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Covalent modification by Nedd8 (neddylation) stimulates the
ubiquitin-protein isopeptide ligase (E3) activities of Cullins.
DCN-1, an evolutionarily conserved protein, promotes neddy-
lation of Cullins in vivo, binds directly to Nedd8, and associates
with Cdc53 in the budding yeast Saccharomyces cerevisiae. The
1.9 A resolution structure of yeast DCN-1 shows that the region
encompassing residues 66-269 has a rectangular parallelepi-
ped-like all a-helical structures, consisting of an EF-hand motif
N-terminal domain and a closely juxtaposed C-terminal domain
with six a-helices. The EF-hand motif structure is highly similar
to that of the c-Cbl ubiquitin E3 ligase. We also demonstrate
that DCN-1 directly binds to Rbx-1, a factor important for pro-
tein neddylation. The structural and biochemical results are
consistent with the role of DCN-1 as a scaffold protein in a mul-
tisubunit neddylation E3 ligase complex.

Ubiquitin-like proteins, such as Nedd8/Rubl, can be
covalently attached to substrate proteins in a manner similar to
ubiquitination. Modification by Nedd8, a process known as
neddylation, has been found in Cullins and several other cellu-
lar proteins (1, 2). Neddylation and ubiquitination use parallel
mechanisms; each involves their own E1,% E2, and E3 proteins,
and both follow a sequential modification process. During ned-
dylation, the Nedd8 E1 heterodimer activates Nedd8inan ATP-
dependent process, and the enzyme and Nedd8 form a reaction
intermediate through a thioester bond. The activated Nedd8 is
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then transferred to the conjugating enzyme E2, which also
covalently links Nedd8 through a thioester bond. Next, the E2
interacts with an E3 to transfer Nedd8 through an isopeptide
bond to a lysine residue of the substrate. The Nedd8 acceptor
lysine is located in the C-terminal region of the Cullin family of
ubiquitin E3 proteins (2). Cullins and p53 are the only neddy-
lation substrates known to date (1-3).

Protein ubiquitination usually leads to substrate degradation
by the proteasome, whereas neddylation of Cullins increases
their ubiquitin ligase activities (4—6). At present, Rbx-1 is the
only protein known to have a Nedd8 E3 function (7, 8). Rbx-1
contains a single RING motif, and it is an inefficient ubiquitin
E3 on its own. This is reminiscent of many E3 ubiquitin ligases;
a single RING domain is either incapable of promoting or inef-
ficient to promote ubiquitin transfer. Recently, Kurz et al. (9)
reported that a novel protein, DCN-1 (defective in Cullin ned-
dylation-1), is important for Cdc53 (Cullin-1) neddylation in
the budding yeast. DCN-1 is a conserved protein found in or-
ganisms ranging from fungi to mammals. Interestingly, a
human DCN-1 homolog protein (see HUMAL1 in Fig. 14), also
known as SCCRO (squamous cell carcinomas-related onco-
gene), is an oncogene (10) and possibly functions in the hedge-
hog signaling pathway by activating Glil expression. DCN-1
contains a predicted N-terminal UBA3 motif and a conserved
C-terminal DUF298 domain of unknown function. Studies
from yeast and Caenorhabditis elegans showed that DCN-1
directly binds Nedd8 (yeast ortholog is Rubl) and associate
with Cdc53. The level of Cdc53 neddylation is greatly reduced
in yeast cells lacking DCN-1. Our structural and biochemical
analyses reveal that DCN-1 is likely to serve as a scaffold protein
mediating protein-protein interactions in a neddylation E3
ligase complex that includes Rbx-1.

EXPERIMENTAL PROCEDURES

Protein Expression and Crystallization—Recombinant full-
length yeast DCN-1 was expressed in Escherichia coli as a GST
fusion protein using a pGEX-4T-2 vector (Amersham Bio-
sciences). GST-DCN-1 was first purified on a GSH-agarose
affinity column followed by the removal of the GST tag with
thrombin digestion. Briefly, cell lysate in 1 X PBS (pH 7.4) buffer
was centrifuged with 20,000 X g for 1 h, and the supernatant
was loaded onto GST affinity column. After intensive washing
with PBS buffer, the GST fusion protein was eluted with GST
elution buffer containing 100 mm Tris-HCI(pH 8.0), 50 mm
NaCl, and 10 mM reduced glutathione. Further purification of
DCN-1 was carried out using successive chromatography steps
on ion exchange Q and Superdex-200 columns (Amersham
Biosciences) by standard purification methods. Mutations in
DCN-1 were introduced by PCR, and mutant proteins were
expressed and purified similar to that described for the wild-
type protein. GST-fused yeast Rbx-1 (GST-Rbxl) was
expressed in E. coli and purified using a GSH column.

