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Among the members of the ubiquitin-like (Ubl) protein family, neural pre-

cursor cell expressed developmentally down-regulated protein 8 (NEDD8)

is the closest in sequence to ubiquitin (57% identity). The two modification

mechanisms and their functions, however, are highly distinct and the two

Ubls are not interchangeable. A complex network of interactions between

modifying enzymes and adaptors, most of which are specific while others

are promiscuous, ensures selectivity. Many domains that bind the ubiquitin

hydrophobic patch also bind NEDD8 while no domain that specifically

binds NEDD8 has yet been described. Here, we report an unbiased selec-

tion of domains that bind ubiquitin and/or NEDD8 and we characterize

their specificity/promiscuity. Many ubiquitin-binding domains bind ubiqui-

tin preferentially and, to a lesser extent, NEDD8. In a few cases, the affin-

ity of these domains for NEDD8 can be increased by substituting the

alanine at position 72 with arginine, as in ubiquitin. We have also identi-

fied a unique domain, mapping to the carboxyl end of the protein

KHNYN, which has a stark preference for NEDD8. Given its ability to

bind neddylated cullins, we have named this domain CUBAN (Cullin-

Binding domain Associating with NEDD8). We present here the solution

structure of the CUBAN domain both in the isolated form and in complex

with NEDD8. The results contribute to the understanding of the discrimi-

nation mechanism between ubiquitin and the Ubl. They also provide new

insights on the biological role of a ill-defined protein, whose function is

hitherto only predicted.

Introduction

Cells use the covalent attachment of small polypeptides

to target proteins as a strategy to control protein func-

tion. Ubiquitination, the conjugation of Ubiquitin (Ub)

to proteins, is the best characterized among these post-

translation modifications and involves the formation of

an isopeptide bond between the C-terminal glycine of
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ubiquitin and the lysine side chain in the target protein.

The conjugation of ubiquitin is a three-step process that

requires an ubiquitin-activating (E1) enzyme, an ubiqui-

tin-conjugating (E2) enzyme and an ubiquitin ligase

(E3). The modification mediates a plethora of biological

processes such as DNA repair, transcription, signal

transduction and intracellular membrane traffic [1].

Ubiquitin-like proteins (Ubls) are related to ubiquitin

primarily by the ubiquitin superfold, called b-grasp fold

[2] and by the basic set of enzymatic reactions, catalysed

by E1, E2 and E3 enzymes, involved in the conjugation

process. The functional consequences of these modifica-

tions are distinct, depending on the Ubl that is added

and on the characteristics of the substrate.

Among all the Ubl proteins, NEDD8 shares the high-

est homology with ubiquitin (~ 57% identity and

~ 76% similarity). In spite of this, the NEDD8 pathway

is clearly insulated since its substrates are primarily

members of the cullin (CUL) family [3], while on the

other hand, ubiquitin is conjugated to virtually every

protein. The neddylation of cullins requires a NEDD8-

specific heterodimeric E1 enzyme, composed of APPBP1

and UBA3 proteins, the E2 enzyme UBC12 and the E3

enzyme RING-box protein 1/2 (Rbx1/2). Many studies

have clearly demonstrated that small but substantial dif-

ferences in ubiquitin and NEDD8 sequences guarantee

the clear discrimination between substrates directed

towards ubiquitination or neddylation [4–6]. This speci-
ficity is primarily based on the different amino acid

occupying position 72, indeed, the presence of an argi-

nine (Arg72) in ubiquitin, instead of the evolutionary

conserved alanine in NEDD8 (Ala72) prevents misacti-

vation of ubiquitin due to the repulsion from UBA3’s

Arg190 localized in the binding pocket [7–10] Similarly,

ubiquitin chains carrying the R72A mutation are a bet-

ter substrate for the deneddylating enzyme NEDP1,

while they are less efficiently cleaved by the ubiquitin-

specific protease HAUSP [9–11]. The outcome of these

selective mechanisms is that the conjugation of ubiquitin

is strictly limited to its enzymatic sets. On the contrary,

the Ubl NEDD8 shows to be qualitatively competent in

the interaction with the enzymes specific for ubiquitin.

Nevertheless, due to significantly slower kinetics, these

reactions are rather inefficient, suggesting that promis-

cuity of NEDD8, differently from ubiquitin, is not for-

bidden but strongly disfavoured [10,12].

Cells use protein tagging by ubiquitin and ubiquitin-

like peptides as a sort of code deciphered by receptors

that interpret these signals and transduce them to the

appropriate intracellular responses. In accordance with

the high similarity, NEDD8 retains many determinants

that enable ubiquitin the ability to target proteins to

degradation. In particular, the hydrophobic patch

(comprising residues Leu8-Ile44-His68-Val70), which is

responsible for most of the interactions with structurally

diverse Ub-binding domains (UBDs), is perfectly con-

served in NEDD8. As a consequence, different UBDs

show hardly any preference for binding ubiquitin or

NEDD8. Indeed, available evidence supports a network

of complex and hitherto poorly understood promiscu-

ous interactions between Ubl and ubiquitin-binding

domains. Starting from the evidence that NEDD8 inter-

acts with proteasome ubiquitin-shuttle and receptor

proteins comparably to ubiquitin [13], several examples

attest a promiscuous role of NEDD8 in degradative,

regulatory and protein-sorting/trafficking functions,

which are processes typically regulated by the ubiquitin

pathway. For example, NEDD8 binds the ubiquitin

interaction motifs (UIM) in Eps15, Hrs and STAM [14].

The UBA-UBX protein UBXD7, in addition to binding

ubiquitin conjugates, interacts with neddylated CUL2

through a direct interaction between its UIM motif and

conjugated NEDD8 [15,16]. Analogously, the UBA

domain of TRIAD1 is responsible for the association

with neddylated cullin-RING ubiquitin ligases [17] and

the MIU (motif interacting with ubiquitin) domain of

RNF168 recognizes ubiquitination signals as well as

poly-neddylated Histone 4 [18]. Two independent

screenings revealed the presence of leucine-rich

sequences acting as unique NEDD8-binding motifs in

NUB1 and in its splicing variant NUB1L. These motifs

are embedded in the UBA domain within both variants

and act by recruiting NEDD8 and its conjugates to the

proteasome for degradation [19]. Moreover, the NUB1

and NUB1L UBA domains have been shown to bind to

the small Ubl molecule FAT10 as well, most likely for

their high sequence and structural similarities, resulting

in the increased degradation of FAT10 and FAT10-

modified cargos [20]. Lately, multiple NEDD8-binding

sites have been identified in the HECT domain of the

Smurf E3 ligases [21]. Intriguingly, both Smurf1 and

Smurf2 also contain ubiquitin-binding sites but, differ-

ently from the aforementioned examples, they are dis-

tinct from the NEDD8-binding sites. Even more

interestingly, the authors demonstrated that, in addition

to mediate noncovalent interactions with NEDD8, the

Smurf1 HECT domain catalyses its own neddylation,

having the effect of increasing its ubiquitination activity

[22]. It appears, therefore, that there is still some confu-

sion if not an apparent contradiction between, on the

one hand, the existence of highly specific mechanisms

that allow the cell to discriminate between ubiquitin and

the highly related NEDD8 and, on the other hand, the

evidence that several biological mechanisms involving

ubiquitin accept a certain degree of redundancy when

dealing with NEDD8.
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In the present work, we have investigated the bind-

ing preferences of NEDD8 and ubiquitin by panning a

human brain phage displayed cDNA library. The char-

acterization of several Ubl-binding domains identified

a NEDD8-binding domain in the KHNYN protein.

