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Neural-precursor-cell-expressed developmentally down-regulated 8 (NEDDS) is a ubiquitin-like modi-
fier, which forms covalent conjugates on lysines of its substrates. This post-translational modification,
neddylation, plays important roles in tumor cell proliferation and viability. Ubiquitin can form diverse
polyubiquitin chains, on its seven lysines, which play important functions in various biological processes.

Keywords: However, the roles of lysines in NEDD8 have not been explored. Here, we generated nine NEDD8 point
EE([;C'ID? . mutants, each with one lysine replaced by an arginine, to study the putative function of lysines in
ijnia fon NEDDS. Our experiments discover that Lys27 in NEDDS8 is a critical residue for protein neddylation.

Replacement of this residue with arginine almost completely eliminates the conjugation of NEDDS to its
substrates. Furthermore, we find that the K27R mutant impairs NEDD8 conjugation to the E2 enzyme,
which normally forms thioester bonds for further transferring NEDDS8 to its ligases and substrates.
Therefore, this mutation completely inhibits global protein neddylation, including neddylation of cullin
family proteins, resulting in decreased activity of cullin-RING E3 ligases. This work sheds new light on the
roles of NEDDS8 lysines on neddylation cascades and provides a dominant negative mutant for the study
of neddylation and its biological functions.

Cullin-RING E3 ligases
Ubiquitination

© 2015 Elsevier Inc. All rights reserved.

1. Introduction replication, cell cycle, and chromatin structure regulation [10].

These results suggested that protein neddylation may have diverse

NEDDS is one of the earliest identified ubiquitin-like modifiers,
which plays important roles in regulating multiple biological pro-
cesses, such as cell proliferation, cell viability, and apoptosis [1].
NEDDS8 modification on lysines of its substrates (neddylation) oc-
curs in a series of enzymatic reactions similar to protein ubiquiti-
nation, involving in one NEDD8-activating enzyme complex (NAE1-
Uba3 heterodimer) [2], two E2 conjugating enzymes, UBE2F and
UBE2M, and multiple E3 ligases [3—6]. The most extensively stud-
ied NEDD8 modified proteins are cullin family proteins [7] and their
neddylation enhances the activity of cullin-RING E3 ligases (CRLs)
[8,9], thus subsequently promoting the ubiquitination of their
downstream targets. Other identified NEDD8 substrates or NEDD8-
associated proteins have functions in transcription, DNA repair and
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biological functions.

Ubiquitin can form a variety of polyubiquitin chain linkages
through its seven lysines on its surface [11]. These different chain
linkages have distinct functions in regulating biological processes
[12—15]. In general, the K48-linked polyubiquitin chain is a signal
for proteasomal degradation of ubiquitinated substrates [12]
whereas the K63-linked polyubiquitin chain has functions in ki-
nase activation [14] and substrate internalization [16]. It has also
been reported that K63-linked polyubiquitin chain is required for
the degradation of EGF receptor [17] and plays key roles in regu-
lating autophagy [18,19]. The unconventional K11 linkage-specific
polyubiquitin chain is involved in endoplasmic reticulum-
associated degradation of the modified substrates [15].

NEDDS has high sequence similarity with ubiquitin and five of
its nine lysines are conserved in ubiquitin. However, it has not been
systematically studied whether these lysines have distinct roles in
neddylation and whether they can form polyneddylation chains. A
proteomic study of NEDD8-modified and associated proteins
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detected several peptides which contain the diglycine remnant
putatively from the conjugated NEDD8 [10]. Four peptides are
derived from NEDDS, suggesting the formation of potential chain
linkages in NEDDS8 [10]. An in vitro mechanistic study on the for-
mation of polyneddylation chains on cullin-1 suggested that the
formation of chain linkages may be a general phenomenon for
ubiquitin-like modifiers [20].

