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The ATP-dependent degradation of polyubiquitylated proteins by
the 26S proteasome is essential for the maintenance of proteome
stability and the regulation of a plethora of cellular processes.
Degradation of substrates is preceded by the removal of poly-
ubiquitin moieties through the isopeptidase activity of the sub-
unit Rpn11. Here we describe three crystal structures of the
heterodimer of the Mpr1–Pad1–N-terminal domains of Rpn8 and
Rpn11, crystallized as a fusion protein in complexwith a nanobody.
This fusion protein exhibits modest deubiquitylation activity to-
ward a model substrate. Full activation requires incorporation of
Rpn11 into the 26S proteasome and is dependent on ATP hydro-
lysis, suggesting that substrate processing and polyubiquitin
removal are coupled. Based on our structures, we propose that
premature activation is prevented by the combined effects of
low intrinsic ubiquitin affinity, an insertion segment acting as
a physical barrier across the substrate access channel, and a con-
formationally unstable catalytic loop in Rpn11. The docking of the
structure into the proteasome EM density revealed contacts of
Rpn11 with ATPase subunits, which likely stabilize the active con-
formation and boost the affinity for the proximal ubiquitin moi-
ety. The narrow space around the Rpn11 active site at the entrance
to the ATPase ring pore is likely to prevent erroneous deubiquity-
lation of folded proteins.
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In eukaryotes, the ubiquitin (Ub) proteasome system (UPS) is
responsible for the regulated degradation of proteins (1–5).

The UPS plays a key role in the maintenance of protein ho-
meostasis by removing misfolded or damaged proteins, which
could impair cellular functions, and by removing proteins whose
functions are no longer needed. Consequently, the UPS is criti-
cally involved in numerous cellular processes, including cell cycle
progression, apoptosis, and DNA damage repair, and malfunc-
tions of the system often result in disease.
The 26S proteasome executes the degradation of substrates

that are marked for destruction by the covalent attachment of
polyubiquitin chains. It is a molecular machine of 2.5 MDa
comprising two subcomplexes, the 20S core particle (CP) and
one or two 19S regulatory particles (RPs), which associate with
the ends of the cylinder-shaped CP (6–8). The recognition and
recruitment of polyubiquitylated substrates, their deubiquityla-
tion, ATP-dependent unfolding, and translocation into the core
particle take place in the RP. The structurally and mechanisti-
cally well-characterized CP houses the proteolytic activities and
sequesters them from the environment, thereby avoiding collat-
eral damage (9).
The RPs attach to the outer α-rings of the CP, which control

access to the proteolytic chamber formed by the inner β-subunit
rings (10). Recently, the molecular architecture of the 26S holo-
complex was established using cryo-EM–based approaches (11,
12), and a pseudoatomic model of the holocomplex was put
forward (13). The RP is formed by two subcomplexes, known as
the base and the lid, which assemble independently (12, 14). The

base contains the hetero-hexameric AAA-ATPase ring (Rpt1–
Rpt6), which drives the conformational changes required for
substrate processing, including unfolding and translocation into
the CP (15, 16). The base also contains the largest RP non-
ATPase subunits, Rpn1 and Rpn2, and the Ub receptor Rpn13.
The second resident Ub receptor, Rpn10, is not part of either the
base or the lid; it binds only to the assembled 26S proteasome
and is positioned close to the ATPase module.
The lid scaffold is composed of the Rpn3, Rpn5, Rpn6, Rpn7,

Rpn8, Rpn9, Rpn11, and Rpn12 subunits (14). These subunits
can be grouped according to their domain structures. Rpn3,
Rpn5, Rpn6, Rpn7, Rpn9, and Rpn12 each comprise an N-terminal
helix repeat segment, a proteasome-COP9/signalosome-eIF3
(PCI) module, and a long helix at the C terminus (8). The Rpn8
and Rpn11 subunits each consist of an Mpr1–Pad1–N-terminal
(MPN) domain, followed by long C-terminal helices (Fig. 1A).
The PCI subunits form a horseshoe-shaped structure and the
MPN domains form a heterodimer, which are connected by
a large helical bundle, to which all subunits contribute (13, 17,
18). Each of these eight subunits has paralogs in the COP9/sig-
nalosome (CSN) and the elongation initiation factor 3 (eIF3),
which likely adopt a similar architecture (18–21).
The lid strengthens the interaction between the CP and RP

