenous NEDD8 can trigger NEDD8 conjugation through the ubiquitylation 
machinery, which makes validating potential NEDD8 targets challenging. Here we re-evaluate 
these studies in light of the current understanding of the neddylation pathway, and suggest criteria 
for the identification of genuine neddylation substrates under homeostatic conditions. We describe 
the biological processes that might be regulated by non-cullin neddylation, and the utility of 
neddylation inhibitors for research and as potential therapies. Understanding the biological 
significance of non-cullin neddylation is an exciting research prospect primed to reveal 
fundamental insights.

Introduction

Reversible post-translational protein modifications are major regulators of eukaryotic cell 
functions. Examples include modifications by small chemical moieties such as phosphates, 
acetyl and methyl groups, conjugation of lipids and sugars, and the attachment of poly-
peptides like the small protein ubiquitin and the 16 human ubiquitin like proteins (UBLs)1. 
Ubiquitin is the best characterized of these modifiers and is thought to be involved in the 
regulation of nearly every aspect of cellular homeostasis mainly through its functions in the 
ubiquitin-proteasome system2. Of the other UBLs, SUMO family members regulate the 
subcellular localization of proteins, transcription and DNA repair3; the Atg8 family 
members and ATG12 control autophagy4; and FAT10, ISG15 and FUB1 are regulators of 
immune and inflammatory responses5. URM1 can function as a regulator of oxidative stress 
and promotes protein translation through tRNA thiolation1.

The neural precursor cell expressed developmentally down-regulated protein 8 (NEDD8) is 
another UBL that has been principally characterized in the context of its major target, the 

ubiquitin E3 ligase family of the cullin RING ligases [G] (CRLs). Reports of non-cullin 
neddylation targets in recent years indicate that NEDD8 might have additional biological 
functions. However, as NEDD8 overexpression, which is routinely used experimentally, 
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causes aberrant effects in cells, such targets are controversial. Thus, determining 
experimental criteria for assigning bona fide non-cullin NEDD8 targets is an important 
research challenge. To establish such criteria, we review the current mechanistic 
understanding of neddylation and deneddylation, as well as the knowledge of NEDD8-
recognition domains. We then discuss in detail the emerging picture of biological processes 
that might be regulated by non-CRL neddylation.

Structure of the ubiquitin-like protein NEDD8

NEDD8 is a conserved, predominantly nuclear protein with a broad expression pattern in 
adult tissues6,7,8. Its expression is increased during mouse embryogenesis9,10 and its levels 
in the developing brain are higher than in adults6,11–14. Moreover, NEDD8 and the 
neddylation enzymes are over-expressed in human cancers8,15,16. Neddylation is essential in 
mammals17, plants18, fruit flies19, nematodes20, and fission yeast21. Budding yeast is the 
notable exception with a conserved but non-essential neddylation pathway22,23.

Ubiquitin and NEDD8 have the greatest similarity among all of the UBLs (the human 
orthologues are 59% identical)24,25 (Figure 1A). Despite this, ubiquitin and NEDD8 have 
non-interchangeable functions in cells as a result of small differences in their structures that 
mediate distinct interactions (discussed below). The overall structure of NEDD8 can be 
subdivided into a C-terminal tail and a globular ubiquitin-fold domain (Figure 1B). The tail 
is flexible in solution26, adopts different extended structures upon interaction with 
neddylation and deneddylation enzymes, and, similarly to ubiquitin, ends with a Gly-Gly 
sequence that becomes covalently bonded to targets27–29. The globular domain is 
characterized by four β-sheets interspersed by one α- and two 310-helices (helix 1, 2, and 3 
respectively).

Two surface-exposed hydrophobic patches on ubiquitin, the Ile44 and Ile36 patches, have 
been shown to be essential for mediating protein–protein interactions30. Both of them are 
conserved in the NEDD8 structure (Figure 1B). The NEDD8 Ile44 patch comprises Leu8-
Ile44-His68-Val70 and the Ile36 patch contains Leu8-Ile36-Leu71-Leu76. Another 
functionally important region in mammalian ubiquitin includes residues of and around the 
flexible loop between β1 and β2 and Lys6 and Lys1131. Here, we refer to this largely 
conserved region in NEDD8 as the β1/β2-loop (Figure 1B, Table 1). The intervening polar 
and charged surfaces are less conserved between ubiquitin and NEDD8, and probably 
influence their specific functions (Figure 1C, D).

Mechanism of neddylation and deneddylation

The translation product of NEDD8, similar to other UBLs, is a precursor, which requires 
proteolytic processing to expose a C-terminal glycine residue. It is subsequently chemically 
activated by specific E1 and E2 enzymes, and eventually conjugated by an E3 enzyme to a 
lysine residue in the target protein through an isopeptide bond.
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Proteolytic Processing

The budding yeast cysteine protease Yuh1 removes the C-terminal extensions of both 
ubiquitin and NEDD8 precursors, and is essential for cullin neddylation32. Its orthologue in 
mammals, ubiquitin C-terminal hydrolase 3 (UCH-L3) can also process both ubiquitin and 
NEDD833. A second cysteine protease, known as deneddylase 1 (DEN1), has high 
specificity for NEDD8 but not ubiquitin, and can process the NEDD8 precursor form, as 
well as deconjugate NEDD8 from some protein substrates, but not from the best-
characterized NEDD8 targets, cullins32–37 (see below). The NEDD8 C-terminal maturation 
functions of DEN1 and UCH-L3 are probably redundant in vivo, as knockout of either 
enzyme does not lead to neddylation defects38,39.

NEDD8 E1 enzyme

The NEDD8 E1 activating enzyme (NAE) initiates the NEDD8 transfer cascade (Figure 2A) 
by chemically activating the di-Gly-bearing C-terminus of NEDD8. NAE is a heterodimer 
comprising the amyloid-beta precursor protein binding protein 1 (APPBP1) and UBA3. 
NAE contains two distinct active sites: an adenylation site located in UBA3 and a cysteine 
transthiolation domain, composed of residues from both subunits. The two active site 
domains are separated by a large groove in the holo-enzyme27, referred to as an ‘open’ 
conformation. A third functionally important domain is a C-terminal ubiquitin fold domain 
(UFD) in UBA3, which binds the NEDD8 E2 enzymes (see below). The reactions catalyzed 
by NAE are ordered. Binding of ATP, Mg2+ and NEDD8 at the adenylation site of UBA3 is 
followed by AMP attachment to the C-terminus of NEDD8 (formation of NEDD8-
adenylate), and the release of inorganic pyrophosphate. The C-terminus of NEDD8 is thus 
chemically activated and can be attacked by the catalytic cysteine of NAE. However, there is 
a ~ 35 Å gap between the active site cysteine of NAE and the activated C-terminus of 
NEDD8 in the open conformation27. Extrapolating from structural data of the SUMO E1 
activating enzyme40, structural remodeling of NAE is probably required to result in a 
‘closed’ state, characterized by a 130-degree rotation of the remodeled cysteine domain, thus 
positioning the catalytic cysteine of NAE sufficiently close to the NEDD8-adenylate.