Here, we examine whether lysine residues on NEDD8 play
distinct roles in protein neddylation and the subsequent activation
of CRL E3 ligases. We mutate the lysine residues in NEDDS8 to
arginine individually to generate nine NEDD8 single point mutants,
which are used to study the effect of the lysine mutation on ned-
dylation of whole cell lysate or specific NEDD8 substrates. Our
experiments identify a critical lysine in NEDD8 and replacement of
this lysine with arginine significantly impairs the neddylation
enzymatic cascade. Detailed studies show that the conjugation is
hindered due to its inability to form the thioester bond with the
NEDDS8 conjugating enzyme. Subsequently we found that this
mutant can significantly affect the activation of CRL E3 ligases and
thus the ubiquitination of their downstream targets.

2. Materials and methods
2.1. Materials

Human embryo kidney (HEK) 293T cells were obtained from
American Type Culture Collection. High glucose Dulbecco's
Modified Eagle's medium (DMEM) and fetal bovine serum (FBS)
were from Hyclone and Gibco, respectively. MG132 was from
Santa Cruz Biotechnology and protease inhibitor cocktail tablet
from Roche. Immobilon PVDF membrane and Western chemilu-
minescent HRP substrate were from Millipore. The antibodies
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used in this work were from the following companies: NEDD8
from Cell Signaling Technology, ubiquitin from Santa Cruz
Biotechnology, FLAG M2 from Sigma, HA, Myc, GAPDH, and -
actin from HuaAn Biotechnology, and secondary antibodies from
Beyotime Biotechnology.

2.2. Plasmids

The cDNA library was obtained from HEK293T cells according to
a method described previously [21]. The wild-type (wt) NEDDS,
IkBa, Uba3, NAE1, UBE2M, and cullin-1 (Cull) were amplified by
polymerase chain reaction. A hemagglutinin (HA) tag and Myc tag
were added to the N-terminus of NEDD8 and NAE1, respectively.
Strep-FLAG tag was introduced to the N-terminus of IkBa, Uba3,
and UBE2M. They were then cloned to the pcDNA3.1 vector. The
NEDDS8 point mutation was carried out using the Easy Mutagenesis
System kit (Transgen). The original cullin-4A (Cul4A) plasmid was
kindly provided by Dr. Pengbo Zhou at Weill Cornell Medical Col-
lege and subcloned to a pcDNA3.1 vector with the addition of FLAG-
tag at their N-termini.

2.3. Transfection and cell lysate preparation

HEK293T cells were transfected with the appropriate amount of
plasmids using polyethylenimine (Sigma) when cells were at ~70%
confluent on the day after seeding. Forty-eight hours after trans-
fection, cells were treated with DMSO or MG132 for 12 h and
washed with ice-cold PBS, lysed on ice for 15 min in the modified
RIPA buffer (50 mM Tris—HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% SDS, 10% glycerol) with freshly added protease
inhibitor cocktail. Cell lysates were centrifuged at 4 °C for 10 min
and the supernatant was used for the subsequent experiments.
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Fig. 1. The K27R NEDD8 mutant abolishes neddylation in cells. (A) Sequence alignment of human NEDD8 and ubiquitin (UBIQ). The conserved lysines are in the bold face. (B) The
surface exposure of NEDD8. NEDD8 (PDB code: 1NDD) crystal structure was plotted with PyMol and the surface exposure of lysines was indicated by blue (nitrogen) or red (oxygen)
color. The residue number for lysines was labeled. (C) The K27R mutant almost completely abolishes NEDD8 conjugation in cells. Wild-type (wt) and NEDD8 mutants were
transiently transfected to HEK293T cells and lysates were blotted with an anti-HA antibody. GAPDH was used as a loading control. (D) The same set of samples in (C) were blotted
with an anti-NEDD8 antibody on a different PVDF membrane. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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2.4. Affinity purification of proteins

Strep-FLAG-IkBo. and Strep-FLAG-UBE2M were purified with
Strep-Tactin Superflow agarose (IBA) according to a method
described previously [21]. Briefly, cell lysate was incubated with
beads for 4 h at 4 °C and washed with the modified RIPA buffer for
four times and eluted with 5 mM desthiobiotin in RIPA buffer twice.
FLAG-Cul1 and FLAG-Cul4A were purified with the pre-conjugated
FLAG M2 antibody. Cell lysate was incubated with 20 pL of 50%
antibody beads for 4 h and washed with the modified RIPA buffer for
four times. Proteins were eluted with FLAG peptides (DYKDDDDK)
twice. The eluate was combined for immunoblotting analysis.