(17) and deubiquitylates substrates before their processing by the
AAA-ATPase module and the CP. Cleavage of polyubiquitin

Significance

The 26S proteasome is a multiprotein complex that degrades
proteins marked for destruction by the covalent attachment of
polyubiquitin chains. Proteasome activity is essential for the
removal of damaged, potentially toxic proteins and for the
regulation of numerous cellular processes. Multiple crystal struc-
tures of the Rpn8-Rpn11 heterodimer, which is responsible for
the removal of polyubiquitin tags before substrate degrada-
tion in the proteasome, provide insight into how substrate
unfolding and isopeptide bond cleavage might be coupled,
and how premature activation of this module is prevented. Its
accurate function ensures timely degradation of substrates
and, ultimately, the replenishment of the limited cellular pool
of free ubiquitin.

Author contributions: G.R.P., I.N., H.-J.Z., F.F., A.B., and W.B. designed research; G.R.P.,
I.N., P.�S., D.J.A., and A.B. performed research; E.P. and J.S. contributed new reagents/
analytic tools; G.R.P., I.N., P.�S., D.J.A., F.F., and A.B. analyzed data; and G.R.P., F.F., A.B.,
and W.B. wrote the paper.

Conflict of interest statement: D.J.A. and H.Z. are full-time employees of Cleave
Biosciences.

Freely available online through the PNAS open access option.

Data deposition: The atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.pdb.org (PDB ID codes 4OCL, 4OCM, and 4OCN).
1To whom correspondence may be addressed. E-mail: bracher@biochem.mpg.de or
baumeist@biochem.mpg.de.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1400546111/-/DCSupplemental.

2984–2989 | PNAS | February 25, 2014 | vol. 111 | no. 8 www.pnas.org/cgi/doi/10.1073/pnas.1400546111

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1400546111&domain=pdf&date_stamp=2014-02-12
http://www.pdb.org
http://www.rcsb.org/pdb/explore/explore.do?structureId=4OCL
http://www.rcsb.org/pdb/explore/explore.do?structureId=4OCM
http://www.rcsb.org/pdb/explore/explore.do?structureId=4OCN
mailto:bracher@biochem.mpg.de
mailto:baumeist@biochem.mpg.de
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400546111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400546111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1400546111


chains from the substrate enables recycling of Ub into the cel-
lular pool, and the removal of the unfolding-resistant Ub moi-
eties promotes translocation of substrates. The MPN domain of
Rpn11 contains the catalytic site for deubiquitylation (22, 23).
Rpn11 belongs to the JAB1/MPN/Mov34 metalloenzyme (JAMM)
family of metalloproteases, which provide the isopeptidase ac-
tivities in the proteasome, CSN, and exo-deubiquitylating enzymes
(DUBs), such as associated molecule with the SH3 domain of
STAM-like protein (AMSH-LP). The signature motif for this
family is a conserved glutamate upstream of a zinc-coordinating
catalytic loop, H(S/T)HX7SXXD, first revealed in the structure
of an archaeal homolog, AfJAMM (24). The substrate-binding
mode of JAMM DUBs was clarified by the crystal structure of
AMSH-LP in complex with Lys63-linked diubiquitin (25). The
other proteasomal MPN subunit, Rpn8, is catalytically inactive;
it does not contain the JAMM motif and appears to have mainly
a supporting role for Rpn11. Isolated Rpn11 is catalytically in-
active, as is the isolated lid (22). Rpn11 is activated upon integra-
tion into the 26S holocomplex and is dependent on ATP hydrolysis
(23). The 26S proteasome was recently shown to undergo large-
scale conformational changes from a substrate-accepting confor-
mation to a substrate-engaged conformation that may be critical
for Rpn11 function (15, 26), but the mechanistic basis for the
regulation of Rpn11 remains unclear. Loss-of-function mutants
of the JAMM motif cause stalling of substrates above the mouth
of the ATPase module and lead to clogging of the 26S protea-
some (23, 26).
Inhibitors of human Rpn11 (hRpn11, also known as POH1)

