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The crystal structure of the MPN domain from the COP9 signalosome subunit CSN6
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The COP9 signalosome (CSN) is a multiprotein complex containing eight subunits and is highly con-
served from fungi to human. CSN is proposed to widely participate in many physiological processes,
including protein degradation, DNA damage response and signal transduction. Among those sub-
units, only CSN5 and CSN6 belong to JAMM family. CSN5 possesses isopeptidase activity, but CSN6
lacks this ability. Here we report the 2.5 Å crystal structure of MPN domain from Drosophila mela-
nogaster CSN6. Structural comparison with other MPN domains, along with bioinformation analysis,
suggests that MPN domain from CSN6 may serve as a scaffold instead of a metalloprotease.

Structured summary of protein interactions:
CSN6 and CSN6 bind by x-ray crystallography (View interaction)
CSN6 and CSN6 bind by x ray scattering (View interaction)

� 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

The COP9 signalosome, generally named CSN, is composed of
eight subunits (CSN1–CSN8) and exists in all eukaryotes [1]. It
seems that the complex is somewhat unstable and can be subdi-
vided into a series of subcomplexes relevant to different functions
[2]. Among those components, only CSN5 and CSN6 share an MPN
(Mpr1p and PAD1p N-terminal) domain. The other subunits de-
fines a common motif named PCI (proteasome, COP9 signalosome,
and initiation factor) [4,5]. The two distinct domains are also found
in 26S proteasome and eukaryotic translation initiation factor 3. It
is believed that these three complexes interact with each other [6].

COP9 signalosome was first described as a repressor of photo-
morphogenesis in Arabidopsis by Deng and his collaborators [7].
In recent years, CSN has been found to take part in a variety of
physiological processes, such as cell cycle, subcellular localization
and transcriptional regulation [8]. So far, the property which has
been studied most is ubiquitin-associated degradation in protein
quality control. This function is fulfilled by removal of Nedd8/
Rub1 (an ubiquitin-like molecule) from the cullin subunit of E3
ligases. The deneddylation process is mediated by CSN5. More
precisely, the JAMM (Jab1/MPN/Mov34) motif located in the MPN
domain cleaves Nedd8 as a metalloprotease [9,10]. Nevertheless,
chemical Societies. Published by E
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CSN5 alone has no metalloprotease activity unless it is associated
with other subunits. A conserved sequence termed JAMM motif
was first defined in Archaeoglobolus fulgidus Af2198 [13,14]. JAMM
motif is responsible for zinc coordination and cleavage of Nedd8.
Much evidence reveals that there are two types of MPN domains:
one, like CSN5 with JAMM motif, has the metalloprotease activity
while another, the same as CSN6 without JAMM motif, has no
related isopeptidase activity. The role of MPN domain without
JAMM motif is still unclear, but recent studies have shown that
such MPN domains can be employed to mediate protein–protein
interactions [16,17]. CSN6 makes a contribution to the binding of
CSN and E3 ligases [9,10], and directly binds to MDM2, which is
an ubiquitin ligases correlated with p53 pathway [11]. MPN
domain maybe serves as a scaffold in those processes.

We have tried to get the full length CSN6 protein. Unfortu-
nately, the full length protein is mostly insoluble by expressing
in E. coli. Yet in the soluble portions appear self-aggregation and
precipitation, even though treated with 2 M urea, 2 M NaCl or 5%
PEG8000. This finding is consistent with previous observations that
soluble full-length CSN6 could be obtained by coexpression of
other subunits [2]. In order to understand the role of MPN domain
in CSN, we determined the crystal structure of CSN6 MPN domain
(residues 51–187) from Drosophila melanogaster at 2.5 Å.

Several MPN-containing proteins that derived from various spe-
cies were obtained and their structures were solved by X-ray crys-
tallography [13–19]. Structural comparison of these proteins and
lsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.febslet.2012.03.029
mailto:xdsu@pku.edu.cn
mailto:dongyh@ihep.ac.cn
http://dx.doi.org/10.1016/j.febslet.2012.03.029
http://www.FEBSLetters.org


1148 H. Zhang et al. / FEBS Letters 586 (2012) 1147–1153
bioinformation analysis of CSN6 MPN domain offer clues to inves-
tigate the evolution of JAMM family members and to broaden our
understanding of CSN6 function.
2. Materials and methods

The expression, purification, crystallization of the CSN6 MPN
domain, X-ray data collection, structure determination and refine-
ment, SAXS data collection and analysis are described in Supple-
mentary material.