This new domain, that we have named CUBAN (Cul-

lin-Binding domain Associating with NEDD8), binds

to neddylated cullins and shows a clear preference for

NEDD8 over monomeric ubiquitin. Structural analysis

by NMR spectroscopy revealed a novel three alpha-

helix bundle domain. Our data indicate that both

hydrophobic and polar residues contribute to the inter-

action surface between CUBAN and NEDD8.

Results

Identification of ubiquitin and NEDD8-binding

domains by phage lambda display

To identify peptides or domains that bind either ubiq-

uitin or NEDD8, we panned a human brain cDNA

library whose translation products are displayed on

the capsid of bacteriophage lambda [23]. After two or

three panning cycles, the sequences of the cDNA

inserts of 100 randomly selected clones were deter-

mined and the amino acid sequence of the translation

products inferred (Fig. 1). Table 1 reports the list of

nonredundant protein fragments selected using ubiqui-

tin or NEDD8 as baits. The DNA sequence of 65

clones selected in the ubiquitin panning experiments

identified a total of 14 cDNA coding sequences. Most

of the selected cDNA fragments encode peptides

whose sequence matches the consensus of already

characterized UBD families. These include two UIM

motifs (PSMD4, OTUD5), six UBA domains

(RAD23, SQSTM1, UBQLN1, USP13, UBL7, CBLB),

one UBZ domain (TAX1BP1), the ZnF domains of

ZNF313 and YAF2 and the UBM domain of POLI.

In addition, we selected the C-terminal ends of two

evolutionary related proteins named N4BP1 (NEDD4-

binding protein 1) and KHNYN (KH and NYN

domain-containing protein). Although N4BP1 have

been shown to be ubiquitinated in cells and to associ-

ate with ubiquitin, the characterization of its UBD, in

terms of domain family and mapping, is missing

[24,25]. Finally, no information is currently available

regarding the ubiquitin-binding properties of

KHNYN. The panning with the NEDD8 bait yielded

54 independent clones displaying overlapping protein

fragments of five putative binding partners, all of them

being also selected in the previous panning experiment:

RAD23A, CBL-b, POLI, UBQLN1 and KHNYN.

Interestingly, two of the five binding partners, the

UBA domains of Rad23A and UBQLN1, have already
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Fig. 1. Schematic representation of the phage display approach. A cDNA library containing 108 independent cDNA clones expressed by

fusion to the carboxyl end of the D capsid protein were used to identify binding partners of ubiquitin and NEDD8. After each selection cycle

the ratio between input and recovered phage titres (N/A) were determined. The N/A ratio for the selection with Ubiquitin (blue bars) and

NEDD8 (orange bars) is shown in the graph. To monitor the phage enrichment, the phage pools from the second and third round as well as

the phage library were analysed by PCR using oligonucleotides for the amplification of the polylinker region. Phages attached to the bait

resin after the second and third round of selection were plated on agar plates and clones randomly selected for characterization of the

cDNA inserts by sequencing.

3The FEBS Journal (2019) ª 2019 Federation of European Biochemical Societies

L. Castagnoli et al. The CUBAN domain binds NEDD8



been described as NEDD8 interactors [13]. Conclud-

ing, the phage display panning approach did not pro-

vide evidence for a protein domain strictly specific for

NEDD8, thus confirming that evolutionary conserved

features in ubiquitin and NEDD8 mediate the recogni-

tion by the majority of UBDs.

The identity of the residue at position 72 is

critical in determining the preference of UBDs for

ubiquitin or NEDD8

The results of the phage display approach suggested

that some ubiquitin-binding domains hardly bind

NEDD8. Since this was reminiscent of the inefficient

utilization of NEDD8 by the ubiquitin-conjugating

enzymes, which is mainly determined by the residue at

position 72 (Fig. 2A), we asked whether position 72 in

NEDD8 could also underlie the Ubl/ubiquitin recogni-

tion specificity by different UBDs. To this end, we

expressed the selected domains as GFP fusions by

transient transfection of the 293Ph cell line and we

investigated by pull-down assays their binding to the

GST-tagged wild-type and mutant versions of ubiqui-

tin and NEDD8: UBQwt, UBQ I44A, NEDD8wt,

NEDD8 I44A and NEDD8 A72R (Fig. 2B). As

shown, we could arrange the set of UBDs in three dif-

ferent groups: in the first one, including OTUD5,

ZNF313, SB132 and SQSTM1, the GFP-tagged con-

structs efficiently bound ubiquitin and the interaction

was severely affected by mutating the Ile44 key residue

in the hydrophobic patch. No association with

NEDD8 could be observed. Members of this group

can be defined as ‘not-promiscuous’. The domains of

the second group, including those of N4BP1,

RAD23A, IOTA, YAF2 and UBL7 showed a variable

binding efficiency for NEDD8. Interestingly, the

NEDD8 binding affinity was strengthened by the

A72R mutation that makes the NEDD8 carboxyl-

terminal tail more similar to ubiquitin. These findings

suggest that, among the residues that are divergent in

the NEDD8 and ubiquitin amino acid sequences,

Ala72 is responsible for the weak binding of NEDD8

to the UBDs that can potentially recognize both post-

translational modifications. The I44A mutation abro-

gated the interaction with UBDs in both ubiquitin and

NEDD8, thus confirming the essential role of the con-

served hydrophobic patch. This group can be consid-

ered potentially ‘promiscuous’. A single member,

KHNYN, which shows a clear preference for NEDD8

over ubiquitin, forms the third group. Interestingly,

the A72R mutation partially affects binding to

NEDD8, suggesting that the acquisition of ubiquitin

features interferes with the ability of this domain to

bind its specific target in KHNYN. This group, having

KHNYN as its single member, can be defined as ‘se-

lective’. Collectively, these results portray a continuum

landscape of recognition specificities that determines

the preference for ubiquitin and NEDD8 by ubiquitin-

binding domains and indicate the role of the residue at

position 72 in modulating this specificity.

We next analysed the interaction of the selected

binding domains in a eukaryotic cell system. To per-

form this analysis, the cDNA fragments identified by

phage display were expressed as GST fusions and

assayed in pull-down experiments for the ability to

associate with ubiquitinated and neddylated substrates.

To facilitate the identification of NEDD8 substrates,

we used a T-Rex-flag-NEDD8 cell line expressing flag-

tagged NEDD8 under the control of a tetracycline-

inducible promoter. The cell extract analysed by west-

ern blotting with anti-flag antibody (Fig. 3A) shows a

ladder of neddylated substrates, with the major bands

corresponding to proteins with molecular weights in

the range of 90–130 kDa. The expression of tagged

Table 1. Ubiquitin and NEDD8 binding domains identified by phage lambda display. Clones selected by both phage display experiments

were classified as only selected by Ubiquitin (Ubiquitin) or interactors commons to both baits (Ubiquitin/NEDD8). For each prey the human

protein name, the uniprot code and the selected amino acid region are shown.

