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The mammalian COP9 signalosome is an eight-subunit (CSN1-CSN8) complex that plays essential roles in
multiple cellular and physiological processes. CSN5 and CSN6 are the only two MPN (Mpr1-Pad1-N-ter-
minal) domain-containing subunits in the complex. Unlike the CSN5 MPN domain, CSN6 lacks a metal-
binding site and isopeptidase activity. Here, we report the crystal structure of the human CSN6 MPN
domain. Each CSN6 monomer contains nine § sheets surrounded by three helices. Two forms of dimers
are observed in the crystal structure. Interestingly, a domain swapping of p8 and B9 strands occurs
between two neighboring monomers to complete a typical MPN fold. Analyses of the pseudo metal-bind-
ing motif in CSN6 suggest that the loss of two key histidine residues may contribute to the lack of cata-
lytic activity in CSN6. Comparing the MPN domain of our CSN6 with that in the CSN complex shows that
apart from the different B8-p9 conformation, they have minor conformational differences at two inser-
tion regions (Ins-1 and Ins-2). Besides, the interacting mode of CSN6-CSN6 in our structure is distinct
from that of CSN5-CSN6 in the CSN complex structure. Moreover, the functional implications for Ins-1

and Ins-2 are discussed.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The constitutive photomorphogenesis 9 (COP9) signalosome
(CSN) was initially identified as a repressor of constitutive photo-
morphogenesis in Arabidopsis [1,2], and subsequently found in a
variety of eukaryotic organisms including Saccharomyces cerevisiae
[3,4], Schizosaccharomyces pombe [5], Caenorhabditis elegans [6],
Drosophila melanogaster [7] and mammals [8,9]. The predominant
biochemical function of the CSN complex is its isopeptidase cata-
lytic activity, which deneddylates the ubiquitin-like protein
NEDDS8 of the Cullin-RING family of ubiquitin E3 ligases (CRLs)
and thereby regulates the activity of CRLs. The CSN complex plays
a key role in protein degradation and is involved in a variety of cel-
lular and physiological processes including cell cycle checkpoint
controls, embryonic development, signal transduction, and tran-
scriptional regulation (see review Wei & Deng [10]).

This highly evolutionarily conserved protein complex typically
consists of 8 subunits, CSN1 to CSN8, named in order of decreasing
size. Among these components, six subunits (CSN1-4, 7, 8) contain
a PCI domain (the 26S proteasome lid subcomplex, COP9 signalo-
some and initiation factor), while CSN5 and CSN6 share a con-
served MPN domain (Mpr1-Pad1-N-terminal). Two types of MPN
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domains have been found in many studies: the JAMM/MPN*
domain contains a metal-binding JAMM (Jab1/MPN/Mov34) motif
that typically consists of a conserved EX,HS/THX,SX,D sequence
that is responsible for its isopeptidase catalytic activity [11-14].
The other MPN ™~ domain has no such motif, thus lacks isopeptidase
activity [15-17]. The CSN-mediated deneddylation process
depends on CSN5, which contains the JAMM motif characterized
by a zinc-binding site and forms an isopeptidase catalytic pocket
for deneddylation. However, CSN5 has no isopeptidase activity
unless it is associated with other subunits [12,18]. Although the
MPN~ domain of CSN6 has no isopeptidase catalytic activity, previ-
ous electron microscopy studies have revealed that CSN5 extends
from the plane of the PCI subunit cluster, and the MPN domains
of CSN5 and CSN6 are connected [19]. This suggests that the MPN~
domain of CSN6 may serve as a scaffold for CSN complex assembly,
in particular by bridging peripheral CSN5 to the other subunits. In
addition to the scaffold function, CSN6 has been shown to pro-
motes tumorigenesis in mammalian cells by impacting ubiquitin-
mediated proteolysis of important mediator in carcinogenesis
and cancer progression [20,21].

