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Structure of the Rpn11-Rpn8 dimer reveals
mechanisms of substrate deubiquitination during

proteasomal degradation

Evan ] Worden!, Chris Padovani! & Andreas Martin!»2

Polyubiquitin chains target protein substrates to the 26S proteasome, where they are removed by the deubiquitinase

Rpn11 to allow efficient substrate degradation. Despite Rpn11’s essential function during substrate processing, its detailed
structural and biochemical characterization has been hindered by difficulties in purifying the isolated enzyme. Here

we report the 2.0-A crystal structures of Zn2*-free and Zn2*-bound Saccharomyces cerevisiae Rpn11in an MPN-domain
heterodimer with Rpn8. The Rpn11-Rpn8 interaction occurs via two distinct interfaces that may be conserved in related
MPN-domain complexes. Our structural and mutational studies reveal that Rpn11 lacks a conserved surface to bind the
ubiquitin lle44 patch, does not interact with the moiety on the proximal side of the scissile isopeptide bond and exhibits no
linkage specificity for ubiquitin cleavage. These findings explain how Rpn11 functions as a promiscuous deubiquitinase for
cotranslocational substrate deubiquitination during proteasomal degradation.

The ubiquitin proteasome system is responsible for strictly regulated
ATP-dependent protein degradation in all eukaryotic cells"2. In this
process, damaged, misfolded or obsolete proteins are marked for deg-
radation by condensation of one or several of their lysine side chains
with the C terminus of ubiquitin to form an isopeptide linkage>.
Polyubiquitination, which is required for degradation by the 26S pro-
teasome, occurs when additional ubiquitin moieties are attached to any
of the seven lysine residues within ubiquitin itself, to form chains with
different linkage types. Ubiquitin chains linked through Lys11, Lys48
and potentially Lys63 target substrate proteins to the 26S proteasome*-°,
where before degradation the ubiquitin chains are removed by deubiq-
uitinases (DUBs) that cleave the isopeptide bonds.

The 268 proteasome is a 2.5-MDa molecular machine composed of at
least 34 different proteins, 11 of which have enzymatic activities’. It can
be biochemically separated into three subcomplexes: the core peptidase,
the base and the lid®. The core peptidase consists of four stacked hepta-
meric rings that form a proteolytic chamber with sequestered active sites
accessible only to unfolded polypeptides through gated axial pores®1°.
The base is made from nine subunits, six of which are AAA+ ATPases
that form a heterohexameric ring and constitute the molecular motor
of the proteasome!!. This ATPase ring binds to the axial surface of the
core and translocates protein substrates into the degradation chamber
after mechanically unraveling their folded structures'?-16, The lid sits on
one side of the base and is composed of ten subunits, including the only
essential DUB of the proteasome, Rpn11 (refs. 17,18). During degrada-
tion, condemned proteins are tethered by their polyubiquitin modifica-
tion to an intrinsic ubiquitin receptor within the lid or the base, before

a flexible segment of their structure is engaged by the translocation
machinery of the base ATPase ring!®. Removal of attached ubiquitins
by Rpnl1 is then required for efficient substrate translocation through
the narrow axial pore into the peptidase!”.

Rpnll is a Zn?*-dependent DUB of the JAMM- and MPN-protein
family!”!8. Many MPN-domain proteins have highly divergent insertion
sequences, termed Insert-1 (Ins-1) and Insert-2 (Ins-2), which intervene
in the core MPN fold?’. The Ins-1 region of JAMM DUBs has been sug-
gested to function in both recognizing the distal ubiquitin in a diubiqui-
tin substrate and correctly positioning the distal-ubiquitin C terminus
over the DUB active site for isopeptide-bond cleavage (Fig. 1a). In con-
trast, the Ins-2 region seems to determine the DUB specificity for a
certain ubiquitin linkage type by interacting with the proximal ubiquitin.
For instance, in the Rpnll-related DUB AMSH-LP the Ins-2 region
contacts the proximal moiety of Lys63-linked diubiquitin®. Throughout
this paper, we will refer to the moieties on either side of a scissile iso-
peptide bond as ‘distal’ and ‘proximal’ The distal moiety presents its
C-terminal glycine to the DUB active site, and the proximal moiety is
bound through its isopeptide-linked lysine (Fig. 1a).