Ubiquitin/NEDD8 Uniprot Amino acid region Ubiquitin Uniprot Amino acid region

RAD23A P54725 298–363 USP13 Q92995 689–769

POLI Q9UNA4 643–715 SQSTM1 Q13501 385–440

UBQLN1 Q9UMX0 516–589 UBL7 Q96S82 283–380

KHNYN O15037 598–678 N4BP1 O75113 813–896

CBLB Q13191 916–982 TAX1BP1 Q86VP1 741–789

ZNF313 Q9Y508 192–228

YAF2 Q8IY57 19–54

OTUD5 Q96G74 392–427

CBLB Q13191 916–982

PSMD4 P55036 271–377
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NEDD8 is significantly lower than the endogenous

levels, thus excluding any atypical neddylation

(Fig. 3B). T-Rex-flag-NEDD8 cell lysates were there-

fore incubated with the purified proteins bound to

glutathione-Sepharose beads and affinity-purified pro-

teins were analysed by western blotting with anti-flag

antibody (Fig. 3C). As observed, the purified UBDs

considerably differ in their ability to bind neddylated
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Fig. 2. (A) Sequence alignment between human NEDD8 and ubiquitin performed with CLUSTAL OMEGA (Science Foundation Ireland, Dublin,

Ireland); a match of the amino acid residue is indicated by ‘*’ (identical), ‘:’ (similar) or ‘.’ (weakly similar properties). Residues that

constitute the hydrophobic patch are shown in bold (L8, I44, H68 and V70). Position 72 is shown in bold red. (B) Differences in the binding

preferences of selected clones revealed by the Ala72Arg NEDD8 mutant. The cDNA fragments selected by phage display were cloned as

GFP fusions and transiently transfected in 293Ph cells. Cell extracts were used in pull-down experiments performed using as baits the

indicated GST fusion proteins. Samples were analysed by SDS/PAGE and immunoblotting with anti-GFP antibody. Ubiquitin-binding domains

were clustered in three groups as described in the text.
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substrates, KHNYN being the one displaying the high-

est binding efficiency. In addition, the UBD of

KHNYN was the only one able to bind both neddy-

lated substrates and unconjugated flag-NEDD8, as

detected by longer exposure. Equal amounts of precip-

itated proteins were analysed by western blotting with

anti-ubiquitin. Again, differences in binding to ubiqui-

tinated substrates can be highlighted, which do not

always match those observed with neddylated sub-

strates. Finally, we assayed the binding of the GST-

purified ubiquitin-binding domains against purified

monomeric ubiquitin and NEDD8 (Fig. 3D), both

revealed through incubation with the anti-ubiquitin

antibody P4D1 that cross-react with NEDD8 (Fig. 4)

[26]. The result confirms a clear preference of

KHNYN for NEDD8. Concluding, all the domains

selected by phage display share the ability to bind mul-

ti- and poly-ubiquitinated proteins; some also bind

neddylated proteins. On the other hand, the ubiquitin-

binding domain identified in KHNYN is unique in

showing a preferential binding to both NEDD8 mono-

mers and neddylated substrates.
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Bethesda, MD, USA) and signals were expressed as percentage of the input intensity. Data are shown as mean � SD.
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A novel binding domain in N4BP1 and KHNYN

shows a different specificity versus ubiquitin and

NEDD8

N4BP1 and KHNYN are evolutionarily related and

share a similar domain organization [27]. Both the C-

terminal ends of N4BP1 and KHNYN, encompassing

respectively residues 813–896 and 598–678, were selected
in our panning experiments, despite displaying different

binding preferences. The ~ 80-residue long C-terminal

ends share a region of homology (40% residue identity

and 57% similarity) at the carboxyl terminus while the

amino-terminal regions are unrelated (Fig. 5A). Inter-

estingly, the secondary structure prediction performed

with Jpred4 (http://www.compbio.dundee.ac.uk/www-

jpred/) [28] reported a bundle of three a-helices occupy-
ing the last 50 aa of both C-terminal regions, a fold

that is typical of many ubiquitin-binding domains. By

performing a SMART search [29,30], no previously

described domain could be identified in the region of

KHNYN selected by phage display. On the other hand,

a CUE (Coupling of Ubiquitin conjugation to ER

degradation) domain was detected at the C-terminal

end of the N4BP1 ubiquitin-binding fragment, but with

significance score lower than the required threshold. To

investigate the binding properties of the KHNYN C-

terminal region, we engineered and expressed two smal-

ler constructs spanning residues 609–678 and 627–678,
respectively, (Fig. 5A, see schematic representation) and

we tested them by pull-down assay against a cellular

extract of T-Rex-flag-NEDD8 cells (Fig. 5B, upper

panel) or by incubating the GST fusions with purified

NEDD8 (Fig. 5B, lower panel). The results showed that

the C-terminal 52 residues of KHNYN bind NEDD8

and neddylated substrates with an efficiency that is

comparable to that of the region selected by phage dis-

play. Even though the pull-down approach gives a qual-

itative rather than a quantitative indication, this

observation supports the conclusion that the minimal

binding region for the interaction with NEDD8 and

NEDD8 substrates is indeed the one here identified.

Moreover, we preferred to reduce the minimal length of

the sequence in study also in prospective of a structural

approach (see below) that appeared difficult to perform

by using amino acidic ranges longer than the region sta-

bly helically folded.

To further confirm that the molecular determinants

governing NEDD8 recognition are found in the C-term-

inal 52 residues of KHNYN, we generated two chimeras

by swapping the amino acid regions corresponding to

the three a-helices. The first chimeric construct, KN,

contains the N-terminal unique region of KHNYN (aa

598–634) and the a-helices of N4BP1 (aa 854–896),
while in the NK construct the last three helices of

KHNYN (aa 635–678) are fused to the N-terminal

region of N4BP1 (aa 813–852) (Fig. 5C). The purified

recombinant proteins were analysed by pull-down assays

for the ability to bind neddylated substrates in the T-

Rex-flag-NEDD8 cells. As shown, the chimeric con-

struct NK retains the properties of wild-type KHNYN,

as it is able to bind to conjugated and monomeric

NEDD8. Conversely, the GST-KN recombinant chi-

mera showed the same binding specificity as N4BP1.

These findings imply that the KHNYN a-helical car-

boxyl-terminal domain contains the determinants for

binding to neddylated substrates. Finally, to map more
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finely the determinants of the KHNYN domain binding

specificities, we generated two additional chimeras where

the N4BP1 second and third C-terminal a-helices were

swapped with the KHNYN counterparts (Fig. 5D).

Both constructs efficiently bound ubiquitinated sub-

strates, as the wild-type N4BP1, but neither was able to

bind NEDD8 substrates underlining the important role

played by the first a-helix in the recognition of NEDD8.

This conclusion is reinforced by an experiment where

the chimeric constructs are tested for their ability to

bind monomeric ubiquitin or NEDD8 (Fig. 5E). Thus,

despite the high similarity in their C-terminal ubiquitin-

binding regions, KHNYN and N4BP1 have diverged in

their ability to discriminate ubiquitin from the most sim-

ilar ubiquitin-like NEDD8.

The interaction of the KHNYN protein with

cullins requires neddylation and is independent

from ubiquitination

To definitely confirm that the CUBAN domain retains

the same binding properties in the full-length protein,
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we performed pull-down and co-immunoprecipitation

experiments (Fig. 6A–C). HeLa cells transfected with

flag-tagged KHNYN were lysed and the supernatants

incubated with ubiquitin and NEDD8 fused to the

GST or with the GST alone. As shown in Fig. 6A,

analogously to the isolated CUBAN domain, the full-

length protein shows a marked preference for NEDD8.

The essential role of the CUBAN domain in the recog-

nition of NEDD8 and neddylated substrates was also

confirmed by coimmunoprecipitation in HeLa cells

transiently transfected with flag-KHNYN (Fig. 6B).

The immunoprecipitates were analysed by SDS/PAGE

and immunoblotting with anti-NEDD8 antibody. The

result showed that the interaction of KHNYN with

neddylated cullins was abrogated following deletion of

the CUBAN domain. We then investigated the interac-

tion of the NEDD8-binding domain of KHNYN with

CUL1 and CUL2 endogenously expressed in T-Rex-

flag-NEDD8. The C-terminal end of KHNYN was

tested in a pull-down assay together with two different

ubiquitin-binding sequences (the UIM motif and the

VHS domain of STAM2 protein) and the GST alone.

