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Abstract
The Nedd8 activating enzyme (NAE) launches the transfer of the ubiquitin-like protein Nedd8
through an enzymatic cascade to covalently modify a diverse array of proteins, thus regulating
their biological functions in the cell. The C-terminal peptide of Nedd8 extends deeply into the
active site of NAE and plays an important role in specific recognition of Nedd8 by NAE. We used
phage display to profile C-terminal sequences of Nedd8 that can be recognized by NAE for the
activation reaction. We found that besides the native Nedd8 sequence ending with 71LALRGG76,
NAE can accommodate diverse changes at the Nedd8 C-terminus including Arg and Ile replacing
Leu71, Leu, Ser and Gln replacing Ala72, and substitutions by bulky aromatic residues at
positions 73 and 74. We also observed that short peptides corresponding to the C-terminal
sequences of the Nedd8 variants can be activated by NAE to form peptide~NAE thioester
conjugates. Once NAE is covalently loaded with these Nedd8-mimicking peptides, they can no
longer activate full length Nedd8 for its transfer to the neddylation targets such as the cullin
subunits of cullin-RING E3 ubiquitin ligases (CRLs). We have thus developed a new method to
inhibit protein neddylation via Nedd8-mimicking peptides.
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Introduction
An increasing number of cellular proteins are being identified to be posttranslationally
modified by Nedd8, a ubiquitin like protein (UBL), to regulate their biological activities in
the cell. [1–5] Similar to UB, Nedd8 is transferred through an enzymatic cascade composed
of E1, E2 and E3 enzymes to its modification targets. [6–11] One important class of cellular
proteins modified by Nedd8 is represented by the cullin-RING E3 ligases (CRLs) that
catalyze protein ubiquitination. [12–13] The attachment of Nedd8 to the cullin subunit
induces a conformational change in CRL that facilitates UB transfer from the E2 enzyme to
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the substrate proteins bound to CRL. [14] It has been estimated that there are more than 300
CRLs expressed in human cells and they are responsible for designating 20% of cellular
proteins to be degraded by the proteasome after their modification by UB. [15–16] Thus
Nedd8 plays an important role in CRL regulation that underlies normal cell physiology.
Besides CRL, Nedd8 has also been found to modify other key cellular targets including
p53, [17] epidermal growth factor receptor (EGFR), [18] transforming growth factor β (TGF-
β) type II receptor, [19] cell cycle regulating transcription factor E2F-1, [20] caspases, [21]

ribosomal proteins, [22] histone H4, [23] and Parkin, [24] an E3 UB ligase associated with the
early induction of Parkinson’s disease.

Protein modification by Nedd8 can be mediated by either the canonical Nedd8 transfer
cascade or the UB transfer cascade. The Nedd8 transfer cascade is composed of the Nedd8
activating E1 enzyme (NAE), [8, 25] E2 enzymes specific for Nedd8 such as Ubc12 (Ube2M)
and Ube2F, [7, 9] and E3 enzymes such as Dcn1 and Hrt1 for cullin modification. [10–11]

Alternatively the NAE-Ubc12 cascade for Nedd8 transfer can relay with E3 enzymes of the
UB transfer cascade such as mouse double minute 2 (Mdm2), Casitas B-lineage lymphoma
(c-Cbl), and inhibitors of apoptosis (IAPs) so that Nedd8 can be conjugated to the cellular
proteins targeted by E3 enzymes in protein ubiquitination pathways. [17–19, 21] Most recently
Nedd8 was found to cross react with the UB activating E1 enzyme (UAE) to enable Nedd8
conjugation to cellular proteins through the UB transfer cascade. [26–28] Due to this atypical
mode of Nedd8 transfer, hetero-conjugated Nedd8-UB chains are formed in the cell. [29]

Because of the critical role of protein neddylation in cell biology, the cascade enzymes for
Nedd8 transfer have been an intense focus of drug discovery efforts. MLN4924, an
adenosine sulfamate analog, was found to be a potent inhibitor of NAE due to the formation
of a covalent adduct of the compound with the C-terminus of Nedd8. [16, 30] MLN4924 has
been shown to block ubiquitination and degradation of CRL substrates and inhibit tumor
growth. Currently MLN4924 is in clinical trials for the treatment of solid tumors and
hematological malignancies. [31–32] Other NAE inhibitors have also been developed based
on natural product structures and an inorganic rhodium complex. [33–35]

