
Biochemical and Biophysical Research Communications 435 (2013) 250–254
Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Localization of the regulatory particle subunit Sem1 in the 26S proteasome

Stefan Bohn 1, Eri Sakata 2, Florian Beck, Ganesh R. Pathare, Jérôme Schnitger, Istvan Nágy,
Wolfgang Baumeister ⇑, Friedrich Förster ⇑
Max-Planck Institute of Biochemistry, Department of Molecular Structural Biology, D-82152 Martinsried, Germany

a r t i c l e i n f o a b s t r a c t
Article history:
Received 17 April 2013
Available online 1 May 2013

Keywords:
26S proteasome
Sem1
Proteasome-COP9-initiation factor domain
TREX-2
Cryo-electron microscopy
0006-291X/$ - see front matter � 2013 Elsevier Inc. A
http://dx.doi.org/10.1016/j.bbrc.2013.04.069

Abbreviations: PCI, proteasome-COP9-initiation f
regulatory particle; XL/MS, cross-linking/mass-spectr
⇑ Corresponding authors. Fax: +49 89 8578 2641.

E-mail addresses: baumeist@bichem.mpg.de (W. B
mpg.de (F. Förster).
1

Current address: Department of Cellular and Molecula
California, San Francisco, CA, USA.
2

Current address: Department of Molecular Biophy
University, School of Medicine, New Haven, CT, USA.
The ubiquitin–proteasome system is responsible for regulated protein degradation in the cell with the
26S proteasome acting as its executive arm. The molecular architecture of this 2.5 MDa complex has been
established recently, with the notable exception of the small acidic subunit Sem1. Here, we localize the C-
terminal helix of Sem1 binding to the PCI domain of the subunit Rpn7 using cryo-electron microscopy
single particle reconstruction of proteasomes purified from yeast cells with sem1 deletion. The approxi-
mate position of the N-terminal region of Sem1 bridging the cleft between Rpn7 and Rpn3 was inferred
based on site-specific cross-linking data of the 26S proteasome. Our structural studies indicate that Sem1
can assume different conformations in different contexts, which supports the idea that Sem1 functions as
a molecular glue stabilizing the Rpn3/Rpn7 heterodimer.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The 26S proteasome is a cytosolic self-compartmentalizing pro-
tease capable of degrading proteins that are either defective or no
longer needed by the cell [1]. Most proteasomal substrates to be
degraded are marked for degradation by the covalent fusion of
polyubiquitin, which confers selectivity to the 26S proteasome
[2]. The 26S proteasome consists of the 20S core particle (CP),
which is also found in archaea and some bacteria, and the eukary-
ote-specific 19S regulatory particle (RP), which caps one or both
ends of the cylinder-shaped CP. The CP hosts the proteolytically ac-
tive sites whereas the RP is responsible for substrate binding,
unfolding of the substrate and its translocation into the CP, but also
for removing the polyubiquitin chain.

The high-resolution structure of the CP has been determined al-
most two decades ago [3,4] but only recently the architecture of
the RP has been revealed by cryo-electron microscopy (EM) [5–
7]. Using different approaches atomic models of all canonical RP
subunits have been located unambiguously in cryo-EM maps with
the notable exception of one subunit, namely the 89-residue acidic
subunit Sem1 [7].
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Sem1 was identified as a subunit of the lid subcomplex of the RP
[8,9]. Like the other proteasome subunits, Sem1 is conserved
throughout eukaryotes and its ortholog in mammals is DSS1 (De-
leted-in-Split-Hand/Split-Foot-1). Due to its relatively small size
it has been difficult to determine its stoichiometry, but different
biochemical experiments suggested that Sem1 is a stoichiometric
component [8,10]. Cross-linking analysis and identifications of
assembly intermediates indicated that Sem1 may form a sub-com-
plex with the proteasome subunits Rpn3 and Rpn7 [11–13]. How-
ever, the precise interaction sites could not be mapped so far. Sem1
has been shown to mediate the association of proteasomes with
sites of DNA double strand breaks [14], but the precise function
of Sem1 in the 26S proteasome remained enigmatic.

