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In eukaryotes, the conjugation of the ubiquitin-like protein
NEDDS onto protein targets is an important post-translational
modification. The best understood neddylation targets are the
cullins, scaffold subunits of E3 ubiquitin ligases, where neddy-
lation as well as deneddylation, facilitated by the protease activ-
ity of the CSN (COP9 signalosome), are required to control
ubiquitin ligase assembly, function, and ultimately substrate
degradation. Little is known about the role of other deneddylat-
ing enzymes besides CSN and the role of neddylation and den-
eddylation of their substrates. We previously characterized
Arabidopsis thaliana mutants with defects in the conserved
NEDD8-specific protease DEN1 (DENEDDYLASE1). These
mutants display only subtle growth phenotypes despite the
strong accumulation of a broad range of neddylated proteins.
Specifically, we identified AXR1 (AUXIN-RESISTANT1), a sub-
unit of the heterodimeric NAE (E1 NEDDS8-ACTIVATING
ENZYME), as highly neddylated in denl mutants. Here, we
examined the mechanism and consequences of AXR1 neddyla-
tion in more detail. We find that AXR1 as well as other neddy-
lation enzymes are autoneddylated at multiple lysines. NAE
autoneddylation can be linked to reduced NCE (E2 NEDDS8-
CONJUGATING ENZYME) NEDDS thioester levels, either by
critically reducing the pool of free NEDD8 or by reducing NAE
activity. In planta, increasing NEDD8 gene dosage is sufficient
to suppress denl mutant phenotypes. We therefore suggest that
DENI1 serves to recover diverted NEDD8 moieties from autoned-
dylated NAE subunits, and possibly also other neddylated proteins,
to maintain NEDD8 pathway activity toward other NEDD8-depen-
dent processes such as cullin E3 ligase regulation.

The reversible attachment of the ubiquitin-related protein
NEDDS8 (NEURAL PRECURSOR CELL-EXPRESSED DEVEL-
OPMENTALLY DOWN-REGULATEDS) is an essential post-
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translational protein modification in most eukaryotes (1-5).
NEDDB8 conjugation is essentially analogous to the conjugation
of ubiquitin and other UBLs? (UBIQUITIN-LIKE PROTEINS)
but is catalyzed by specific NEDD8 El-activating enzymes
(NAE) and E2-conjugating enzymes (NCE) and E3 ligases (6, 7).
The heterodimeric NAE activates NEDDS8 in an ATP-depen-
dent reaction, first forming an adenylate and subsequently a
high energy NAE~NEDDS thioester (8, 9). The activated
NEDDS8 moiety is then transferred to the active site Cys (cys-
teine) of the NCE, forming a NCE~thioester (9). In the final
step, NEDDS is covalently attached to its substrate through an
isopeptide bond involving the C-terminal Gly (glycine) of
NEDDS and an e-amino group of a Lys (lysine) in the target
protein (8). Cleavage of this bond and removal of the modifica-
tion is achieved through the activities of specific deubiquitinat-
ing iso-peptidases, so-called DUBs (10).

Cullins are currently the best understood neddylation targets
in all eukaryotes (11-13). Cullins are scaffold subunits of CRLs
(cullin-RING E3 ubiquitin ligases), which regulate ubiquitin-de-
pendent and substrate-specific protein degradation (14). Cullin
neddylation is mediated by the above-described neddylation
pathway, whereas cullin deneddylation is promoted by CSN5, a
subunit of the CSN (COP9 signalosome) complex (15-18). Cul-
lin neddylation and deneddylation are part of a recurring cycle
that regulates CRL activity, substrate exchange, and thereby
ultimately protein degradation (19-21).

In line with the importance of CRL-mediated protein degra-
dation for many different cellular pathways, NEDDS as well as
neddylation and deneddylation pathway mutants are severely
affected in growth and development (1-5). In the model plant
Arabidopsis thaliana, the combined knock-out of RUBI
(RELATED TO UBIQUITINI) and RUB2, two of the three
genes coding for NEDD8 in Arabidopsis, results in embryonic
growth arrest at the two-cell stage (22). Similarly, double
mutants defective in the two paralogous NAE regulatory sub-
units AXRI (AUXIN-RESISTANTI) and AXL (AXRI-LIKE)
show defects in cell division and pattern formation as well as
growth arrest during embryogenesis (23). Concurrently, loss of
CSNG5 activity and consequently cullin deneddylation leads to
growth arrest at the seedling stage (15, 24).

2 The abbreviations used are: UBL, ubiquitin-like; NAE, NEDD8 E1 activating
enzyme; NCE, NEDD8 E2-conjugating enzyme; CHX, cycloheximide; IB,
immunoblot; DUB, deubiquitinating.
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Besides CSN5, also DEN1 (DENEDDYLASE1L) has been
identified as a deneddylating enzyme (25, 26). Like ubiquitin,
NEDDS requires maturation by C-terminal proteolytic pro-
cessing of NEDDS precursor forms. DEN1 was originally iso-
lated as a NEDD8-specific C-terminal processing enzyme based
on its in vitro activity (26). However, NEDD8 processing is not
detectably impaired in denl mutants from fission yeast (Schizo-
saccharomyces pombe), fungi (Aspergillus nidulans), Arabidop-
sis, Drosophila, or mice, suggesting that the in vivo activity of
DEN1 may be different from its reported in vitro activity, or that
other functionally redundant proteases can process NEDDS8 in
denl mutants (27-31). Because denl mutants from different
species accumulate high levels of neddylated substrates of a
broad molecular range, it was instead concluded that DEN1
serves in vivo to deconjugate NEDDS8 from neddylated sub-
strates (27-31).