The C-terminus of NEDD8 is consequently linked to the active site cysteine of NAE, while a 
second NEDD8 binds at the adenylation domain, and NAE re-adopts the open 
conformation41. Although it is not fully understood, the switch between the closed and open 
conformations of NAE might be triggered by remodeling and consequent loss of the ATP 
biding pocket of UBA3 in the closed state, which probably triggers release of AMP after 
NEDD8 attachment to the catalytic cysteine.

NEDD8 E2 enzymes

In metazoans, two NEDD8-specific E2 conjugating enzymes have been described – UBC12 
(also known as UBE2M) and UBE2F. They both bind to the doubly NEDD8-loaded NAE, 
catalyzing a transthiolation reaction involving the transfer of NEDD8 from the active site 
cysteine of NAE onto the active site cysteine of the E2 enzyme (Figure 2A). The major 
interaction interface with the E2 enzyme is through the UFD of NAE42. Importantly, when 
NAE is doubly NEDD8-loaded, its UFD reorients and together with a portion of the 
adenylation domain forms a cryptic UBC12-binding groove41. In addition, UBC12 directly 
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binds the NEDD8 moiety attached to the catalytic cysteine of NAE41. Unique to the NEDD8 
cascade is a third E1–E2 interface, formed by the N-terminus of either E2 enzyme (UBC12 
or UBE2F) binding in a groove of the adenylation domain of UBA343. Together, these 
binding interfaces position the catalytic cysteines of the NEDD8 E1 and E2 enzymes in 
close proximity for catalysis. As two of the binding sites for the E2 enzyme are only present 
in the doubly NEDD8-loaded NAE, they are lost after transthiolation and thus catalysis 
contributes to weakening E1–E2 binding and the release of the E2 enzyme from the E1.

NEDD8 E3 enzymes

NEDD8 E3 ligases catalyze the transfer of NEDD8 from the E2 enzyme onto the target 
protein. All currently reported NEDD8 E3 enzymes can also function as ubiquitin E3 
enzymes (Supp. Table 1). All but one of the reported NEDD8 E3 enzymes are of the RING 
subclass44. The RING domain is found in more than 600 human E3 ligases and is 
structurally characterized by two or three interleaved zinc-coordination sites, which form a 
protein–protein interaction interface for various E2 enzymes. The best studied NEDD8 E3 
ligases are the RING domain subunits RBX1, a component of CRL1, CRL2, CRL3 and 
CRL4 complexes, and its close homologue RBX2, a CRL5 component27,40,41,45,46. RBX1 
can, in principle, work with both UBC12 and UBE2F, whereas RBX2 has specificity for 
UBE2F45,47. The same surface on the NEDD8 E2 enzymes is recognized by both the E3 
RING domains and the UFD of NAE; the toggling of relative affinities ensures the uni-
directionality of the process42,48.

The interaction between the E3 RING domain and E2-bound UBL catalyzes the transfer of 
the UBL from the E2 active site cysteine onto a lysine residue or the N-terminus of the target 
protein (Figure 2B). In the particular case of CRL-mediated neddylation, this step is further 
aided by DCN1-like proteins (see below). Recent structural studies have uncovered the 
catalytic mechanism for ubiquitin transfer, and its general conservation in the NEDD8 
system. In the absence of an E3 ligase, ubiquitin-charged E2 enzymes adopt multiple 
conformations, sampling various configurations of ubiquitin relative to the E249. 
Conformational “wobbling” of ubiquitin relative to the E2 reduces reactivity of the thioester 
bond, and may also reduce accessibility to the active site of the E2 enzyme. Upon binding to 
an E3 RING domain, the ubiquitin-loaded E2 adopts an activated conformation in which the 
RING domain binds both the E2 and ubiquitin and the thiolated C-terminus of ubiquitin is 
immobilized to increase reactivity through an attack by the substrate’s lysine residue41,50–53. 
A key structural feature of ubiquitylation intermediates is a RING “linchpin arginine” that 
stabilizes the activated E2~ubiquitin intermediate (Figure 2C, left). The RBX1 RING 
domain binds UBC12~NEDD8 with a similar overall architecture to the ubiquitylation 
reaction, but has several unique features that establish exquisite specificity for both 
neddylation and the cullin acceptor lysine (Figure 2C, right)54. Among the differences from 
structurally characterized ubiquitylation intermediates is that a canonical RING linchpin 
arginine would electrostatically repel human UBC12 (Figure 2C). Notably, the majority of 
reported non-RBX-family NEDD8 E3 ligases, including c-CBL, RNF111, MDM2 and 
DmIAP1, do contain a linchpin arginine (Figure 2D, Supp Table 1), and this raises the 
question of whether they bind and activate UBC12~NEDD8 through an unknown 

Enchev et al. Page 4

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2016 December 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



mechanism, or whether they promote NEDD8 transfer from alternative E2s, potentially 
UBE2F.

NEDD8 chains

Ubiquitin, SUMO and other UBLs can in principle form chains on their substrates by first 
being attached to a target protein and then themselves functioning as an acceptor for a 
further UBL. Many proposed NEDD8 substrates, including cullins, are thought to be mainly 
mono-neddylated on a single or several conserved lysines. Cullins can, however, be hyper-
neddylated in vitro55–58 and a proteomic study revealed that this is a mixture of neddylation 
on multiple C-terminal lysines and NEDD8 chain formation59. Moreover, it was found that 
NEDD8 can form chains through Lys11, Lys22, Lys27, Lys48, Lys54 and Lys6059–62. 
NEDD8 chains could pre-form on the active site of UBC1257.

The physiological significance of NEDD8 chains is unclear. On the one hand, a mutagenesis 
study in fission yeast found that mutating all lysines in NEDD8 to arginines (to prevent 
chain formation) did not compromise cell viability under normal and stress conditions, 
including DNA damage, and microtubule and proteasome stress63. On the other hand, a 
recent study in cultured human cells reported that Lys22- and Lys48-linked NEDD8 chains 
form on histone H4 following DNA damage and regulate downstream events64. Intriguingly, 
NEDD8 can form mixed chains with ubiquitin in budding yeast and human cells and can 
function as a chain-terminator65. The probable explanation for this is that Lys60 is 
conserved in NEDD8 but not ubiquitin and prevents NEDD8 from being a good ubiquitin 
acceptor26. Thus, the exact mechanism, potential substrates and physiological significance 
of NEDD8 chain formation remain important future research directions.

Neddylation regulators

Neddylation is regulated in vivo by several mechanisms. The five defective in cullin 
neddylation 1 (DCN1)-like proteins (DCNLs) are probably the main regulators of 
neddylation in humans66. They bind both cullins and NEDD8 E2 enzymes, thereby 
increasing the kinetic efficiency of the neddylation reaction47,67,68 (Figure 2B). They do so 
by specifically recognizing a site in the cullin substrate close to its neddylation site as well 
as the acetylated N-terminus of the E2 enzyme UBC12, and thus DCNLs probably 
structurally constrain the RBX1–UBC12~NEDD8 complex to orientations that are optimally 
suited for NEDD8 transfer68,69. However, we know little about the roles of individual 
DCNLs. It is conceivable that different DCNLs regulate different cullins in vivo. For 
example the only known DCNL orthologue in budding yeast, Dcn1, is important for the 
neddylation of Cul1 and Cul3, but not the CUL4 orthologue Rtt10170. The human DCNL 
paralogues differ in subcellular localization. In order to function as a co-E3 DCNL1 has to 
co-localize with UBC12, which is mainly a nuclear protein71,72. DCNL1 and DCNL2 are 
themselves mono-ubiquitylated in a reaction requiring their UBA domain, which directs 
their nuclear export72. DCNL3, by contrast, has a lipid-modified domain and contributes to 
the neddylation of CRL3 complexes at membranes73.