Crystals were grown by the hanging drop vapor diffusion
method at 16 °C. Best diffracting crystals were obtained in a
condition containing 100 mMm Tris-HCI (pH 8.5), 30% ethylene
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TABLE 1

Statistics of crystallographic analysis

Data collection statistics

Crystal . K,5PtCIB, derivative Native

Resolution (A) 1.92 2.42

R,,.5(%)" 3.8 (28.2)% 7.8 (51.4)

o 54.7 (4.9) 283(7.7)

Redundancy 7.7 (7.4) 6.6 (6.5)

Unique reflections 26193 13179

Completeness® (%) 99.9 (99.0) 99.9 (99.4)
Refinement statistics

Resolution (A) 64.42-1.92

Reflections used for 24838

refinement

Reflections used for test set 1328

Final R/R, . (%) . 20.3/24.8

r.m.s.d.“ bonds/angles (A) 0.01 A/1.132°

Mean B value (A%") 18.7

Protein/solvent atoms 1739/132
Ramachandran plot statistics

Most favorable 95%

Additionally allowed 4.5%

Disallowed 0.5% (ASN 85)

“ Ry = 2 I = (I) /D), where Tis the intensity and (I) is the averaged intensity of
multiple measurements. The summation is over all measured reflections.

® Values in parentheses are that of the highest resolution shell.

¢ For the single wavelength anomalous diffraction (SAD) data set, Friedel pairs were
counted as independent.

 Calculated from 5% of the reflections set aside in refinement.

¢ r.m.s.d., root mean square deviation.

glycol monomethyl ether (PEGMME)-5000, and 0.2 M ammo-
nium sulfate. A platinum derivative was obtained by soaking the
crystal in the presence of 0.1 mm K,PtCl,. Native and derivative
data sets were collected using a home source FR-E SuperBright
rotating anode x-ray source equipped with an R-AXIS IV++
imaging plate detector (Rigaku). Data were collected at 100 K
and processed using the HKL2000 program suite (11). The
crystals belong to the 14, space group with cell dimensions of
a=>b=281.40 A and ¢ = 106.06 A, and there is one molecule per
asymmetric unit. Data statistics are shown in Table 1.

Structure Determination and Refinement—The structure of
DCN-1 was solved by the method of single isomorphous
replacement with anomalous signal (SIRAS) using the platinum
derivative data (12). SHELXD (13), XPREP (Bruker) programs
were used to locate one platinum atom position, and phasing
was carried out using SHARP (14). The SIRAS phase was
extended to 1.92 A and improved with solvent flattening and
histogram matching using DM and SOLOMON (15). A model
with most of the side chains built by ARP/WARP (16) was
refined using CNS (17, 18). Manual adjustment of the model
was carried out using the program O (17, 18). The final model
contains 205 residues and has an R-factor of 20.3% and an R,
of 24.8% (see Table 1 for detailed statistics). The atomic coor-
dinates and diffraction data have been deposited in the Protein
Data Bank with accession code 2IS9. Structural figures were
prepared using PyMOL.

Protein Interaction Assay—Purified GST-Rbx1 was first
immobilized on GSH resins followed by the addition of ~10-
fold molar excess of purified wild-type DCN-1 or DCN-1 (141-
269). Extensive wash of the GSH resins with PBS (pH 7.4)
removes unbound proteins, and the bound protein was eluted
from the GSH resins with GST elution buffer containing 10 mm
reduced glutathione. The eluted sample was then analyzed by
Western blotting using an anti-yDCN-1 polyclonal antibody.
The antibody was raised in rabbit with purified yeast DCN-1
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following a standard protocol, and the quality of the antibodies
was monitored by standard Western blots.

RESULTS

We have solved a 1.92 A crystal structure of yeast DCN-1.
The full-length protein has 269 amino acids, and structure
revealed an ordered core domain encompassing residues
66-269 (Fig. 1A). The disordered N-terminal region contains
an ubiquitin-binding UBA3 motif. The refined model has an
R-factor of 20.3% and an R-free of 24.8% and also has high stereo-
chemical quality, with 95% of the residues in the most favored
region of the Ramachandran plot, calculated using PROCHECK
(19). A section of the SIRAS-phased electron density map and
detailed refinement statistics can be found in Fig. 1B.