Our previous comparative analyses of denl and csn5 mutants
from Arabidopsis thaliana showed that, at least in Arabidopsis,
DENT1 is specifically required to remove NEDDS8 from neddy-
lated substrates other than cullins (31). We further identified
AXR1 and, indirectly, also the paralogous AXL as prominent
NEDDS8-modified proteins that depend on DEN1 for deneddy-
lation (31). AXR1 and AXL share ~80% amino acid identity,
and both can form a complex with ECR1 (E1 C-TERMINAL
RELATED1) (23, 32). While ax/ single mutants display no
prominent phenotype, axrl single mutants have apparent
growth defects. Adult axrI plants are dwarfed, have reduced
apical dominance, curled leaves, and reduced fertility (11, 33,
34). While denl mutants show no obvious growth defects, the
denl mutation has a clear effect on plant growth in an AXRI-
sensitized background, specifically, an axr1-30 Myc:AXR1
complementation line where the expression of a Myc-tagged
AXRI1 transgene only partially rescues the axr1-30 mutant phe-
notype (31, 32). This suggests that AXR1 neddylation nega-
tively affects the neddylation pathway in denl mutant back-
grounds. It is, however, not yet understood what mechanisms
lead to AXR1 neddylation in the first place, which steps of the
neddylation cascade are affected by AXR1 neddylation, and
whether this modification serves a regulatory function.

Here, we examine the molecular mechanism and conse-
quences of AXR1 neddylation. We show that AXR1 and other
neddylation enzymes are autoneddylated in an E2- and E3-inde-
pendent manner in vitro and that AXR1 autoneddylation
impairs NEDD8 E2~thioester formation in the denl mutant
background in vivo. We further show that increasing NEDD8
gene dosage is sufficient to suppress denl mutant phenotypes
suggesting that the non-covalent NEDD8 pool may be limiting
in denl. Taken together, our data indicate that DEN1 functions
to maintain NEDDS8 pathway activity by recovering diverted
NEDDS8 moieties from proteins of the NEDD8 conjugation
machinery.

Results

NEDDS8 NAE and NCE Enzymes Can Be Autoneddylated—In
Arabidopsis, the heterodimeric NAE is composed of the sub-
units ECR1 and AXR1 or the paralogous AXL. During NEDD8
activation, a thioester is formed between NEDD8 (NEDD8~)
and ECRI1. The activated NEDDS is then passed on, through a
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trans-thioester reaction, to the NCE enzyme RCE1 (RUB1-
CONJUGATING ENZYME]1) (5, 35). We have previously iden-
tified AXR1 as a neddylated protein from Arabidopsis wild type
extracts and shown that AXR1-NEDD8 accumulates as a prom-
inent neddylated protein in protein extracts from denl mutants
(31). To understand the molecular mechanism underlying this
modification, we performed in vitro neddylation experiments
with purified recombinant NEDD8 (His:HA:NEDDS), AXR1
(His:AXR1), and ECR1 (GST:ECR1) (Fig. 1A). Following incu-
bation with both NAE subunits, NEDD8 was, as expected, con-
jugated to ECR1 but unexpectedly also to AXR1 (Fig. 1B). How-
ever, when each NAE subunit was examined individually,
neither AXR1 nor ECR1 was NEDD8-modified, indicating that
NAE activity was required for these modifications to occur (Fig.
1B). To characterize the biochemical nature of the observed
NEDD8 conjugation, the reactions were performed in the pres-
ence or absence of DTT, which reduces thioester linkages but
has no effect on isopeptide bonds. In the presence of the reduc-
ing agent, NEDDS could be removed from ECR1 but not from
AXR1 (Fig. 1B). We thus concluded that AXR1 is NEDD8-mod-
ified in vitro, concurrent with our previous report that AXR1 is
NEDD8-modified in vivo and that this reaction can occur in an
NCE-independent manner (31).

To examine whether the recombinant NAE heterodimer
consisting of separately expressed and purified His:AXR1 and
GST:ECR1 was formed correctly and functional, we repeated
the neddylation reaction and included the NCE conjugation
enzyme RCEL1 (Fig. 1C). RCE1 was efficiently NEDD8-conju-
gated in this experiment, thus confirming the functionality of
the NAE (Fig. 1C). However, not all of this conjugate was DT T-
sensitive suggesting that a fraction of the NEDD8 modification
was bound by an isopeptide bond rather than by a thioester (Fig.
1C). Because we had previously shown that the deneddylating
enzyme DENI could cleave isopeptide bonds, we added DEN1
to the reaction. Although DEN1 treatment only weakly reduced
the RCE1~NEDDS signal under non-reducing conditions, a
complete deneddylation of RCE1 was achieved when DEN1 was
combined with the DTT treatment (Fig. 1C). In a subsequent
experiment, we pre-incubated recombinant NAE (FLAG:
AXR1/ECR1:His) with proteolytically active or inactive DEN1
before the addition of RCE1 and an additional incubation for 5
or 30 min, respectively (Fig. 1D). A quantitative analysis of
RCE1~NEDDS thioester formation, based on the signal inten-
sities measured from the anti-HA (NEDDS8) and anti-FLAG
(RCE1) immunoblots, showed only a slight difference in NAE-
NCE trans-thiolation efficiency in the presence of active or
inactive DEN1 (Fig. 1E). Although we observed reduced signal
intensities after the 30-min reaction with DEN1C166A, this
could be explained by the covalent neddylation of RCE1 (REC1-
NEDDS) because only the RCE1~NEDDS thioester band was
used for the quantitative analysis (Fig. 1, D and E). This result
thus suggests that the covalent NAE-NEDDS8 modification has
no strong effect on NAE enzymatic activity under these exper-
imental conditions. However, only a small fraction of AXR1 was
neddylated in our in vitro reactions, which could potentially
lead to an underestimation of its in vivo effect (Fig. 1, D and E).