At present it remains unknown whether N-terminal acetylation of E2 enzymes and/or 
DCNLs are involved in the neddylation of non-cullin proteins. This is, however, a 
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possibility, as the overexpression of DCNL1 in human cells results in a marked increase in 
levels of neddylated proteins72.

Budding yeast Tfb3 (MAT1 in mammals) is a component of the transcription initiation 
factor TFIIH, which functions both in transcription and nucleotide excision repair74. Tfb3 
comprises a RING domain, which regulates the neddylation of CUL3 and CUL4 but not 
CUL1 orthologues70. Similarly to RBX1, Tfb3 interacts with Ubc12 and lacks the lynchpin 
arginine (Figure 2D), which indicates that it may directly activate Ubc12. The mechanism of 
action of Tfb3, and whether it also has a role in neddylation in higher eukaryotes, remain to 
be established.

Neddylation can be inhibited during bacterial infection. Cif from enteropathogenic 
Escherichia coli and its Burkholderia pseudomallei homolog CHBP are deamidases, which 
convert the conserved Gln40 residue of NEDD8 to a Glu75. Deamidated NEDD8 is 
incapable of activating CRL activity and can induce macrophage-specific apoptosis76.

Deneddylation

CSN5 is the major cullin deneddylase (Figure 2E)77. It comprises a metalloprotease active 

site within a JAB1/MPN/MOV34 metalloenzyme (JAMM) motif [G]78. However, its active 
site is auto-inhibited when CSN5 is in isolation and its assembly into the eight-subunit 
COP9 signalosome (CSN) complex is required for catalytic activity79,80. Curiously, CSN5 is 
also autoinhibited in the fully assembled CSN complex81. What releases this auto-inhibition 
is not fully understood, but since the major interaction interface for deneddylation occurs 
between the CSN subunits CSN2 and CSN4 and the C-terminus of the cullin, rather than 
between NEDD8 and CSN5, active site remodeling of CSN5 most probably occurs 
allosterically upon binding of the neddylated cullin substrate to the CSN complex81,82. 
Neither CSN5 in isolation nor the CSN complex has appreciable affinity for free NEDD8 
and they are very inefficient in processing its precursor form or chemically synthesized C-
terminal derivatives37,78,80,82. Furthermore, the CSN complex stably binds deneddylated 
CRLs and sterically inhibits the ability of RBX1 to activate E2 enzymes. CRL substrates can 
compete away CSN and thus trigger their own degradation82–84.

DEN1 is a cysteine protease that selectively binds NEDD834,37 and has complementary 
deneddylation activities to the CSN complex in vivo38 (Figure 2E). As discussed above, 
DEN1 can process the NEDD8 precursor form, but it has a negligible activity to deconjugate 
a single NEDD8 from cullin substrates. However, DEN1 is more active in deneddylating 
hyper-neddylated cullins to leave mono-neddylation behind37, which indicates that it might 
prevent aberrant polyneddylation. The most probable explanation for the inability of DEN1 
to remove a single NEDD8 from cullins is that, among other interfaces, it recognizes 
NEDD8 through its Ile44 patch28, which is probably inaccessible in a mono-neddylated 
substrate as this patch also interacts with the cullin85. Furthermore, DEN1 can remove 
NEDD8 from many postulated non-cullin substrates both in vitro and in vivo (Supp Table 1).

Finally, several putative deneddylases have been reported but further characterization is 
lacking at present86,87. USP21 was initially reported as capable of deconjugating both 
ubiquitin and NEDD8, but a structural and biochemical study suggested that steric clashes 
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and repulsive forces would prevent USP21 from binding NEDD888. It is unknown whether 
UCH-L3 can deneddylate proteins also or only functions to process NEDD8 precursors.

NEDD8-interacting proteins

It is reasonable to assume that as for ubiquitin, specific NEDD8-binding proteins recognize 
neddylated substrates and signal downstream effects. Indeed, several NEDD8-interacting 
proteins have been reported (Table 1). However, in most cases we are still lacking 
knowledge of the molecular determinants of the interface, its specificity over other UBLs 
and how NEDD8 binding translates into a biological function. Nevertheless, we can begin to 
address two key questions. Which surfaces/residues in NEDD8 and NEDD8 chains function 
as interaction interfaces, and what domains in NEDD8-binding proteins recognize them? As 
summarized in Table 1, two classes of NEDD8-interacting proteins can be distinguished. 
The first comprises NEDD8-pathway enzymes (discussed in the previous section) and the 
second is composed of downstream effectors (discussed below).

This second class of NEDD8-interacting proteins comprises scaffold proteins as well as 
enzymes that exert downstream signalling effects by binding free NEDD8 and/or neddylated 
proteins. The exact functions are not well studied but there are examples of substrate 

recruitment via NEDD8 to the 26S proteasome65,89, endocytic vesicles90 and p97 [G]91,92. 
Moreover, NEDD8 binds to effectors of DNA methylation93, transcription94 and DNA 
damage repair64 as well as activators of Ariadne domain RING-between-RING E3 ligases95.

In most studied cases, such interactions occur through discrete small domains of 
downstream effectors, which bind to the hydrophobic patch around Ile44 of NEDD8. 

Examples of such domains include ubiquitin-associated (UBA) domains [G] of yeast and 
human proteasomal ubiquitin-binding proteins65, NUB1/NUBL196, ubiquitin interaction 

motif (UIM) domains [G] of UBXD791,92 and HGS90, as well the motif interacting with 

ubiquitin (MIU) [G], which recognizes NEDD8 chains64. The reported affinities of these 
domains for NEDD8 are in the μM range, similar to the interactions of such domains with 
ubiquitin. Thus it remains to be investigated whether and how such interfaces can 
discriminate between NEDD8 and ubiquitin. Detailed future studies of NEDD8-specific 
binding domains are warranted not only to learn more about their cellular functions and 
biochemical properties, but also with the hope that they may function as affinity tags for 
enriching endogenously neddylated proteins for proteomic or biochemical studies. A further 
important question is whether free NEDD8 or neddylated proteins are primarily recognized. 
As there are several reports of the recognition of neddylated cullins91,92,95, structural studies 
are required to resolve the issue of whether the Ile44 patch of NEDD8 is released from the 
WHB domain in cullins to be recognized by other proteins.

Neddylation through the ubiquitin pathway

Both the ubiquitylation and neddylation pathways exhibit great specificity in cells under 
homeostatic conditions. Such specificity is largely conferred by a single amino acid 
difference in the C-termini of the two UBLs — Ala72 in NEDD8, and Arg72 in ubiquitin 
(Figure 1A, B) — which is recognized by their respective E1 enzymes, thus ensuring that 
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the correct UBLs are passed on to the respective E2 and E3 enzymes and the correct 
substrates24,97–99. However, the ubiquitin E1 enzyme UBA1 can activate NEDD8, although 
NEDD8 is a significantly worse substrate for UBA1 than ubiquitin24,100. Thus, detectable 
activation of NEDD8 by UBA1 occurs if NEDD8 is in excess. Importantly, once activated 
by UBA1, NEDD8 can be trans-thiolated to most ubiquitin-specific E2 enzymes24,100 and is 
thus conjugated to multiple ubiquitylation substrates either by itself or as a part of mixed 
ubiquitin–NEDD8 chains62,101 (Box 1).