The final refinement statistics are shown in Table 1. All molec-
ular figures were prepared using PyMOL [21]. The multiple se-
quence alignment figure was generated using ClustalW [22] and
ESPript [23]. The degree of surface conservation was estimated
using program ConSurf [24].
3. Results and discussion

3.1. Overall structure and oligomeric state of CSN651–187

The crystal structure of D. melanogaster CSN651–187 has been
determined to 2.5 Å. The crystal belongs to the space group
P43212 and contains two molecules, A&B, per asymmetric unit.
Loop2 (Arg72-Glu77), loop8 (Asn143-Ile149) in both molecules
could not be modelled. Additionally residues 185–187 in molecule
A, residues 106–111 and 177–184 in molecule B are disordered and
also could not be modelled. Since molecule A had less missing frag-
ments it was chosen for discussion in this paper, unless otherwise
noted.

The structure of molecule A is mainly composed of seven b-
strands and four a-helices (Fig. 1A, 1B). In the center of the struc-
ture, five b-strands (b1–b3, b6 and b7) form a b-antiparallel sheet
flanked by three a-helices (a1, a2 and a4) and a b-hairpin (b4–
b5). Helix a3 folds onto the entrance of the protein core. The struc-
ture of CSN651–187 is similar to other members of MPN family,
Table 1
Data collection and structure refinement statistics.

Data collection

Data collection
Wavelength (Å) 0.9794
Space group P43212
Unit-cell parameters a = b = 109.062, c = 46.437
Resolution (Å) 2.50 (2.54–2.50)a

Number of unique reflections 10201(494)
Completeness (%) 99.8 (100)
Redundancy 25.4(27.8)
Mean I/r (I) 84.2(11.0)
Molecules in asymmetric unit 2
Rmerge (%) 9.9 (51.1)

Structure refinement
Resolution range (Å) 33.63–2.50
Rwork/Rfree (%) 23.2/26.1

Average B factor (Å2)
Main chain (chain A/B) 61.5/67.5
Side chain (chain A/B) 64.4/72.3
Waters 52.5

Ramachandran plot (%)
Most favoured 97.2
Allowed 2.8
Disallowed 0.0

r.m.s. deviations
Bond lengths (Å) 0.009
Bond angles (�) 1.219

a The values in the parentheses refer to those of highest resolution shell.
whereas there are two insertions compared with A. fulgidus
Af2198 [13,14]. One insertion, a4 helix, occurs at the C-terminal
and the other one is located in the side of the protein, including
a b-hairpin and the following a2 helix.

CSN651–187 migrates as a dimer through a Superdex 200 gel
filtration column (data not shown), which is consistent with the
crystal structure (Fig. 1A). There are two stable forms of the dimer
based on the PISA result and interface analysis [3]. The asymmetric
unit of our crystal structure comprises the AB type of the dimer
with a non-crystallographic twofold axis (Fig. 1A). The other form
of the dimer (BB́) is created by packing (Fig. 1C). The interface areas
in AB and BB́ form are 965.4 and 694.6 Å2, respectively, suggesting
that the dimer observed in the asymmetric unit (AB) is a biological
form.

Additional and independent evidence of the dimerization of the
CSN651–187 could be provided by an analysis of small-angle X-ray
scattering data. Fig. 2A demonstrates the experimental SAXS
curve, and theoretical scattering curves calculated by the program
CRYSOL from AB (curve 2) and BB́ (curve 3) dimers. The scattering
curve calculated from dimer AB fits experimental data much bet-
ter than from BB́ one. Thus, we can conclude that the AB confor-
mation represents the actual status of the CSN651–187 in solution.
However, we should aware that a structure in crystal and in solu-
tion can be different. Therefore, an attempt was made to restore a
low resolution structure of the protein in solution using ab initio
procedure. Fig. 2B shows the results of shape restoration by the
program DAMMIN (curve 3, model b) [26], and by the program
GASBOR (curve 4, model c) [25]. Corresponding distance distribu-
tion function and back transformed from p(r) function curve
extrapolated to zero scattering angle are also presented in
Fig. 2B. All model curves demonstrate practically ideal fits to the
experimental data with the discrepancy of about 0.8. Superposi-
tion of the available crystal structure of the AB dimer (Fig. 2B,
structure a) and of the obtained low resolution models shows their
similarity. Thus, undertaken analysis of SAXS data clearly points to
the formation of the AB dimeric conformation of the CSN651–187 in
solution.