2.5. Immunoblotting analysis

Samples were prepared according to the method described pre-
viously [21] except that in some cases the reducing agent, B-mer-
captoethanol, was not added in the Laemmli sample buffer. Proteins
were separated in 8% SDS-PAGE or in low-molecular-weight protein
SDS-PAGE and transferred to PVDF membrane. The indicated pri-
mary and secondary antibodies were used for immunoblotting. The
signal was visualized by chemiluminescent HRP substrate.

3. Results

3.1. K27R NEDD8 mutant almost completely abolishes protein
neddylation

To explore the potential roles of lysines in NEDD8 on neddyla-
tion, we first aligned the sequence of mature human NEDD8 and
ubiquitin using BLAST (Fig. 1A). These two proteins have about 44%
sequence identity. Five lysines in NEDDS8 are conserved in ubiquitin
(indicated by the bold text in Fig. 1A). In a previous proteomic study,
four lysines, K11, K22, K48, and K60, were detected to form po-
tential NEDDS8 chain linkages [10]. However, the conserved lysine
K27 in NEDD8 has not been identified to form chain linkages. We
further examined the location of these lysines in the NEDDS8 crystal
structure and depicted the solvent accessible surface of lysine
residues (Fig. 1B). Eight lysines have different degree of solvent
accessibility on the NEDD8 surface. However, the K27 residue is
almost completely buried in the crystal structure. Five lysines, K11,
K22, K48, K54, and K60, are in the loop region, and two lysines, K4
and K6, are in the  sheet (Fig. SI-1). The K33 residue is located at
the end of an o helix and K27 is in the middle of the o helix. The fact
that lysines in NEDD8 have very different solvent accessibility and
are located at diverse secondary structures suggests that these ly-
sines may have different roles in neddylation.

To examine this possibility, we mutated lysine to arginine
individually on NEDD8 and obtained nine mutants (Fig. SI-2) which
were cloned into a mammalian expression plasmid with an HA tag
at the N-terminus. We expressed the wt and mutant NEDDS8 in
HEK293T cells and blotted whole cell lysates with anti-HA and anti-
NEDDS antibodies (Fig. 1C, D). The experiments showed that under
a similar expression level, the wt and eight mutants produced
approximately similar neddylation level. However, expression of
the K27R NEDD8 mutant resulted in a near complete loss of ned-
dylation although the unconjugated mutant has a slightly higher
expression level than the wt and other mutants (Fig. 1C, D). This is
consistent with its inability in conjugating on the substrates,
leaving the expressed mutant in the unconjugated form. The K22R
mutant also showed significant loss of neddylation although this
reduction is much weaker than that for the K27R mutant. These
experiments demonstrated that Lys27 on NEDDS8 has distinct roles
from other lysines in neddylation.