As shown in Fig. 6C, several neddylated substrates

were affinity purified by the GST fusion of the

KHNYN ubiquitin-binding domain, among them

CUL1 and CUL2, both of which bound to KHNYN in

their neddylated forms. Conversely, no significant asso-

ciation was observed with the other constructs. Similar

results were obtained for CUL3 and CUL4 (data not

shown). Interestingly, CUL1 was precipitated both in

the unmodified and NEDD8-conjugated isoform, while

only the neddylated form of CUL2 was purified by the

NEDD8 GST fusion. This observation is in agreement

with reports showing that CUL1, as well as CUL3 and

CUL4, forms heterodimers, each dimer composed of

one neddylated and one un-neddylated cullin. CUL2

and CUL5, on the other hand, have only been

observed as homodimers [31–33]. To exclude the possi-

bility that the interaction of the KHNYN-binding

domain with neddylated cullins is mediated by the

recognition of ubiquitinated substrates, protein affinity

purified with GST-KHNYN from a T-Rex-flag-

NEDD8 cell extract were incubated with purified

USP8 (ubiquitin-specific protease 8), a deubiquitinating

enzyme that specifically removes conjugated ubiquitin

and ubiquitin chains from proteins (Fig. 6D). Treat-

ment with USP8 completely removed the poly-ubiquiti-

nation signal without affecting the interaction with

NEDD8-conjugated substrates. To further confirm that

the recognition by KHNYN requires the NEDD8

modification on cullins, we incubated T-Rex-flag-

NEDD8 cells with MLN4924, an inhibitor of NEDD8

activation. This approach confirmed that, in the

absence of neddylation, CUL2 could not be precipitated

by KHNYN (Fig. 6E). Finally, we compared the inter-

action of KHNYN with ubiquitinated and neddylated

substrates after treatment with USP8, the deneddylating

enzyme NEDP1 or MLN4924 (Fig. 6F). As shown, the

interaction with flag-tagged cellular proteins was simi-

larly disrupted after MLN4924 or NEDP1 treatments

(Fig. 6F lanes 6 and 7). Interestingly, the interaction

with ubiquitinated substrates was partly affected by the

removal of neddylated proteins (lane 7), suggesting that

a fraction of ubiquitinated substrates recovered by pull-

down are associated with cullin-based complexes. Given

the binding properties of the amino acid region span-

ning the last 52 residues of KHNYN, we have called

this novel domain CUBAN, for Cullin-Binding domain

Associating with NEDD8.

Structural insights into the binding mechanism

of CUBAN to NEDD8

To evaluate the overall folding and secondary structure

of the purified CUBAN domain, the circular dichroism

(CD) spectrum of the purified protein fragment contain-

ing the KHNYN C-terminal 52 amino acids was

obtained (Fig. 7A). The fitting of the CD spectrum

indicated an a-helical content of 67%, in line with the

secondary structure prediction from the Jpred4 server.

In order to evaluate the affinity of the CUBAN domain

for NEDD8 and ubiquitin, we performed isothermal

titration calorimetry (ITC). ITC titration of NEDD8

with the KHNYN domain shows an exothermic bind-

ing thermogram (Fig. 7B). The uncertainty in the early

steps of the exponential curve allows only rough indica-

tions of the binding affinity of the CUBAN domain of

KHNYN in complex with NEDD8 that was evaluated

to be around 24 � 2 lM. Finally, NEDD8 A72R muta-

tion causes a reduction in the interaction efficiency

(44 � 7 lM) while binding of KHNYN for ubiquitin

was nearly undetectable in these conditions. The pull-

down performed with the CUBAN domain incubated

with ubiquitin, NEDD8 and the A72R mutant mimick-

ing the C-terminal tail of ubiquitin, confirmed a clear

preference of the CUBAN domain of KHNYN for

NEDD8 over ubiquitin (Fig. 7C).

Structure in solution of the CUBAN domain

We next determined the solution structure of the

CUBAN domain spanning the region from residue

627–678 of the KHNYN-Ct protein. The 52 amino

acids in the 15N-labelled protein that were assigned by

NMR spectroscopy are indicated using numbering

1–52, as shown in Fig. 8A. To this end, 1H-1H TOCSY,
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1H-1H NOESY and 15N HSQC 2D NMR spectra were

obtained together with 15N TOCSY-HSQC and 15N

NOESY-HSQC 3D spectra using standard methods.

The spectra allowed a complete assignment of the reso-

nances. The scalar correlations and the spin systems

were identified by TOCSY at different mixing times.

After the sequential assignments by the NOESY exper-

iment, the dipolar correlations obtained in the NOESY

2D spectra of the unlabelled protein were used as

restraints for molecular dynamics. By the simulated

annealing procedure using the CNS software (AAL-

PHA, Information System, Pvt Ltd, Hubballi, India)
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equal amounts of GST, GST-Ubiquitin and GST-NEDD8. After washing, samples were analysed by SDS/PAGE and immunoblotting with anti-
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interaction with neddylated and poly-ubiquitinated substrates.
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the secondary structure elements were obtained as

reported in detail in Experimental procedures. Among

the 100 structures produced, with backbone atoms

RMSD of about 0.7 �A, 12 were selected (Fig. 8B).

Structural statistics, detailed description of assigned

atoms and the number of short-, medium- and long-

range NOEs are reported in Table S1. The top 12

structures resulting were validated by verifying their

consistency with the Ramachandran plot using the

software PROCHECK (GraficKontrol, Milano, Italy) (see

Experimental procedures). In agreement with the CD

spectroscopy experiment, NMR spectroscopy revealed

a predominantly helical structure (Fig. 6C, left and

central panels). While the first five residues were found

to be unstructured, the structured part of the molecule

(residues 6–52) consists of a three-helix bundle con-

nected by two loops, reminiscent of the typical UBD

structure, with the three helices spanning residues T6-

R14 (a1), K26-L31 (a2) and Y36-E52 (a3) respectively.
Direct inspection of the backbone carbons of the K26-

L31 segment identifies a one and a half turn helix-like

structure. A peculiarity of the domain is the length

and spatial organization of the first loop, spanning

residues Q15-H25, with residues V19-F20-W21-G22 in
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Fig. 7. (A) Circular dichroism spectra of purified KHNYN-Ct. The continuous line represents the CD spectrum of KHNYN, while the dotted

line reports the fitting by the algorithms used for deconvolution of spectra. The helix content obtained is the 67%. (B) ITC traces and

titration curves of CUBAN binding to NEDD8, NEDD8 A72R and ubiquitin. CUBAN domain at a concentration of 1 mM was injected into

2 mL of solution containing 50 lM of Nedd8 WT, Nedd8 A72R or Ub alone in injection of 4 lL. Two concentrations of NEDD8 (50 and

110 lM) were assayed in independent experiments, obtaining very similar results. (C) The recombinant protein GST-KHNYN-Ct spanning

residues 627–678 was incubated with purified Ubiquitin, NEDD8 and the NEDD8 A72R mutant. After washing, samples were analysed by

SDS/PAGE and immunoblotting with anti-Ubiquitin antibody from Santa Cruz (P4D1).
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the central region of the loop tending to form a helical

structure. The φ and w angles of most residues in the

peptide EVFWGQ are compatible with a helical fold-

ing. On the other hand, W21 has φ/w values typical of

a type-1 beta turn. This feature creates an interruption

of the helix after the first two residues (VF). In this

conformation, the Phe-Trp pair constitutes a sort of

pivot that holds loop1 in a more ‘rigid’ conformation,

thus allowing the two opposite ends connected to

helices a1 and a2 to fluctuate and eventually to be

involved in protein–protein interactions (Fig. 8C, right

panel). Accordingly, molecular dynamic simulations

indicate that the linker connecting the Phe-Trp pair to

helix a2 shows a marked flexibility and does indeed

lack a defined secondary structure in the NMR spec-

troscopy (data not shown).