Because our in vitro experiments suggested that RCE1 may
also become autoneddylated in vivo, we re-examined mass
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FIGURE 1. NAE and NCE enzymes can be autoneddylated in vitro. A, Coomassie staining of purified recombinant proteins NAE (His:AXR1, GST:ECR1),
His:AXR1, GST:ECR1, His:FLAG:RCE1, and His:HA:NEDDS. B, anti-HA immunoblot (/B) for the detection of free NEDD8 (His:HA:NEDD8), DTT-sensitive NEDD8
thioesters (~N8), and DTT-insensitive NEDD8 isopeptide linkages (—N8) after incubation of ECR1 (GST:ECR1) and AXR1 (His:AXR1) with NEDD8. Asterisks
indicate unspecific bands. C, anti-FLAG IB for the detection of the in vitro trans-thioester reaction of RCE1 (His:FLAG:RCE1). Reactions were stopped after
incubation times as specified with non-reducing or reducing DTT-containing buffers. Asterisks indicate unspecific bands. D, anti-HA (NEDD8) and anti-FLAG
(RCE1) IB for the detection of the effects of active DEN1 or inactive DEN1C166A on AXR1 neddylation and the trans-thioester reaction on the NCE RCE1. NAE
reactions were incubated for 16 h before RCE1 addition. Reactions were stopped after an additional incubation time as specified with non-reducing buffer or
reducing DTT-containing buffer. Protein bands used for quantification as shown in E are underlined. E, quantification of signal intensities of RCE1 thioester
(RCE1~N8) abundance in anti-HA (NEDD8) and anti-FLAG (RCE1). RCE1~N8 signals from the anti-HA and anti-FLAG immunoblots were normalized to the total
RCE1 protein input as detected in the reducing gel (D, right panel). F, graph of the log, ratios of relative raw protein abundance (sample/control) measured by
mass spectrometry. Enrichment of AXR1, ECR1, RCE1, and CUL1 (cullin1) after purification of His:Strepll:NEDD8-conjugates extracted from 7-day-old seedlings
under non-denaturating (Strepll) conditions followed by a purification under denaturating conditions (His).

spectrometric data from a previously published study of a two-
step protein purification performed under denaturing condi-
tions of His:Strepll-tagged NEDD8 conjugates purified from
Arabidopsis denl mutant plants (31). Similar to AXR1 and
CUL1 (cullin 1), RCE1 was enriched during both purification
steps suggesting that DENI1-sensitive and DTT-insensitive
NEDDS8 modifications of RCE1 were present not only in vitro
but also in vivo (Fig. 1F).
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AXRI and ECRI Carry NEDDS Isopeptide Linkages at Mul-
tiple Lysine Residues—When increasing the NAE input in the in
vitro reaction, we detected not only one but two DT T-insensi-
tive bands after an extended incubation time (Fig. 24). These
bands could be explained by the expected molecular weight
shift of neddylated AXR1 or ECRI, respectively (Fig. 24). To
confirm the protein identity of the designated bands and to map
the residues of AXR1 and ECR1 carrying NEDD8 modifica-
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FIGURE 2. Identification of modified lysines in NEDD8 NAE subunits. A, SDS-PAGE of thioester reactions of NAE (FLAG:AXR1/ECR1:His), NAE and NCE
(His:FLAG:RCE1),and NEDD8 (His:HA:NEDD8) reduced with DTT and stained for total protein with Coomassie Brilliant Blue (Protein). Bands A and B were excised
from each lane and analyzed by LC-MS/MS. B, Swiss-Model structure prediction of AXR1 (blue) and ECR1 (red) based on the structure of human NAE (APPBP1/
UBAS3; Protein Data Bank accession 1YOV (8)). The model was analyzed using the Chimera software. Lys residues with a Gly-Gly modification as identified by
mass spectrometry are shown in yellow; non-modified Lys residues are shown in black, and the catalytically active Cys-215 of ECR1 is shown in green. C, graph
displaying the direct physical distances between the Ca positions of the catalytically active Cys-215 of ECR1 and the Lys residues of AXR1 or ECR1. Graphs show
the average distance and S.D. for all unmodified Lys residues or Lys residues carrying a GlyGly-modification (LysGlyGly). * indicates background bands.

tions, we analyzed the excised gel pieces, band A and band B, by
mass spectrometry. AXR1 could be identified as the most
highly abundant protein in band A and ECR1 as the most highly
abundant protein in band B. For AXR1, we detected the typical
Gly-Gly (glycine-glycine) footprint that remains after tryptic
digest of a NEDD8 isopeptide-conjugated Lys on five different
AXR1 Lys residues (Lys-21, -222, -262, -350, and -383) (Figs. 2B
and 3A). For ECR1, we detected in total seven different Lys
carrying the Gly-Gly footprint (Lys-20, -99, -101, -185, -243,
-412, and -424) (Figs. 2B and 3B). Because we observed a dis-
crete band of the modified subunits, we reasoned that AXR1
and ECR1 are interchangeably mononeddylated at different Lys
residues rather than being polyneddylated at multiple sites at
the same time. We positioned these modified Lys on the pre-
dicted structure of AXR1-ECR1, which we had modeled on the
structure of the human NAE composed of APPBP1 and UBA3
(AMYLOID PRECURSOR PROTEIN-BINDING PROTEIN1
and UBIQUITIN-LIKE MODIFIER ACTIVATING ENZYMES3;
Fig. 2B). There, we found many of the modified Lys to be sur-
face-exposed and close to, but not in absolute vicinity of, the
NEDD8-reactive Cys-215 of ECRI1. In AXR1, the modified Lys
were on average closer to Cys-215 (about 30 A) than the non-
modified Lys (about 45 A; Fig. 2C). This was not observed in
ECR1, but in ECR1 all Lys residues were on average closer to
Cys-215 (35—40 A) than the non-modified Lys found in AXR1
(Fig. 2C). We also examined whether these Lys modifications
may interfere with NAE and NCE function. Two of the neddy-
lated Lys of ECR1 (Lys-20 and Lys-185) were positioned at the
interface of ECR1 with AXR1 and may therefore disturb the
AXR1-ECR1 interaction. In turn, ECR1 Lys-412 was positioned
on the UBL domain, which facilitates the interaction with the
NCE, and the modification on this residue may thus potentially
interfere with the NAE-NCE interaction (8, 9). However,
because we have no evidence for the occurrence of ECR1 ned-
dylation in vivo, we cannot exclude that these in vitro ECR1
neddylations are artifacts of the thioester assay that may not
necessarily be of functional relevance in vivo (31).