The crystal structures of the MPN-containing human CSN5
subunit (1-257aa) [22] and a partial CSN6 MPN~ domain from
D. melanogaster [17] have been determined. In the latter structure,
approximately 20 residues at the C-terminal were truncated,
and the topology of the remaining C-terminal portion (residues
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143-184) is atypical [23]. To gain structural insight into the full
length CSN6 MPN domain in humans, we solved the crystal structure
of the human CSN6 MPN~ domain (39-191aa) at 2.6 A resolution.
Interestingly, a domain swapping of B8 and B9 strands occurs
between two neighboring monomers to form a typical MPN fold.

2. Materials and methods
2.1. Protein expression and purification

A gene fragment encoding the CSN6 MPN domain (residues 38-
210) was cloned into pET24a between the Ndel and Xhol sites with
a C-terminal 6-His tag. The plasmid was transformed into Rosetta
(DE3) cells for expression. The expressed protein was purified to
homogeneity by Ni affinity chromatography followed by Resource
Q chromatography and Superdex™200 HR 10/300 gel filtration.
The dimer fractions were collected and concentrated to ~8 mg/
ml in 20 mM Tris-HCI pH 8.0, 100 mM Nacl for crystallization.

Mutant CSN6 was designed using an existing CSN6sg_,19 clone
in pET24a. Five single mutants (D53G, R57G, Q61G, E88G and
Y104G), three double mutants (Q61G/E88G, R57G/Y104G and
Q61G/Y104G) and one triple mutant (Q61G/Y104G/E88G) were
constructed. The cell culture and protein purification procedures
were the same as that of wide type CSN6.

2.2. Crystallization and data collection

Crystals were grown at 16 °C by the hanging drop method using
equal volumes of protein and crystallization solution over a 1 mL
reservoir. The reservoir contained 0.1 M Tris pH 7.7 and 26% (w/
v) PEG4000. Mercurated crystals were obtained by adding ethyl
mercuric phosphate to the hanging drop, to a final concentration
of 2.5 mM, and soaking the crystals for approximately 5 h. The dif-
fraction of the crystals improved to 2.6 A after dehydration in 15%
(w/v) xylosic alcohol, 0.1 M Tris pH 7.7, 26% (w/v) PEG4000 [24].
The crystals were flash-frozen in liquid nitrogen before data collec-
tion. Diffraction data were collected on beamline BL-17A at the
Photon Factory in Japan and processed with HKL2000 [25].

2.3. Structure determination and refinement

The crystal belonged to space group P3, with a dimer in the
asymmetric unit. The phase was determined by the single wave-
length anomalous dispersion method (SAD), using the mercury-
derivatized protein crystals. Electron density maps were calculated
by PHENIX [26,27]. Model building was done using COOT [28], and
refined with PHENIX [26,29]. The final Ryork and Rgee Values were
22.1% and 25.6%, respectively. The final structure was analyzed
with PROCHECK [30]. Data collection and refinement statistics
are presented in Table 1. Structure figures were prepared using
PyMol (http://www.pymol.org), and the coordinates were depos-
ited in the PDB under accession code 4R14.

2.4. Analytical ultracentrifugation

Sedimentation velocity measurements were performed on a
Beckman’s ProteomelLab XL-I at 25 °C. All protein samples were
diluted to an OD 280 nm of 0.7 in 20 mM HEPES, pH 7.5, 150 mM
NaCl. Data were collected at 60,000 r.p.m. (262,000¢g) every
3 min at a wavelength of 280 nm. Interference sedimentation coef-
ficient distributions, c(M), were calculated from the sedimentation
velocity data by using SEDFIT [31].

Table 1
Data collection and refinement statistics.