3.2. Dimer interface

Dimerization of CSN651–187 (AB type) occurs through the
interaction of b1 and b7 strands in both molecules. The interface
consists mainly of hydrophobic residues, which form a hydro-
phobic core. The hydrogen bonds are formed in both molecules
between main chain atoms of Val52 and Leu167, Ile54 and
Leu165, Leu65 and Ile 163, as well as the hydroxyl group of
Ser51 in molecule B and the carbonyl of Asn168 in molecule A.
In addition, Glu160 in molecule B protrudes away from the inter-
face surface and makes two salt bridges to His57 of molecule A
(Fig. 1D).

For DmCSN5, Tango server [20] predicts some regions involved
in b-aggregation (Supplementary Fig. 1). Two segments corre-
sponding to CSN651–187, b1 and b7, are highly aggregation-prone,
especially residues 162–167. Moreover, those residues involved
in interface interactions in CSN651–187 can be found in the two re-
gions. We can conclude that CSN651–187 dimeric interactions may
provide the basis for CSN5 homodimer or CSN5-CSN6 heterodimer
[28–30]. It is also possible that the association of CSN-based super-
complexs is mediated via MPN domains [15,31].

Dimerization has also been reported in the Rpn8 structure [15].
Rpn8, which has an MPN domain, is a subunit of 26S proteasome.
However the biological dimer in Rpn8 is not the asymmetric unit
which is composed of two molecules. Authors defined another
dimer resulted from the crystal packing by PISA and interface
analysis. Moreover, the interactions of the interface in Rpn8 are
distinct from those observed in the present structure. The dimer



Fig. 1. Overall structure of MPN domain from CSN6. (a) The molecule A is in red and molecule B is in yellow. The disorder regions are shown as gray dotted lines. (b)
Superposition of molecule A and molecule B. Molecule A is in good agreement with molecule B except the helix a3. Colour schemes are the same as in (a). (c) Ribbon model of
BB́dimer. This type dimer is created by crystal packing with symmetry-related molecules (symmetry mate x, y, �z + 1). (d) Interface between molecule A and molecule B.
Residues are shown in sticks representation. The hydrogen and salt bonds are indicated by red dashed lines.

Fig. 2. Experimental scattering curve from the CSN651–187 in solution and modelling. (a): 1 – experimental SAXS curve; 2 – theoretical scattering from the high resolution
structure of AB dimer calculated by the program CRYSOL; 3 – theoretical scattering from the high resolution structure of BB́ dimer calculated by the program CRYSOL. (b): 1 –
experimental SAXS curve; 2 – scattering patterns computed from the DAMMIN model; 3 – scattering patterns computed from the GASBOR model; 4 – smooth curve back
transformed from p(r) and extrapolated to zero scattering angle for the CSN651–187. Inserts: right above – models: a – crystal structure of the AB dimer; b – superposition of
DAMMIN model and the crystallographic structure of the AB dimer; c – superposition of GASBOR model and the crystallographic structure of the AB dimer; left below – the
distance distribution functions p(r) computed by the program GNOM for CSN651–187 in solution.
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interface of Rpn8 contains hydrophobic interactions and hydrogen
bonds, and involves three helices (a1, a2 and a4) and their con-
necting loops. These differences may be responsible for different
biological functions.
3.3. Conserved Amino Acids and molecular surface properties

A multiple sequence alignment of D. melanogaster MPN domain
with its homologues shows a high degree of identity (Fig. 3A).



