Biochemical and Biophysical Research Communications 450 (2014) 991-997

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Electron microscopy and in vitro deneddylation reveal similar
architectures and biochemistry of isolated human and Flag-mouse COP9
signalosome complexes

@ CrossMark

Beate Rockel?, Tilo Schmaler ®, Xiaohua Huang ®, Wolfgang Dubiel >*

4 Department of Molecular Structural Biology, Max-Planck-Institute of Biochemistry, Am Klopferspitz 18, 82152 Martinsried, Germany
b Division of Molecular Biology, Department of General, Visceral, Vascular and Thoracic Surgery, Charité — Universititsmedizin Berlin, Charitéplatz 1, 10117 Berlin, Germany

ARTICLE INFO ABSTRACT

Article history:
Received 3 June 2014
Available online 25 June 2014

The COP9 signalosome (CSN) is a regulator of the ubiquitin (Ub) proteasome system (UPS). In the UPS,
proteins are Ub-labeled for degradation by Ub ligases conferring substrate specificity. The CSN controls
a large family of Ub ligases called cullin-RING ligases (CRLs), which ubiquitinate cell cycle regulators,
transcription factors and DNA damage response proteins. The CSN possesses structural similarities with

l<€yW0def the 26S proteasome Lid complex and the translation initiation complex 3 (elF3) indicating similar ances-
E%PQ signalosome try and function. Initial structures were obtained 14 years ago by 2D electron microscopy (EM). Recently,
1

first 3D molecular models of the CSN were created on the basis of negative-stain EM and single-particle
analysis, mostly with recombinant complexes.

Here, we compare deneddylating activity and structural features of CSN complexes purified in an elab-
orate procedure from human erythrocytes and efficiently pulled down from mouse Flag-CSN2 B8 fibro-
blasts. In an in vitro deneddylation assay both the human and the mouse CSN complexes deneddylated
Nedd8-Cul1 with comparable rates. 3D structural models of the erythrocyte CSN as well as of the mouse
Flag-CSN were generated by negative stain EM and by cryo-EM. Both complexes show a central U-shaped
segment from which several arms emanate. This structure, called the horseshoe, is formed by the PCI
domain subunits. CSN5 and CSN6 point away from the horseshoe. Compared to 3D models of negatively
stained CSN complexes, densities assigned to CSN2 and CSN4 are better defined in the cryo-map. Because
biochemical and structural results obtained with CSN complexes isolated from human erythrocytes and
purified by Flag-CSN pulldown from mouse B8 fibroblasts are very similar, Flag-CSN pulldowns are a
proper alternative to CSN preparation from erythrocytes.
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1. Introduction

The CSN forms supercomplexes with CRLs and inhibits their
ubiquitinating activity by deneddylation [1]. CSN-mediated dened-
dylation protects CRL components from autoubiquitination and is
necessary for their remodeling [2]. This allows adaptation of the
UPS to changed substrate specificity requirements.

Initial structural analysis of the CSN complex was published in
2000, where the purified complex from human erythrocytes was
investigated using negative-stain EM [3]. In these studies, images
of the CSN and the 26S proteasome Lid complex revealed similar
architectures. In addition, there is significant structural similarity
with the translation initiation complex 3 (elF3) [4]. In mammalian
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cells, the three complexes (CSN, Lid and elF3 also summarized as
ZOMES) are composed of six (Proteasome, COP9 signalosome, Initi-
ation factor elF3) PCI-domain and two (MOV34, Pad1 N-terminal)
MPN-domain subunits. Additional progress in the field was
recently obtained by EM and single particle analysis, which gener-
ated a 3D molecular model for the CSN [5,6]. CSN subunits loca-
tions were predicted on the basis of comparison with homologs
in the Lid defined by recent EM studies [7,8]. In this model, PCI
domains form a horseshoe-shaped complex, from which the
extended N-terminal domains radiate. The four largest PCI-sub-
units (CSN1, CSN2, CSN3, and CSN4) seem to dock into the central
region of the arc, which is capped at each end by the shorter PCI-
subunits CSN7 and CSN8. The MPN-subunits CSN5 and CSN6 are
predicted to generate a protrusion on the side opposite the PCI sub-
units [6]. Interestingly, this arrangement is reminiscent of the
horseshoe-like structure described for the PCI domains of 26S pro-
teasome Lid complex [7].
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The JAMM/MPN+ domain protein CSN5 is responsible for the
CSN-mediated deneddylation [9]. Free CSN5 is inactive and needs
structural rearrangements in the CSN holo-complex for activation
[10], analogous to the catalytic subunit of the proteasomal Lid,
Rpn11 [11,12]. Kinetic studies [13] revealed that the CSN is an effi-
cient enzyme using neddylated Cull as substrate with a k¢, of
approximately 1s~' [13].