Here we identified short peptides as inhibitors of Nedd8 transfer through the NAE-Ubc12
cascade by carrying out phage selection of a Nedd8 library with randomized C-terminal
residues based on their reactivity with NAE. We found that the C-terminal sequences of
Nedd8 variants selected by phage display are preferentially recognized by NAE in the
activation reaction. The short peptides corresponding to the C-termini of the Nedd8 variants
from phage selection can function as Nedd8 mimics to form peptide~NAE conjugates (“~”
designates a thioester bond) and block the loading of full length Nedd8 on NAE. These
Nedd8-mimicking peptides can thus be used as road blocks to inhibit Nedd8 transfer through
the cascade.

Results
Phage selection of the Nedd8 library with a randomized C-terminus

We previously used phage display to profile the recognition of UB C-terminal sequence by
UAE and found that UB variants with alternative C-terminal sequences can be activated by
UAE and transferred to downstream E2 enzymes. [36] We were thus interested in using
phage display to profile the recognition of Nedd8 C-terminal sequence by NAE. Nedd8 is
activated by NAE following the same mechanism of UB activation by UAE. [25] A crystal
structure of the NAE-Nedd8-ATP triple complex shows that the C-terminal peptide of
Nedd8 extends deeply into the ATP binding pocket of NAE so that the carboxyl end of
Nedd8 can react with ATP (Figure 1A) to form a Nedd8-AMP conjugate. [37] The activated

Zhao et al. Page 2

Chembiochem. Author manuscript; available in PMC 2014 July 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Nedd8 carboxylate is then captured by the catalytic Cys residue of NAE to form the
Nedd8~NAE thioester conjugate.

Nedd8 has a native sequence of 71LALRGG76 at its C-terminus. We randomized residues
71–75 of Nedd8 in the library but kept Gly76 intact because the C-terminal Gly residue is
conserved across UB and various UBLs, and is vitally important for conjugation to their
cellular targets. [38] We then displayed the Nedd8 library on the surface of M13 phage with
the pJF3H phagemid. [39–40] To select for Nedd8 variants that were reactive with NAE, we
constructed a fusion protein between the NAE subunit APPBP1 and the peptidyl carrier
protein (PCP), and coexpressed the fusion protein with Uba3 to assemble a functional
heterodimeric NAE (Figure 2A). [41] We labelled the PCP-NAE fusion with biotin by using
the enzyme Sfp phospho-pantetheinyl transferase to attach a biotin-phosphopantetheinyl
conjugate to PCP. [42] Subsequently we bound the biotinylated PCP-NAE to a streptavidin
plate and added the phage library of Nedd8 and ATP to the plate. If the Nedd8 variants
displayed on phage were recognized by NAE for the activation reaction, they would form
thioester conjugates with NAE on the plate to enable the affinity selection of phage particles
displaying the catalytically active Nedd8 variants. Finally the phage captured on the plate
were eluted with dithiothreitol (DTT) that cleaved the Nedd8~NAE thioester conjugate. The
eluted phage were amplified for iterative rounds of selection.

During the library selection, we found that the number of phage particles from the selection
reaction were steadily increasing compared to the controls without the addition of ATP or
the coating of NAE on the plate (Figure 2B). This suggested that Nedd8 variants reactive
with NAE were enriched. Alignment of the C-terminal sequences of the phage clones after
six rounds of selection showed that the C-terminal profiles of the selected Nedd8 variants
are clearly different from the wild type (wt) Nedd8. As shown in Figure 3, Leu71 of the wt
Nedd8 is preferentially replaced with Arg, and Ala72 of wt Nedd8, previously assigned as a
key site for NAE recognition, [43] is most often replaced with Leu, Gln and Ser. The
alignment also shows that positions 73 and 74 were typically occupied by residues with
bulky aromatic side chains such as Phe and Trp in place of the wt Leu and Arg residues,
respectively. Interestingly only the wt Gly residue was selected at position 75. This matches
the previous observation that the double Gly motif at the end of Nedd8 is indispensable for
protein neddylation. [44]

Kinetic characterization of the activation of Nedd8 variants and the corresponding C-
terminal peptides by NAE