Overall Structure—The all a-helical structure comprises 11
helices in total and can be further divided into two domains: an
N-terminal domain (residues 66—158) encompassing helices
al—ab and a C-terminal domain (residues 159 —269) containing
helices a6 —a11 (Fig. 24). The two domains are in close juxtaposi-
tion and rigidly held together with extensive hydrophobic and
polar interactions. The rectangular parallelepiped-like structure
has approximate dimensions of 64 A X 27 A X 24 A.

Unexpectedly, four of the N-terminal domain helices, a1, a2,
a3, and a4, adopt two EF-hand folds. The first EF-hand is com-
posed of al and «2, which are connected through a 7-residue
loop (loop 1, residues 83— 89), whereas helices a3 and a4 form
the second EF hand with a 10-residue loop (loop 3, residues
117-126) connecting the two helices (Fig. 2A4). The N-terminal
portion of a5 contacts al and «2 at their ends opposite to the
connecting loop, and it packs against @3 and o4 in a perpendic-
ular manner. However, the EF-hands have no calcium ion
bound in the structure, possibly because: 1) loop 1 is shorter
than a canonical EF-hand loop, and it lacks conserved acidic
residues; and 2) although loop 3 has a suitable length, it also
lacks conserved acidic residues.

The C-terminal domain contains six a-helices (a6-all),
four of which (a6 —a9) are arranged in an anti-parallel manner
with a6 packs on one side of the a7-a9 plane and &8 on the
opposite side. The C-terminal helices «10 and «11 are posi-
tioned next to a8 and a9 on the side opposite to helices a6 and
a7 and form one end of the elongated structure of DCN-1 (Fig.
2A). Interestingly, the distribution of conserved and charged
residues on the protein surface differs significantly between two
opposite sides of the rectangular parallelepiped-like protein
(Fig. 2B). The convex side (side 1), which includes a2, &3, and
a7, is enriched with negatively charged residues, most of which
are not conserved (Fig. 2, BI and B3). The concave side (side 2)
is formed by helices a4, a6, and @9, and this side of the protein
surface is enriched with positively charged residues, many of
which, such as Lys-180 and Lys-225, are highly conserved (Fig.
2, B2 and B4). The location of conserved residues on the posi-
tively charged side of the protein surface suggests an evolution-
arily conserved role of this area of the protein surface.

The C-terminal domain is highly conserved among different
species, with 9 invariant residues located within the last 29
amino acids, which encompass helices 10 and a11 (Fig. 1A4).
There are 7 acidic residues within the stretch of 29 amino acids
in yeast DCN-1, making it highly negatively charged (Fig. 2B).
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DROSO  YYRE---- -- OILFMR SD—--PLKIGSQ T
FAGSTPQP. RSNIERLF *!“KDRVGEKRMEFH

CAEEL

YEAST
HUMA1
HUMA2
DROSO
CAEEL

YEAST
HUMA1
HUMA2
DROSO
CAEEL

YEAST
HUMA1
HUMA2
DROSO
CAEEL

ST---MIADD
GN---MIADD

FIGURE 1. A, sequence alignment of DCN-1 proteins. Amino acid sequences of yeast, human (HUMA1 and
HUMA?2), Drosophila (DROSO), and C. elegans (CAEEL) proteins were aligned using CLUSTALW. Residues iden-
tical in all five proteins are shown in white letters over a blue background; similar residues are shown in red letters
enclosed in blue boxes. Residue numbers and secondary structure elements are shown above the sequences. B,
a stereo view of a section of the 2.0 A platinum SIRAS-phased electron density map around helix 5. The map
is contoured at the 1.5 o level. A refined DCN-1 structure is superimposed as a stick model (carbon in gray;

nitrogen in blue; and oxygen in red).

The high degree of sequence conservation and the unusual sur-
face charge distribution suggest a protein-protein interaction
role of the C-terminal domain of DCN-1, although the precise
functional significance of this structural feature is currently
unknown.

Structural Similarity between DCN-1 and c-Cbl—A search
for similar protein structures using the DALI server (20)
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KEIGTFTD 60
NPE----L 50
NPD----S 50
NPE----Y 51
NPN----L 50

revealed  significant  structural

homology (with a Z-score of 7.5

using yeast DCN-1 residues 74 -159

as the template) between the N-ter-

minal domain of DCN-1 and the EF-
hand domain of c¢-Cbl, which is an

114 ubiquitin E3 ligase that recognizes

107 activated receptor tyrosine kinases

107 (21). The two domains can be super-

103 ) .