CSN6 (Hg-derivative)

Data collection
Space group P3,
Wavelength (A) 1.0055
Resolution (A) 50-2.6 (2.64-2.6)
Cell dimensions

a, b, c(A) 66.55, 66.55, 86.83
o By (°) 90, 90, 120
Unique reflections 13,213 (650)
1o (I) 56.35 (7.00)

Completeness (%) 99.8 (100)
Rinerge (%)* 6.1 (53.9)

Wilson B factor (A) 31.79
Refinement
Rwork (%)h 221
Reree (%) 25.6
Average B factors (A)
Protein 53.79
Hg 47.84
Total 53.77
Root mean square deviations
Bond length (A) 0.010
Bond angles (°) 1.135
Ramachandran plot
Most favored (%) 93.42
Additionally allowed (%) 6.58
Generously allowed (%) 0
Disallowed 0

Numbers in parentheses represent statistics for the highest resolution shell.
? Rmerge = Y|l — <I>|/>_1, where I is the measured intensity for reflections with
indices hkl.

b Rwork = Z”Fobsl - |Fcalc||/Z|F0bs|-
€ Riee =R factor for a selected subset (5%) of the reflections that were not
included in prior refinement calculations.

3. Results and discussion
3.1. Overall structure of CSN639_19;

We have purified and crystallized a soluble form of the human
CSN6 MPN™~ domain containing residues 38-210. The crystal struc-
ture was solved by single wavelength anomalous dispersion (SAD)
using crystals derivatized with ethyl mercuric phosphate. The crys-
tal belongs to the space group P3; and contains a dimer in the
asymmetric unit. The structure of CSN6 contains residues 39-
191; residues 192-210 were not observed in the crystal.

Structural analysis reveals that, unlike the atypical C-terminal
MPN fold (residues 143-184) of D. melanogaster CSN6s;_1g4,
human CSN6s9_19; adopts a typical MPN topology primarily com-
posed of nine B-strands and three a-helices (Fig. 1), which is sim-
ilar to a number of other MPN™-containing proteins
[13,15,16,22,32]. Interestingly, there is a domain swap between
two neighboring CSN6 molecules. When compared to other
MPN-containing  protein  structures observed to date
[13,15,16,22,32], the human CSN6 structure is unique; the B8 and
B9 strands of molecule A are stretched out, and their positions are
occupied by the B8 and B9’ strands from molecule B’ in the neigh-
boring asymmetric unit, thereby completing a typical MPN fold
(Fig. 1B). This swapped domain is connected to the rest of the pro-
tein by a large flexible hinge that connects 7 and B8.

3.2. The oligomeric state of CSN639_19;

To obtain a homogeneous protein sample suitable for crystalli-
zation, the CSN6 protein was purified by size exclusion chromatog-
raphy using a Superdex 200 column. We observed CSN6 in both
monomeric and dimeric states in solution (Fig. 2B), indicating that
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Fig. 1. Overall structure of CSN639_197 and structure based sequence alignment of H. sapiens and D. melanogaster CSN6. (A) The AB dimer. (B) The AB’ dimer. Molecule A is
colored in cyan, molecule B is colored in green, and molecule B’ is colored in hot pink. (C) Structure-based sequence alignment of H. sapiens and D. melanogaster CSN6. The
differences in structural fold topology are indicated by a green box. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

there may be equilibrium between the two oligomeric forms. The
dimeric protein peak was collected for crystallization, and accord-
ingly two stable dimeric forms were observed in the crystal struc-
ture. The first is formed by two molecules in an asymmetric unit,
referred to as a type AB dimer (Fig. 1A); the second is formed by
domain swapping between two molecules in the neighboring
asymmetric units, referred to as a type AB’ dimer (Fig. 1B). The
AB dimer is mainly formed by hydrophilic interactions between
key residues in the a1 and o2 helices and the B3 strand on both
subunits. In the interface, hydrogen bonds are formed between
the side chains of D53, R57, Q61, E88 and Y104 of both subunits,
which make the two molecules bind tightly (Fig. 2A). The AB’ dimer
arises mainly through interactions between the f7-p8’ antiparallel
strands and the B1-B9’ parallel strands. The total buried surface
areas in the AB and AB’ dimers are 722.8 A and 2023.1 A2,
respectively.