Cryo-EM studies of the proteasome holoenzyme revealed that Rpn11
forms a dimer with Rpn8, the only other proteasomal MPN-domain
protein, and is located directly above the central pore leading into the
N-terminal-domain ring (N ring) of the base ATPases?!~23. Owing to
steric restrictions imposed by this proximity to the base N ring, Rpn11
may be prevented from cleaving between ubiquitin moieties. The
enzyme in the proteasome context seems to remove chains en bloc by
hydrolyzing the isopeptide bond between a substrate lysine and the
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Figure 1 Rpnll and Rpn8 form a heterodimer through two distinct interfaces. (a) Structure of the Rpn11-related DUB AMSH-LP, highlighting the proximal
and distal moieties of a bound Lys63-linked diubiquitin substrate as well as the Ins-1 and Ins-2 segments involved in binding. Distal refers to the moiety
whose C-terminal glycine forms the isopeptide linkage with the lysine in the proximal moiety. (b) Coomassie-stained SDS-PAGE gel of the purified Rpn11-
Rpn8 heterodimer. Rpnl1 gave reproducibly better staining despite its 1:1 stoichiometry with Rpn8. (c) Structure of the Rpn11-Rpn8 heterodimer, shown
in two orientations rotated by 90° with respect to each other. Rpn11 and Rpn8 are colored green and blue, respectively, and the Ins-1 loop of Rpnl1

is colored orange. Zn2*-coordinating residues of the Rpn11 active site are shown in stick representation. The a-helices in Rpn11 and Rpn8 are labeled
al-ad and al-ob, respectively (with ab formed by four additional residues left behind after PreScission cleavage of the purification tag). In the bottom

image, the dashed line indicates the pseudo-two-fold axis of rotation between Rpn11 and Rpn8. (d) Close-up view showing the structure of Rpn11-Rpn8
dimerization interface 1. Hydrophobic interactions are shown by orange dashed lines. The helices of interface 1 are arranged in an antiparallel orientation
denoted by the black arrows. (e) Close-up view showing the structure of interface 2. Hydrophobic interactions are indicated with orange dashed lines. A gray

horseshoe emphasizes the hydrophobic pocket in Rpn8 that accommodates Met212 of Rpn11.

C terminus of the first ubiquitinlg, but it remains unknown whether
cleavage can also occur between ubiquitin moieties or whether the
enzyme exhibits any linkage-type specificity?*.

Deubiquitination by Rpn11 has been shown to depend on ATP hydro-
lysis by the base and may thus be tightly linked to the other degrada-
tion steps of substrate engagement, unfolding and translocation!”18,
One model predicts that the ATPase-driven translocation of a protein
substrate pulls the isopeptide bonds of attached ubiquitin modifications
into the Rpn11 active site for cleavage. However, this complicated set
of coupled processes has so far strongly hindered detailed mechanistic
studies of this DUB in the proteasome context. Furthermore, Rpnll
has proven over many years to be extremely recalcitrant to purification,
thus making biochemical and structural studies of the isolated enzyme
impossible. These obstacles have also prevented the development of
potent inhibitors for Rpn11, which is an attractive drug target for attenu-
ation of proteasomal degradation.

To obtain high-resolution structural and mechanistic insights, we
optimized the Rpn11-Rpn8 heterodimer from S. cerevisiae for crystal-
lization and functional characterization in vitro. Here we present the
2.0-A-resolution crystal structure of this heterodimer. Unexpectedly, the
structure reveals that the Rpn11 catalytic groove lacks several features that
are conserved in related DUBs and were predicted to be critical for ubig-
uitin binding or stabilization of the isopeptide bond for cleavage. Rpn11
is missing an important aromatic residue thought to contact the hydro-
phobic Ile44 patch of ubiquitin, and it uses a flexible Ins-1 loop rather

than an extended B-sheet to position the C terminus of the distal ubiquitin
moiety for cleavage. Furthermore, Ins-2 is not involved in stabilizing the
isopeptide bond above the active site but instead contacts the non-ATPase
subunit Rpn2 of the base and thereby probably anchors Rpn11 within the
proteasome complex. Rpn11 thus differs substantially from related DUBs
in its mode of ubiquitin interaction, consistent with Rpn11 deubiquitina-
tion occurring concomitantly with substrate translocation.