Sem1 is also a component of at least three other complexes: the
E3 ligase complex BRCC [15], the TREX-2 transcription-export
complex [16,17], and the Thp3–Csn12 complex involved in tran-
scription elongation [17,18]. Whether this promiscuity of Sem1 re-
flects a functional interplay among the involved complexes or hints
at a general structural role of Sem1 in stabilizing these complexes
is unclear. In yeast Sem1 deletion is not lethal albeit the strains are
temperature-sensitive [15], whereas DSS1 is essential in the
embryonic development of higher eukaryotes [19].

Sem1/DSS1 has been co-crystallized in two complexes. When
bound to BRCA2, a subunit of BRCC complex, DSS1 exhibits only
short secondary structure elements and it wraps around BRCA2
[20]. In the TREX-2 transcription-export complex, the C-terminal
19 residues of Sem1 form an a-helix, which binds to Thp1, whereas
the remaining N-terminal region, which wraps mostly around
Thp1, is essentially devoid of secondary structure elements [21].
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Structural studies of Sem1 suggested that its interaction partner
co-determines its structure. The architecture of Thp1 is common
with that of Rpn3 and Rpn7, N-terminal tetratricopeptide-like re-
peats (TPRs) followed by a proteasome-COP9-inititiation factor
(PCI) domain. This has led to the proposal that Sem1 binds simi-
larly in the 26S proteasome as observed in the TREX-2 complex
[21].

In this study, we localize Sem1 in the RP by comparison of cryo-
EM maps of wild-type Saccharomyces cerevisiae 26S proteasomes
with holocomplexes from sem1 deletion (sem1D) strains. The re-
sults are consistent with data from chemical cross-linking in con-
junction with mass-spectrometry (XL-MS), which specify the
location of the Sem1 C-terminus. Our results show that Sem1 binds
to the proteasomal PCI subunits in a different manner from that
observed in the TREX-2 complex and support the idea that the pri-
mary role of Sem1 is a stabilization of the Rpn3/Rpn7 heterodimer.
2. Materials and methods

2.1. Purification, knock-out and reconstituted complex

For cryo-EM reconstruction, intact 26S proteasomes from wild-
type and Sem1 deletion strain were purified via RPN11-3�FLAG
tag (yeast background W303), as described previously [22]. The
eluate was further enriched [23] and analyzed by MS. The enriched
fraction of the double-capped 26S proteasomes was used for fur-
ther analysis. For co-expression, 8�His-Rpn7 and TEV-cleavable
GST-Sem1 from Drosophila melanogaster were expressed in Esche-
richia coli BL21-codon plus (DE3) RP cells. The Rpn7-Sem1 complex
was purified by subsequent NiNTA (50 mM Tris pH 8.0, 150 mM
NaCl, 20 to 250 mM imidazole) and GST-tag pulldown with
(20 mM Tris pH 7.5, 150 mM NaCl). The GST tag was removed from
Sem1 by TEV cleavage.

2.2. Cryo-EM

26S proteasomes were applied to holey carbon grids (Quantifoil
Micro Tools, Germany), vitrified and imaged using a Titan Krios
microscope at 200 kV (final magnification: 150 k; object pixel size:
Fig. 1. Current structure and atomic model of the 26S proteasome from S. cerevisiae. (A) C
2135). The atomic model (PDB code: 4b4t) is shown in black, with Rpn3 in light green and
terminal PCI domain of Rpn7, unassigned densities (⁄ and ⁄⁄), one of which rod-shaped
either Rpn7 or Rpn3.
1 Å) in an automated manner using TOM2 [24]. The contrast trans-
fer function was determined and micrographs were deconvoluted
by phase-flipping in TOM [25]. From 6619 micrographs, 215,480
particles were selected based on [26], and 3D reconstruction was
performed using XMIPP [27].
3. Results