have been proposed as potential antitumor agents working up-
stream of the β5 proteolytic subunits in the UPS. The β5 sub-
units have been clinically validated by the approval of bortezomib

and carilfzomib for the treatment of hematologic malignancies.
siRNA and mutagenesis studies show that expression of the zinc
catalytic domain of hRpn11 is essential for cell survival (27).
Inhibition of hRpn11 in combination with EGFR inhibition has
been suggested to be beneficial in the treatment of nonsmall cell
lung cancer (28). Overexpression of hRpn11 in cancer cells has
been linked to their tumor escape from cytotoxic agents (29). Thus,
hRpn11 is an attractive target for pharmacologic intervention of
the UPS.
Here we present three crystal structures of the catalytically

active Rpn8/Rpn11 MPN heterodimer from Saccharomyces cer-
evisiae, revealing the details of the Rpn11 active site and the
mode of interaction with other subunits. Not all structures show
proper active site geometry, hinting at possible mechanisms
preventing activation outside of the proteasome complex. The
access path for the C-terminal peptide of the substrate-bound Ub
is blocked by a highly conserved insertion specific to Rpn11.
Fitting of the Rpn8-Rpn11 crystal structure into the cryo-EM
density of both the substrate-accepting and substrate-engaged
proteasome revealed how the subcomplex is situated between
base and PCI domain subunits, which involves long insertions
unique to Rpn11 and Rpn8. Contacts to the coiled coils and the
oligosaccharide-binding fold (OB) domain ring of the AAA
subunits appear to control active site geometry and proper access
of the isopeptide bond segment. In the substrate-engaged pro-
teasome, the catalytic center becomes situated just above the maw
of the ATPase ring.

Results and Discussion
Structure Determination of the Rpn8-Rpn11 Core Complex. The MPN
domains of Rpn8 and Rpn11 were expressed as a fusion protein
with a 9-aa-long connecting linker (Fig. 1A). The domain limits
were selected based on limited proteolysis experiments with
proteinase K (residues 1–175 of Rpn8 and residues 1–219 of
Rpn11), and the domains were fused to ensure stability and
formation of a stoichiometric complex. Notably, this fusion con-
struct, designated Rpn8-Rpn11, cleaves a model substrate, a linear
tetraubiquitin (Ub4)-peptide fusion protein, indicating that this
construct samples the catalytically active conformation. It requires
a 7,000-fold higher concentration than the complete proteasome,
however (Fig. 1B).
The Rpn8-Rpn11 crystals suitable for structure determination

were grown with the aid of a tailored nanobody (variable domain
of camelid heavy chain-only antibodies). Rpn8-Rpn11–specific
nanobodies were selected from llama antisera raised against
purified yeast 26S proteasome. The successful nanobody Nb1
inhibited the deubiquitylation activity of 26 proteasome in a con-
centration-dependent manner (Fig. S1).

Crystal Lattices.We obtained three crystal forms, here designated
Ia, Ib and II, of the Rpn8-Rpn11 fusion protein complex with the
nanobody (Table S1 and Fig. S2 A and B). Crystal forms Ia and
Ib are closely related. All crystal forms contain two Rpn8-Rpn11-
nanobody complexes per asymmetric unit. The backbones in the
core regions of the complex subunits are very similar, yielding
rmsd values between 0.304 and 0.916 Å (Fig. S2 C and D); only
helix α4 of Rpn8 is displaced in one copy of crystal form II (Fig.
S2C). No density could be assigned to any of the linker regions
between the Rpn8 and Rpn11 MPN domains.
A major difference between crystal forms I and II is the

presence of bound Zn in the former. In crystal form II, a crystal
contact between the two copies of Rpn11 distorts the geometry
of the catalytic loop, displacing the Zn-coordinating residue
His109 from the Zn-binding site (Fig. S2F). Thus, crystal form II
appears to be incompatible with Zn binding. Thus, we focus on
crystal form Ia, diffracting to the highest resolution (2.0 Å).