We expressed the Nedd8 variants ND1, ND4, ND20 and N22 from phage selection to
further assay their activities with NAE since they were the most abundant clones in the
selected phage pool (Figure 3). Nedd8 variants were expressed with their N-termini fused to
glutathione transferase (GST) since it has been reported that the stand alone Nedd8 protein
is prone to unfold. [45] The ATP-PPi exchange assay[46–47] of the Nedd8 variants showed
that ND20 and ND22 have higher activity than wt Nedd8 (Figure 4A). Measurements of kcat
and K1/2 of the Nedd8 variants with NAE under saturating concentrations of ATP found that
ND20 displays a K1/2 of one third of wt Nedd8 (Table 1) while kcat values were unchanged
taking into account the experimental errors. As a result, the kcat/K1/2 of ND20 (150 μM/min)
is three fold higher than wt Nedd8 (43 μM/min). ND22 also has a slightly higher kcat/K1/2
(53 μM/min) due to the decrease in K1/2. These results suggest that phage selection
increased the binding affinity of the selected Nedd8 variants with NAE due to variation of
the C-terminal sequences and these changes provided Nedd8 variants with a higher
reactivity with NAE. We also found that not all Nedd8 variants from the selection were
more reactive with NAE than the wt Nedd8. Kinetic characterization of ND1 and ND4
showed that these mutants are less active than wt Nedd8 due to a significant increase in K1/2
(Table 1).
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Since ND20 and ND22 display an increased affinity with NAE due to their C-terminal
variations, we assayed if the short peptides corresponding to their C-terminal sequences can
be better recognized by NAE for the activation reaction than the peptide with the native C-
terminal sequence of Nedd8. We synthesized peptides pND20 and pND22 with the sequence
of 70VILTFGG76 and 70VRLMFGG76. The numbering of the peptide residue follows that of
the full length Nedd8 protein and “p” stands for peptide. We assayed the ATP-PPi exchange
activity of the peptide catalyzed by NAE and found that based on the kcat/K1/2 values,
pND20 and pND22 are twice as active as pNedd8, the peptide with the native C-terminal
sequence of Nedd8 (Figure 4B and Table 1). At the same time, the activities (kcat/K1/2) of
pND20 and pND22 are 65- and 75-fold lower than the wt Nedd8 protein (Table 1). The
significant decreases in the activities of the peptides from the full length protein are largely
due to the increases in K1/2 of the peptides (Table 1). This suggests that other interfaces of
the globular fold of Nedd8 make important contributions in binding to NAE. Nevertheless
the pND20 and pND24 peptide have a K1/2 about half of the pNedd8 peptide in the ATP-PPi
exchange reaction, suggesting that phage selection indeed identified new C-terminal
sequences of Nedd8 that are preferentially recognized by NAE over the wt Nedd8.

Assaying the transfer of Nedd8 variants and the corresponding peptides through the NAE-
Ubc12 cascade for cullin modification

Once Nedd8 is activated by NAE to form the Nedd8~NAE conjugate, a catalytic Cys
residue of the E2 bound to NAE can react with the C-terminal carboxylate of Nedd8 through
a thioester exchange reaction that leads to the formation of a Nedd8~E2 conjugate.
Subsequently Nedd8~E2 can bind to the Rbx1 subunit of CRL to deliver Nedd8 to cullin by
forming an amide bond between the C-terminal carboxylate of Nedd8 and a Lys residue of
the cullin subunit. Since the Nedd8 variants from phage selection can be activated by NAE
as demonstrated by the ATP-PPi exchange assay (Figure 4A and Table 1), we further tested
if the Nedd8 variants can be covalently charged to NAE and be further transferred to Ubc12
(E2) and cullin. We incubated the GST fusions of the Nedd8 variants with NAE, Ubc12 and
the Rbx1-cullin 3 complex, and assayed the formation of Nedd8 conjugates via Western blot
of the reaction mixtures with an anti-GST antibody. As shown in Figure 5, wt Nedd8 could
form covalent conjugates with NAE, Ubc12 and cullin 3. The Nedd8 variant ND20 was
most reactive with the Nedd8 transfer cascade; it could not only be efficiently transferred to
NAE and Ubc12, but also further to cullin 3. In comparison, ND4 and ND22 were less
active. They could form covalent conjugates with NAE and Ubc12, yet no significant
formation of a Nedd8-cullin conjugate was observed. ND1 failed to form a covalent
conjugate with NAE and as expected could not be transferred to Ubc12 and cullin 3. These
results suggest that the phage selected Nedd8 variants with non-native C-terminal sequences
may vary significantly in their activities with the cascade enzymes at different stages of
Nedd8 transfer.