RESULTS

Purification of the Rpn11-Rpn8 heterodimer

Our laboratory and others have suggested that Rpnl1 and Rpn8 form
a dimer within the proteasome lid and that this dimerization occurs
through an interface between the MPN domains of the two proteins?>2°.
Furthermore, we have shown previously that the lid subcomplex is
assembled through the formation of a large helical bundle consisting of
the C-terminal helices of all lid subunits including Rpn8 and Rpn11 (refs.
25,26). We thus reasoned that the numerous previous attempts to purify
Rpnll in isolation were unsuccessful because its MPN dimerization
surface was unsaturated and its C-terminal helices were not paired with
others in the helical bundle. To get around this problem, we coexpressed
C-terminally truncated variants of Rpn11 (residues 2-239) and Rpn8
(residues 1-179), which contained only their respective MPN domains
(hereafter referred to as Rpnl1 and Rpn8) and affinity tags for purifica-
tion. Using this coexpression construct, we were able to purify DUB-
active Rpn11-Rpn8 heterodimers to high purity and yield (Fig. 1b).
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Structure of the Rpn11-Rpn8 heterodimer

We obtained crystals of the Rpn11-Rpn8 heterodimer complex from
proteins purified under conditions in which the catalytic Zn?* ion was
stripped from Rpn11, which thus formed an apoenzyme complex. We
collected X-ray diffraction data not only on these apoenzyme crystals
but also on the active Zn?*-bound complex, after soaking crystals in
Zn**-containing mother liquor (Table 1). We accomplished molecu-
lar replacement by using Csn5 (PDB 4F702%) and Mov34 (PDB 2095
(ref. 27)) as search models for Rpnll and Rpn8, respectively. Apart
from the appearance of electron density for Zn?* in the Rpn11 active
site (Supplementary Fig. 1), the structure of the Zn**-bound Rpn11-
Rpn8 heterodimer did not show any major structural differences when
compared to the apoenzyme complex. In addition, residues around the
active site of Rpn11, both in the apo and Zn?*-bound states, are nicely
superimposable with the structure of the related DUB AMSH-LP with
bound diubiquitin, thus further confirming that our Rpn11 structure
represents an active, functionally relevant conformation.

MPN domains in multiprotein complexes generally show a high pro-
pensity for dimer formation?®?”. However, available crystal structures
of MPN dimers exhibit considerable variation in the mode of dimeriza-
tion, and it has remained unclear which of the observed interactions, if
any, are physiologically relevant. The structure of the Rpn8-Rpn11 het-
erodimer presented here now reveals an interaction in which the two
MPN domains are rotated relative to each other around a pseudo-two-
fold axis, in a manner reminiscent of the Rpn8 homodimer structure?”
(Fig. 1c). The dimerization of Rpnll and Rpn8 is primarily based
on interactions between o-helices that form two distinct interfaces,
interface 1 and interface 2, which have a combined buried surface area
of ~4,100 A2 (Fig. 1c—e). Interface 1, located between Rpnll 02 and
Rpn8 0.2, is formed around a cluster of four methionines: Met91 and
Met94 of Rpn11 and Met79 and Met76 of Rpn8. Flanking this methio-
nine cluster are other hydrophobic interactions: the y carbon of Rpn11
Thr98 interacts with the aliphatic side chains of Rpn8 Pro55 and Tyr72,
and the € carbon of Rpn8 Ile83 interacts with Rpn11 Phe87 and Pro72
(Fig. 1d). Interestingly, the helices of interface 1 pack in an antiparallel
orientation, and the interacting residues are closely matched between
the two proteins, thus emphasizing the overall pseudo-two-fold sym-
metry of the entire complex.