Fig. 1. Biochemical activity of the Rpn8-Rpn11 fusion protein. (A) Domain
structures of Rpn8, Rpn11 and the fusion protein. (B) Ub4 cleavage activity of
26S proteasome, WT Rpn8-Rpn11 and Rpn8-Rpn11 (E48Q). Cleavage of la-
beled peptide from Ub4 was detected by the change in fluorescence polar-
ization after 1hr incubation at 37 °C at the indicated concentrations. Values
are normalized tomaximum cleavage activity of 26S proteasome. The used 26S
proteasome preparation contained only trace amounts of the DUB Ubp6.
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Structure of the Rpn8-Rpn11 Complex. The Rpn8-Rpn11 core com-
plex structure exhibits pseudo-twofold symmetry (Fig. 2).
Each protomer assumes a MPN domain fold and consists of four
α-helices, α1–α4, flanking a circular β-sheet of seven β-strands,
βA–βG (Figs. S2E and S3). The topology of the β-sheet is βA-βC-
βB-βD-βE-βF-βG. The long, twisted β-strand βG makes contacts
with both βA and βF. Rpn8 and Rpn11 contact each other via
two pseudosymmetrical interfaces, a coiled coil between helices
α2 and a four-helix bundle of helices α1 and α4 (Fig. 2). The C-
terminal α4 helices are associated mainly with the opposing
subunit (Fig. 2), causing the domain swapping first observed in
the crystal structure of human Rpn8/Mov34 (30) and anticipated
in the pseudoatomic models of the 26S proteasome (11, 12).
Two regions connecting βC-α2 and βF-βG are variable in MPN

domain sequences, designated here as insertion 1 and insertion 2
(Fig. 2) (24, 25, 30–32). Insertion 1 of Rpn8 forms a β-hairpin on
top of the MPN domain. The corresponding region in Rpn11
forms a poorly ordered loop adjacent to the active site, as dis-
cussed in more detail below. The insertion 2 regions of Rpn8 and
Rpn11 protrude from the opposite ends of the pseudo-twofold
symmetric subcomplex (Fig. 2). Insertion 2 of Rpn8 assumes an
elongated β-hairpin structure in crystal form II. The hairpins
from two Rpn8 molecules align to create a mixed β-sheet contact
in this crystal lattice (Fig. S2B). In the form I crystal structures,
the tips of the β-hairpin are disordered, suggesting that this re-
gion is stably structured only in the presence of a suitable in-
teraction partner. The much longer insertion 2 in Rpn11 forms

a helical protrusion with a disordered tip in crystal forms Ia and
Ib. The helices from two adjacent Rpn11 molecules form anti-
parallel three-helix bundles (Figs. S2A and S3). In crystal form
II, both corresponding segments are disordered, suggesting that
insertion 2 of Rpn11 stably folds only in appropriate environ-
ments, in line with secondary structure predictions.

Role of the Nanobody in Crystal Formation. The nanobody contacts
an area that involves β-strands βB, βC, and βG and α4 in Rpn11
and a section of helix α1 in Rpn8, thereby establishing additional
contacts between the proteins and rigidifying the complex (Fig.
2). This contact area forms a depression on the surface of the
Rpn8-Rpn11 complex, providing a concave binding site for the
CDR3 loop of the nanobody. Furthermore, in all crystal lattices,
the nanobodies contribute important crystal contacts to adjacent
Rpn8 molecules. Thus, a combination of both effects might ex-
plain why the nanobody is required for the successful crystalli-
zation of Rpn8-Rpn11.

Active Site of Rpn11. The active site of MPN domain metal-
loproteases is located between the N-terminal end of helix α3
and the adjacent β-strands βB and βD (31, 33, 34). Clear density
for the catalytic zinc was identified between the sidechains of
His109, His111, and Asp122 (Fig. 3A and Fig. S4A). These
sidechains, together with a water molecule, form a slightly dis-
torted tetrahedral coordination shell around the metal ion. This
core structure is almost identical to that of the DUB AMSH-LP
(25, 33, 34), for which both apo and substrate-bound crystal
structures have been characterized at high-resolution (Fig. 3B
and Fig. S4E). In the AMSH-LP cocrystal structure, the iso-
peptide bond carbonyl group was positioned directly on top of
the metal site (Fig. 3B) (34), strongly suggesting that this con-
formation of Rpn8-Rpn11 represents a catalytically active state.
The residue Glu48 at the beginning of β-strand βB corre-