Dynamic of the interaction between the CUBAN

domain and NEDD8

To ascertain the molecular details of the interaction

between the CUBAN domain and NEDD8, we
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determined the NMR chemical shift perturbations

(CSPs) of the CUBAN domain and NEDD8 spectra

upon addition of the unlabelled interaction partner

[34]. 15N-labelled CUBAN domain was titrated with

unlabelled NEDD8 and similarly 15N-labelled NEDD8

was titrated with unlabelled CUBAN domain. The 15N

HSQC of NEDD8 were in close agreement with those

deposited in BMRB (entry 10062) and described in lit-

erature [35] together with the reported assignments

(data not shown). The combined CSPs for the back-

bone 15N and 1H resonances of both labelled CUBAN

(Fig. 9A) and labelled NEDD8 (Fig. 9B) were mapped

onto the respective sequences. Regarding the CSPs

measurements obtained in the 1 : 1 complex with

labelled 15N NEDD8 together with unlabelled

CUBAN, 21 residues showed a significant perturba-

tion. Among them, five residues – Val5, Ile13, Glu14,

Val30 and Ala72 – showed a perturbation greater than

a cut-off of 3r. In the complementary experiment, we

identified four residues in the CUBAN domain, E10,

W21, F29 and D39, by using a cut-off of 3r (9 with a

cut-off of 1r). The docking of the CUBAN domain

onto NEDD8 was performed by the HADDOCK

(High Ambiguity Driven protein-protein DOCKing)

procedure using as constraints the perturbed residues

identified in the two separated experiments [34]. Fig-

ure 10 reports the structure of the complex between

the CUBAN domain and NEDD8 at a molar ratio

(1 : 1) in the low-energy cluster obtained by the dock-

ing procedure. Among the residues showing a signifi-

cant perturbation, W21 and F29 in the CUBAN

domain highlight a peculiar aspect of this interaction

(Fig. 10A,B). While W21 constitutes part of the pivot

pointing into the core of the domain, F29 occupies the

centre of helix 2 and protrudes out from the protein

surface. The CSPs measured for these two residues

and mapped on the complex 1 : 1, together with

molecular dynamic simulation obtained with GROMACS

(Free Software Foundation Europe, D€usseldorf, Ger-

many) (data not shown), suggest that F29 may take

part directly in the interaction with NEDD8. Mean-

while, the spatial rearrangement of W21 would suggest

a local stiffening of the residues side chains in the

region comprised between W21 and F29, that is

mainly unstructured in the NMR spectra of CUBAN

domain alone. These observations indicate that the

side chains in the region between helices-1 and -3,

undergo a substantial conformational rearrangement

upon binding as reflected by the perturbations on the

backbone amide groups 15N resonances. On the other

hand, residues 31–34 (EEKE) at the very C-terminal

end of the NEDD8 a-helix are found to be part of the

contact surface and face the positively charged residues

of the CUBAN domain Lys26, Arg33 and Arg38.

This indicates the role of polar residues in the interac-

tion, which appears more electrostatic than hydropho-

bic (Fig. 10C,D), as confirmed by the evidence that

the ‘canonical’ hydrophobic patch seems to be

excluded in the interaction between the two partners

(Fig. 10E,F). The structure obtained for the CUBAN

domain of KHNYN (597–678) and for the complex

with NEDD8 has been deposited in the PDB with

label 2N5M the former and 2N7K the latter. The

complete assignments of NMR resonances have been

deposited in BMRB data bank with labels 25722 and

25808 respectively (Fig. 11A). It should be pointed out

that the structure of the CUBAN domain alone (with a

good RMSD in the MD simulation) is to be considered a

good HADDOCK model more that a precise solution

structure. More detailed information obtainable by other

NMR techniques, such as residual dipolar coupling,

would be impossible to achieve due to the tendency of the

CUBAN domain to precipitate during measures, a

process that is most likely accelerated in an orienting

medium.

To confirm our model, we mutated residues Glu31

and Glu32 in NEDD8 by substituting them with the

corresponding residues in ubiquitin (Glu31Gln and

Glu32Asp) or with an opposite charge (Glu31Lys and

Glu32Lys). These mutants, together with the Ile44Ala

and the Ala72Arg mutants, were assayed in a pull-

down experiment against the purified CUBAN domain

(Fig. 11B). As shown, there is a clear loss of binding

when mutating the hydrophobic patch key residue

Ile44, while the Ala72Arg mutation reduces the bind-

ing efficiency as previously shown. In addition, there is

a reduction in binding efficiency when using the

mutants H25F and R38E, but not K26D and R33E, in

the electrostatic binding surface of CUBAN domain

(Fig. 11C). Moreover, the two mutants W21A and

W21P were also assayed in this experiment in order to

evaluate the function of this residue in the interaction.

Interestingly, both mutants show a partial reduction in

binding efficiency, with the mutation in Pro being

more effective that the Ala substitution. Together with

F20, the W21 constitutes the above-described pivot,

which affects the loop1’s degree of flexibility. Upon

binding with NEDD8, the flexibility of the region

comprised between W21 and F29 is reduced, as shown

by NMR. Therefore, the differences observed in the

two mutants W21A and W21P are likely the result of

two opposite effects: while the W/A substitution

increases the stiffness of the pivot, a destructuration

phenomenon is expected for the W/P substitution,

leading to an increase in the flexibility in the entire

loop region.
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The surface representation of CUBAN/NEDD8

complex is shown in Fig. 12A, together with a magni-

fication of the region surrounding Ala72 of NEDD8.

This residue maps in the C-terminal tail of the mole-

cule, which is extremely flexible. In fact, these regions

are very rarely characterized by NMR, making it

rather difficult to rationalize them in terms of struc-

tural properties and thus requiring caution in the inter-

pretation of any conclusion concerning the effect of

mutations. That said, by inspecting the spatial organi-

zation of Ala72 with respect to the residues involved

in the interaction between the two molecules, we can
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Fig. 9. Structural characterization of the CUBAN domain in complex with NEDD8. (A) Combined CSPs for the backbone 15N and 1H

resonances of labelled NEDD8 in the presence of KHNYN to a molar ratio 1 : 1 (B) and labelled KHNYN in the presence of NEDD8 to a

molar ratio 1 : 1. The continuous line indicates the chemical shift change used as a threshold value. Residues showing a perturbation

greater than a cut-off of 3r are shown in the ribbon representation. Only residues showing a detectable CSP are shown. The secondary

structures of CUBAN and NEDD8 are shown.
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speculate on how the substitution Ala72Arg could

affect the recognition between CUBAN and NEDD8.

Indeed, four charged amino acids, Arg33 and Arg38 in

CUBAN and Glu31 and Glu32 in NEDD8, surround

at different distances the flexible C-terminal tale of

NEDD8 (Fig. 12B). We can suggest that the presence

of an arginine in place of the alanine would cause

transient electrostatic interactions between polar or

dipolar nearby side chains. For example, an electro-

static repulsion with the arginines in CUBAN and/or a

polar interaction with Glu residues in NEDD8 could

affect the extension and strength of the binding sur-

face.

We finally asked whether the interaction of the

CUBAN domain with ubiquitin chains could compete

with NEDD8’s binding. To this end, we performed a

pull-down experiment in which the GST-CUBAN

fusion was incubated, in the presence of NEDD8, with

increasing concentrations of diubiquitin chains, both

the linear, having an open conformation (Fig. 13A),

and the K48-linked type that is typically characterized

by a compact conformation in which the distal (linked

via its C terminus) and the proximal (linked via its

Lys residue) ubiquitin moieties form an intramolecular

interface (Fig. 13B) [36]. Both diubiquitin chains com-

pete with NEDD8’s binding, ending with the complete

displacement of the Ubl. Based on our preliminary

data, we observe a stronger interaction with K48-

linked chains. Moreover, in both competition assays,

the interaction of CUBAN with NEDD8 seems to be

strengthened in the presence of 1 lM Ub2, particularly

in the case of K48 chains, after which it gradually

declines. Even though these observations require fur-

ther validations, one could argue that the flexibility of

CUBAN domain allows KHNYN to participate to

protein complexes where both neddylated and ubiquiti-

nated substrates are involved, at least within fixed

molar ratios, so that the overall conformation is signif-

icantly affected by KHNYN-binding partners. In this

regard, the simplified condition involving only the last

52 amino acids of CUBAN and the shortest ubiquitin

chains is sufficient to demonstrate that the addition of

diubiquitins to the CUBAN/NEDD8 complex directly

causes a conformational change in CUBAN associated

with a change in NEDD8 binding affinity. Given that

the effect is caused by the addition of ubiquitins in
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chain, the displacement of NEDD8 could be the result

of both a conformational effect and the steric hin-

drance of the diubiquitins. Obviously, we can predict

that regulatory mechanisms must account for the vari-

ability and selectivity of KHNYN binding properties

at physiological conditions.