Box 1

Identification of genuine in vivo neddylation substrates: experimental 
approaches and challenges

An increase of free NEDD8 over ubiquitin can occur in an overexpression experiment or 
as a consequence of cellular stress or pathology. Such ratio perturbation results in the 
activation of NEDD8 through the ubiquitin E1 enzyme UBA1, and to conjugation of 

NEDD8 through the ubiquitylation machinery62,100,101 (see figure). This can lead to 
erroneous assignments of neddylation substrates.

A genuine neddylation target should comply with the following criteria (see also158):

• Covalent attachment of NEDD8 through its C-terminal glycine to a Lys 
residue in the target protein

• Detectable neddylation under homeostatic conditions and at 
endogenous levels of NEDD8 and substrate expression

• Neddylation of the proposed target is sensitive to MLN4924 treatment 
under conditions that block cullin neddylation but not ubiquitylation, 
and NEDD8 is thus activated by NAE.

Ideally, studies of a neddylation target should further define:

• The specific NEDD8 E2 and E3 enzyme(s)

• The regulation and biological consequences of neddylation.

Immunoprecipitations with specific antibodies are the preferred approach to study 
modifications of endogenous proteins, but genome editing159 can be used to introduce 
affinity-tagged constructs under the endogenous promoter. NAE-mediated neddylation is 
most reliably demonstrated with the small molecule inhibitor MLN4924102 (Box 2) and 
should include proof that the treatment has no effect on other cellular functions. NAE 
depletion by RNAi is generally much less specific and, if used, should be controlled by a 
rescue experiment with an RNAi-resistant construct. In both cases, however, indirect 
effects through inhibition of CRL activity should be excluded. Identification of a 
NEDD8-modification should best proceed by mass spectrometry, using the LysC 
protease, which, as opposed to trypsin, enables discrimination between ubiquitin, 
NEDD8 and ISG1560. This approach identifies the neddylated lysines and indicates 
whether NEDD8 forms chains. Further caution is needed if the neddylation target is also 
targeted by ubiquitin on the same lysine(s). In such cases, the relative abundance of the 
two modifications would be a crucial indicator of their physiological significance. 
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Important follow-up experiments include identifying the E2 and E3 enzyme(s) that are 
involved in neddylation of the substrate. To this end, the structural restraints shown in 
Figure 2 C, D54 should be considered. Finally, neddylation of the target protein may be 
regulated by physiological stimuli, and specific cellular phenotype(s) should be observed 
upon generation of non-neddylatable mutants.

Box 2

Pharmacological Inhibition of Neddylation

Overexpression of NEDD8 and the consequent aberrant activation of the neddylation 
pathway and CRL activity can drive the progression of numerous cancers8,15,16,160–163, 
as well as inflammatory and autoimmune diseases164,165. Moreover, the CRL system can 
be ‘hijacked’ by HIV or hepatitis virus proteins, which facilitate infection by targeting 
host proteins for degradation7,11. Pharmacological inhibition of CRLs and/or neddylation 
and deneddylation are thus active research areas and a small molecule NAE inhibitor, 
MLN4924102, is currently undergoing several clinical trials166.

MLN4924 resembles AMP and preferentially binds the adenylation site of a NAE 
molecule that already has a NEDD8 bound at its active site cysteine. MLN4924 attacks 
this NEDD8, forming a sulfamate adduct167 and inhibiting neddylation and CRL activity 

(Figure). The major cellular phenotype of MLN4924 treatment is DNA re-
replication102,168, due to stabilization of the DNA replication licensing factor and CRL 
substrate CDT1169. MLN4924-treated cells accumulate DNA damage, which they fail to 
repair, and enter apoptosis169 or senescence168.

MLN4924 administration would also inhibit the neddylation of proposed non-cullin 
neddylation substrates. Although the consequences for the therapeutic efficacy remain 
unstudied, there are strong indications for both synergistic as well as counter-active 
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effects. For example, neddylation is thought to inhibit the transcriptional activity of the 
well-established tumor suppressors TP53 and TP73, and stabilize HuR, which is 
important for the survival of hepatocellular carcinoma and colon cancer cells170,171, as 
well as to stabilize HIF transcription factors172. Hence, neddylation inhibition in the 
above examples will probably enhance the anti-tumorigenic properties of MLN4924. By 
contrast, non-cullin neddylation is thought to be tumor-suppressive in a number of cases, 
including TGF-β-induced G1/S cell cycle arrest through TGFβRII neddylation146, 
stimulation of DNA repair64, stimulation of VHL tumour suppressor-mediated 
involvement in fibronectin-dependent extracellular matrix assembly113,114, inhibition of 
E2F transcription133, inhibition of EGFR signaling90, and inhibition of caspase activity86. 
Consequently, inhibition of neddylation in the above cases might be counterproductive in 
cancer therapy and merits attention.

Current thinking is that NEDD8 conjugation through ubiquitin cascades has no role under 
physiological conditions, as the concentrations of free ubiquitin and NEDD8 in cells are 
almost equal100. However, an excess of NEDD8 over ubiquitin occurs in many cancers or 
cancer-derived cell lines or can be artificially generated upon ectopic overexpression of 
NEDD8 — a method that is frequently used in the search for novel neddylation targets. 
Therefore, conclusions about neddylation substrates and/or NEDD8 chain formation under 
physiological conditions should not be drawn from experiments involving NEDD8 
overexpression.

In the hope to aid future experimental design, we propose a set of criteria for concluding that 
a cellular protein is a physiological neddylation target (Box 1). We have re-evaluated the 
published studies with regards to these criteria (Supp Table 1). The inevitable conclusion is 
that the only substrates that currently fulfill all criteria as neddylation substrates are the 
members of the cullin family. Nevertheless, there may be other genuinely neddylated 
substrates, and we have classified these proposed substrates according to their biological 
roles below. Several reported substrates pre-date the development of the NAE-specific 
inhibitor MLN4924102 and we would thus encourage additional validation experiments 
using this powerful tool (Box 2).
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Neddylation of Ubiquitin E3 Ligases

The best-characterized and fully validated neddylation substrates are the cullin family 
members, which nucleate the largest class of RING ubiquitin E3 ligases, the cullin RING 
ligases. Cullin neddylation results in the activation of ubiquitin transfer activity by favoring 
alternative conformations of the cullin C-terminal domain and of RBX85,103–105, whereas 
CSN complex-mediated deneddylation of cullins enables the substrate receptor exchange 
factor CAND1 to bind to the cullin, removing CSN and triggering the exchange of the 
ubiquitylation-substrate specific receptor82,106–108. These functions of neddylation have 
been reviewed extensively elsewhere109.