sponds to residue Glu292 of AMSH-LP, which is essential for
AMSH-LP activity (25, 33). Mutating this residue to glutamine
abolished Ub4 cleavage activity in Rpn8-Rpn11 (Fig. 1B). Glu48
is positioned for activation of the attacking water molecule and
protonation of the isopeptide amide group. With the location of
Glu48, His109, and His111 in two adjacent β-strands, the re-
spective geometry is largely fixed (Fig. 3A and Fig. S4A). The
conformation of the catalytic loop (residues 109–122) is stabi-
lized by an extended hydrogen bond network in Rpn11 (Fig. 3A
and Fig. S4A), which is also observed in the apo crystal structures
of AMSH-LP (25), the Rpn11 paralog Csn5 (31), and the ar-
chaeal Rpn11 homolog AfJAMM (24) (Fig. S4 D–F). Hydrogen
bond contacts between the carbonyl group of Gly115 and the
imidazole ring of His111 and between the amide group of Ser119
and the carboxyl group of Asp122 orient the coordinating side-
chains toward Zn and establish the proper polarity. The imid-
azole ring of His111 is further buttressed by the sidechains of the
catalytic loop residues Phe114 and Trp117 (Fig. 3A and Fig.
S4A). The orientation of the indole group of Trp117 is stabilized
by a hydrogen bond to the carbonyl group of Phe114. In addition,
the carboxyl group of Asp142 links the amide groups of Gly115
and Ile144. These two interactions are conserved in Csn5 as well
(31, 32) (Fig. S4F). Asp142 and Ile144 belong to the highly conserved
loop connection between βE and βF in Rpn11. The respective loop
is much shorter in AMSH-LP. Other important hydrogen bond
contacts with the backbone are formed by the JAMM motif resi-
dues Ser110 and Ser119. The former extends the β-sheet contacts
between βB and βD, and the latter stabilizes the N-terminal part of
helix α3 and buttresses Asp122.
Alternative conformations of the catalytic loop were found in

one of the two copies of Rpn11 in crystal forms Ia and Ib each
(Fig. 3C and Fig. S4 B and C). Both conformers are character-
ized by a wider separation of the His111 imidazole ring from Zn
(2.9 Å vs. 2.1 Å), whereas His109 and Asp122 remain virtually

Fig. 2. Crystal structure of the MPN domain fusion protein of Rpn8 and
Rpn11 with the attached nanobody. The composite structure of Rpn8 (chain
A) from crystal form II superposed on the Rpn8-Rpn11–nanobody complex
(chains D, E, and F) from crystal form Ia is shown in side and bottom views.
The Rpn8 and Rpn11 units are indicated in purple and brown, respectively;
the nanobody is represented in silver. Disordered segments are indicated by
dotted lines. Helices are represented by cylinders; the catalytic Zn ion, by
a green sphere. The unique insertions into the canonical MPN structure are
indicated.
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unchanged. This rearrangement should alter the properties of
the Zn ion and thereby decrease catalytic activity. The expected
water ligands bound to Zn are poorly defined in these con-
formations and are not included in the model. The reorientation
of the His111 sidechain largely disrupts the hydrogen bond
network of the catalytic loop. Thus, this mechanism may render
the catalytic center geometry sensitive to local changes. In the
crystal lattice, the active conformation likely is stabilized by
a crystal contact with the sidechain of Phe114. In the context of
the 26S proteasome, the adjacent highly conserved loop con-
nection between βE and βF is a good candidate for the regulation
of activity; it is in contact with helix α4 of Rpn8, and its con-
formation is likely to be sensitive to rearrangements in the RP.