110 imposed with a root mean squared
deviation of 2.7 A, using the Ca
positions of residues located in

174 al-a4 for alignment (Fig. 3A),

165 although the two domains share lit-

165 tle sequence identity (<10%). As in

;:; DCN-1, the first EF-hand of c¢-Cbl
does not bind a calcium ion. The

second EF-hand of ¢-Cbl binds one

calcium ion. However, the interac-
tions deviate from that found in

canonical EF-hands. For example, a

main chain carbonyl group and the

hydroxyl group of a threonine in
c-Cbl are also involved in calcium
binding.

It is interesting to note that c-Cbl
also has a helical module as part of
the tyrosine kinase binding (TKB)
domain (21). Although it was called
a four-helix bundle, the four helices
in the TKB domain are arranged in
manner better resembling the pack-
ing of a pair of parallel coiled-coils
that are also characteristic of four of
the helices (a6 —a9) in the C-termi-
nal domain of DCN-1. However, the
four helices in c-Cbl are longer and,
unlike the C-terminal domain of
DCN-1, they are located N-terminal
to the EF-hand domain. The spatial
arrangement of the two helical
domains with respect to their
EF-hand is also different (Fig. 3B).
Nevertheless, both helical domains
of ¢-Cbl and DCN-1 pack against
their respective EF-hand domains
through extensive interactions with
the second EF-hand. The described
structural similarity between DCN-1
and c¢-Cbl, which is an ubiquitin E3
ligase, suggests a functional parallel
between the two proteins, namely, DCN-1 may function as a com-
ponent of the neddylation E3 ligase.

Direct Interaction between DCN-1 and Rbx-1—To explore
the hypothesis that DCN-1 may function in a Nedd8 E3 ligase
complex, we tested for direct interactions of yeast DCN-1 with
the RING finger protein Rbx-1. Purified GST-Rbx1 was immo-
bilized on GSH resins, and purified untagged DCN-1 was added

234
219
219
215
243
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FIGURE 2. Structure of DCN-1. A, a stereo ribbon diagram showing the over-
all structure of DCN-1. The structure is colored from the N to the C termini with
blue to red. B, a surface representation of the DCN-1 structure. BT (side 1) and
B3 (side 2) show the distribution of conserved residues on the two sides of the
protein surface. Absolutely conserved residues are indicated in blue, and
highly conserved residues are shown in green, using the convention defined
in the legend for Fig. 1. The arrow points to the position of Glu-260, which is
colored in red. Electrostatic potential on the protein surface is shown in B2
and B4, which are oriented the same as in BT and B3, respectively. Positively
charged regions are shown in red, negatively charged regions are in blue, and
neutral ones are in white.
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to the GST-Rbx1-bound GSH resins in 10-fold molar excess
(Fig. 4A). After extensive wash with the binding buffer, proteins
bound to the GSH resins were eluted with a buffer containing
10 mM glutathione. Western blotting of the eluted sample using
a polyclonal anti-yDCN-1 antibody shows that DCN-1
co-eluted with GST-Rbx1, whereas DCN-1 was not retained on
GST-bound GSH resins in a control experiment (Fig. 4B). Thus,
DCN-1 interacts with Rbx-1 directly in vitro. We further meas-
ured the binding affinity between DCN-1 and Rbx-1 using the
surface plasmon resonance technique (BiAcore) (see Supple-
mental Data). The results show that DCN-1 binds to GST-Rbx1
with an apparent equilibrium dissociation constant (K,) of 2.7
1M (see supplemental data). This observation is consistent with
and extends a previous observation that DCN-1, Cdc53, and
Rbx-1 can coexist in a multiprotein complex (9).

To determine which region of DCN-1 interacts with Rbx-1,
several truncation mutants of DCN-1 were engineered, and the
DCN-1 variants were expressed in E. coli and purified in a man-
ner similar to that for the full-length DCN-1. GST pulldown
experiments with purified GST-Rbx1 showed that a C-terminal
fragment of DCN-1 encompassing residues 141-269 binds to
Rbx-1 with an affinity comparable with that of the wild-type
DCN-1 (Fig. 4B). Thus, the C-terminal domain of DCN-1 is
sufficient for interaction with Rbx-1.