3.2. K27R NEDDS8 mutant impairs NEDD8 conjugation

The next question we want to ask is which step the K27R NEDD8
mutant may affect in the neddylation cascades. To answer this, we
first cotransfected two tagged subunits of the NEDDS8 activating
enzyme complex (Strep-FLAG-Uba3 and Myc-NAE1) with the wt,
K27R, or K60R NEDD8 mutants to HEK293T cells. Cells were lysed
after 48 h and whole cell lysates were blotted with anti-FLAG and
anti-B-actin antibodies (Fig. 2A) in the absence or presence of the
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Fig. 2. The K27R NEDD8 mutant alters NEDD8 conjugation. (A) The K27R NEDD8
mutant does not affect NEDD8 activation. Strep-FLAG-Uba3 and Myc-NAE1 were
cotransfected with wt and NEDD8 mutants to HEK293T cells. Cells were lysed after
48 h and cell lysates were blotted with the indicated antibodies in the absence and
presence of f-mercaptoethanol. (B) The K27R NEDD8 mutant alters the formation of
thioester bonds between the conjugating enzyme and the C-terminus of the NEDD8
mutant. UBE2M was cotransfected with the wt or NEDD8 mutants to HEK293T cells
and whole cell lysates were blotted with anti-FLAG and anti-B-actin antibodies. (C) The
K27R NEDD8 mutant forms a stable conjugate with UBE2M. The Strep-FLAG-UBE2M
was purified with Strep-Tactin agarose and blotted with anti-HA and anti-FLAG anti-
bodies in the presence of B-mercaptoethanol.
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reducing agent, f-mercaptoethanol. The immunoblotting showed
that there is essentially no change among the wt and two mutants.
This result suggested that the NEDDS8 activation is not significantly
altered by the NEDD8 mutation.

Next, we asked whether the K27R mutant affects NEDD8
conjugation. UBE2M is the major E2 conjugating enzyme for ned-
dylation and therefore we tested NEDD8 conjugation to UBE2M. We
coexpressed Strep-FLAG-UBE2M with the wt, K27R, or K60R
NEDDS8 mutants to HEK293T cells. Whole cell lysates were blotted
with an anti-HA antibody for NEDDS8 (Fig. SI-3) and an anti-FLAG
antibody for UBE2M (Fig. 2B and Fig. SI-4A for a long exposure) in
the absence or presence of f-mercaptoethanol. On the immuno-
blotting analysis, we found that without NEDD8 expression, only a
single band was detected for UBE2M, which represents the un-
modified form. After coexpression with the wt or K60R mutant,
weak bands with low mobility were detected for UBE2M in the
absence of B-mercaptoethanol. These weak bands disappeared in
the presence of B-mercaptoethanol in the sample buffer for SDS-
PAGE. The increased molecular weight for the low mobility band
is approximately equal to the addition of one NEDD8 molecule.
Since this enzyme forms a thioester bond with NEDD8 during the
activation and conjugation [2], the addition of reducing agent
breaks this bond, resulting in the disappearance of the low mobility
band at the high molecular weight region. However, when the K27R
NEDDS8 was expressed, the low mobility band for UBE2M was
retained even in the presence of the reducing agent.

To further demonstrate the high molecular weight band in
Fig. 2B is indeed the UBE2M conjugated with the K27R mutant, we
used Strep-Tactin agarose to purify Strep-FLAG-UBE2M and blotted
with anti-HA and anti-FLAG antibodies (Fig. 2C and Fig. SI-4B). Our
result showed that the anti-HA blot has a high molecular weight
band when UBE2M is coexpressed with K27R NEDD8 while this
band is not present when UBE2M is coexpressed with wt or K60R
NEDDS in the presence of B-mercaptoethanol. This experiment
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demonstrated that the K27R NEDD8 mutant is indeed conjugated
onto UBE2M.

Together, these experiments indicate that the conjugation be-
tween K27R NEDD8 and UBE2M is resistant to the reducing envi-
ronment and thus is not formed through a labile thioester bond.
This bond must be another type of covalent conjugation, which
cannot be destroyed by the reducing environment. Therefore, the
conjugated NEDD8 mutant could not be further transferred to E3
ligases and substrates for subsequent neddylation. These experi-
ments suggested that the K27R NEDD8 mutant impairs the NEDD8
conjugation by forming stable covalent bond(s) with the E2
enzyme.