Ub Binding. Superposition with the AMSH-LP-Ub2 structure
suggests that the binding site for the substrate-ligated Ub moiety
is located in the shallow groove between helices α2 and α3 of
Rpn11 (Fig. 3B). Compared with AMSH-LP, helix α2 is differ-
ently oriented in Rpn11 (Fig. 4A). This orientation is enforced by
conserved hydrophobic interactions with the α2 helix of Rpn8 in
the Rpn8-Rpn11 complex (Fig. 4B). Thus, a reorientation to the
conformation observed in AMSH-LP seems improbable.
The putative Ub-binding site is largely hydrophobic in char-

acter, with the notable exception of Asp85, which is replaced by
Pro in the majority of Rpn11 sequences (Fig. 4C). The highly
conserved Asp84 might functionally replace AMSH-LP residue
Glu329, which contacts Lys48 of the distal Ub. The other key
contact residues in AMSH-LP, Val328, Phe332, Thr342, and
Met370, are replaced by Val86, Ala89, Val104, and Leu132, re-
spectively, in Rpn11. The putative Ub-contacting Rpn11 residues
Asp85, Val86, Gln88, Ala89, Met92, Met103, Val104, Ser128,
Gln131, Leu132, and Asn133 are less conserved compared with the
residues facing other subunits of the RP, suggesting evolutionary
pressure against high-affinity binding at this site in Rpn11 (see

below) (Fig. 4B). Only charged residues seem to be forbidden in
the Ub contact area.
In the AMSH-LP-Ub2 structure, the C terminus of the distal

Ub aligns with helix α3 and forms β-contacts with insertion 1,
which assumes a β-hairpin conformation (Fig. 3B). The contact
residues in helix α3 are conserved between AMSH-LP and
Rpn11. Insertion 1 of AMSH-LP also forms a β-hairpin confor-
mation in the absence of Ub (25). In the Rpn8-Rpn11 structures,
insertion 1 forms a loop structure including a helical turn, which
blocks the path of the Ub C terminus (Fig. 3A). The loop con-
formation, which is stabilized by hydrogen bonds between the
hydroxyl group of Ser79 with the amide of Glu81 and the carbonyl
of Thr76, is rather poorly defined in the structures. It makes few
van der Waals contacts to the remainder of Rpn11, suggesting
considerable structural plasticity. Moreover, the loop has the same
length and a similar polarity pattern in AMSH-LP and Rpn11.
Glu81 in Rpn11 replaces Asp324 in AMSH-LP, which forms an
electrostatic interaction with Arg74 of Ub. Thus, remodeling to
a conformation similar to that of AMSH-LP seems possible in
Rpn11. Regulated rearrangement of this highly conserved seg-
ment in the context of the RP might provide another layer of
control against premature Rpn11 activation.

Contacts of Rpn8-Rpn11 in the 26S Proteasome. We next fitted the
Rpn8-Rpn11 core complex crystal structure into the EM densi-
ties of the S. cerevisiae 26S proteasome in the substrate-accepting
(13) and the substrate-engaged states (27) (Fig. 5 A and B). The
resolved secondary structure elements of both maps are in ex-
cellent agreement, with the notable exception of insertion 2 of
Rpn11, which also varies significantly in the different crystal
forms (Fig. S2D). Thus, the structure of the Rpn8-Rpn11 core
complex in isolation is indistinguishable from that in the dif-
ferent 26S conformers at the level of resolution of the cryo-
EM maps (Fig. 5 A and B). Nb1 would severely clash with
Rpn2 helices H28 and H30 in both proteasomal conformations

Fig. 3. Active site of Rpn11. (A) Detailed view of
the Rpn11 active site. The catalytic residues are
shown in ball-and-stick representation. Hydrogen
bonds are indicated by dashed lines. This represents
the active conformation found in complex DEF of
crystal form Ia. Insertion 1 in Rpn11 is highlighted in
orange. (B) Superposition with the AMSH-LP-Ub2

complex showing the likely orientation of the iso-
peptide bond in the substrate complex. AMSH-LP,
the proximal and distal Ub are shown in cyan, gold,
and green, respectively. Insertion 1 of Rpn11 has
been removed for clarity. (C) Distorted active site
geometry in complex ABC of crystal form Ia.