To elucidate which dimer form exists in solution, structurally
guided mutations were introduced. Residues D53, R57, Q61, E88
and Y104, contribute significantly to AB dimerization and were
selected for glycine substitution. These single mutants showed lit-
tle change in their elution volumes by size exclusion (data not
shown), suggesting that these single mutations have little effect
in disrupting the dimerization, likely because of the robust hydro-
gen bond network in the dimer interface. Hence, four double or tri-
ple mutants, Q61G/Y104G, R57G/Y104G, Q61G/E88G and Q61G/

E88G/Y104G were further selected and tested. Compared with wild
type CSNG, these four mutants all behave as monomers and show a
significant shift in size-exclusion chromatography (Fig. 2B). We
took the Q61G/Y104G mutant protein to perform analytical ultra-
centrifugation experiments to corroborate the oligomeric state of
this mutant. Like the size-exclusion results, the Q61G/Y104G
mutant has a calculated molecular mass of 21.143 kD, indicating
a monomeric state (Fig. 2C). This result indicates that dimerization
is significantly disrupted via these four mutants, indicating that the
AB dimer is the dimeric form of CSN6 existing in solution.

Dimerization has also been found in other MPN~ containing
proteins including Mov34 and CSN5. However, it is noteworthy
that these dimer assemblies form via totally different interfaces.
The Mov34 dimer is formed by numerous interactions between
the a1, o2 and o4 helices and the CSN5 dimer is formed by inter-
actions between the Ins-1 segment and the o4 helix. The functional
relevance of these different dimer forms is not clear and further
investigations are needed.

3.3. The pseudo metal-binding site in CSN6

Human CSNG6 lacks a real JAMM motif and no metal or water is
found in the corresponding region of the structure (Fig. 3A). When
comparing the zinc-binding site of CSN5 with the equivalent
region in CSNG, several residues that are similar to the JAMM motif
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Fig. 2. The interface between molecule A and molecule B. (A) The key residues contributing to the dimerization are labeled and shown in stick. (B) Size exclusion profiles of
wide type CSN6 MPN domain and four mutants. Protein samples were loaded on a Superdex 200 HR 10/300 column for gel filtration assays. (C) Analytical ultracentrifugation

analysis of the Q61G/Y104G mutant.

G128/

Fig. 3. The pseudo metal-binding site in CSN6. (A) The electron density for the residues corresponding to the zinc-binding site of CSN6. 2|F,|-|Fc| map is contoured at 1.0g,
showing that there is no metal or water in the region. (B) Superposition of the zinc-binding site of CSN5 with the equivalent region on CSN6.

are found and appear to form a pseudo metal-binding site. As
shown in Fig. 3B, the residues Q67, D132 and D135 in CSN6 are
structurally equivalent to E76, S148 and D151 in CSN5, respec-
tively. However, the replacement of H138 and H140 residues in
CSN5 by T126 and G128 in CSN6 disrupts the zinc coordination
site, thus abolishes the metal-binding ability of CSN6. Although
the K153 in CSN6 occupies the side chain position of H140 in
CSN5 and restores some negative charge of histidine, it is not suf-
ficient to re-establish an active isopeptidase pocket.

3.4. The Ins-1 region of CSN6

Previous studies indicated that two insertions, Ins-1 and Ins-2,
are observed among various MPN domains. These segments were
originally described in the AMSH-LP structure [32].

The Ins-1 segment in CSN5 is mainly helical. In Mov34, AMSH-
LP/AMSH and our CSN6 structure, it contains a B-hairpin followed
by a long helix (Fig. 4). The Ins-1 segment appears to affect the acti-
vation of the JAMM/MPN" proteins. In the structure of CSN5, the
Ins-1 segment blocks the isopeptidase pocket by inserting R106
into the active site [22]; while in AMSH-LP, Ins-1 covers the zinc-
binding active site with D321 and interacts with C-terminal tail
of ubiquitin by its B-hairpin [32]. Comparing the Ins-1 B-hairpins