To assay the transfer of the peptides derived from the C-terminal sequences of the Nedd8
variants through the cascade, we conjugated biotin to the N-terminal amino groups of
peptides pNedd8, pND20 and pN22, and probed the Western blot of the transfer reaction
with a streptavidin-horseradish peroxidase (HRP) conjugate. As shown in Figure 6A,
pNedd8 with the C-terminal sequence of wt Nedd8 could form conjugates with NAE, Ubc12
and cullin 3. In contrast pND20 and pND22 could efficiently form peptide~NAE conjugates,
yet they were defective in being transferred to Ubc12 and cullin 3. These results suggest that
the wt sequence of the Nedd8 C-terminus could be important for Nedd8 transfer through the
cascade enzymes and eventually to its modification targets at the end of the cascade. The
peptide~NAE conjugates can be cleaved with 100 mM DTT confirming the formation of a
thioester linkage between the peptides and NAE (Figure S1 in the Supporting Information).
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Since pND20 and pND22 can be activated and form covalent conjugate with NAE just as
the Nedd8 protein, we refer to these peptides as “Nedd8-mimicking peptides”.

Inhibiting Nedd8 transfer through the NAE-Ubc12 cascade for cullin modification by
Nedd8-mimicking peptides

We previously used phage selection to identify UB variants with alternative C-terminal
sequences that can be activated by UAE. [36] We showed that short peptides derived from
the C-terminal sequence of the UB variants are reactive with UAE to form thioester
conjugates with UAE and E2s. [48] We referred to these peptides as “UB-mimicking
peptides”. We found that they can effectively block the transfer of UB through the cascade
enzymes due to their covalent attachment to UAE and E2s. We were thus interested in
testing if the Nedd8-mimicking peptides from this study could block Nedd8 modification of
cullin by inhibiting Nedd8 transfer through the NAE-Ubc12 cascade.

To test the activities of the peptides on blocking Nedd8 transfer, we preincubated peptides
pNedd8, pND20 and pND22 with NAE, Ubc12 and cullin for 1 hour in the presence of ATP
to allow for the loading of the peptides on NAE and further transfer of peptides to Ubc12
and cullin. We next added full length Nedd8 with an N-terminal HA tag to allow for the
formation of HA-Nedd8 conjugates with the cascade enzymes and cullin. Western blot
analysis of the reaction probed with an anti-HA antibody showed that preincubation of the
peptides at concentrations as low as 5 μM with the cascade enzymes allowed complete
blocking of Nedd8 modification of cullin 3 due to the inhibition of Nedd8 to form thioester
conjugates with NAE and Ubc12 (Figure 6B). We also noted that peptide pNedd8 with the
wt C-terminal sequence of Nedd8, and peptides pND20 and pND22 with sequences
identified by phage selection, inhibited the formation of Nedd8 conjugates with NAE and
Ubc12 to similar extents.

Next we measured the IC50 values of the peptides in inhibiting the formation of
Nedd8~NAE conjugates. We incubated NAE with increasing concentrations of the peptides
in the presence of 1 μM of HA-Nedd8 and ATP to allow competition between the peptides
and Nedd8 for reacting with NAE. After a 15-minute incubation, the Nedd8-NAE conjugate
was separated from the rest of the components by running the reaction on an SDS-
polyacrylamide gel. The Western blot of the gel was probed with an anti-HA antibody to
detect Nedd8 conjugates. The intensities of the band corresponding to the Nedd8~NAE
conjugate were quantified by densitometry (Figure 7). [49] We found that pND20 and
pND22 have observed IC50 values of 133 μM and 215 μM, respectively, in inhibiting the
loading of Nedd8 on NAE. In contrast, the pNedd8 peptide with the C-terminal sequence of
wt Nedd8 could not efficiently compete with full length Nedd8 in NAE loading at a
concentration as high as 900 μM. These results suggest that some of the short peptides
identified by phage selection are better recognized by NAE than the C-terminal peptide of
wt Nedd8. As the Nedd8-mimicking peptides pN20 and pN22 function as competitive
inhibitors of Nedd8 and form thioester conjugates with NAE, they can block Nedd8 loading
on NAE and its subsequent transfer through the cascade enzymes. In this sense, the Nedd8
mimicking peptides are mechanism-based inhibitors of the Nedd8 transfer cascade.