Each of the NEDD8-modified Lys residues in AXR1 was con-
served in its closely related paralog AXL. Interestingly, none of
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them were conserved between AXR1/AXL and human APPBP1
or between ECR1 and human UBA3 (Fig. 3, A and B). Thus, if
these modifications were to represent regulatory modifications,
they were likely specific for the Arabidopsis proteins. Proteom-
ics data annotated in PhosphositePlus indicated that human
APPBP1 and UBA3, similarly to AXR1 and ECR1, carried Gly-
Gly modifications at multiple Lys residues (Fig. 3, A and B) (36).
Unfortunately, the sequence identity between the C terminus of
NEDDS8 and ubiquitin does not allow us to make conclusive
statements about the identity of these modifications, because
ubiquitin or NEDD8 modifications result in the same mass
footprint after tryptic digest. We reasoned, however, that the
human proteins may undergo similar autoneddylation reac-
tions as the plant NAE and performed the corresponding
experiment with recombinant human APPBP1 and UBAS3.
There, we detected indeed DTT-resistant neddylation of both
subunits in addition to the UBA3~NEDDS thioester confirm-
ing that a similar modification to the plant NAE can also occur
on the human counterpart (Fig. 4, A and B).

Neddylation Has No Apparent Effect on AXRI1 Stability or
Interactions—AXR1 accumulates in its neddylated form in Ara-
bidopsis denl mutants, and low levels of neddylated AXR1 can
also be detected in the wild type after AXR1 immunoprecipita-
tion (31). We reasoned that a comparative analysis between
wild type and denl mutants could provide an indication of the
effects of neddylation on AXR1 protein behavior and function.
For these analyses, we made use of a previously described Myc:
AXR1 denl transgenic line, where about half of the Myc:AXR1
protein accumulated in its neddylated form (Fig. 5). We first
performed a cycloheximide (CHX) chase experiment where the
addition of the protein biosynthesis inhibitor allows us to follow
changes in protein abundance over time, for example due to
protein degradation. We found that the unmodified and the
NEDDS8-modified form of AXR1 were similarly stable in
the wild type and the denI background for up to 3 h following
the CHX treatment (Fig. 5, A and B). Following longer incuba-
tion times, however, non-neddylated as well as neddylated
AXR1 were less stable in denl than AXR1 in the wild type (Fig.
5, A and B). Thus, although the absence of DENI and, conse-
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FIGURE 3. AXR1 and ECR1 alignment and their Gly-Gly modification sites. A, ClustalW alignment of A. thaliana NAE subunits AXR1 (At_AXRT) and AXL
(At_AXL) together with their human counterpart Hs_APPBP1. B, ClustalW alignment of A. thaliana NAE subunit ECR1 (At_ECRT) and the human catalytic subunit
UBA3 (Hs_UBA3). Lys residues carrying a Gly-Gly modification after autoneddylation as identified in this study; in the case of APPBP1 and UBA3, Lys residues
reported to carry a Gly-Gly modification in PhosphositePlus are marked by an arrow. An asterisk indicates the position of the catalytically active Cys in ECR1 and

UBA3.
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FIGURE 4. Conservation of NAE vitro autoneddylation in human and Arabidopsis. A, IB with anti-HA (NEDD8) of 16 h in vitro neddylation reactions with
Arabidopsis NAE (FLAG:AXR1/ECR1:His) and human NAE (APPBP1/His:UBA3) with NEDD8 (N8) (His:HA:NEDD8) under non-reducing and reducing (DTT) condi-
tions. Asterisks indicate background cross-reactive bands. B, protein staining of in vitro neddylation reactions from A under reducing conditions. Asterisks
indicate unspecific background.
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FIGURE 5. AXR1 neddylation does not affect AXR1 stability or apparent protein interactions in vivo. A, IB analyses with anti-Myc, anti-RGA, and anti-CDC2
following a CHX chase experiment with wild type (WT) seedlings and axr-30 or axr-30 den1-1 mutant seedlings expressing Myc:AXR1. Seedlings were grown on
growth medium for 7 days and subsequently transferred to liquid growth medium with 50 um CHX for up to 6 h. The anti-CDC2 IB serves as a loading control;
the anti-RGA IB against the unstable RGA protein serves as a positive control for the CHX treatment. B, graph depicting the normalized signal intensities of
Myc:AXR1 in its unmodified (AXR1) and NEDD8-modified form (AXR1-N8) as detected in axr-30 or axr-30 den1-1 backgrounds. In the case of the axr-30 den1-1
measurements, the results from AXR1 and AXR1-N8 were summed up to provide a measure for the overall AXR1 abundance. C, IB with anti-Myc of 20 ul eluate
per fraction following a Superose 6 gel filtration of total protein extract from 7-day-old Myc:AXR1 axr-30 den1-1 seedlings. Fraction numbers and corresponding

molecular weights are specified accordingly. N8, NEDD8.

quently, the presence of AXR1 neddylation do not have a strong
effect on AXR1 stability, it is noteworthy that there may be a
direct or indirect effect on AXR1 protein turnover. The dynam-
ics of the reaction make it difficult to judge whether this effect is
specific only for neddylated AXR1 or for both protein pools in
the denl mutant.

When we performed gel filtration experiments to examine
the association of AXR1 with other proteins, we found that
AXR1 neddylation did not affect the stable association or
interaction of AXR1 with other proteins because both the
neddylated and unneddylated forms had the same elution
profiles (Fig. 5C). Thus, AXR1 neddylation did not lead to
apparent changes in AXR1 protein stability or stable protein
interactions.