of AMSH-LP, Mov34 and CSN6 reveals that the B-hairpin in the
MPN* protein AMSH-LP is in very close proximity to the active site,
whereas in the MPN~ proteins CSN6 and Mov34, the B-hairpins are
relatively far from the pseudo active site (Fig. 4). Moreover, super-
position of D. melanogaster CSN6s;_1g4 N-terminal MPN domain
and our human CSN6 structure also reveals that the B-hairpins
are oriented at slightly different angles (Fig. 4D). It is possible that
the flexibility of the Ins-1 B-hairpin in CSN6 contributes to the
accommodation of substrate.

3.5. The Ins-2 region and the hinge connecting 7 and f8

Like the Ins-1 segment, Ins-2 varies greatly among MPN-con-
taining proteins. In CSN5, it is disordered and invisible. In AMSH-
LP, it contains a long helix and a following flexible loop and in
Mov34 and human CSNG, it forms a B-hairpin (Fig. 4). Studies have
demonstrated that the Ins-2 region of AMSH-LP covers the zinc-
binding active site with a protruding F407, which interacts with
its di-ubiquitin substrate [32]. However, the role of the Ins-2 seg-
ment in other MPN-containing proteins is not clear.

When we were preparing this manuscript, a holo-CSN complex
(CSN1-8) structure was reported [33]. In the holo-CSN complex,
the single copy of CSN6 forms a heterodimer with CSN5 without
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Fig. 4. Structural superposition of human CSN65g_19; with MPN-containing proteins: CSN5, Mov34, AMSH-LP, Drosophila CSN6 and CSN6 in holo-CSN complex. The monomer
CSN639_197 used is completed by the B8’ and B9’ strands of molecule B’ and the rest of the structure of molecule A. (A-E) Human CSN6sg_19; is shown in cyan except that the
Ins-1 and Ins-2 segments are in blue. Other proteins are in wheat except that the Ins-1 and Ins-2 segments of CSN5 are in yellow, Mov34 is in orange, AMSH-LP is in red,
Drosophila CSN6 is in magenta and CSN6 in holo-CSN complex is in green. (F) Heterodimer of CSN5 and CSN6 in holo-CSN complex. CSN5 is in yellow and CSN6 is in green. In
the holo-CSN complex, the single copy of CSN6 forms a heterodimer with CSN5. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

domain swapping of the p8-B9 strands. Comparison of the CSN6
MPN domain in the two structures shows that apart from possess-
ing different B8-p9 conformation which is involved in domain
swapping in our CSN6 structure, the two structures have minor
conformational differences at Ins-1 and Ins-2 regions, as shown
in Fig. 4E.

Moreover, we compared the dimer interface of the CSN6 MPN
domain in our structure with the interacting interface between
CSN5 and CSN6 MPN domains in the holo-CSN complex. In our
CSN6 homodimer structure, o1 and o2 from one monomer interact
with o2 and o1 from another monomer, respectively (Fig. 1A),
while in the CSN5-CSN6 heterodimer, o1 and o2 helices of CSN6
pack to o2 and a3 of CSN5, respectively. Moreover, in the CSN5-
CSN6 heterodimer, a4 helix of CSN6, a C-terminal extension of
the MPN domain, interacts with o6 helix of CSN5 (Fig. 4F). Notably,
o2, a3 and a6 helices of CSN5 are equivalent to o1, o2 and o4 heli-
ces of CSNG, respectively.

Furthermore, the holo-CSN complex structure shows that the
Ins-2 B-hairpin in CSN6 interacts with CSN4 and the Ins-2 B-hair-
pin deletion yields more active complex than wild type, suggesting
that the Ins-2 B-hairpin of CSN6 plays an important role in CSN
activation. This, together with our observation of the stretching

out of the Ins-2 B-hairpin-containing B8-p9 strands, indicates a
need to further investigate the relationship between the move-
ment of the flexible hinge connecting B7 and B8 and the association
of CSN6 with other proteins.
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