Discussion

Ubiquitination of eukaryotic proteins is a signalling

event that, since its first description, recalls today

much more biological processes than that was origi-

nally thought. The presence of up to 16 different ubiq-

uitin-like peptides, which can be covalently linked to a

variety of proteins, adds further complexity by widen-

ing the spectrum of cellular processes regulated by Ub/

Ubl conjugation. At the same time, however, the bal-

ance between specificity and promiscuity in these mod-

ifications becomes particularly relevant. The case of

ubiquitin and NEDD8 is particularly intriguing.

Despite the high level of similarity, the two post-

translational modifications target a very different num-

ber of substrates. While a few proteins are stably ned-

dylated, many proteins are regulated by

ubiquitination. Strikingly, alongside a clear biological

function of neddylation, ubiquitin-binding domains are

in general rather promiscuous and bind to either modi-

fications although not necessarily with similar effi-

ciency. Moreover, as also shown here, only a few

domains are selective for ubiquitin while no domain

that specifically binds NEDD8 has been reported to

date.

Based on these premises, we carried out an unbiased

search of ubiquitin- and NEDD8-binding domains by

panning a cDNA fragments library, displayed on the

bacteriophage lambda, to investigate their specificity

and promiscuity. When the selected domains were

assayed for their interaction with the NEDD8 mutant

bringing the substitution Ala72Arg, the UBD of

KHNYN resulted to be the only one whose interaction

with NEDD8 was affected by the acquisition of ubiq-

uitin features in the C-terminal tail of the molecule.
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The NEDD8 binding region identified in KHNYN

maps to the carboxyl-terminal end and shows both the

features of a stronger binding towards NEDD8 versus

monomeric ubiquitin and the capability of interacting

with neddylated cullins. Based on these properties, we

dubbed the region spanning the C-terminal 52 residues

of KHNYN the CUBAN domain, for Cullin-binding

domain Associating with NEDD8. The first relevant

point emerging from our analysis is that the CUBAN

domain, although clearly preferring monomeric

NEDD8 to ubiquitin recognizes both molecules and

therefore cannot be considered specific. Nevertheless,

we are able to state that the CUBAN domain is selec-

tive for NEDD8 since it has evolutionary gained a

recognition mode of NEDD8 that cannot be mimicked

by ubiquitin. Accordingly, KHNYN was selected also

as an ubiquitin-binding domain-containing protein and

the interaction with endogenous poly-ubiquitinated

substrates suggests that binding efficiency is favoured

when ubiquitin moieties are conjugated to form poly-

meric chains. This assumption is confirmed by our

in vitro competition assays (Fig. 13A,B) showing that

diubiquitin chains, both linear and K48-linked, replace

the interaction between CUBAN and NEDD8, most

likely because the contact sites required for the associ-

ation with ubiquitin chains partially overlap with the

NEDD8-binding site.

To understand the molecular basis of NEDD8

recognition, we determined the structure in solution of

this novel domain and we characterized the interaction

surfaces between the CUBAN domain and NEDD8 by

NMR spectroscopy, mutagenesis, model docking and

molecular dynamics. Among the large variety of ubiq-

uitin-binding domains described to date, the CUBAN

domain shows structural elements that are common in

other UBDs, first of all belonging to the most popu-

lated category represented by a three-bundle helix [37]

(Fig. 8). By comparing the CUBAN with members of
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the UBA (PDB 1V92) and CUE family (PDB 2EJS),

we observed that the second helix in the CUBAN

structure is located on the opposite side of the plane

passing through helices 1 and 3 (Fig. 14A). This obser-

vation suggests that the CUBAN represents a struc-

tural variant of three-bundle helix domain, showing a

functional convergence regarding the recognition of

ubiquitin and the unique feature of recognizing

NEDD8. The 1 : 1 complex determined by NMR

spectroscopy using as restraints the CSPs of the

labelled-unlabelled proteins, indicated that the

CUBAN domain binds to residues in the second b-
strand (Ile13 and Glu14) and in the C-terminal end of

helix a-1 (Glu31-Glu34) of NEDD8 (Figs 10 and 11).

Moreover, the contact interface in the CUBAN

domain shows residues with highly flexible side chains,

thus suggesting that the conformation of the domain

within the complex structure could be eventually deter-

mined by NEDD8 itself. The interacting surface in

NEDD8 shows negatively charged residues (31-EEKE-

34) contacting a positively charged surface in the

CUBAN domain including turn1, helix a2 and turn2.

The binding interface is essentially different in

NEDD8 when compared to ubiquitin. Indeed, most of

the Glu residues in NEDD8 are replaced by polar resi-

dues (Thr, Gln) or with Asp, having a shorter side

chain than the very similar glutamate in ubiquitin

(Fig. 14B). Thus, subtle side chain differences between

NEDD8 and ubiquitin could explain how the Ubl dic-

tates the specificity. Interestingly, the molecular details

of this interaction are reminiscent of the electrostatic

interaction between the acidic residues Glu31 and

Glu32 in NEDD8 and the linker of RBX1, allowing

the enzyme to acquire a conformation that is func-

tional for the neddylation of CUL1 [38].

Obviously, other elements may impact on the struc-

ture and the dynamic of this complex: firstly, when

conjugated to cullins, NEDD8 shows an accessibility

that is different from the monomeric state. Moreover,

cullins themselves could directly or indirectly play a

role in the interaction, for example, by introducing

conformational changes, dimerization and eventually
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allosteric rearrangements that could affect the definitive

complex structure. In the same way, other regions in

the full-length KHNYN could provide structural fea-

tures involved in determining the recognition and the

discrimination between ubiquitin and NEDD8. Last

but not least, the region of KHNYN selected by our

screening included the last 81 residues of the amino

acidic chain. One of the advantages of the phage dis-

play approach is that bacteriophages displaying par-

tially overlapping regions of the same protein, are

enriched in proportion to the binding efficiency of each

fragment towards the same GST fusion. Therefore, the

clone that, at the end of the last round of selection,

turns out to be the most represented generally includes

the optimal bait-binding region. Based on this assump-

tion, the resolution of the structure containing the full

range of residues selected in our screening could pro-

vide further details to the present analysis.

A second essential point emerging from our analysis

is that the CUBAN domain also binds endogenous

poly-ubiquitinated substrates and that diubiquitin

chains are able to replace the interaction with NEDD8

at least at determined molar ratios, suggesting that the

recognition of both molecules by the CUBAN domain

is basically mutually exclusive. On one hand, the

observation that the CUBAN domain does not inter-

act with Ub monomers but efficiently recognizes Ub

chains, confirms the typical binding properties of phys-

iological Ub–UBD interactions, that are mediated by

multivalent contact sites [39]. On the other hand, the

CUBAN domain shows a binding affinity for mono-

meric NEDD8 that has been evaluated to be around

24 lM, a measure that is comparable to the highest

affinity for ubiquitin observed for some CUE and

UBA domains [37]. This property could guarantee the

interaction with mono-neddylated substrates but not

with those that are mono-ubiquitinated. If we consider

that the concentrations of free ubiquitin and NEDD8

were reported to be roughly equimolar [26] and that in

the experimental conditions in which we detect the

interaction with endogenous monomeric NEDD8, the

interaction with free Ub is undetectable, we can affirm

that the CUBAN domain selectively recognizes

NEDD8, both as a monomer or conjugated to cullins.