Fig. 3. (a) Structure based sequence alignment of CSN6 MPN domains. The sequences of MPN domains are from H. sapiens (UniProt ID: Q7L5N1), Mus musculus (UniProt
ID:Q3UIT2), D. melanogaster (UniProt ID:Q9VCY3), Caenorhabditis elegans (UniProt ID:Q95PZ0), Yarrowia lipolytica (UniProt ID: Q6C7M5), Chlamydomonas reinhardtii (UniProt
ID: Q2MJW1), Dictyostelium discoideum (UniProt ID: Q54C92) and Arabidopsis thaliana (UniProt ID:Q8W206). Strictly conserved residues are shown with a red background and
conserved residues are coloured red. Residues similar to the JAMM motif are indicated by green stars. (b) Conserved residues are mapped onto the CSN651–187 surface. Highly
conserved residues are shown in maroon, and most variable residues are shown in cyan.
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When the results are mapped onto our structure, the majority of
the conserved residues are found to be solvent-exposed (Fig. 3B).
Despite the invariant residues are widely distributed throughout
the protein, most of them are concentrated in the secondary struc-
tural elements. Meanwhile, there are several invariant residues
buried in the interior of the protein, including eight non-polar ami-
no acids (Leu56, Val60, Val80, Gly83, Leu85, Gly136, Leu165 and
Leu177) forming a hydrophobic patch. The residues that make up
the dimer interface are also highly conserved, which means that
they may play an important role in CSN6 functions and association.

The electrostatic surface potential is employed to study the fea-
tures of the present structure. CSN651–187 is strongly electronega-
tive in agreement with its theoretical isoelectric point of 5.7,
with fragmented regions of positive potential, such as a3, loop3
and part of a2 (Fig. 4A). The b4-b5 hairpin together with two heli-
ces (a3 and a4) forms a groove facing the solvent. This groove is
implied to be a site of substrate binding or protein interaction.
Apart from the charged surface, the residues involved in the groove
are well conserved (Fig. 3A). Therefore, further investigation of the
groove role in CSN6 and signalosome is essential.

3.4. Pseudo Motif

CSN5 and Rpn11 have isoprotease activity with a canonical
metalloenzyme motif [16]. The metal-binding motif, known as
JAMM and referred to as EXnHXHX7SX2D, was first identified in
A. fulgidus Af2198 [13,14]. In contrast, there is no such motif in
CSN6. However, several residues that similar to the JAMM motif



Fig. 4. (a) Electrostatic surface potential of CSN651–187 structure. Blue and red are positively and negatively charged, respectively. Grey represents neutral potential. The
positions of some regions mentioned in the article are labelled. (b) B-factor putty representation of CSN651–187. The overall structure is well-ordered except helix a3 and the
following loop. Note that the residue Asp109 appears flexible with high B-factor.
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in CSN651–187 are found in the equivalent position and located in a
loop (loop8) connecting a b strand (b6) and a helix (a3) (Fig. 1A).
Neither metal atom nor water molecule that occupies a position
equivalent to the zinc ion was found. Moreover, there is no signif-
icant anomalous X-ray scattering signal in native CSN651–187 crys-
tals. MPN domains from Rpn8 and Prp8 exhibit a partially lacked
and non-conserved JAMM motif, but they also have no ability to
bind Zn2+[15–17]. The above analysis indicates that JAMM motif
integrity is highly important to bind zinc ion. Interestingly, the
pseudo JAMM motif is not conserved in D. melanogaster CSN6
and its orthologs (Fig. 3A). Previous studies have shown that JAMM
motif is not essential for function of inactive MPN domains accord-
ing to the biochemical and mutational analysis [27]. Thus, we can
conclude that this pseudo motif in CSN6 has no physiological func-
tions along with the loss of the isopeptidase activity.

3.5. Comparisons with MPN homologues

The model of CSN651–187 was submitted to the DALI server [12]
to identify a range of structural related proteins. According to the
search results, a number of structural homologues were found,
including Homo sapiens Rpn8 (26S proteasome regulatory subunit
N8; PDB entry 2O96), Homo sapiens AMSH-LP (STAM binding pro-
tein-like 1; PDB entry 2ZNR), A. fulgidus Af2198 (hypothetical pro-
tein; PDB entry 1OI0), Saccharomyces cerevisiae Prp8 (pre-mRNA
splicing factor; PDB entry 2OG4). All of those proteins display a
canonical MPN domain core [13–19]. Despite the low sequence
homology (17%), CSN6 MPN domain is similar to other MPN mem-
bers in architecture, adopting a three-layer sandwich fold.
In addition to structural similarity in all of MPN domains, the
CSN651–187 protein exhibits several unique characteristics that
may be important to CSN6 function (Fig. 5A).