3.3. K27R NEDD8 mutant reduces cullin neddylation and
ubiquitination

The next question we sought to ask is whether the K27R NEDD8
acts as a dominant negative mutant for neddylation in cells. Pre-
vious studies have demonstrated that cullins are post-
translationally modified by NEDD8 [7]. In order to explore the ef-
fect of the K27R mutant on cullin neddylation, we co-expressed
Cul1 and Cul4A with the wt and mutant NEDD8 in HEK293T cells.
Whole cell lysate was blotted with FLAG, NEDDS8, and GAPDH to
show similar protein expression (Fig. SI-5). The two cullins were
purified through the FLAG affinity tag at their N-terminus and
blotted with an anti-NEDDS8 antibody. The result showed that
neddylation of Cull and Cul4A was clearly detected when the wt
NEDDS8 was expressed, which is consistent with the previous dis-
covery of cullin neddylation [22,23]. However, when the K27R
mutant was co-expressed with cullins, cullin neddylation was
almost completely lost (Fig. 3A). This result suggested that the K27R
mutant prevents cullins from neddylation.

Cullins are scaffold proteins in CRL E3 ligases, such as SCF (Skp1-
cullin 1-F box) E3 ligases [24]. It has been reported that cullin
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Fig. 3. The K27R NEDD8 mutant prevents cullins from becoming neddylated and ubiquitinated and affects ubiquitination of the downstream target of a CRL E3 ligase, IkBo. (A)
Cullin neddylation is diminished by the K27R NEDD8 mutant. GFP (—), wt and NEDD8 mutants were cotransfected with FLAG-Cul1 or FLAG-Cul4A in HEK293T cells. Cull and Cul4A
were purified by an anti-FLAG M2 antibody and blotted with anti-NEDDS8 and anti-FLAG antibodies. (B) The K27R NEDD8 mutant significantly reduces cullin ubiquitination. The
above affinity purified samples were blotted with anti-ubiquitin and anti-FLAG antibodies. (C) Expression of FLAG-Cull and Strep-FLAG-IkBa. in HEK293T cells. Strep-FLAG-IkBa. was
cotransfected with FLAG-Cul1 and the wt or mutant NEDD8 in HEK293T cells. Cells were treated with MG132 (10 uM) for 10 h. Cell lysates were blotted with anti-FLAG and anti-f-
actin antibodies. (D) The K27R NEDD8 mutant remarkably reduces IkBe. ubiquitination. Strep-FLAG-IkBa. in cell lysates from (C) was affinity purified and blotted with anti-ubiquitin

and anti-FLAG antibodies.
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neddylation enhances the activity of their associated E3 ligases
[25,26]. E3 ligases can not only ubiquitinate their substrates but
also undergo autoubiquitination [27—29]. Here we further exam-
ined the effect of K27R NEDD8 mutant on cullin ubiquitination and
found that K27R NEDD8 completely blocked the ubiquitination of
Cull and Cul4A while wt NEDDS8 leads to their ubiquitination
(Fig. 3B). These results demonstrated that Lys27 on NEDDS can alter
both neddylation and ubiquitination of cullin family proteins.

3.4. K27R NEDDS8 mutant reduces ubiquitination of the CRL E3
ligase substrate

Next we asked whether the alteration of cullin neddylation and
ubiquitination by the K27R NEDD8 mutant affects their associated
E3 ligase function. To do so, we chose a known substrate of an SCF
E3 ligase, IkBa [25]. Immunoblotting of cell lysates showed that
Cull and IkBa were expressed in a similar level in different samples
(Fig. 3C). Then we purified Strep-FLAG-IkBa. with Strep-Tactin
agarose and blotted with anti-ubiquitin and anti-FLAG antibodies.
When the wt or K60R mutant is cotransfected with Cull and IkBa,
ubiquitination of purified IkBo is readily detected, which is
consistent with a previous finding [25]. However, upon cotrans-
fection of K27R NEDD8 with Cul1 and IkBa, ubiquitination of IkBa. is
almost completely reduced (Fig. 3D). These results suggested that
the activity of the cullin-associated E3 ligase is reduced upon the
expression of the K27R NEDD8 mutant, presumably through the
reduction of neddylation.