Fig. 4. Binding site for the proximal Ub. (A) Superposition of Rpn11 with the AMSH-LP-Ub2 complex. AMSH-LP and the distal Ub are shown in cyan and
green, respectively. (B) Surface conservation at the Rpn11 Ub-binding site. The similarity score from the sequence alignment shown in Fig. S3 was mapped
onto the surface of Rpn11. A magenta-white-cyan color gradient represents decreasing surface conservation. (C) Surface view of Rpn11 showing the residue
properties at the putative Ub-binding site. Hydrophobic sidechains are highlighted in yellow; positive and negative charged groups are shown in blue and red,
respectively.
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(see Fig. S6 A and B), suggesting that its inhibitory effect may be
related to a perturbation of the holocomplex. In fact, addition of
the nanobody to purified 26S proteasomes appeared to largely
disrupt the particles, as observed in cryo-EM.
In both 26S states, the MPN domain of Rpn11 makes exten-

sive contacts with the central torus-shaped domain of Rpn2 on
one side and the coiled-coil extensions of Rpt3, Rpt4, and Rpt5
and the OB domains of Rpt4 on the other side. The contact
areas are highly conserved in Rpn11 and its binding partners
(Figs. S5 A–D and S6 C and D). The interface with Rpn2 likely
involves Rpn11 βA, the βB-βC hairpin, and insertion 2, all of
which appear to be flexible in the crystal structures. A flexibly
attached, highly conserved segment is found at the tip of in-
sertion 2 in Rpn11, residues 169–178 (EPRQTTSNTG) (Fig.
S3), which might insert into a conspicuously conserved groove
between helices H20 and H22 on the outer surface of the Rpn2
torus (Fig. S6A). Between this patch and the MPN domain
proper, an as-yet unassigned density was observed that likely
corresponds to the Rpn11 insertion 2 helices and possibly also
the N-terminal 22 residues of Rpn11 that are disordered in all
crystallographic models. This density appears to be best resolved
for the GFP substrate-bound 26S proteasome structure (26).

The contacts to the ATPases involve the catalytic loop, in-
sertion 1, and the βE-βF connecting loop, which are important
for substrate access and Rpn11 active site geometry, and the link
between α1 and βB. During the transition from the substrate-
accepting to the substrate-engaged state, the Rpt4-Rpt5 coiled
coil slides away from insertion 1, perhaps stabilizing the insertion
1 on substrate isopeptide link intrusion. The N-terminal end of
the Rpt3 coiled coil buttresses the βE-βF loop, and the OB do-
main of Rpt4 moves in close vicinity to the catalytic loop, pre-
sumably stabilizing its active conformation. The C terminus of
the docked Ub moiety would be surrounded by protein in the
substrate-engaged state.
Insertion 2 of Rpn8 reaches toward the solenoid segment of

the PCI domain subunit Rpn9 (Fig. 5C). Density for this con-
nection is clearly discernible in the cryo-EM maps. Apart from
this interaction, the MPN domain of Rpn8 serves as attachment
site for the von Willebrand (VWA) domain of Rpn10 together
with Rpn9 (Figs. S5 and S6 A and B). The Rpn10 contact region,
largely identical to insertion 1, represents the most highly con-
served surface region within Rpn8 on the Rpn8-Rpn11 complex
(Fig. S5 A and B). In the 26S holocomplex, Rpn10 is situated
next to the exposed binding site for the substrate-ligated Ub and
might engage in additional contacts with the polyubiquitin chain.
A Lys48-linked Ub would be in close contact with the VWA
domain of Rpn10 and the N-terminal part of the Rpt4-Rpt5
coiled-coil bundle (35). Further Lys-48–linked Ub moieties could
be bound by the C-terminal Ub-interaction motifs (UIMs) in
Rpn10 in the committed proteasome (Fig. 6) (36).

Regulation of Rpn11 Activity in the 26 Proteasome. Through the
analysis of fusion protein crystal structures, we have identified
three potential mechanisms for preventing premature activation
of the isopeptidase activity of Rpn11: (i) establishment of the
correct active site geometry, (ii) rearrangement of Rpn11 in-
sertion 1 to allow access of the proximal Ub C terminus to the
catalytic site, and (iii) low affinity of the proximal Ub to its
docking site on Rpn11. The basal isopeptidase activity of the
Rpn8-Rpn11 fusion protein indicates that in principle, all of
these obstacles can be overcome outside of the 26S proteasome,
albeit with low efficiency. The Rpn8-Rpn11 conformers in the