RCE1 NEDDS8~Thioester Formation Is Deficient in denl
Mutants—In vivo, the neddylation of AXR1 and ECR1 may
interfere with the downstream trans-thioester reaction from
NAE to NCE. To evaluate the neddylation status of RCE1 in
vivo, we compared NEDD8 immunoblots from wild type and
denl mutant plant extracts using reducing and non-reducing
conditions. Under non-reducing conditions, we observed a
neddylated protein at around 30 kDa, which should corre-
sponds to the RCE1~NEDDS thioester according to its calcu-
lated molecular weight (Fig. 6A4). To rule out background stain-
ing visible only under non-reducing conditions, we included
samples grown on the neddylation inhibitor MLN4924 and
could show a clear reduction of the NEDDS signal for both
cullin-NEDDS8 as well as RCE1~NEDDS (Fig. 6, B and C) (37).
When subsequently comparing the protein levels in denl and
wild type, we noted a less severe but still substantial reduction
for RCE1~NEDDS under these conditions, whereas steady-
state cullin neddylation was not apparently affected (Fig. 6, B
and C). We therefore concluded that RCE1~NEDDS thioester
formation is impaired in denl mutants, either due to reduced
NAE activity or because free NEDD8 monomers are consumed
in NEDD8-modified proteins that accumulate in den I mutants.
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We next examined the effects of increasing NEDDS8 gene
dosage on neddylation reactions in the denl background. To
this end, we introduced a transgene designated RSHN for the
expression of a His:StreplI-tagged NEDDS8 under the control of
a2-kb RUBI (an Arabidopsis NEDDS gene) promoter fragment
into Myc:AXR1 axrl-30 and Myc:AXR1 axrI-30 denl (31).
Increasing NEDDS8 concentrations in this manner resulted in
the increased neddylation of p130, a protein of unknown iden-
tity that we had previously shown to accumulate in its neddy-
lated form in denl (Fig. 7A) (31). Additionally, we noted an
increase in cullin neddylation as well as the increased neddyla-
tion of a protein of similar molecular weight to AXR1, which we
concluded to be AXL based on its increased abundance in axrl
mutants (Fig. 7A) (31, 32). Furthermore, we noted the appear-
ance of an additional neddylated protein of unknown identity in
Myc:AXR1 axrl-30 denl that was not detectable in denl
or Myc:AXR1 axr1-30 but could correspond to hyperneddy-
lated Myc:AXR1 as suggested by an anti-Myc immunoblot (Fig.
7, A and D, lane 6).

To understand whether elevated NEDDS levels had an effect
on RCE1~NEDDS thioester formation, we additionally exam-
ined RCE1~NEDD8 abundance in immunoblots from non-re-
ducing SDS-PAGE (Fig. 7B). Quantification of the RCE1 thio-
ester signal showed reduced thioester levels when comparing
denl with wild type (Fig. 7C). We also observed a clear increase
in RCE1~NEDDS thioester formation that correlated with ele-
vated NEDDS expression and that was particularly strong in
Myc:AXR1 axri-30 (Fig. 7, B and C). Because Myc:AXR1 can-
not be efficiently separated from neddylated cullins in anti-
NEDDS8 immunoblots, we examined Myc:AXR1 abundance
and neddylation using anti-Myc immunoblots. There, we found
that increases in the NEDDS8 gene dosage also led to increased
multi- or polyneddylation of AXR1 (Fig. 7D, AXRI-N8 (2X),
lane 6). Importantly, we did not detect apparent differences in
AXR1 abundance in denl as may have been expected following
our observation that AXR1 has a slightly reduced stability in
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FIGURE 6. AXR1 neddylation correlates with reduced RCE1~NEDDS8 thioester formation. A, anti-NEDD8 IB analysis of crude protein extracts (60 ug) after
non-reducing or reducing SDS-PAGE. NEDD8 conjugates (—N8) and NEDD8 thioesters (~N8) are labeled accordingly. B, anti-NEDD8 immunoblot analysis of
crude protein extracts (60 ng) after non-reducing SDS-PAGE. Seedlings were grown for 7 days on growth medium with or without 10 um MLN4924. The CDC2

IB serves as a loading control. G, signal intensity profile comparison of B for treated (light blue) and untreated wild type (WT) (dark blue) and untreated WT and
den1-1 mutant (pink) samples generated with the MultiGauge analysis software.
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FIGURE 7. Increasing NEDD8 gene dosage results in increased neddylation and increased RCE1~thioester formation in planta. A, anti-NEDD8 (long and
short exposures) and anti-CDC2 IB of crude protein (60 pg) extracts from 7-day-old seedlings after reducing SDS-PAGE. RHSN is a transgene for the expression
of the Arabidopsis NEDD8 gene RUBT under control of a RUBT promoter fragment. NEDD8 conjugates (—N8) are labeled accordingly. An asterisk indicates a
background cross-reactive band. The short exposure of the anti-NEDD8 immunoblot serves to show differences in cullin (CUL) NEDD8 modification. The CDC2
IB serves as aloading control. B, anti-NEDD8 and anti-CDC2 IB from non-reducing SDS-PAGE of the same protein extracts as shown in A. The RCE1~N8 thioester,
identified based on its molecular weight and NEDD8 immunoreactivity, is marked. C, graph displaying the signal intensities of RCE1~N8 relative to the
respective anti-CDC2 signal and normalized to the wild type signal ratio. D, anti-Myc immunoblot of the same protein extracts as shown in A.

denl mutants (Fig. 5, A and B). Thus, the thioester formation
defect in denl mutant backgrounds might be suppressed by
increasing NEDDS8 availability. The fact that increasing the
abundance of NEDD8 was sufficient to enhance protein neddy-
lation and that DENI mutation correlated with reduced
RCE1~NEDDS thioesters indicated that the control of NEDD8