Recently, several other ubiquitin E3 ligases have been reported to be neddylated, although 
further experiments will be required for validation using all of the criteria outlined in Box 1. 
The HECT-domain ubiquitin E3 ligase110 SMURF1, as well as its budding yeast orthologue 
Rsp5, has been reported to be activated by neddylation111. SMURF1 autoneddylates on 
multiple lysines through an active site cysteine that is distinct from the characteristic HECT 
domain ubiquitylation active site (Figure 3A). Moreover, SMURF1 hyper-activation through 
neddylation correlates with poor prognosis in colorectal cancer111. Other ubiquitin E3 
ligases reportedly targeted by neddylation — although less well established by the criteria 
outlined in Box 1 — include Parkin (PARK2), VHL, BRAP2 and MDM2. All of these E3 
ligases are members of the RING domain family. Several other HECT-domain E3 ligases 
have also been identified in large scale screens as neddylation targets59 but have not been 
studied further.

VHL, a substrate receptor of a CUL2-based CRL112, was found to be neddylated in prostate 
cancer cells113. However, as NEDD8 is overexpressed in certain cancer cell lines8,16, it 
remains unclear if VHL is also neddylated under non-pathological conditions. VHL is 
predominantly neddylated in a region that is important for incorporation into CRL2, and 
neddylation might thus impede complex formation114. VHL reportedly also has a CRL2-
independent function as a positive regulator of fibronectin extracellular matrix assembly. 
Neddylated VHL is incapable of binding fibronectin but an intact neddylation pathway is 
required for the VHL–fibronectin interaction, as non-neddylatable VHL mutants have 
defects in promoting differentiated cell morphology113,114. It is therefore possible that 
transient neddylation of VHL is required as a switch between CUL2 and fibronectin binding.

Parkin is a RING-in-between-RING ubiquitin E3 ligase115 that promotes the selective 
degradation of damaged mitochondria by a process known as mitophagy4. Deregulation of 

this pathway is linked to the aetiology of Parkinson’s disease [G]116. Endogenous parkin has 
been found to be neddylated by endogenous NEDD8 in brain samples of patients with 
Parkinson’s disease117 as well as in cultured neuroblastoma cells, but UBC12 was not 
required for neddylation118. An aberrant ratio of NEDD8 to ubiquitin in these samples was, 
however, not excluded. Neddylation has been detected in aggregates from various 
neurodegenerative diseases117,119–122. Moreover, both NEDD8 and neddylated parkin were 
predominantly cytoplasmic in patients with Parkinson’s disease118, as observed for other 
neurodegenerative pathologies123. As NEDD8 is predominantly nuclear under normal 
conditions6, it is possible that in disease tissues NEDD8 is either overexpressed and/or 
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aberrantly translocated to the cytoplasm, where it modifies the cytosolic pool of parkin, 
potentially through the ubiquitylation machinery. Parkin can be neddylated on multiple 
lysines distributed along the entire protein118. Parkin neddylation does not affect its 
solubility or subcellular localization but does enhance its ubiquitylation activity in 
vivo117,118. Parkin was recently discovered to adopt an auto-inhibited conformation115. It 
would therefore be of particular interest to reconstitute Parkin neddylation and 
ubiquitylation in vitro and to investigate whether Parkin ubiquitylation activity can be 
activated by specific neddylation. Indeed, whereas the ubiquitin E2-binding site in the Parkin 
structure is occluded in its unmodified and uncomplexed form115, Parkin neddylation 
resulted in increased affinity for its E2 and substrates in vivo118. A parallel can be drawn to 
the intriguing recent observation that auto-inhibition of the Ariadne subfamily of RING-in-
between-RING E3 ligases can be relieved by binding to neddylated CRLs95.

Neddylation in Transcriptional Regulation

Transcription factors are among the most commonly reported putative neddylation targets. 
Neddylation seems to generally suppress their activity, albeit through different pathways, 
including altered protein stability, protein-protein and protein-DNA interactions, as well as 
subcellular localization. Multiple studies have examined neddylation of the transcription 
factor TP53 (Supp Table 1). TP53 helps cells to react to various stress signals such as 
nutrient deprivation, DNA damage, hypoxia and ribosomal stress by, for example, inhibiting 
cell cycle progression or triggering senescence or apoptosis and TP53 thus functions as a 
crucial tumour suppressor124. The activity of TP53 is inhibited under normal growth 
conditions by the RING-domain E3 ligase MDM2, which targets TP53 for proteasomal 
degradation through ubiquitylation. MDM2 has been reported to also function as a NEDD8–
E3 ligase for TP53, although at this point the mechanisms of MDM2-mediated neddylation 
remain unclear. Neddylation is thought to inhibit TP53 transcriptional activity but not 
significantly affect its stability125 (Figure 3B). The ubiquitylation and neddylation activities 
of MDM2 towards TP53 are reported to have distinct regulatory mechanisms. The histone 
acetyl transferase TIP60 can inhibit MDM2-mediated neddylation of TP53, whereas the 
cyclin-dependent kinase inhibitor p14ARF inhibits MDM2-mediated ubiquitylation126. The 
balance between neddylation and ubiquitylation of TP53 is further regulated by NUB1, 
which decreases the former and promotes the latter127. Neddylation, ubiquitylation and 
NUB1 cooperate in the cytoplasmic translocation and inactivation of TP53 in a manner that 
is not fully understood but is mutually dependent127. Mono-ubiquitylation rather than 
neddylation of TP53, however, is the main signal triggering its nuclear export128. The TP53 
family member TP73 also seems to be neddylated by MDM2, similarly resulting in 
cytoplasmic localization and down-regulated transcriptional activity129. A second E3 ligase, 
SCFFbxo11, was discovered to neddylate but not ubiquitylate TP53, thereby downregulating 
its transcriptional activity without affecting its stability130. It would be interesting to study 
whether CUL1 neddylation and/or DCNLs stimulate this activity.

E2F1

E2Fs are transcription factors that can both stimulate and repress cell cycle progression131. 
Two studies have reported that neddylation of E2Fs leads to down-regulation of their 
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transcriptional activity132,133 (Figure 3B). E2F1 was observed to be neddylated mainly in 
the DNA-binding domain and its protein levels were reduced following neddylation133. 
DEN1 can deneddylate E2Fs and activate E2F-mediated transcription. Interestingly, E2Fs 
are known to be stabilized by DNA-damaging chemotherapeutics in which case they were 
observed to be less neddylated132,133, probably due to DEN1 overexpression134. There is 
evidence that both neddylation and deneddylation specifically regulate a subset of E2F target 
genes. In particular, E2F1 deneddylation follows DNA damage and enhances the interaction 
of E2F1 specifically with its cofactor MCPH1, which triggers transcription of pro-apoptotic 
factors132. Moreover, there are indications that E2F1 neddylation can be stimulated by prior 
methylation of E2F1 by Set7/9133. The latter occurs during DNA damage and, similar to 
neddylation, leads to a destabilization of E2F1135.