3.1. A rod-like density near the helices of the Rpn7 winged helix motif
is unassigned in the wt map

It has been shown previously that the PCI subunits assemble
into a horseshoe-shaped module with the subunit order Rpn9,
Rpn5, Rpn6, Rpn7, Rpn3, and Rpn12 [5,6,28]. The PCI domains form
the inter-subunit contacts in the horseshoe module. The atomic
models of the Rpn7 and Rpn3 PCI domains explain the electron
density of the wildtype 26S proteasome in the corresponding area
with the exception of a rod-like density at the Rpn7 flank that faces
the neighboring PCI subunit Rpn3 and some density stretch con-
necting Rpn3 and Rpn7 (Fig. 1). More precisely, the unassigned
rod-like density is positioned near the three helices of the winged
helix motif of Rpn7 [29]. This rod-like density is approximately
1 nm in diameter and 3 nm in length, which corresponds to an
a-helix of approximately 20 amino acid residues.

3.2. Sem1 is closely associated to PCI subunit of Rpn7

Biochemical data suggest that Sem1 forms a sub-complex with
Rpn3 and Rpn7 [11,12]. Thus, we hypothesized that the unassigned
density at the Rpn7 flank may correspond to a segment of Sem1. In
the crystal structure of the TREX-2 complex Sem1 has a 19-residue
helix at its C-terminus, which would be a plausible candidate for
the rod-like density.

To characterize the binding of Sem1 structurally, we purified
26S proteasomes from a strain lacking the gene sem1 for subse-
quent single particle cryo-EM analysis. MS analysis of the purified
sem1D-26S proteasome showed that all canonical proteasomal
subunits except for Sem1 are present in approximately equal
amounts (Fig. S1). Compared to wt-26S preparations comparable
ryo-EM density of the asymmetric unit of the wildtype 26S proteasome (gray, EMDB
Rpn7 in dark green. (B) Enlarged view of Rpn3 and Rpn7. In close proximity to the C-

resembling an a-helix (⁄), can be observed. These densities cannot be attributed to
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amounts of intact 26S holocomplexes were present in the sem1D-
26S preparations used for EM (Fig. S1). The single particle recon-
struction of the sem1D-26S proteasomes exhibited a resolution of
10.4 Å (Fourier Shell Correlation, FSC = 0.5) or 8.3 Å for FSC = 0.3
(Fig. 2, S2). The density of the sem1D-26S proteasome is signifi-
cantly different from that of the wt-26S proteasome indicating that
Sem1 is indeed a stoichiometric component of the 26S proteasome.
Comparison of the sem1D-26S map to the density of the wt-26S
proteasome [7] filtered to the same resolution by means of a differ-
ence map reveals that the rod-like density adjacent to the Rpn7 PCI
domain is not present in the sem1D density. Considering that the
N-terminal region of Sem1 does not exhibit a defined tertiary
structure in any crystal structures [20,21], we assigned the rod-like
density as the C-terminal helix of Sem1.

Assembly studies of the proteasome suggested that the interac-
tion of Sem1 with Rpn7 is stronger than that with Rpn3 [13]. It was
suggested that these two subunits might form a stable heterodi-
mer. To verify the physical interaction of Rpn7 with Sem1, we
co-expressed Rpn7 and GST-Sem1 in E. coli cells. Indeed, Rpn7
co-purifies with Sem1 (Fig. S3), indicating the tight interaction be-
tween these two proteins. In addition to this most pronounced dif-
ference upon Sem1 removal we also observed more subtle
structural differences in the regions corresponding to Rpn7 and
Rpn3 suggesting that Sem1 impacts the structure of these subunits
as well.
3.3. Model of Sem1 in the 26S holocomplex

To localize the N-terminal parts of Sem1 approximately and to
determine the directionality of the C-terminal helix in its corre-
sponding density we built a model of Sem1 in the context of the
current structural model of the wt-26S proteasome [7] as well as
existing chemical cross-linking and mass-spectrometry (XL/MS)
data [30]. These XL/MS data indicate lysine residue-pairs with a
distance of less than approximately 25–30 Å [31].