In recent years, negative-stain models of the CSN were obtained
with recombinantly expressed CSN complexes [5,6]. Here we pres-
ent structural data of native CSN isolated from human erythrocytes
confirming former models. Moreover, to switch from the time-con-
suming (2-3 weeks) procedure of CSN preparation from human
erythrocytes to the more efficient (2-3 days) protocol of Flag-
CSN pulldown, we characterized CSN complexes obtained from
Flag-CSN2 mouse B8 fibroblasts [14]. Obtained results reveal sim-
ilar architecture and deneddylation activity of CSN complexes iso-
lated from human red blood cells and pulled down from mouse B8
fibroblast.

2. Materials and methods
2.1. Biochemical analyzes

The CSN was isolated from human erythrocytes according to a
published protocol [15]. Flag pulldowns were described before
[16]. Flag-CSN complexes pulled down from mouse B8 cells stably
expressing Flag-CSN2 were eluted from Flag beads (Sigma) and
concentrated by Ultracel-30k (Millipore) 10 times. The CSN con-
centrate was loaded on a density glycerol gradient and centrifuged
for 4 h at 60.000 RPM using a TLA 100.3 (Beckman) [17]. CSN-
containing fraction (approximately 17-18% glycerol) was used for
further analysis. Den1 was subcloned in pGEX4T3 (Amersham)
and pQE (Invitrogen) vectors. GST- and His-Den1 were purified
under non denaturing conditions. Nedd8-GFP fusion plasmid was
kindly provided by Michael Glickman. Purification of Nedd8-GFP
was carried out under denaturing conditions according manufac-
ture specifications. Deneddylation of Nedd8-GFP was performed
for 30 min at 37 °C in buffer containing 30 mM Tris, 10 mM KCl,
5mM DTT (pH 7.8). The Cull plasmid was obtained from Zeng
and Schulman and purified according to a published protocol
[18]. In vitro neddylation of the construct consisting of Cull associ-
ated to Rbx1 was performed as described [19]. Residual unconju-
gated Nedd8 was removed by an additional GST-purification
step. Deneddylation was conducted in 20 mM Tris HCIl, pH 8.0,
200 mM NaCl and 5 mM DTT without elution of the Nedd8-Cul1-
Rbx1 (approximately 60 kDa) from GST-beads. Samples were taken
after incubation at 37 °C for indicated times, boiled in sample
buffer and analyzed by western hybridization with indicated
antibodies.

2.2. Electron microscopy

2.2.1. Data acquisition

For negative-staining, CSN particles were applied on carbon
coated copper grids, incubated for 1 min, washed 2x with buffer
(20 mM Tris, 0.5 mM DTT, 20 mM KCl, pH 7.2) and subsequently
stained with 2% uranyl acetate. Images were collected at 200 kV
at a TecnaiF20 electron microscope equipped with an Eagle camera
(pixel size 15 pm, magnification 84271 x). For cryo-EM, CSN com-
plexes were incubated on ice for 1 min on Quantifoil 2/1 or 3.5/1
grids that carried an additional carbon film. Subsequently, grids
were mounted, washed with buffer and plunged. Focal pairs were
recorded at 200 kV (TecnaiF20, magnification 84271x, pixel size
on object level 0.178 nm) and under low-dose conditions with
approx. 15 e /A? (Fig. S1). Negative stain tilt series were recorded

at a magnification of 67873 x (tilt range —60° to +60°, angular
increment 3°). In total 5 tilt series were recorded at a target defo-
cus of —2 pm.