Discussion
In this study we used phage display to profile the recognition of the C-terminal sequence of
Nedd8 by NAE. We found that NAE can accommodate diverse changes in residues 71 to 74
of Nedd8 and still activate the Nedd8 variants and initiate their transfer through the cascade
for protein modification. We also observed that Nedd8 variants from phage selection may be
stalled at different stages of the cascade, apparently due to the differences in their C-terminal
sequences. ND4 and ND22 can be transferred to NAE and Ubc12 to form thioester
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conjugates, but they are incapable of being transferred from Ubc12 to cullin. In contrast
ND20 can be transferred all the way through the cascade to modify cullin proteins (Figure
5). Nedd8 conjugation to the cullin protein induces a drastic rearrangement in CRL so that
the UB~E2 conjugate can approach the substrate protein bound to CRL to facilitate UB
transfer to the substrate protein. [14, 50] It would be of interest to assay if the Nedd8 variants
with the non-native C-terminal sequences can activate CRL in a similar manner as wt
Nedd8.

NAE is the gate-keeping enzyme of the Nedd8 transfer cascade. It is responsible for the
specific activation of Nedd8 and fencing off UB and other UBL proteins from entering the
Nedd8 transfer cascade. A key element on Nedd8 for NAE recognition is the C-terminal
peptide of Nedd8 that adopts an extended conformation reaching all the way to the ATP
moiety that is bound to the Uba3 subunit of NAE (Figure 1A). [37] Uba3 residues Asn188,
Arg190, Tyr207 and Tyr321 assemble a well-defined pocket for the binding of the Ala72
side chain of Nedd8 within its C-terminal sequence (71LALRGG76) (Figure 1B). The NAE
binding pocket for the Ala72 residue of Nedd8 plays a key role in differentiating Nedd8
from UB. [43] UB shares a high sequence and structural homology with Nedd8 and its C-
terminus has the sequence 71LRLRGG76 with just a single residue difference from Nedd8 at
position 72. However, UB is not recognized by NAE for the activation reaction. As shown
by the crystal structure of the Nedd8-NAE complex, [37] the Arg72 side chain of UB would
be repelled by Arg190 of NAE (Figure 1B). Mutagenesis studies further showed that the
Arg72Leu mutant of UB can be efficiently activated by NAE, confirming the role Arg190
plays in NAE differentiation of Nedd8 and UB based on electrostatic interactions. [37, 43, 51]

Our results obtained by phage selection of the Nedd8 library showed the bias of NAE
against positively charged residues at position 72 of Nedd8 (Figure 3). None of the Nedd8
variants from the selection has a positively charged Arg, Lys or His side chain at position
72. We also found that Ala72 of Nedd8 can be replaced by both polar or hydrophobic side
chains such as Ser, Gln or Leu. Matching with our selection results, it has been found that
the Ala72Gln mutation in Nedd8 did not affect Nedd8 activation by NAE and the crystal
structure of the Nedd8 mutant bound to NAE showed that the Gln72 side chain is engaged in
hydrogen bonding interactions with the Arg190 side chain of Uba3. [43] Indeed we found
that multiple Nedd8 variants were selected with an Ala72Gln mutation (Figure 3).