To pinpoint the DCN-1 residues important for interaction
with Rbx-1, we made a number of point mutations of highly
conserved residues within the C-terminal domain of DCN-1.
These mutants include two single point mutations, S1(Q165A)
and S2(E260A); four double mutations, D1(K180S/D183S),
D2(D249S/D259S), D3(K225A/D226K), and D4(D185R/
R2168S); and three triple mutations, T1(D247A/D249S/D259S),
T2(E263A/D249S/ D259S), and T3(W254G/D249S/D259S).
These mutant DCN-1 proteins were used in GST pulldown and
Western blotting analyses. Among all of the DCN-1 mutants
tested, only S2(E260A) showed a significant loss of binding to
Rbx-1 (Fig. 4C). Thus, Glu-260 is important for binding
Rbx-1, whereas the functions of other conserved residues
remain to be elucidated. The structure shows that Glu-260
extends its side chain out from helix «10 and forms a con-
tiguous exposed surface area with three adjacent residues,
Glu-250, Phe-256, and Glu-263 (Fig. 2B). These residues are
also highly conserved (Fig. 1A4); thus, the surface region
occupied by the 4 residues may have an evolutionarily con-
served role of interacting with Rbx-1.

DISCUSSION

Our structural study revealed an unexpected resemblance
between the structures of DCN-1 and an ubiquitin E3 ligase,
c-Cbl. Previous studies have shown that DCN-1 also interacts
with Cullin, Nedd8, and ubiquitin (9). We have also demon-
strated that DCN-1 interacts directly with Rbx-1p via the C-ter-
minal helical domain in this study. These results together sug-
gest that DCN-1 functions as a component of the Nedd8 E3
ligase complex.

It is clear that DCN-1 cannot function as a Nedd8 E3 ligase
on its own. It lacks a RING domain or HECT (homologue to
EGAP C terminus) domain associated with all ubiquitin E3
enzymes known to date, and the mechanistic similarity
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A

cbi heli bundle

EF hand

DN halix bundle

FIGURE 3. Superposition of c-Cbl and DCN-1. A, a stereo diagram of superimposed DCN-1 (blue) and c-Cbl (gray) EF-hand motifs. A red sphere represents a
calcium ion bound to the c-Cbl EF-hand motif. B, superposition of c-Cbl (only EF-hand and helix bundle motifs are shown) with DCN-1 to show the different

spatial arrangement of the two helix bundle motifs.

A é? ,}'j’g\rﬁ B c
N K 2
(?é? @ é?‘ d?@ §‘5§w‘ Q@g;&‘ v 4 &ﬁf}@
- S & FES &S
. L TR 0
' b N - * -b:-

Lane 1 2 3 4 Lane 1 2 3 lane1 2 3 4 5

FIGURE 4. Interaction of DCN-1 and Rbx-1. A, Coomassie Blue-stained SDS-
PAGE gels showing purified GST-Rbx1, DCN-1, DCN-1(E260A), and DCN-1
(141-269) proteins (indicated with triangle pointers) used for binding experi-
ments. B, DCN-1 C-terminal domain (141-269) pulldown with GST-Rbx1
immobilized on GSH resins. Lane 1, DCN-1 (141-269) pulldown with GST; lane
2, the C-terminal domain (amino acids 141-269) of DCN-1 pulldown by GST-
Rbx1; lane 3, input of purified DCN-1 (141-269). C, Asp-260 of DCN-1 isimpor-
tant for interaction with Rbx-1. Lane 1, DCN-1 protein as a positive control;
lanes 2-4, wild-type DCN-1, a DCN-1 triple mutant (W254G/D249S/D259S),
and an E260A mutant of DCN-1 were tested for pulldown by GST-Rbx1; lane 5,
wild-type DCN-1 pulldown by GST as a negative control. An anti-yeast DCN-1
rabbit polyclonal antibody was used in the Western blots shown in Band C.

between protein ubiquitination and neddylation implicates the
requirement of one of those domains in the Nedd8 E3 enzyme.
Previous studies have shown that Rbx-1 could serve as the
RING domain protein in the Nedd8 E3 complex. When com-
pared with the prototypical active RING domain ubiquitin E3
ligase c-Cbl, it is possible that the “missing” RING domain of
DCN-1 is provided in trans by Rbx-1. This is a particularly
attractive hypothesis from a structural point of view because
c-Cbl contains a RING domain in cis with the EF-hand and TKB
domains, and the RING domain is positioned next to the helical
TKB domain. A similar arrangement of the RING domain of
Rbx-1 with respect to the helical domain DCN-1 is likely, as we
have shown that the two domains interact directly. Future bio-
chemical and structural studies will determine the precise
mode of interaction among DCN-1, Rbx-1, and Cdc53.
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