NF-κB signaling

The nuclear factor-κB (NF-κB) family comprises heterodimeric transcription factors that are 
primarily responsible for the inflammatory response and cell survival136. In the absence of 
extracellular signaling, NF-κB is located in the cytoplasm and is inhibited by IκB family 
members. Upon stimulation of a cell with inflammatory cytokines such as TNF, a 
heterotrimeric kinase composed of IKKα and IKKβ in complex with NEMO (also known as 
IKKγ) phosphorylates IκB. IκB is consequently ubiquitylated and targeted for degradation 
by SCFβTrCP, with the result that the NF-κB transcription factors enter the nucleus and 
stimulate gene expression. In this regard, the best-studied effect of NEDD8 on NF-κB 
signaling is related to its regulation of the cullin E3 ubiquitin ligases responsible for IκB 
ubiquitylation137.

Several recent reports have proposed non-cullin neddylation substrates with an effect on NF-
κB-mediated transcription. For example, IKKγ is neddylated by the RING E3 ligase 
TRIM40, thus inhibiting NF-κB signaling138. Importantly, a comparison of endogenous 
IKKγ neddylation levels revealed a significant reduction in gastric epithelium samples from 
patients with gastric cancer relative to healthy controls, which indicates that IKKγ 
neddylation might have a tumour suppressive function138. In a further example, NF-κB-
mediated transcription was inhibited by neddylated BCA3, which interacts with the NF-κB 
subunit RELA and further recruits the histone deacetylase and transcriptional repressor 
SIRT1139. However, a subsequent study challenged these conclusions arguing that BCA3 is 
only a repressor of NF-κB transcription at very high TNF concentrations, and that BCA3 
behaves as a positive regulator of NF-κB at close to physiological levels of TNF140. As its 
neddylation status was not investigated in this latter study, the exact functions of BCA3 and 
the role of its neddylation in NF-κB regulation merit further investigation under 
physiological conditions. In a final study, the RING E3 ubiquitin ligase BRAP2, which has 
several reported functions in intracellular signaling, was found both to interact with NEDD8 
and to be neddylated, albeit solely by over-expression studies141. Interestingly, BRAP2 was 
neddylated on a lysine residue in a sequence stretch that is homologous to the NEDD8 
consensus site in cullins. TNF stimulation leads to BRAP2 neddylation and suppression of 
NF-κB nuclear translocation. However, a link between the two effects is lacking and it is 
possible that the inhibition of NF-kB is rather mediated through interaction with CUL1 by a 
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neddylation-independent mechanism141. Thus, further work is required to assess whether 
BRAP2 neddylation has a physiological significance and a function in NF-κB signaling.

APP/AICD

The amyloid-beta precursor protein (APP) is a cell surface protein that is sequentially 
cleaved by α-, β- and γ-secretase to produce two fragments. One is the extracellular 

amyloid-beta peptide, which is associated with Alzheimer’s disease [G], and the other is 
APP intracellular domain (AICD). The AICD functions as a component of a transcription 
factor complex, further comprising the nuclear adaptor protein FE65 and the histone 
acetyltransferase TIP60142. Neddylation of AICD sterically blocks the interaction with FE65 
and consequently attenuates the transcriptional activity of the complex143. The required E1, 
E2 and E3 enzymes for neddylation of AICD were not determined in this study, leaving 
open the question of whether the typical NEDD8 machinery is involved or whether 
neddylation occurs through the ubiquitylation pathway. In this particular case, a third more 
speculative possibility also exists. As APP binds to the NAE subunit APPBP1 close to the 
lysine residues reported to be neddylated, it is conceivable that the transfer of NEDD8 from 
the catalytic cysteine of NAE onto a lysine residue in AICD requires no E2 or E3 
enzymes144.

Neddylation in Signaling Pathways

As summarized below, neddylation has been reported to potentially regulate numerous 
signaling pathways, including receptor tyrosine kinase signaling, apoptosis, DNA damage 
and nucleolar stress signaling.

Receptor Tyrosine Kinase signaling

There are two examples of neddylation regulating receptor tyrosine kinase signaling (Figure 
3C). The transforming growth factor-β type II receptor (TGFβRII) is a receptor tyrosine 
kinase that inhibits cellular proliferation145. A recent study showed that TGFβRII 
phosphorylation activates the RING E3 ligase c-CBL, which can neddylate TGFβRII and 
thus stabilize and prolong its signalling by targeting it for clathrin-mediated endocytosis 
under endogenous conditions146. Deneddylation of TGFβRII by DEN1, by contrast, 
promotes TGFβRII ubiquitylation, which leads to its degradation through lipid raft-/

caveolin-mediated endocytosis [G]146. Although this study146 reported that c-CBL activates 
UBC12 to neddylate TGFβRII, this seems to be a structurally unlikely event (Figure 2C, D). 
Therefore conclusive evidence that TGFβRII is conjugated by the neddylation machinery is 
currently missing.

The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase activated by 
binding to extracellular growth hormones that in turn activates numerous signaling cascades 
in the cell. As hyper-activation of this signaling cascade would be detrimental to the 
organism, the activated EGFR is rapidly internalized through endocytosis and degraded in 
the lysosome in a process regulated by phosphorylation and c-CBL, which ubiquitylates the 
EGFR147. c-CBL has also been reported to neddylate EGFR, resulting in its increased 
ubiquitylation and endocytic internalization90.
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Apoptosis

Using in vivo RNAi screening followed by genetic validation, the deneddylase DEN1 was 

shown to have a proapoptotic role in D. melanogaster86. Indeed, the effector caspase [G] 

drICE, but not the initiator caspase [G] DRONC, was found to be neddylated under 
endogenous conditions by the RING ubiquitin E3 ligase dIAP1 and to be deneddylated by 
DEN1. Moreover, neddylation of drICE was shown to inhibit its ability to cleave its 
substrate poly ADP-ribose polymerase-1 (PARP1) in vitro, rationalizing its anti-apoptotic 
effect in vivo. Interestingly, in vitro ubiquitylation of drICE also inhibits its proteolyic 
activity but the underlying mechanisms are probably different, as neddylation seems to 
function through a non-competitive mechanism, whereas ubiquitylation partly decreases the 
affinity of drICE for PARP1. Convincing proof for neddylation under endogenous conditions 
of the human drICE orthologue, Caspase-7, is currently lacking86,148.

DNA damage

Both ubiquitin and SUMO have essential roles in the DNA damage response. Similarly, 
NEDD8 was observed to form nuclear foci that co-localize with sites of DNA damage64. In 
particular, following DNA damage the RING E3 ligase RNF111 together with UBC12 
assembles NEDD8 chains on histone H4, which are then recognized by the UIM domains of 
another RING E3 ligase, RNF168 (Figure 3D). The latter amplifies the DNA damage 
response cascade by recruiting the homologous recombination repair factors BRCA1 and 
53BP164. It is likely that ubiquitin and NEDD8 chains have very similar functions in the 
DNA damage response.