2.2.2. Image processing

Micrographs were visually screened for drift, astigmatism, and
visibility of Thon rings in the power spectrum. The contrast trans-
fer function was determined and micrographs were deconvoluted
by phase flipping using the TOM-software [20]. Particles were
either detected using the “swarm”-option in EMAN2 [21] or by
using a low-resolution reference as search model. Particles
detected with a search reference were subsequently inspected in
EMANZ2. In cryo-images, the positions of the particles were deter-
mined on the far-from-focus images and particles were extracted
from the close-to-focus images; focal pairs were aligned using
EMANT1 [21]. All particle stacks were submitted to reference-free
alignment via maximum likelihood classification (ML2D, XMIPP)
in order to detect contaminations, overlapping particles, etc. and
to remove them from the data-sets. The remaining particle stacks
contained 61236 (HsCSN/negatively stained), 51105 (MmCSN/neg-
atively stained), 61235 (HsCSN/ice-embedded), and 98865
(MmCSN/ice-embedded) particles, respectively. 3D-reconstruction
was performed in XMIPP [22]. As initial models either the average
of aligned subtomograms of negatively stained MmCSN particles
(see below) or a model computed from the available high resolu-
tion data of Lid/CSN, which was filtered extensively (see Fig. 3C,
4B and C) was used. The resolution (FCSgs) was estimated by sep-
arating the particles assigned to each class into an odd and even
half, reconstructing the respective 3D-structures and computing
the FSC (Fig. S2). Visualization and docking was performed in UCSF
Chimera [23]. All image analysis steps were performed with parti-
cle images rescaled to a pixel size of 0.356 nm.

Image processing of the tomograms was performed using the
tom-toolbox [20]. In order to obtain a search model for the detec-
tion of particle positions in the tomograms, 145 particles were
selected manually from one of the tilt series. One of the particle
volumes was used as initial reference for the alignment of the
remaining particles, and the resulting average was subsequently
used as search template for the screening of all tomograms. Parti-
cle positions were confirmed by visual inspection. In total, 1704
particles were extracted in 64x64 x64 boxes (1x binning, resulting
pixel size 0.441 nm). Alignment of the particle-volumes was per-
formed in Pytom [24].

2.2.3. Accession numbers

The accession numbers for the 3D models of native human and
mouse CSN complexes at the Electron Microscopy Data Bank
(EMDB) are: EMD-2569 (HsCSN/negatively stained), EMD-2570
(MmCSN/negatively stained), and EMD-2571 (HsCSN/ice-
embedded).