The most prominent difference is the protruding helix a3. In
CSN651–187, helix a3 introduces �90� bend along the correspond-
ing helix in other proteins. Superimpositions of chain A and chain
B result in r.m.s.d value of 0.352 Å (121 Ca atoms) (Fig. 1B). The
only notable difference is the helix a3. It is tempting to explain
the matter by a considerable flexibility of this segment. Evidently,
B-factor of a3 helix is significantly higher and tends to correlate
with structural flexibility. It is worth noting that the pseudo JAMM
motif resides in this region. In addition to the partial motif, loop8 is
also incompletely traced, probably due to the conformational flex-
ibility (Figs. 1A, 4B). Furthermore, this helix interacts with neigh-
bouring molecules in the crystal lattice via a combination of salt
bonds and hydrogen bonds (Fig. 5B). Together, it is possible to de-
duce that this segment participates in the protein–protein interac-
tion rather than in binding of the substrate as a pocket. Helix a3
expands away from the MPN core and may be relevant to an un-
known functional area.

Intriguingly, helix a4, observed in the present structure, corre-
sponds to helix a3 in other JAMM family structures [15–19]. It
seems that the place where helix a3 should reside in is taken by
shorter helix a4 and the following loop10. In AMSH-LP, there are
several residues from helix a3 involved in the distal ubiquitin
binding [18]. These equivalent residues are not observed in a3 he-
lix of CSN651–187, but appear in a4 helix and loop10. Among these
residues, Ser173 and Asp175 are absolutely conserved, and Thr363
in AMSH-LP is converted to Ser184 in CSN651–187. These observa-



Fig. 5. (a) CSN651–187 (blue) is superimposed to MPN domains of Rpn8 (left above) (wheat), AMSH-LP (right above) (yellow), Af2198 (left below) (orange) and Prp8 (right
below) (green). The regions of CSN6 are different from others in red colour. (b) Crystal packing of the CSN6 MPN domain. Helix a3 and the following loop (magenta) in the
central (cyan) molecule make interactions with several regions (orange) of neighbouring molecules (green). The hydrogen and salt bonds involved in interactions are shown
in the inset, and these residues are labelled.
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tions demonstrate that a4 may participate in ubiquitin or ubiqui-
tin-like proteins binding.

Another unique feature is found in the b-hairpin, which repre-
sents an open conformation in our structure, rather than locks to-
ward the metal binding pocket in other JAMM family members
[15–19]. This hairpin has been proposed to interact with ubiquitin
in the deubiquitination process [18]. In principle, the hairpin must
undergo structural variation to allow the substrate access to the
active site. However, none of MPN structures exhibits a consider-
able plasticity for this hairpin except CSN651–187. In the case of
AMSH-LP, Asp321 in the intervening loop closes down onto the ac-
tive site, and it is well ordered regardless of whether the substrate
is free or not [18,19]. Likewise, Asp65 in Rpn8 and Ser2235 in Prp8
block their putative active sites [15–17]. Unlike the structures
mentioned above, the corresponding residue Asp109 in
CSN651–187 is flexible with high temperature factors (Fig. 4B). Thus,
this hairpin in CSN651–187 represents a flexible open state, perhaps
to ensure correct localization of substrate during CSN5 catalyzed
deneddylation process.

At last, other classic domains could not be expressed as solu-
ble proteins without extension, except the Af2198 [16,18–19]. At
the same time, CSN5 expression results support observations
(unpublished data) mentioned above. In contrast, the MPN
domain in CSN6 is soluble during expression. The aliphatic and
instability indices (95.33 and 37.17, respectively) also indicate
that CSN651–187 is a stable protein. It is, therefore, reasonable
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to believe that the MPN domain of CSN6 is an independent
structure and function, not a subdomain like other MPN-contain-
ing proteins.

In conclusion, CSN6 MPN domain is an interaction domain in-
stead of a metalloprotease, and it may represent a new function
based on structural comparisons.

4. PDB accession number

Atomic coordinates and structure factors of CSN651–187
were deposited in the Protein Data Bank under accession number
4E0Q.
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