Out of the nine Sem1 lysine residues, K18, K20 and K26 cross-
link to lysines of the RP subunits Rpn3 and Rpn7 (Fig. S4). These
cross-links suggest that the Sem1 N-terminus is positioned in
proximity to the N-terminal domain of Rpn3 and the C-terminus
of Rpn7. Both regions were not modeled in the high-resolution
structure of the 26S proteasome [7], but their approximate loca-
tions can be inferred. The C-terminus of Rpn7 is located in a helical
Fig. 2. Comparison of wild-type and sem1D 26S proteasomes. (A) The cryo-EM density o
features of the structure. (B) Reconstruction of the sem1D-26S proteasome filtered to the
structure. The most significant difference between wild-type and sem1D densities (oran
Rpn7, Rpn3 and the remaining proteasomal subunits are shown in dark green, light gre
bundle that tethers the lid together (Fig. 3). The resolution of the
N-terminal domain of Rpn3 containing TPRs is not sufficient to al-
low tracing the helix topology (Fig. 3). However, both density seg-
ments, helical bundle and Rpn3 N-terminus, are adjacent to each
other, which indicates that the cross-links are consistent. Thus,
the N-terminal segment of Sem1, which is devoid of any secondary
structure in the available X-ray structures, is likely to be localized
in a cleft between the PCI domains of Rpn7 and Rpn3. It contacts
the helical bundle of the lid and the N-terminal domain of Rpn3.
The C-terminus of the C-terminal helix of Sem1 likely projects out-
ward, which results in a shorter path of the peptide towards its N-
terminus.
4. Discussion

4.1. Sem1 tethers Rpn7, Rpn3 and lid helical bundle

Our cryo-EM analysis of purified 26S proteasomes constitu-
tively lacking Sem1 confirms that Sem1 is a stoichiometric compo-
nent of the 26S proteasome. By comparing the cryo-EM single
particle reconstruction of the sem1D-26S proteasome to that of
the wt-26S proteasome we could identify the C-terminal helix of
Sem1 binding to the winged helix of Rpn7. XL/MS data further re-
veal the approximate positions of the Sem1 N-terminal parts.
Based on these data we could infer the direction of the Sem1 C-ter-
minal helix and the approximate path of the Sem1 peptide.

The position of Sem1 in the cleft between the PCI domains of
Rpn7 and Rpn3 is consistent with our current understanding of
the assembly of the lid sub-complex [12], suggesting that Rpn3,
Rpn7, and Sem1 form a stable lid precursor complex. Moreover,
the positioning of N-terminus of Sem1 agrees with biochemical
studies that identified a specific Rpn3/S3-interacting motif
(R3IM) in this segment [32].

4.2. Sem1 binds PCI-domains in at least two distinct ways

In the two hitherto solved structures of Sem1-containing com-
plexes, the TREX-2 transcription-export complex [21] and BRCC
[15], Sem1 adopts entirely different conformations (Fig. 3). Thus,
the structure of Sem1 seems to be co-determined by its interaction
partners, Thp1 and BRCA2, respectively, which have different folds.
Since Thp1 and Rpn7 are structurally similar it has been suggested
f the wild-type 26S proteasome (EMDB 2135) filtered to 14 Å to focus on the main
same resolution. (C) Difference map superpositioned on the sem1D-26S proteasome
ge) co-localizes with the unassigned helical density (Fig. 1B). The atomic models of
en and black, respectively.