3. Results and discussion

3.1. CSN complexes isolated from human erythrocytes and mouse B8
fibroblasts possess comparable deneddylating activity

In our experiments CSN complexes from two different sources
were compared: first, CSN, purified from human erythrocytes
[15] and second, CSN, pulled down from Flag-CSN2-B8 mouse
fibroblasts [14]. For quality control, CSN preparations were charac-
terized by mass spectrometry and by Western blotting
[14,15,25,26]. In the CSN complexes from both origins all eight
CSN subunits were found in approximately stoichiometrical
amounts. For monitoring deneddylating activity in an in vitro
assay, initially, we searched for a suitable substrate. Data shown
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Fig. 1. Comparison of deneddylating activity of CSN complexes obtained from human erythrocytes and mouse B8 fibroblasts using an in vitro deneddylation assay. (A) The
substrates Ub-AMC (gray scale, left site) and Nedd8-AMC (black scale, right site) were tested in the presence of the CSN, a pool obtained after the DEAE step of CSN
preparation from human erythrocytes [15] and recombinant Den1 as another known deneddylase. Fluorescence caused by hydrolysis of the fluorogenic polypeptides (2 uM)
was measured at Ex = 380 nm and Em = 460 nm for 10 min at room temperature. (B) Linear Nedd8-GFP fusion protein was incubated with Den1 (2 pM) and with purified CSN
(2 uM). Incubations were carried out for 30 min at 37 °C. (C) Cleavage of the substrate Nedd8-Cul1l by CSN (0.02 nM) and Den1 (2 uM). The reaction was carried out at room
temperature for indicated time. Upper panel, left site, shows in vitro neddylation plus washing of the Nedd8-Cul1 construct. (D) Deneddylation of Nedd8-Cul1 by the CSN
purified from human erythrocytes can be inhibited by 5 mM OPT. The reaction was carried out at 37 °C. (E) Cleavage of Nedd8-Cul1 by Flag-CSN complex (0.025 uM) pulled

down from mouse B8 fibroblasts.

in Fig. 1A demonstrate that purified human CSN was not able to
cleave Ub-AMC under our conditions. This is also true for recombi-
nant deneddylase 1 (Den1), which was used as an additional den-
eddylating enzyme for comparison. In contrast, the DEAE pool,
which was obtained during the preparation of the CSN [15] and
which was most likely contaminated with all kinds of deubiquiti-
nating enzymes, cleaved Ub-AMC very efficiently. As expected,
Den1 specifically hydrolyzed Nedd8-AMC in contrast to the puri-
fied CSN and the DEAE pool. Our data confirm earlier observations
on the specificity of Den1 to Nedd8 [27] and show that the CSN
cleaved neither Ub- nor Nedd8-AMC [28]. Therefore, we tested
another potential substrate, the linear fusion protein Nedd8-GFP.
As seen in Fig. 1B, Nedd8-GFP was hydrolyzed by Den1 but not
by the human CSN, an observation also described in former studies
[28].

Since neither fluorogenic polypeptides nor the linear Nedd8-
fusion protein were appropriate substrates for the CSN, neddylated
Cull was produced using recombinant Cull-Rbx1 construct
[19,29]. The disappearance of neddylated C-terminal 5-His-Cull/
Rbx1 (Nedd8-Cull) and the formation of deneddylated C-terminal
5-His-Cul1/Rbx1 (Cull) were visualized by Western blotting using
the anti-5-His antibody (Fig. 1C). Obviously, 0.02 uM CSN cleaved
Nedd8-Cull more efficiently as compared to 2 M Den1. To control
specificity of the reaction, cleavage of Nedd8-Cull by the purified
CSN was inhibited by 5 mM of the metalloprotease inhibitor o-
phenanthroline (OPT) leading to a complete block of deneddylation
(Fig. 1D). Our results underline the high specificity of the CSN for
the cleavage of Nedd8-Cull. In addition, the CSN is much more effi-
cient than Den1 in cleaving Nedd8-Cul1, making a simple substitu-
tion of CSN by Den1 unlikely [17].
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Fig. 2. Negative-stain analysis of CSN complexes from mouse fibroblasts and human erythrocytes. (A and B) Negatively stained CSN particles from human erythrocytes
(A) and mouse fibroblasts (B) with corresponding class averages as insert. (C) Initial 3D-model of mouse CSN obtained by single-particle electron tomography.