Nucleolar stress signaling

Ribosome biogenesis consumes a large percentage of the cellular energy and is tightly 
monitored and regulated. Impaired ribosome assembly can lead to cell cycle arrest, mediated 
by the binding of the large ribosomal protein L11 to MDM2, leading to competitive 
inhibition of the MDM2-TP53 interaction and stabilization of TP53149. This process is, in 
part, regulated by reversible neddylation of L11 (Figure 3E). L11 can be neddylated by 
MDM2, leading to localization to the nucleolus and stabilization, whereas DEN1-mediated 
deneddylation of L11 results in its nucleoplasmic relocalization and proteasomal 
degradation by an unknown E3 ligase61,150. Importantly, the deneddylated L11 also co-
localizes with TP53 and MDM2 in the nucleoplasm, leading to the aforementioned TP53 
stabilization and aiding the recruitment of TP53 co-activators151. Moreover, the ribosomal 
protein S14 has also been reported to trigger TP53 activation upon nucleolar stress152. 
Similarly to L11, S14 neddylation results in its nucleolar localization and increased stability, 
and S14 neddylation is reversed by DEN1 in a reaction that is stimulated by the DEN1 
interactor hCINAP152. In contrast to L11, however, the neddylated form of S14 seems to 
inhibit MDM2 and thus stabilize TP53152. Further studies are needed to elucidate the 
potential interplay and/or feedback loops between these pathways as well as whether the 
requirement for NEDD8 to activate TP53 during nucleolar stress is due to additional factors.
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Conclusions and future perspectives

Although as discussed above there is potential that non-cullin proteins are targeted for 
neddylation under homeostatic conditions, compelling evidence for the reported substrates is 
still lacking (Box 1 and Supp. Table 1). Numerous reports of non-cullin neddylation suggest 
that it might have a wider diversity of functions than the regulation of cullin RING ligases, 
potentially including regulation of protein stability through proteasomal and lysosomal 
pathways, altering subcellular localization, as well as protein-protein interactions. Although 
the physiological relevance of several reported NEDD8 substrates is unknown, neddylation 
may directly regulate receptor tyrosine kinase signalling, the DNA damage response, 
transcription and translation. Many of these targets are involved in human pathologies and 
the pharmacological inhibition of neddylation by MLN4924 (Box 2) should not be regarded 
as synonymous with inhibition of CRL-mediated ubiquitylation. Moreover, the cross-talk 
between the neddylation and ubiquitylation pathways under various stress and pathological 
conditions should be considered in the evaluation of neddylation as a drug target.

An important open question is whether neddylation is functionally distinct from 
ubiquitylation. For example, the yeast CUL4-orthologue Rtt101 can be neddylated or 
ubiquitinated, both leading to its catalytic activation70. Moreover, it is possible that poly-
neddylation and poly-ubiquitylation at DNA damage sites or in response to other stress 
conditions are functionally redundant, as NEDD8 and ubiquitin can be recognized by the 
same interaction motifs. By contrast, ubiquitylation and neddylation of the TGFβRII elicit 
distinct biological responses. A research area in need of closer attention is the identification 
and functional characterization of specific NEDD8-interacting domains and proteins as well 
as molecular and structural understanding of the mechanisms through which they 
discriminate between NEDD8 and other UBLs, and decode and relay NEDD8-associated 
signals.

DEN1 has emerged as the primary deneddylase of the postulated non-cullin neddylation 
substrates and its expression seems to regulate NEDD8-based signalling in response to 
cellular stresses. However, DEN1 depletion does not lead to strong cellular phenotypes38, 
indicating either the non-essential nature of non-cullin deneddylation under the studied 
conditions or as yet unknown functionally redundant deneddylases. A further noteworthy 
observation is that in contrast to cullin neddylation, the reported neddylation sites in non-
cullin substrates are often numerous and broadly distributed across the target’s surface-
exposed lysines, hinting at the possibility that non-cullin neddylation signals are transmitted 
through multiple mono-neddylation of whole domains. Further functional, mechanistic and 
structural investigations into non-cullin neddylation are thus highly warranted.

As future searches for neddylation targets will require rigorous experimental validation, we 
anticipate that the increasingly accessible genome editing techniques, such as the CRISPR/
Cas9 technology153, will be of great aid. Last but not least, the propensity of NEDD8 itself 
to be post-translationally modified merits closer attention. In addition to NEDD8- and 
ubiquitin-chain formation, proteomic studies have reported phosphorylation, acetylation and 
succinylation sites on NEDD8154–157*, whose functional significance remains unknown.
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Glossary

cullin RING ligases a large family of E3 ligases, nucleated by one of seven 
cullins, which bring together the ubiquitylation substrate 
through substrate-specific adaptors and a RING-domain 
RBX subunit, which bind an E2 enzyme and catalyzes the 
ubiquitin discharge.

JAMM motif a metaloprotease His-X-His-X(10)-Asp motif, which 
coordinates a zinc, present in multiple pro- and eukaryotic 
enzymes, including the deubiquitinating enzymes RPN11, 
AMSH-LP and CSN5.

P97 an AAA-ATPase hexamer, involved in eukaryotic signaling 
and quality control pathways, delivering ubiquitylated 
proteins to the 26S proteasome through numerous adaptors.

UBA domain the ubiquitin-associated domain is structurally 
characterized by a three-helix bundle, which recognizes the 
Ile44 hydrophobic patch of ubiquitin.

UIM domain the ubiquitin-interacting motif domain comprises an 
amphipathic helix with conserved negatively charged 
residues at its N-terminus and contiguous hydrophobic 
patch in the middle and a C-terminal serine residue. A 
conserved alanine side chain of the UIM inserts in the Ile44 
hydrophobic pocket of ubiquitin.

MIU domain the motif interacting with ubiquitin domain is similar to the 
UIM domain but the helix runs in the opposite direction. 
MIU domains are known to recognize Lys63-linked 
ubiquitin chains.

Parkinson’s Disease a neurodegenerative disease, characterised by the loss of 
dopaminergic neurons of the midbrain and accumulation of 
insoluble inclusions containing α-synuclein amyloid 
fibrils.

*See http://www.phosphosite.org/proteinAction.do?id=3183&showAllSites=true
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Alzheimer’s disease a neurodegenerative disease of the cerebral cortex 
characterised by accumulation of aggregated amyloid-Beta 
(Aβ).
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Online summary

• NEDD8 and ubiquitin have the highest sequence and structural 
similarity among all ubiquitin-like proteins

• NEDD8-specific conjugation and de-conjugation pathways exist in all 
studied eukaryotes and they are capable of discriminating between 
NEDD8 and other ubiquitin-like proteins through NEDD8-specific 
interaction domains

• Nevertheless, a perturbed ratio of free NEDD8 and ubiquitin or cellular 
stress can cause NEDD8-conjugation through the ubiquitylation 
machinery onto ubiquitylation substrates. This can lead to mis-
assignments of neddylation targets and most published reports lack 
sufficient evidence to substantiate the discovery of genuine neddylation 
substrates.

• We propose a list of necessary criteria for bona fide neddylation 
substrates and re-evaluate published studies in the light of these 
criteria. Cullins are the best-studied and only neddylation targets to 
date which fulfill all of these criteria.

• We discuss potential examples of neddylation regulating non-cullin 
ubiquitin E3 ligases, transcription, ribosomal stress, as well as various 
signaling pathways.

• Pharmacological inhibition of neddylation is a promising new direction 
for cancer therapy. We discuss the potential effects of inhibiting non-
cullin, as well as cullin, neddylation.
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Figure 1. NEDD8 Structure

A Structure-based multiple sequence alignment of NEDD8 from indicated species and 
human ubiquitin, highlighting identical residues (red) and similar residues (yellow). 