Increased NEDDS8 Levels Can Suppress denl Mutant
Phenotypes—When compared with the wild type, denl mutants
do not display any obvious growth defects in standard growth
conditions (31). In the sensitized axri-30 or Myc:AXR1
axrl-30 backgrounds, however, denl mutants are smaller than
plants with the wild type DENI allele (Fig. 8). In denlI, this

levels, activation, and transfer are key regulatory steps of the
neddylation pathway that are impaired in den1.
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phenotype is accompanied by an increase in non-cullin
NEDDS8-conjugated formation and reduced NCE thioester lev-
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FIGURE 8.Increased NEDDS8 levels suppress den1 phenotypes. A-D, representative photographs of 28-day-old (A) and 42-day-old (C) plants and quantitative
analysis of rosette size (B) and plant height (D) of mutant and transgenic plants expressing RUB1::His:Strep:NEDD8 (RHSN) as specified in the figure. Scale bars,
5 cm. The experiment was conducted twice under the same growth conditions with similar outcome; one representative experiment is shown. Mean and S.D.
are shown (n = 7-29). Two-sided Mann-Whitney U test was performed for Myc:AXR1 den1-1 (=) versus (+) and axr-30 den1-1 (+) versus (—) respectively: ***, p <

0.001; **, p < 0.01.

els (Fig. 7). Because the biochemical analyses had shown that
increasing NEDDS8 gene dosage could rescue the den1 defects in
RCE1~NEDDS formation, we reasoned that this may also lead
to a suppression of the DENI-dependent growth defects in
axr-30 and Myc:AXR1 axr-30. Indeed, the rosette growth
defects as well as the plant height defects of the axr-30 denl and
Myc:AXR1 axr-30 denl mutants were at least partially sup-
pressed in the presence of the RHSN transgene (Fig. 8). We
concluded that the deneddylation of NAE subunits and other
neddylated proteins is one functional role of DEN1 as a
NEDDS8-specific deneddylase. This could serve to restore NAE
function and possibly replenish the pool of free NEDDS8 that is
available for productive neddylation reactions.

Discussion

We have previously reported that Arabidopsis AXR1 can be
neddylated in the wild type and that AXR1 neddylation is
strongly increased in the denl mutant. In this study, we exam-
ined the molecular mechanisms leading to the NEDD8 modifi-
cation of the NAE subunit AXR1 (31). Our analyses revealed
that the NAE subunit ECR1 as well as the NCE enzyme RCE1
can be NEDD8-modified in a manner similar to AXR1 in vitro,
although with a different efficiency in vivo. Because these mod-
ifications require an active NAE but can take place in the
absence of the NCE, they are best explained by autoneddylation
reactions that occur when the activated NAE~NEDDS thioes-
ter on the catalytically active ECR1 Cys-215 comes in proximity
to Lys residues in AXR1 and ECR1.
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The presence of the NEDD8 modification on multiple AXR1
Lys residues in the vicinity of the active site NEDDS8 thioester
indirectly supports the hypothesis that this modification is not
targeted but is the result of a general reactivity of the activated
NEDD8. NEDD8 activation as an adenylate, thioester forma-
tion, and thioester transfer to the NCE require an active site
remodeling of the NAE enzyme that might promote the nucleo-
philic attack of different internal Lys residues on the NEDD8
thioester. This could also provide an explanation for our obser-
vation that different Lys can be neddylated in vitro (9). Until
now, we were not able to identify the modification site or
modification sites of AXR1 in vivo. However, the hypothesis
of an unspecific modification reaction is further supported
by the fact that the Lys residues found to be NEDD8- modi-
fied in the Arabidopsis NAE are not conserved when aligned
with the highly similar human counterparts APPBP1 and
UBA3, even though our in vitro analysis showed that the
human NAE subunits are likewise prone to autoneddylation.
Proteomics data provide evidence for Lys modifications of
the human enzymes also in vivo. However, the fact that
NEDDS8 and ubiquitin leave identical mass footprints after
tryptic digestion does not allow unequivocal conclusions
about the identity of these modifications in vivo (36, 38 — 40).

The neddylation pathway as well as the other ubiquitin and
ubiquitin-like pathways depend on the reactivity of thioester
intermediates that can be readily transferred along the conju-
gation cascade. When considering the possibility of autoneddy-
lation, as demonstrated in our in vitro experiments, it is not
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surprising that Arabidopsis AXR1, as a protein physically close
to NEDD8 due to its enzymatic activity, is also one of the
most prominent substrates of this modification in vivo. Both
our in vitro and in vivo experiments suggested a preference
for NEDDS to form an isopeptide bond with AXR1 and not
ECR1. Even though we could identify several modification
sites on ECR1 in vitro, AXR1 appears as the more prominent
neddylated NAE subunit in vivoe. Thus, NEDD8 modifica-
tions on ECR1 detected in vitro that may potentially interfere
with NAE activity may not be of functional relevance in vivo.

Several ubiquitin and ubiquitin-like pathway enzymes have
previously been reported to likewise carry automodifications.
In the case of ubiquitination and SUMOylation, the molecular
consequences of these modifications included changes in sub-
strate specificity, protein localization, or reactivity (41-47). We
could not detect a strong impact of the NEDD8 modification on
AXR1 stability or protein interactions, and our in vivo analyses
do not suggest that AXR1 abundance is affected in denl. We
did, however, observe a decreased transfer efficiency of acti-
vated NEDD8 from the NAE to the NCE. This can be explained
by a competition between the NAE and the NCE for a limited
NEDD8 monomer pool or by a progressive reduction of NAE
activity due to its neddylation. Although we could observe ned-
dylation modifications on ECR1 that could potentially interfere
with NAE function, we consider it unlikely that these are limit-
ing because increased expression of NEDDS alone could sup-
press the denl-associated phenotypes.