10 nm

Fig. 3. 3D-reconstructions of negatively stained native CSN complexes. (A and B) 3D-models of native human and mouse CSN, respectively. (C) Overlay of the high resolution
structure of the 26S proteasome Lid (ribbon model, PDB-entry: 4B4T) with the negative-stain envelope of human CSN in “front view” (shown as mesh). Ribbon models shown
in red are the high resolution models of CSN subunits CSN1 (PDB-entry: 4LCT), CSN4 (PDB-entry: 1TUFM), CSN5 (PDB-entry: 4F70), CSN6 (PDB-entry: 4E0Q), CSN7 (PDB-entry:
3CHM) docked at their position in the EM-envelope, which were selected according to their homology to the respective Lid subunits. Upper panels “front views”, middle
panels “back views”, lower panels “top-view” (rotated by 90° about the horizontal axis). Note that compared to the Lid subunit Rpn9, the N-terminus of CSN7 lacks a number
of helical repeats (see also [5]), which flank the winged helix in both subunits. (D) Models of the Lid and the CSN complexes. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Cryo-EM of native mammalian CSN complexes. (A) Gallery of class averages obtained by maximum likelihood classification. (B) Initial reference for ML3D alignment
constructed from the available high-resolution data of CSN and Lid (see also Fig. 3C). (C) Projections through the initial reference (left) and through the final 3D-model (right)
at an angular spacing of 30°. (D) Cryo-structure of native human CSN. Upper panel: surface-representation, domains are segmented and color coded; lower panel: mesh-
representation with ribbon structures of Lid and the CSN subunits, coordinates for CSN subunits are colored, the coordinates for Lid-Rpn9 are not shown. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Then we asked whether Flag-CSN pulled down from mouse B8
fibroblasts has deneddylating activity and, if so, whether it is com-
parable with the activity of human erythrocyte CSN. In Fig. 1E the
deneddylating activity of the Flag-CSN is shown. Data obtained by
densitometry indicated that there was no significant difference
compared to the deneddylating activity of purified CSN from
human erythrocytes (see Fig. 1C), which was characterized by a
deneddylation rate of 0.7 pmol/min/pmol CSN. The deneddylation
rate of Flag-CSN pulled down from mouse B8 fibroblasts was
0.5 pmol/min/pmol CSN. Kinetic features of our CSN complexes
shown here are very similar compared to the kinetic data described
by Deshaies and co-workers [13].

3.2. Electron microscopy of the native mammalian CSN

In order to test, whether CSN particles from mouse B8 fibro-
blasts are a proper alternative to human complexes, we have sub-
mitted CSN complexes from both sources to single particle electron
microscopy. Negatively stained CSN complexes from human red
blood cells [15] and mouse fibroblasts [14] appeared to be similar
with regard to particle distribution and the shape of typical class
averages (Fig. 2A and B). In order to compare their structures also
on a 3D-level, we have subjected both data sets to projection
matching using a 3D-model obtained by negative-stain tilt-series
of mouse CSN (Fig. 2C) as initial reference (see Section 2). The
reconstructions obtained have a resolution of ~1.9 nm and are
approximately triangular with a horseshoe structure at the front,

from where masses emanate (Fig. 3A and B). At their back, the
3D-models display a segment of a circle that connects the upper
two corners of the triangle. To better interpret these structures,
we have compared the CSN density with the high resolution struc-
ture of the Lid [30]. Based on their homology to the Lid subunits
and the localization proposed in earlier structural studies of the
CSN [5,6], we have labeled the densities of the negative-stain
reconstruction (Fig. 3C). Both mouse and human CSN 3D-structures
show the horseshoe formed by subunits CSN1 (Rpn7), CSN2
(Rpn6), CSN3 (Rpn3), CSN4 (Rpn5), CSN7 (Rpn9), CSN8 (Rpn12),
which interact via their PCI-domains (see models in Fig. 3D), and
they agree well with the high resolution structure of the Lid [30].
However, whereas subunits CSN4, CSN1, CSN3 and CSN8 are well
presented, our 3D-reconstructions lack the N-terminal density of
CSN2. Also, the density attributed to CSN7 does not extend over
a number of helical repeats of the corresponding Lid subunit
Rpn9, but in this case the corresponding sequence stretch is not
present in CSN7 (Fig. 3C).