Fig. 3. Interactions of Sem1 with RP proteins. (A) The location of the N-terminal unstructured region of Sem1 (orange dotted line) can be estimated based on the
approximated location of Rpn3:K58 (⁄, cross-linking to Sem1:26) and Rpn7:K413 (⁄⁄, cross-linking to Sem1:18 and Sem1:20), respectively (Rpn3, light green, and Rpn7, dark
green, from PDB entry 4b4t). In the wildtype 26S proteasome the N-terminal domain of Rpn3 (Rpn3N) can be mapped to the density depicted in green. The Rpn7 C-terminus is
located in a large helical bundle comprising the C-termini of the lid subunits (⁄⁄, blue). (B) Sem1 binds to the Thp1–Sac3 heterodimer via the C-terminal Winged Helix domain
of Thp1 (Sem1 in red, Thp1 in gray; PDB code: 3T5V). (C) The C-terminal PCI folds of Thp1 (gray) and Rpn7 (green) were structurally aligned using MUSTANG [34]. The
position of the C-terminal helix of Sem1 (red) in the Thp1-Sem1 complex differs significantly from the position at Rpn7 in the context of the 26S proteasome (orange).

Fig. 4. Model of Sem1 in the 26S proteasome. Sem1, in the context of the 26S
proteasome (orange), binds a different PCI interface than in the Thp1-Sac3 complex,
which would place Sem1 (red) in a cleft between Rpn6 (olive green) and Rpn7 (dark
green). Unassigned density from the wt-26S proteasome model (orange dotted line)
suggests the N-terminal unstructured region of Sem1 binds the N-terminal portion
of Rpn3 (Rpn3N, light green) before winding its way towards the coiled-coil bundle
(blue) containing the C-terminal coiled-coil of Rpn7. AAA-ATPases in purple, 20S CP
a-ring in red–orange.
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that Sem1 binds to Rpn7 in a mode similar to the one observed for
Thp1 [21]. In the TREX-2 structure Sem1’s C-terminal a-helix was
found to bind the PCI-domain of Thp1 (Fig. 3B), whereas its
remaining N-terminal region, which is essentially devoid of sec-
ondary structure elements, wraps around Thp1.

The binding modes of Sem1 to the PCI-domains of Rpn7 and
Thp1 can be compared after structural alignment of both PCI do-
mains (Fig. 3C). This structural comparison reveals that the binding
modes of Sem1 to the two PCI domains are entirely different. If the
C-terminal helix of Sem1 would bind to Rpn7 in a similar mode as
to Thp1, it would be positioned in a cleft between Rpn6 and Rpn7
in the context of the 26S holocomplex (Fig. 4). Surprisingly, our
cryo-EM data of the sem1D 26S proteasome shows that this helix
binds to the opposite flank of Rpn7 and also the localization of
the Sem1 C-terminus is not compatible with the binding mode ob-
served in the TREX-2 complex. Thus, Sem1 appears to bind to two
structurally similar proteins in different modes.

4.3. Functional implications of the Sem1 position

The flexibility appears to be well-suited for a protein to serve as
a ‘molecular glue’ [33]. The position of Sem1 in the cleft between
the PCI domains of Rpn3 and Rpn7 seems well suited to tether
these two subunits together. Moreover, the notable structural rear-
rangement of Rpn3 and Rpn7 upon Sem1 deletion also supports
the notion of Sem1 stabilizing the Rpn3–Rpn7 subcomplex albeit
the number of intact 26S proteasomes is only moderately de-
creased in sem1D-26S proteasome preparations (Fig. S1B). How-
ever, the startling question is why a single protein is used for
stabilization of at least four different complexes (Rpn3/Rpn7,
TREX-2, BRCC, and Thp3–Csn12 complex). It is conceivable that
the stabilization of these complexes by Sem1 is a means of regulat-
ing functionally linked complexes. Intriguingly, all of these four
complexes are involved in the UPP.

Furthermore, it is interesting that Sem1 binds to the flank of
Rpn7’s winged helix motif where nucleotides bind in many other
structurally related proteins [29]. To date there is no experimental
evidence for direct binding of the proteasomal PCI domains to DNA
or RNA, but it has been shown that the 26S proteasome gets re-
cruited to sites of double strand breaks (DSBs) [14]. Intriguingly,
Sem1 is essential for this DSB recruitment, but undoubtedly further
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structural–functional investigations are needed to elucidate the
role of the 26S proteasome in DNA repair.
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