4. Discussion

Neddylation involves in a series of enzymatic reactions similar
to ubiquitination. Five lysines in NEDDS8 are conserved in ubiquitin.
This led us to the conjecture that lysines in NEDD8 may also have
distinct biological functions. Here, we discovered a critical lysine
residue K27 on NEDDS8 which significantly alters the neddylation
reactions, cullin neddylation and ubiquitination, and thus affects
the activity of CRL E3 ligases. Substitution of this lysine with argi-
nine significantly reduces the global protein neddylation. Expres-
sion of the K27R NEDD8 mutant almost completely hampers cullin
neddylation and ubiquitination. The reduction of cullin neddylation
by this mutant significantly diminishes the activity of cullin-
associated E3 ligases.

Based on previous findings on the neddylation and our results
presented here, we propose the following mechanism for the
alteration of neddylation by the K27R NEDD8 mutant (Fig. 4). The
wt NEDDS is first activated by the E1 complex consisting of NAE1
and Uba3, then conjugated to NEDDS8 E2, and further transferred to
cullins by NEDDS8 E3 ligases for the activation of CRL ubiquitin E3
ligases for subsequent ubiquitination of their substrates [30].
However, the K27R NEDD8 mutant is unable to form a thioester
bond with the active cysteine of NEDD8 E2 for subsequent ned-
dylation of its cullin substrates. Instead, this mutant forms a stable
covalent bond with NEDD8 E2. The model is supported by that fact
that mutating the active cysteine in UBE2M (also called UBC12) to
serine can form a stable covalent bond different from the thioester
bond between UBE2M and the wt NEDDS8 [31]. Therefore, the K27R
NEDD8 mutant impairs NEDD8 conjugation, blocks cullin neddy-
lation, and alters subsequent ubiquitination of CRL E3 ligase sub-
strates. These results suggested the importance of this lysine in
NEDDS8 conjugation and of its biological functions in the down-
stream neddylation cascades.

Our experiments also provided a useful reagent for the study of
neddylation and its functions. Because the K27R NEDD8 mutant
almost completely blocks protein neddylation compared with the
wt counterpart, K27R NEDD8 could serve as a useful dominant

wt NEDD8

K27R NEDD8

@
l

Fig. 4. A proposed model for the impairment of NEDD8 enzymatic cascades by the
K27R NEDD8 mutation. Yellow ellipse: wt NEDD8; orange ellipse: K27R NEDDS; cyan
quadrangle: E1 NAE1-Uba3 heterodimer; green round rectangle: NEDD8 E2. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

negative mutant in investigating the biological functions of protein
neddylation. The corresponding conserved lysine residue in ubiq-
uitin, Lys27, which is located in the center of the a helical structure,
similar as Lys27 in NEDDS, can also form polyubiquitin conjugates
[11]. It may be possible for K27 in NEDDS8 to form polyneddylation
conjugates. However, the amino acid sequence in the proximity to
K27 of the wt NEDDS8 is RI?’KER, which generates a very short
peptide, IKER, after trypsinolysis, preventing this chain linkage
from being identified by proteomic studies. In addition, this con-
jugate might have much lower abundance than other types of
conjugates, as evidenced in polyubiquitin chains.

In our experiments, we found that reduction of neddylation on
cullins significantly reduces its own ubiquitination. This result
provides the evidence that these two modifications may crosstalk
with each other on cullins. The interplay between neddylation and
ubiquitination may alter the biological functions of the modified
proteins, such as the subcellular localization and stability. Indeed,
under stresses, such as proteasomal inhibition, heat shock, and
oxidative stress, the neddylated proteins can also be ubiquitinated
and it is possible that NEDDS utilizes the ubiquitin-like modifier-
activating enzyme 1 (Ubal/Ube1) for the activation of NEDDS8 for
subsequent modification [32]. Our experiments cannot rule out the
possibility that the K27R NEDD8 mutant uses Ubel for its
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activation. Additional experiments are required in order to answer
this question.

In summary, using mutagenesis and biochemical approaches,
we have identified a key lysine residue, K27, in NEDDS. Replace-
ment of this residue with arginine significantly alters NEDD8
conjugation and subsequent NEDD8 modification on cullins, thus
affecting the biological function of cullin-associated E3 ligases.
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