DENT1 is highly conserved in most eukaryotes, with the nota-
ble exception of Saccharomyces cerevisiae, where the neddyla-
tion pathway is not essential. Although denl mutants from sev-
eral species accumulate neddylated proteins of a broad
molecular range, there are only very subtle consequences of the
loss of DENI in most of these organisms (27-29, 31). Our
results suggest that Arabidopsis DEN1 serves to deconjugate
NEDDS from substrates that have become neddylated in con-
cert with or independent of an E3 reaction to maintain the
functionality of the neddylation machinery for targeted neddy-
lation reactions, most prominently the neddylation of the cullin
subunits of the CRL-type E3 ligases. Such a role for DEN1
would indicate that the pool of free and activated NEDD8 can
become limiting in a physiological context. Our observation
that increasing NEDD8 gene dosage can partially suppress
molecular and growth defects of denl mutants supports this
hypothesis. Similar situations have been reported for ubiquitin
where it was found that the DUBs Doa4 or USP14/Upb6 are
essential for the recycling of ubiquitin for ubiquitin-dependent
degradation by the 26S proteasome (41, 48 —50). Loss-of-func-
tion of these DUBs leads to a depletion of the free ubiquitin
pool, and the corresponding phenotypes can be rescued by
increasing ubiquitin levels. For NEDDS, controlling the levels
of free, thioester-linked, and conjugated forms may also be
important in regard to its interaction with the ubiquitin system.
As shown previously, increases in NEDD8 abundance can
result in the ubiquitin conjugation machinery using NEDD8
rather than ubiquitin as a substrate (51, 52). Because we have
observed autoneddylation for the human NAE subunits, it is
tempting to speculate that the reactions examined here in detail
for the plant proteins may also serve to control NEDD8 abun-
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dance and neddylation in other organisms. It remains to be
elucidated whether the proposed role of DENI1 to recycle
NEDDS from autoneddylated proteins of the NEDD8 conjuga-
tion machinery applies to all NEDD8-modified substrates
retrieved in denl mutants and whether these modifications are
merely side reactions or have regulatory functions. The regula-
tion of NAE and NCE activity or interaction poses a potential
regulatory checkpoint at the start of ubiquitin and UBL conju-
gation cascades. Recently, an example of ubiquitin NCE regu-
lation was reported where the family of MEMBRANE-AN-
CHORED UBIQUITIN FOLD PROTEINS competes with the
ubiquitin-activating enzyme for a binding surface on the ubiq-
uitin-conjugating enzyme (53). Given the established function
of NEDDS in the control of CRL activity and subsequently its
impact on protein ubiquitylation, the NEDD8 pathway would
be well suited to allow a global regulation of diverse CRL-de-
pendent protein degradation processes. In this regard, it is
tempting to speculate that NAE autoneddylation and its con-
trol by DEN1 form a regulatory feedback loop to attenuate pro-
tein neddylation.

Experimental Procedures

Biological Material—All recombinant protein expression
was performed in the Escherichia coli strain Rosetta(DE3)
pLysS (Madison, WTI). The mutants and transgenic lines axr-30,
denl-1, Myc:AXR1, Myc:AXR1 denli-1, axr-30 denl-1, and
RUBI1:His:Strep:NEDD8 (RHSN) were previously described
(31). The transgene was introgressed from one original line into
the above-listed mutant backgrounds. For each genotype, three
lines were confirmed by phenotypic and PCR-based analysis
and used for the growth analysis experiment. The experiment
was conducted twice under the same growth conditions (22 °C,
continuous light) with a similar outcome.

Protein Purification—Protein purification of recombinant
proteins was performed using standard approaches. The con-
structs for the expression of recombinant GST:DEN1, GST:
DEN1C166A, His:AXR1, GST:ECR1, and His:FLAG:RCE1
were described previously (31, 32). His:HA:NEDD8 was cloned
by amplification of the coding sequence for the processed
NEDDS protein (RUB1 Thr-77-Gly-152) with the primers 1
and 2 into pET28a (Merck, Darmstadt, Germany). Constructs
for FLAG:AXR1 and ECR1:His were obtained by insertion of
the AXRI and ECRI cDNA sequences into pET2la and
pET28a, respectively, following amplification of the cDNAs
with primers 3 and 4 (AXRI) or 5 and 6 (ECRI). FLAG:AXR1
and ECR1:His were coexpressed in E. coli and purified as a
heterodimer. All primer sequences are listed in Table 1.
Recombinant human NAE enzyme was purchased from
UBPBio (Aurora, CO).

Biochemical Experiments—In vitro neddylation experiments
were performed for 50 min at 23 °C with 1 ug of recombinant
NAE components (15 pmol) and NEDDS8 (80 pmol) in a reac-
tion buffer (RB) containing 20 mm Tris-HCI, pH 8.5, 150 mm
NaCl, 10 mm MgCl,, 0.1 mMm DTT, and 2 mm ATP. The in vitro
trans-thioester reaction was performed for 60 min at 23 °C with
10 pmol of His:AXR1, GST:ECR1, and His:FLAG:RCE1, 100
pmol of His:HA:NEDDS, and 1 pmol of DEN1 in RB at pH 6.8.
The effect of DEN1 in the in vitro reactions was tested by incu-
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TABLE 1

Primer sequences
fw indicates forward, and rv indicates reverse.

DENT1 Is Required for NEDD8 Homeostasis

No. Construct Name 5'