Besides the tolerance of residues other than Ala at position 72 of Nedd8, NAE can also
accommodate diverse residues at positions 71, 73 and 74 of Nedd8 as suggested by the
phage selection results (Figure 3). Based on the sequence alignment of the selected Nedd8
clones, Position 71 is mainly occupied by the wt Leu or a positively charged Arg residue,
while positions 72 and 73 have a clear preference for bulky aromatic side chains. We
modelled the binding of Nedd8 variants ND4, ND20 and ND22 with NAE based on the
crystal structure of the NAE-Nedd8-ATP complex (Figure 1C, 1D and 1E). [37] The
modelled structures suggest that the larger space between the C-terminal peptide backbone
of the Nedd8 and the NAE active site residues, compared to the UAE in complex with
UB, [52] makes it possible for NAE to accommodate multiple aromatic side chains at
positions 71, 73 and 74 to replace Leu or Arg in wt Nedd8. The structural models show that
space is somewhat limited for the Leu at position 72, however, slight rearrangements of the
NEDD8 C-terminus should easily overcome these restrictions while the existing binding
pocket is favourable for an aliphatic side chain reflecting its ability to interact with Ala in wt
NEDD8. An Arg at position 71 as present in the variants ND4 and ND22 has the potential to
engage in polar interactions with Asn178 in the crossover loop of the APPBP1 subunit of
NAE (Figure 1C and 1E). Likewise a Thr at position 73 (ND20) can form hydrogen bonds
with Asn188 of the Uba3 subunit of NAE (Figure 1D). Possibly these residues contribute to
the decreased IC50 values of the pND20 and pND22 peptides while the Trp at position 73 of
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the pND4 peptide could simply be too large compared to Leu in wt pNedd8, and Thr and
Met in the pND20 and pND22 peptides, respectively. As a result the pND4 peptide is much
less active in the ATP-PPi exchange assay catalyzed by NAE (Figure 4B).

We also found that the Nedd8 variants ND20 and N22 selected by phage display have a
higher affinity with NAE than the wt Nedd8 (Table 1). Correspondingly the 7-mer peptides
pND20 and pND22 derived from the C-terminal sequences of the Nedd8 variants display a
higher affinity towards Nedd8 than the peptide with the native C-terminal sequence of
Nedd8 (Table 1). Peptides pND20 and pND22 can mimic the action of Nedd8 in forming
Nedd8-AMP conjugates as shown by the ATP-PPi exchange assay and in forming thioester
conjugates with NAE (Figure 4B and 6A). Once the peptides are conjugated to NAE, they
block the catalytic Cys of NAE from being loaded with full length Nedd8. Furthermore the
activity of NAE with Nedd8 cannot be regenerated by delivering the peptides to the
downstream E2s since the peptides are defective in transferring from NAE to E2 (Figure
6A). In contrast, peptide pNedd8 with the wt C-terminal sequence of Nedd8 can form
thioester conjugates with NAE and E2 in tandem and eventually be transferred to cullins.

Due to the optimization of Nedd8 C-terminal peptide-NAE interaction by phage selection,
peptides pND20 and pND22 gained higher affinity with NAE than pNedd8; their IC50
values are at least 4–7-fold lower than pNedd8 in inhibiting Nedd8 loading on NAE (Figure
7). The Nedd8-mimicking peptides from phage selection therefore provide a new
mechanism to inhibit NAE and the downstream Nedd8 transfer pathways. Further study on
the effects of these peptides on regulating protein neddylation in the cell is worth pursuing.