Moreover, in the absence of poly-ubiquitin chains, the

interaction with NEDD8 and neddylated substrates is

favoured and this is achieved via a dedicated binding

site whose accessibility is presumably regulated by

other protein–protein interactions. The presence of a

selective NEDD8-binding site supports the notion that

the CUBAN domain is able to distinguish between Ub

and the Ubl, thus excluding any form of promiscuity.

On a speculative plane, the CUBAN could also rec-

ognize mixed Ub-NEDD8 chains that are conjugated

to many proteins under stress conditions, such as the

depletion of free ubiquitin induced by different drugs,

or in cancer cells where NEDD8 and the neddylating

enzymes are overexpressed. If this actually happens, it

would further support the notion that KHNYN
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function could reveal insights into the cross talk

between different Ubl pathways in specific cellular

conditions.

Hardly any information is available regarding the

biological function of KHNYN. The primary sequence

contains an N-terminal evolutionary conserved KH

domain (K Homology), first identified in the human

heterogeneous nuclear ribonucleoprotein (hnRNP) [40],

that is present in a wide variety of nucleic acid-binding

proteins where it binds RNA and can function in RNA

recognition [41]. Following the KH domain, there is the

NYN domain (N4BP1, YacP Nucleases) with predicted

ribonuclease activity, which is found in the eukaryotic

proteins typified by the NEDD4-binding protein 1 and

the bacterial YacP-like proteins [27]. From this perspec-

tive, the discovery that the C-terminal region of

KHNYN engages an interaction with cullin-RING

ubiquitin ligases is extremely attractive, since it unmasks

an unsuspected connection between RNA metabolism

and proteins and complexes regulated by neddylation.

Experimental procedures

Antibodies and reagents

Monoclonal anti-flag (M2-Affinity Gel) and polyclonal anti-

flag were from Sigma (St Louis, MO, USA), anti-tubulin and

anti-ubiquitin P4D1 from Santa Cruz Biotechnology (Santa

Cruz, CA, USA), anti-NEDD8 was from Abcam (Boston,

MA, USA), anti-rabbit and anti-mouse peroxidase-conju-

gated were from Jackson Immunoresearch (West Grove, PA,

USA). Diubiquitin chains were from UBPBio (Aurora, CO,

USA).

Plasmid construction and site-directed

mutagenesis

The human KHNYN gene (NM_015299) was cloned into

the pcDNA3.1 vector using primers R1613 CCGAATTC

ATGCCTACCTGGGGGGCCCGC (forward) and R1614

CCGCGGCCGCTATCAAAAGTTAAGACTGAGCA (re-

verse). The human NEDD8 gene (NM_006156), fused to

the flag epitope at the N-terminal end, was cloned into the

pcDNA FRT/TO vector (Invitrogen, Frederick, MD,

USA). Prof. Vjekoslav Tomai�c kindly provided the plasmid

for the expression of the GST-S5a construct. The T-Rex

flag-NEDD8 cell line was generated according to the manu-

facturer’s instructions. Chimeric constructs were generated

by synthesizing partially overlapping PCR fragments subse-

quently annealed and inserted into pGEX2TK (GE Health-

care, Chicago, IL, USA). Site-directed mutagenesis of

NEDD8 I44A, A72R, E31Q, E32Q, E31QE32D, E31K,

E32K, E31KE32K and CUBAN W21A, W21P, H25F,

K26D, R33E and R38E were performed using the

QuikChange� Site-Directed Mutagenesis Kit (Invitrogen)

according to the manufacturer’s instructions.

Selection of recombinant lambda phage particles

Human ubiquitin and NEDD8 were expressed in bacteria

as GST fusion proteins, immobilized on glutathione-

Sepharose 4B beads (Amersham Pharmacia Biotech, Little

Chalfont, UK) and used as baits for affinity selection of

interacting clones from a human brain cDNA library

whose products are displayed on the surface of the lambda

capsid [42]. The library is formed by 108 independent

cDNA clones expressed by fusion to the carboxyl end of

the D capsid protein. After a preincubation of 4 h in PBS

containing 3% (w/v) BSA at 4 °C, 50 lg of the bait fusion

protein immobilized on Sepharose beads were incubated

2 h at 4 °C with 0.2 mL of brain cDNA library (corre-

sponding to 3 9 1010 recombinant particles) in dilution

buffer (150 mM NaCl, 10 mM MgSO4, 35 mM Tris-HCl,

pH 7.5). The Sepharose beads were collected by centrifuga-

tion and washed five times with 1 mL of ice-cold PBS/

Tween-20 (0.05%, v/v). Unbound particles were conserved

for titration. Selected phages were recovered by adding to

the washed resin 1 mL of fresh BB4 bacteria

(A600 nm = 0.5) grown in LB medium containing 0.2%

(w/v) maltose and 10 mM MgSO4. At each panning cycle

we monitored the enrichment of binding clones by deter-

mining the ratio between the total number of phages

loaded onto the affinity column and the number of

adsorbed phages (N/A ratio) and by analysing by PCR the

pool of phages collected at each round of panning (Fig. 1).

Phages obtained after the final round of selection were pla-

ted on agar plates, and clones were randomly selected for

DNA isolation. Lambda plaques were isolated and eluted

in 50 lL of SM buffer and 2 lL of chloroform. A 1 lL
sample was then utilized for PCR reaction using primers

R324 50-ATGTATCAGTGCCTAGC-30 and R325 50-
CACGTTCCGTTATGAGGATGT-30. The sequences of

cDNA products displayed on phage clones were deter-

mined by automatic sequencing (ABI PRISM 310 Perkin

Elmer, Waltham, MA, USA) of phage single-stranded

DNA using universal primers. We considered for further

analysis clones encoding (a) different partially overlapping

fragments of the same protein and (b) clones predicting the

synthesis of protein domains matching the consensus of

already characterized ubiquitin-binding domain families.

Clones containing repeated Alu sequences or coding

sequences that were not in frame with the lambda D pro-

tein were excluded from further characterization.

Subcloning of the cDNA fragments selected by

ubiquitin and NEDD8

The cDNA fragments contained in the affinity-selected

recombinant particles were cloned into the pGEX2TK
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expression vector (Amersham Pharmacia Biotech) in frame

with the GST coding sequence, using primer R2159

GTTGGATCCGCAATCAGCATCGTTACG (forward)

and primer R1542 GTTGAATTCTCAAAAGTTAAGACT-

GAG (reverse). The cDNA fragments were subcloned in

pEGFP-C1 for the transient expression in eukaryotic cells,

using primers R2134 TCAGATCTGCAATCAGCATCG

TTA (forward) and R2136 CGTGGATCCTTACTTAGC

GGCCGC (reverse).

Expression plasmids and protein purification

The cDNA fragments contained in the affinity-selection

recombinant particles were cloned in pGex2TK vector for

bacterial expression. GST fusion proteins were prepared as

previously described [43]. The amino acid region spanning

residues 627–678 of KHNYN was cloned in the pGex2T

vector (Amersham). The recombinant protein was

expressed in BL21 bacterial cells according to the protocol

for NMR sample preparation described by Weber et al. [44].