Fig. 5. Docking of the Rpn8-Rpn11 MPN domain complex into 26S pro-
teasome EM density. (A and B) Rpn8-Rpn11 MPN domain dimer docked into
the cryo-EM density of the substrate-engaged and -accepting states of the
26S proteasome, respectively. The green sphere represents the active site
zinc ion. The red ring indicates the AAA ATPase pore entrance. Contacting
subunits to Rpn8-Rpn11 are indicated. (C ) Top view of the substrate-
engaged state. Insertion 2 of Rpn8 fits into density bridging the gap
toward the PCI horseshoe complex at subunit Rpn9 (circled in black).
Insertion 2 of Rpn11 fits into an unassigned density close to the PC do-
main of Rpn2 (circled in orange).

Fig. 6. Schematic model for 26S proteasome isopeptide bond cleavage. Models
for the substrate-accepting and -engaged state of the proteasome are shown.
Folded and extended parts of the substrate are indicated by red spheres and red
lines, respectively. Poly-Ub–tagged substrate proteins are recognized by the Ub
receptors Rpn13 and Rpn10 (pale yellow) and Rpn10 UIM (yellow). Rpn11 rea-
ches the isopeptide bond only when the substrate is already partially unfolded
(Rpn8-Rpn11; purple). The white and black dashed circles designate the primary
Ub-binding site and active site of Rpn11, respectively.
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crystal structures show that proper active site geometry is ac-
cessible, but not stable. Similarly, insertion 1 of Rpn11 blocks the
access path for Ub in our structures; however, this element
appears to be mobile, as suggested by the high B-factors and
disorder in several conformers, and thus it should rearrange
easily once the Ub C terminus enters the access path.
The affinity of the Rpn8-Rpn11 fusion protein for Ub appears

to be modest at best (Fig. 1B). Simultaneous contacts with both
sites should allow efficient substrate binding only in the close
presence of Ub receptors, particularly the Rpn10 UIM motif, in
the assembled proteasome. In support of this idea, a 26S com-
plex without Rpn10 and Rpn13 demonstrated greatly reduced
Ub4 cleavage activity (Fig. S8). Another mechanism of pre-
venting cleavage of noncommitted substrates is limited access for
bulky folded domains to the narrow surroundings of the Rpn11
active site in both 26S conformations.
Full activation of Rpn11 is presumably realized by contacts

with the coiled coils and the OB ring of the AAA subunits, which
have been proposed to have chaperone activity (37) and fur-
thermore could stabilize the active conformation in Rpn11 and
thereby increase the affinity for the primary Ub by opening the
binding site for the C-terminal tail. The strong sequence con-
servation of the involved elements suggests tight coevolution of
a defined functional interface (Figs. S5 A–D and S6 C and D).
Therefore, the 26S proteasome might have an extended “com-
posite” deubiquitylase active site, converting the access groove for
the C-terminal end of the Ub chain in AMSH-LP into a channel,
which allows exact control of substrate orientation; this is neces-
sary because the sequences flanking Ub acceptor sites are variable

in proteasomal substrates. Only the structure of polyubiquitylated
substrate bound to Rpn11 in the context of a stalled proteasome will
reveal the molecular mechanism of deubiquitylation in full detail.

Materials and Methods
The experimental procedures are described in detail in SI Materials and
Methods. In brief, Rpn8-Rpn11 from S. cerevisiae was expressed as a His6 tag
fusion protein including a tobacco etch virus (TEV) protease site in E. coli
BL21 (DE3) cells and purified by Ni-affinity chromatography, TEV cleavage,
and Superose-12 size exclusion chromatography. Crystals were grown using
50 mM MES pH 6.0, 200 mM Ca acetate, and 22% (wt/vol) PEG-3350 or with
50 mM MES pH 6.0, 100 mM MgCl2, and 21% (wt/vol) PEG-3350. The Rpn8-
Rpn11-nanobody crystal structure was solved by molecular replacement. The
isopeptidase activity assay was performed with a fluorogenic Ub4 fusion
protein, with reaction progress monitored by fluorescence polarization. The
nanobody was selected and produced following standard procedures (38).
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