1 His:HA:NEDD8 HANS Ndel fw AATATCATATGTATCCATACGATGTTCCAG
ATTATGCTGTCGGTGGAGGAGGTGGTACT
ATGATTAAGGTG

2 His:HA:NEDDS8 N8 EcoRI rv ATGAATTCTTAACCACCCCTAAGGGCAAG

3 FLAG:AXR1 FLAG-AXR1 Ndel fw ATCCATATGGACTACAAAGACGATGACGAC
AAGGGTATGCAAGCAGTAAAAAGATC

4 FLAG:AXR1 AXR1 Notl rv ATGCGGCCGCCTACAATTTCAATAACTGAG

5 ECRI1:His ECRI1 Ncol fw ATCCATGGCTGATCTCGATGTTC

6 ECRI1:His ECR1 Xhol rv ATCTCGAGTGCTCCAATGGCTGTATC

bating 50 pmol of NAE (FLAG:AXR1/ECR1:His), 500 pmol of
His:HA:NEDDS, and 10 pmol of DEN1 or DEN1C166A in RB at
pH 8 for 16 h at 23 °C. 50 pmol of FLAG:His:RCE1 was subse-
quently added for 5 or 30 min. Reactions were stopped with
non-reducing or reducing (100 mm DTT) SDS-buffer contain-
ing 4% SDS, 10% glycerol, and 0.01% bromphenol blue in 20 mm
Tris-HCl, 150 mm NaCl, pH 8. To increase the amount of auto-
modified protein for LC-MS/MS analysis, 100 pmol of recom-
binant NAE (FLAG:AXR1/ECR1:His) and 100 pmol of His:HA:
NEDDS were incubated for 16 h at 23 °C. The control reaction
was performed in the absence of ATP. To study the effect of
NAE NCE interaction, 100 pmol of His:FLAG:RCE1 was added
to the reaction. For the comparison of Arabidopsis NAE
(AXR1/ECR1) and human NAE (APPBP1/UBA3), 50 pmol of
the respective NAE was incubated with 100 pmol of His:HA:
NEDDS in RB at pH 8.5 for 16 h at 23 °C. NEDD8 conjugates
were detected with an anti-HA-peroxidase antibody (1:1000,
Roche Diagnostics, Penzberg, Germany). His:FLAG:RCE1 and
FLAG:AXR1 were detected using an anti-FLAG antibody
(1:3000, Sigma, Taufkirchen, Germany). Gels were stained with
Coomassie Brilliant Blue to control for protein loading. Immu-
noblot signal intensities were quantified with the Fuji Film
MultiGauge software analysis tool.

Chemical Treatments—For NEDDS8 inhibition, seedlings
were grown for 7 days under continuous light on growth
medium supplemented with 10 umM MLN4924 (Millennium
Pharmaceuticals, Cambridge, MA). The protein stability exper-
iments for Myc:AXR1 in the axrl and axrl denl backgrounds
were performed by incubating 7-day-old seedlings with 50 um
CHX in a liquid growth medium. Myc:AXR1 abundance was
examined in immunoblots with anti-Myc antibodies (anti-c-
Myc, 1:3000; Sigma). An anti-RGA antibody (1:1000) directed
against the unstable DELLA repressor protein REPRESSOR-
OF-gal-3 was used as a control for the efficiency of the CHX
treatment (54). Anti-CDC2 (1:5000, Santa Cruz Biotechnology,
Heidelberg, Germany) was used as a protein loading control.
Immunoblot signal intensities were quantified with the Fuji
Film MultiGauge software analysis tool.

Gel filtration was performed using 1 mg of crude protein
extract in a Superose 6 column (GE Healthcare, Freiburg,
Germany) as described previously (55). 0.5-ml fractions were
collected, and proteins of a known molecular weight were
resolved on an SDS-polyacrylamide gel to determine protein
sizes.

Mass Spectrometry—In vitro neddylation reactions were
stopped with reducing LDS buffer (NuPAGE, Thermo Fisher
SASBMB
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Scientific, Waltham, MA) and stained with Coomassie Brilliant
Blue for total protein loading. Reduction, alkylation with
chloroacetamide, and tryptic in-gel digestion of bands corre-
sponding to NEDD8-modified AXR1 and ECR1 were per-
formed according to standard procedures. Nanoflow liquid
chromatography-tandem mass spectrometry (MS) was per-
formed by coupling an Eksigent nano LC-Ultra 1D+ (Sciex,
Framingham, MA) to an Orbitrap Velos (Thermo Scientific,
Waltham). After 10 min of loading on a trap column (100 wm X
2 c¢m, packed in-house with Reprosil-Pur C,4-AQ 5-um resin;
Dr. Maisch, Ammerbuch, Germany) at a flow rate of 5 ul/min in
100% solvent A (0.1% formic acid in HPLC-grade water), pep-
tides were transferred to an analytical column (75 um X 40 cm,
packed in-house with Reprosil-Pur C;3-AQ 5 wum resin; Dr.
Maisch, Ammerbuch, Germany) and separated using a 60-min
gradient from 4 to 32% solvent B (0.1% formic acid and 5%
DMSO in acetonitrile, solvent A: 0.1% formic acid, 5% DMSO
in water) at 300 nl/min flow rate. The Orbitrap Velos was oper-
ated in data-dependent mode, automatically switching between
MS and MS2. Full scan MS spectra (m/z 360-1300) were
acquired in the Orbitrap at 30,000 (400 m1/z) resolution. Tan-
dem MS spectra were generated for up to 10 precursors in the
multipole collision cell using higher energy collisional dissoci-
ation (AGC value 3 X 10* normalized collision energy 30%)
and analyzed in the Orbitrap at a resolution of 7500 (400 m/z).
Raw MS data files were processed with MaxQuant/Andromeda
(version 1.5.3.8) and searched against TAIR10 (TAIR_pep_
20101214 _updated, download November 25, 2015), a corre-
sponding decoy database (reversed protein sequences) and
common contaminants for protein identification (56). The
variable Lys modification (Gly-Gly) was included in the data-
base search, and modified peptides were filtered using an
Andromeda score cutoff of 40 and a localization probability
greater than 0.75.

Lys modification sites were combined with a structural
model of AXR1/ECR1. The model was obtained with Swiss
Model using the structure of human APPBP1/UBA3 (Protein
Data Bank identifier 1YOV (8)) and modified with the UCSF
Chimera package (Version 1.10.2) (57). Distance measure-
ments were performed with UCSF Chimera. The conservation
of NEDD8-modified Lys between Arabidopsis AXR1, AXL, and
human APPBP1 as well as between ECR1 and human UBA3 was
examined based on Clustal W protein alignments (58). Gly-Gly-
modified Lys residues for APPBP1 and UBA3 were derived
from PhosphoSitePlus (36).
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Statistical Analysis—Results for plant inflorescence height
and rosette diameter are expressed as the mean = S.D. Statisti-
cal relevance was obtained using the Mann-Whitney U test
using Microsoft Excel 2013 with the Real Statistics Add-In.
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