In the Lid, Rpn11 (corresponding to CSN5) points away from
the horseshoe plane. In our negative-stain reconstructions of
CSN there is no room to accommodate CSN5; however, there is
unoccupied density at the opposite position of the horseshoe
(Fig. 3C, lower row, arrow). This potential dislocation might be
a consequence of flattening, potentially occurring in conjugation
with negative-stain and prompted us to analyze ice-embedded
CSN complexes as well (Fig. S1). With ice-embedded human
CSN particles we observed more different class averages than
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with negatively stained CSN particles (compare Figs. 2A and B
with 4A), which implies that the former might adopt a larger
number of different orientations on the EM-grid. Since for further
3D-analysis the average obtained from negatively stained parti-
cles appeared not to be a good initial model, we have constructed
another starting model using the available high resolution data of
Lid/CSN, which we have filtered extensively (see Figs. 3C, 4B).
This reference was used for a set of 3D maximum likelihood runs
(XMIPP, [22]) and resulted in a 3D-structure of 2.7 nm resolution
(Fig. 4D, S2) the projections of which resembled the class aver-
ages obtained in the ML2D runs (Fig. 4C).

Albeit they share the same basic features, the cryo-structure
of native CSN is more delicate than the negative-stain structure.
It consists of a U-shaped central segment from which several
arms emanate radially - the horseshoe. At the back, a mass
sticks out perpendicularly from the horseshoe-plane. In analogy
to the position of the MPN-subunits Rpn11 and Rpn8 in the
Lid, this is the likely location for CSN5 and CSN6. Also at the
back, the two ends of the horseshoe are connected by an elon-
gated mass. Compared to the negative-stain structure, the densi-
ties assigned to CSN2 and CSN4 appear to be better defined in
the cryo-map. In both maps of native CSN, CSN4 is better defined
or in a different conformation than in the negative-stain model
of recombinant CSN (Fig. S3). Interestingly, the classes obtained
with ML3D mainly differ in the shape of the horseshoe. This
can be observed in both native CSN complexes isolated from
human and from mouse cells (Fig. S2). A kind of unusual horse-
shoe is also seen in the recently published cryo-structure of elF3
(Fig. S3 E) [4].

Our structural studies represent a continuation of earlier EM
analysis [3]. More than 10 years ago 2D negative-stain EM revealed
the first structural model of the purified CSN from human erythro-
cytes. Recently, Morris and co-workers created first 3D models
using single-particle analysis [5,6]. These studies were performed
with recombinant CSN complexes. Here, we show the structure
of native mammalian CSN complexes isolated from human red
blood cells or mouse B8 fibroblasts. Our structures resemble the
negative-stain CSN structure recently published by Morris and col-
leagues albeit there also are some structural differences. Compared
to negatively stained CSN particles, CSN particles embedded in ice
apparently adopt a wider range of different orientations (Fig. S2),
however, this wider range and the large number of particles did
not result in higher resolution. Maybe the low signal-to-noise ratio
of the particles that were vitrified on a thin carbon film did prevent
a successful separation of potentially different CSN conformations.
The relatively low resolution of the reconstructions obtained
(2.7 nm) does not allow detailed analyzes of the subunit conforma-
tions. Still, an interesting observation was the apparent variable
conformation of the horseshoe. This raises the question, whether
this structural unit is really flexible, and whether factors like phos-
phorylation might influence its conformation, perhaps for adapting
it for specific interactions.

Because CSN subunits are highly conserved, it is not surprising
that mouse and human CSN particles possess similar features.
However, the two methods of CSN isolation vary significantly
and might influence biochemical and structural properties of the
particles differently. The purification of the human CSN from out-
dated erythrocyte concentrate conserves is an elaborated and
costly procedure lasting approximately 3 weeks. It includes several
chromatographic as well as density gradient steps [15]. The
Flag-CSN pulldown is less expensive and takes only 3 days. Because
biochemical and structural results obtained with CSN complexes
isolated from human erythrocytes and purified by Flag-CSN pull-
down from mouse B8 fibroblasts are very similar, Flag-CSN
pulldowns are a proper alternative to purified human erythrocyte
complexes.
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