Experimental Section
See the supporting information for experimental procedures on cloning, protein expression,
construction of the Nedd8 library, phage selection of the library, and characterization of the
Nedd8 variants and the Nedd8-mimicking peptides.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Crystal structure of the NAE-Nedd8-ATP complex and modelled structures of Nedd8
variants binding to NAE. A) Binding of wt Nedd8 to NAE as shown in the triple complex
with ATP (PDB ID 1R4N). [37] Nedd8 is shown in yellow, the Uba3 subunit of NAE in grey
and the APPBP1 subunit of NAE in cyan. The catalytic Cys residue of NAE in the crystal
structure was mutated to Ala (Cys216Ala) and it is shown in a space-filling model. B)
Interactions of the C-terminal peptide of wt Nedd8 (70VLALRGG76) with the NAE active
site residues. The C-terminal residues of Nedd8 are shown in stick models and the NAE
residues forming the binding pocket around the Ala72 residue of Nedd8 are also shown. C),
D) and E), modelled structures of Nedd8 variants ND4 (70VRLWFGG76), ND20
(70VILTFGG76) and ND22 (70VRLMFGG76) in complex with NAE.
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Figure 2.
Phage selection of the Nedd8 library based on its reactivity with NAE. A) The phage
selection scheme. The Nedd8 protein was displayed on the surface of M13 phage with the
pJF3H phagemid that expressed Nedd8 with an N-terminal Fos peptide so that Nedd8 could
be anchored on the phage surface by high affinity binding of the Jun-Fos peptides. The
pJF3H phagemid gave rise to monovalent display of Nedd8 variants on phage particles. C-
terminal residues of Nedd8 covering the sequence 71LALRG75 were randomized (“X” in
black). Phage selection specifically enriched C-terminal sequences of Nedd8 variants that
can be recognized by NAE for activation (“X” in red). B) Titer of the eluted phage from
each round of Nedd8 library selection with NAE. In the selection reaction, both NAE and
ATP were provided for the formation of Nedd8~NAE thioester conjugates. In the control
reactions, either ATP or NAE was excluded from the reaction mixture. The titer numbers of
the phage were plotted on a logarithmic scale (cfu, colony forming unit).
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Figure 3.
Alignments of the C-terminal sequences of Nedd8 clones selected by phage display. Nedd8
C-terminal residues 71LALRG75 (designated by the stars) were randomized in the library.
Nedd8 variants were grouped based on the identities of the residues selected at position 72
replacing Ala in wt Nedd8. The number of times each clone was identified among 41
sequenced clones after the 6th round of phage selection is also shown. Clones with their
names next to bullet points were the most abundant after phage selection and they were
further characterized for activation by NAE.
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Figure 4.
Results of ATP-PPi exchange assay of Nedd8 variants and the corresponding C-terminal
peptides catalyzed by NAE. A) Activities of phage selected Nedd8 variants from phage
selection with NAE. B) Activities of the short peptides corresponding to the C-terminal
sequences of the Nedd8 variants.
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Figure 5.
Western blot analysis of the transfer of Nedd8 variants from phage selection to NAE, Ubc12
and cullin 3. Nedd8 variants were expressed with an N-terminal GST fusion. The formation
of Nedd8 conjugates was detected by Western blot with an anti-GST antibody.
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Figure 6.
Peptide transfer through the Nedd8 enzymatic cascade and inhibition of Nedd8 transfer
through the cascade by selected peptides. A) Loading of biotin-labelled peptides on NAE,
Ubc12 and cullin 3. The Western blot was probed with a streptavidin-HRP conjugate. B)
Inhibiting Nedd8 loading on NAE by Nedd8-mimicking peptides. NAE, Ubc12 and cullin 3-
Rbx1 were first incubated with the Nedd8-mimicking peptides followed by the addition of
HA-Nedd8. Attachment of HA-Nedd8 to cascade enzymes and cullin 3 was probed with an
anti-HA antibody.
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Figure 7.
Inhibition of Nedd8 loading on NAE by the Nedd8-mimicking peptides pN20 (A), pND22
(B) and pNedd8 (C). Increasing concentrations of peptides were incubated with Nedd8 and
NAE. The amount of the Nedd8~NAE conjugate formed in each reaction was quantified by
Western blots probed with an anti-HA antibody. IC50 values of the NAE inhibition by the
peptides were calculated by plotting the densities of the bands corresponding to the
Nedd8~NAE conjugate against the concentrations of the peptides. The Western blots of
Nedd8~NAE formed in the inhibition reactions are shown underneath the plots.
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Table 1

Kinetic characterization of the Nedd8 variants enriched by phage selection and the Nedd8-mimicking peptides
derived from the C-terminal sequences of the Nedd8 variants.

K1/2 (μM) kcat (min™1) kcat/K1/2 (μMmin™1)

Full-length proteins

wt Nedd8 (71LALRGG76) 1.3 ± 0.2 55 ± 12 43

Nedd8 variants from phage selection

ND1 (71LQWFGG76) 150 ± 20 22 ± 9 0.15

ND4 (71RLWFGG76) 4.5 ± 1.1 23 ± 7 5.1

ND20 (71ILTFGG76) 0.45 ± 0.03 67 ± 10 150

ND22 (71RLMFGG76) 1.0 ± 0.3 52 ± 18 52

Nedd8-mimicking peptides

pNedd8 (70VLALRGG76) 88 ± 25 26 ± 7 0.29

pND20 (70VILTFGG76) 42 ± 11 28 ± 3 0.66

pND22 (70VRLMFGG76) 51 ± 16 29 ± 8 0.57
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