Asterisks signify residues found to be essential for NEDD8 function in S. pombe63. B 

Structural representation of the NEDD8 hydrophobic patches, contributing most of the 
known interfaces for interaction with binding partners (Table 1). The side chains 
contributing to the Ile36 patch are shown in blue, the residues of the Ile44 patch in green and 
the β1/β2-loop in red. Those interfaces are conserved in ubiquitin. Ala72, which is 
responsible for discrimination between NEDD8 and ubiquitin by the respective E1 enzymes, 

is indicated. C, D Structural representations of the NEDD8-specific charged surface patches. 
Acidic patches are depicted in red and basic surfaces in blue. These surfaces might be 
responsible for interactions that discriminate between NEDD8 and ubiquitin.
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Figure 2. The Neddylation and Deneddylation Pathways

A NEDD8 activation by the heterodimeric NEDD8 E1 activating enzyme (NAE; a 
heterodimer of APPBP1 and UBA3) requires sequential binding of ATP and NEDD8 to the 
adenylation site of UBA3, where conjugation of AMP activates the C-terminus of NEDD8. 
NAE rearrangement into a closed conformation allows thiolation of the NEDD8 C-terminus 
to the NAE active site cysteine with AMP release. NAE then returns to its open 
conformation and adenylates a second NEDD8, resulting in conformational rearrangement 
of its ubiquitin-fold domain (UFD), binding of a NEDD8 E2 enzyme such as UBC12 and 

transfer of NEDD8 onto the E2 active site cysteine. B Neddylation of cullin (left) or other 
substrates (right). Cullin neddylation by the E3 ligase RBX1 is aided by DCNLs such as 
DCNL1 and occurs on a single conserved lysine residue. Neddylation of other substrates 
occurs on multiple lysines and is mediated mostly by RING E3 ligases. The details of the 

interaction between the NEDD8 E2 enzyme and a non-RBX RING E3 ligase are unclear. C 
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Molecular models of UBCH5~Ub activated by CBL-B50 (left) and UBC12~NEDD8 
activated by RBX154 (right). A linchpin arginine residue in CBL-B, which is conserved in 
many RING ubiquitin E3 ligases, would clash with a lysine in UBC12 such that CBL-B does 

not interact with and ubiquitylate UBC12. D Sequence alignment of RING domain E3 
ligases that are reported to function as NEDD8 ligases (left) and of NEDD8 E2 enzymes and 
the ubiquitin E2 UBCH5 (right). The arrow indicates the E2 linchpin residue position and 

corresponding neighboring residue (red and blue denote side chain electrostatic potential). E 

Deneddylation of cullin by the eight-subunit COP9 signalosome (CSN) complex (left) and 
of non-cullin substrates by DEN1 (right). Besides cullin deneddylation, CSN binding to the 
C-terminal domain of cullins, mainly mediated through CSN2, keeps CRLs such as RBX1 
inactive82.
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Figure 3. Proposed non-cullin Neddylation Substrates

A Multiple auto-neddylation of the HECT domain ubiquitin E3 ligase SMURF1 on multiple 
lysines is mediated by a dedicated neddylation active site cysteine, which activates the 

ubiquitylation activity of SMURF1. B Both neddylation and ubiqutiylation of TP53 occur 
through MDM2 and together with NUB1 lead to the nuclear export and consequent 
inactivation of mono-ubiquitinated TP53. Neddylation of E2F1 (lower) in its DNA-binding 
domain is stimulated by methylation and leads to reduced protein levels and impaired 

transcriptional activity. C Differential regulation of receptor tyrosine kinase signaling by 
neddylation: EGF-induced c-CBL-mediated neddylation of the EGFR synergizes with 
ubiquitylation to target EGFR for lysosomal degradation. On the contrary, TGFβ-induced c-
CBL-mediated neddylation of the TGFβRII counteracts the destructive effects of 

ubiquitylation and stabilizes TGFβRII. D Poly-neddylation of histone H4, recognized by 

RNF168, can function as a signal for amplification of the DNA damage response cascade. E 

Neddylation in nucleolar stress signaling. The large ribosomal subunit L11 can be 
neddylated by MDM2, following impaired ribosome assembly, such that it localizes to the 
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nucleolus and evades proteasomal destruction. Deneddylation by DEN1 counteracts this 
process, but nucleoplasmic localization of L11 also leads to stabilization of TP53 and cell 
cycle arrest.
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Table 1

NEDD8-interacting proteins*

NEDD8-pathway enzymes

NEDD8 binding partner NEDD8 interaction interface Binding partner 
interaction interface

Function Reference(s)

NAE Acidic face
Ile44 patch
C-terminal tail

APP BP1 catalytic 
cysteine domain
hydrophobic portion of 
UBA3 adenylation 
domain
UBA3 adenylation 
domain and cross-over 
loop

Chemical activation of the C-
terminus of NEDD8

27

DCNLs Unknown Unknown (UBA domain 
is not required in S. 
cerevisiae)

Unknown 66

DEN1 Ile44 patch
C-terminal tail
Residues 45–56

channel formed by the 
N-termini of helices 2 
and 7
N-terminus

Deneddylation Processing of the 
C-terminus of NEDD8

28,29

UCH-L3 Unknown Unknown Processing of the C-terminus of 
NEDD8

173

Downstream effectors

Neddylated cullins β1/β2-loop, Ile44 patch and C-
terminal tail

winged-helix B domain Stabilization of a freed RBX1 
conformation and activation of 
CRL ubiquitin transfer activity

85

NUB/NUBL1 Unknown Uba domain; sequence 
A(X4)L(X10)L(X3)L in 
both NUB1 and NUBL1

Targeting NEDD8 and 
neddylated proteins to the 26S 
proteasome for degradation

89

96

127

UBXD7 (Ubx5 in S. 
cerevisiae)

Neddylated cullins, through 
the Ile44 patch

UIM domain Interaction with P97 91

92

RNF168 NEDD8 chains MIU domain DNA damage response 64

De Novo DNA 
methyltransferase 
(DNMT3B)

Stronger binding to neddylated 
proteins, including CUL4A

residues 532–583 of 
mouse DNMT3B 
responsible for NEDD8 
binding

Increased DNMT3b-dependent 
DNA methylation

93

HGS Unknown UIM domain Probable function in targeting 
neddylated proteins to clathrin-
mediated endocytosis146

90

Ariadne domain Ring-in-
between-Ring E3s

Neddylated cullins potentially the UBA 
domain

Activation of Ariadne RBRs 95

Non-proteasomal 
ubiquitin receptors and 
shuttles (such as RAD23, 
UBQLN1 and Ddi1)

Ile44 patch UBA2 domain of human 
RAD23; UBA domain 
of human UBQLN1; 
UBA domain of S. 
cerevisiae Ddi1

Unknown 65

BRAP2 Stronger binding to a linear di-
NEDD8

RING domain might be 
involved

Unknown 141

Ubiquitin E2 enzymes 
(such as UBCH5, UBC7 
and RAD6)

β1/β2-loop, Ile44 patch and C-
terminal tail

portions of α1, α2 and 
backside (β1,2,3174)

Unknown 26,175

aryl hydrocarbon receptor 
(AhR)

Unknown Unknown Enhanced transcriptional activity 94

*
Abbreviations: UBA - ubiquitin-associated domain; UIM - ubiquitin-interacting motif; MIU - motif interacting with ubiquitin
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