Pull-down assays

For the pull-down experiments, equimolar amounts of GST

fusion proteins corresponding to the selected clones and

GST alone, linked to glutathione-Sepharose 4B beads, were

incubated 1.5 h with 1 mg of T-Rex-flag-NEDD8 cells

lysed in 25 mM Tris pH 7.5, 125 mM NaCl, 1% glycerol,

1 mM MgCl2, 1 mM orthovanadate, 5 mM NaF, 0.5% Tri-

ton-X100, 0.5% NP-40, proteases inhibitor cocktail

(Sigma). Beads were washed three times in washing buffer

(25 mM Tris pH 7.5, 125 mM NaCl, 1% glycerol, 1 mM

MgCl2, 1 mM orthovanadate, 5 mM NaF, 0.5% NP-40,

proteases inhibitor cocktail) and bound proteins were elec-

trophoresed on polyacrylamide gel, transferred to PVDF or

nitrocellulose membranes, and detected with specific anti-

bodies. For the coimmunoprecipitation assay HeLa cells

were plated in 100-mm dishes and grown to 60–70% con-

fluence in culture medium supplemented with 10% FBS.

Twenty hours post-transfection cells were solubilized in

lysis buffer. An equal amount of each protein lysate was

incubated with anti-Flag M2 affinity gel beads for 2 h at

4 °C and then washed three times with washing buffer sup-

plemented with fresh inhibitors. The protein lysates and the

immune complexes were analysed by western blot analyses

with rabbit anti-Flag and anti-NEDD8 antibodies.

Competition assay

For the competition assays shown in Fig. 11, equimolar

amounts (5 lM each) of purified proteins GST-KHNYN

and Nedd8 were incubated for 2 h at 4 °C with an increas-

ing amount (from 1 to 10 lM) of Ub dimer either linear or

K48 linked. GST alone (5 lM) was incubated with an equi-

molar amount of Nedd8 or Ub dimers as negative control.

After incubation, beads were washed three times with YY

buffer (50 mM Hepes pH 7.5, 10% glycerol, 150 mM NaCl,

1% Triton X-100, 1 mM EDTA, 1 mM EGTA) and specifi-

cally bound proteins were resolved with Tris-Tricine PAGE

(11%) followed by staining with Coomassie blue.

Isothermal titration calorimetry

Isothermal titration calorimetry measurements were per-

formed on a MicroCal VP-ITC (Microcal LCC, Northamp-

ton, MA, USA) instrument at 24 °C. All proteins were

extensively dialysed against ITC buffer (20 mM Tris-HCl

pH 8.0, 200 mM NaCl, 5% glycerol, 1 mM EDTA and

1 mM TCEP). CUBAN domain at a concentration of 1 mM

was injected in volumes of 4 lL into 2 mL of solution con-

taining 50 lM of Nedd8wt, Nedd8 A72R or Ub alone. Two

concentrations of NEDD8 (50 and 110 lM) were assayed in

independent experiments. Experimental heats were cor-

rected by subtracting the blank measurements and analysed

using the ORIGIN software package (MicroCal LCC). Bind-

ing constants and other thermodynamic parameters were

calculated by fitting the integrated titration data assuming

a single binding site.

Circular dichroism

The CD measurements were performed on a Jasco CD spec-

trophotometer (Jasco Europe S.R.L., Cremella, Italy) using

a 0.1 cm path length cell cuvette. The CUBAN domain con-

centration was of about 50 lM in H2O. The CD spectra were

scanned in the far UV spectral region from 200 to 260 nm,

using a step resolution of 0.2 nm and a speed scan for spec-

tra collection of 20 nm�min�1. The spectra obtained are the

average of four scans at room temperature. An estimate of

secondary structure elements content was obtained from

K2D3, a web server for CD data prediction [45].

NMR assignments and structure determination

of the CUBAN domain

15N-labelled and -unlabelled CUBAN domain was sus-

pended separately in 90 : 10 H2O/D2O mixture at 1.3 mM.

The uniformly 15N-labelled sample was used in order to

acquire 3D and 2D heteronuclear NMR experiments. The

unlabelled sample was used for 2D homonuclear NMR

experiments. All NMR experiments used for structure

determination were performed on a Bruker Avance (Bruker

Italy, Milano, Italy) operating at 700.13 MHz. NMR, data

were processed with Bruker software TOPSPIN 3.1 (NMR

data handling of Bruker Italy) and analysed with

NMRView. Sequence-specific assignments of backbone and

side-chain 1H and 15N resonances were performed using the

standard 15N-edited 3D TOCSY-HSQC (smixing 40, 90 and

130 ms with 2048 9 64 9 128 complex points) [46–50] 15N
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3D NOESY-HSQC (smixing 100 and 160 ms with

2048 9 64 9 128 complex points) [49] and 2D homunclear

NOESY (smixing 250 ms with 4096 9 360 complex points)

experiments [51]. Intra- and intermolecular NOE distance

constraints were derived from 3D heteronuclear 15N-edited

NOESY-HSQC and from 2D homonuclear NOESY experi-

ments. Additional restraints were used such as torsion

angles of backbone, φ and w, and hydrogen bond, defined

as rHNi–Oi+4 = 1.7 . . . 2.0 �A and rNi–Oi+4 = 2.7 . . . 3.0 �A.

The CNS software was used for structure calculation [52].

From 100 structures generated as output in the simulated

annealing, a cluster of 12 structures with an average dis-

tance violation RMSD of 0.5 �A was selected. The CUBAN

domain structure energy minimization was performed with

GROMACS package. Evaluation of the domain structure qual-

ity was performed with PROCHECK-NMR and WHAT-

IF programs.

Chemical shift perturbations measurement

The CSP analysis [34] was carried out following the changes

in the 15N HSQC spectra of 15N-labelled KHNYN in the

presence of NEDD8 and of 15N-labelled NEDD8 upon

increasing unlabelled CUBAN separately. The labelled and

unlabelled protein concentrations, at a molar ratio of 1 : 1,

were typically about 200 lM. Two-dimensional 15N-HSQC

was acquired at 298K with a Bruker Avance operating at

700.13 MHz. All spectra were processed and analysed with

Bruker software TOPSPIN 3.1. The proton and nitrogen CSPs

of the labelled species are defined as the difference between

the chemical shift of the protein in the bound and the free

states (see Eqns 1, 2) [34].

CSPH ¼ d1Hbound � d1Hfree ð1Þ

CSPN ¼ d15Nbound � d15Nfree ð2Þ
The combined perturbation CSP(H+N) is given:

CSPHþN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
½CSP2

H þ ð0:14 � CSP2
NÞ�

r

Molecular dynamics

The energy of both CUBAN domain and CUBAN–
NEDD8 complex structures was minimized in water using

the GROMACS package. The molecular dynamics simulation

was performed with GROMACS 4.5 [53] using the AMBER03

protein, nucleic AMBER94 [54] force field and the TIP3P

model for water molecules. The simulations were performed

on a total time of 1 ns for KHNYN and 0.6 ns for the

CUBAN–NEDD8 complex structure. The cut-off radius

was set at 0.8 nm for electrostatic interactions and 0.8 nm

for Lennard-Jones interactions. Long-range electrostatic

interactions were treated using the particle-mesh Ewald

(PME) method [54]. Temperature coupling was performed

with a Nose–Hoover thermostat [55] and pressure coupling

was carried out with the Parrinello–Rahman barostat [56].

The calculations were performed on a Linux PC presenting

an AMD Athlon(tm) II X2 260 Processor 9 2 at a rate of

about 19.6 ns day�1.

Molecular docking

The HADDOCK server was used to determinate the struc-

ture of CUBAN-NEDD8 complex. CSP data obtained

from NMR titrations experiments of 15N-labelled KHNYN

and 15N-labelled NEDD8 were used to drive the docking

process. This information is introduced as an ambiguous

distance between all residues involved in the interaction

[54]. The CUBAN–NEDD8 complex structure energy was

minimized with GROMACS software.
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