Interface 2 primarily consists of a four-helix bundle formed between
ol and 04 of Rpnll and ol and o4 of Rpn8. In a swap-like arrange-
ment, 04 of Rpn11 and 04 of Rpn8 reach across the interface, and each
interacts tightly with the MPN domain of the other protein (Fig. 1c.e).
The four-helix bundle has a tightly packed hydrophobic core rich in
leucine residues. In particular, Leu35 and Leu213 of Rpn11 and Leul74
and Leul6 of Rpn8 are involved in numerous hydrophobic contacts and
compose the center of the hydrophobic core (Fig. 1e). Interestingly,
Rpnll Met212 packs into a very tight hydrophobic pocket formed by
Rpn8 Pro133, GIn127, Val123, Leul9, Leul5 and Leul6. The residue
in Rpn8 corresponding to Rpn11 Met212 (related by the pseudo-two-
fold symmetry of the complex) is Gly170, which packs very tightly
against Rpnl1 Leu34, Leu35 and Leu38 (Supplementary Fig. 2). This
substantial size difference between corresponding residues at the inter-
face probably facilitates heterodimer formation and may explain why
homodimers of only Rpn8 and not Rpn11 are observed as byproducts of
the coexpression. The hydrophobic pocket that accommodates Rpn11
Met212 in the heterodimer with Rpn8 would not exist in an Rpnll
homodimer. Packing of this residue against Rpn11 Leu34, Leu35 and
Leu38 would therefore lead to major steric clashes that preclude Rpn11-
homodimer formation.

Five multiprotein complexes in humans that contain pairs of JAMM-
or MPN-domain proteins have so far been identified: the lid of the 26S

Table 1 Data collection and refinement statistics
Zn?+-bound Rpn11-Rpn8 Zn2+-free Rpn11-Rpn8

Data collection

Space group PA32,2 PA32,2
Cell dimensions
a, b, c(A)

Resolution (A)

70.296, 70.296, 198.912
48.23-1.991 (2.02-1.99)?

70.405, 70.405, 198.887
40.615-1.950 (1.98-1.950)

Rsym 0.076 (0.710) 0.075 (NA)
1/0l 20.62 (3.40) 20.99 (3.62)
Completeness (%) 99.33 (98.31) 92.56 (72.00)
Redundancy 8.1(8.3) 11.9(12.0)
Refinement
Resolution (A) 48.23-1.991 40.615-1.950
No. reflections 34,915 37,562
Ryork ! Riree 0.161/0.1951 0.1626/0.2094
No. atoms 3,082 3,069
Protein 2,702 2,714
Ligand/ion 125 84
Water 255 271
B factors
Protein 35.50 27.20
Ligand/ion 55.60 44.90
Water 44.00 34.70
r.m.s. deviations
Bond lengths (A) 0.013 0.014
Bond angles (°) 1.33 1.39

2Values in parentheses are for highest-resolution shell. NA, not applicable

proteasome, the COP9 signalosome, eIF3, BRISC and BRCA1-A28-31,
An increasing body of evidence suggests that the MPN-domain proteins
in these complexes have an intrinsic ability to form dimers. Furthermore,
sequence alignments of Rpn11 and Rpn8 with their cognate JAMM-
and MPN-domain counterparts in these complexes reveal that the resi-
dues making up the hydrophobic cores of the dimer interfaces 1 and 2
are chemically well conserved, despite a strong divergence in primary
sequence (Supplementary Figs. 3 and 4). It thus seems likely that the
Rpn11-Rpn8 interaction represents a general mode of dimerization that
may be recapitulated in at least a subset of other JAMM- and MPN-
domain containing complexes and may have a role in positioning the
respective subunits for their catalytic or scaffolding functions.

Rpn11 lacks predicted residues for ubiquitin binding
Previous structural studies on the related DUB, AMSH-LP, revealed
that its interface for binding to the hydrophobic patch around Ile44
of ubiquitin is composed of two surface residues, Val328 and Phe332
(ref. 20). These residues seemed to align well with Rpn11 Val83 and
Phe87, respectively, and on the basis of this apparent conservation it had
been proposed that Rpn11 binds the Ile44 patch of ubiquitin in a manner
very similar to that of AMSH-LP (Fig. 2a). However, our structure-based
alignment between Rpn11 and AMSH-LP revealed that Rpn11 displays
Asp85 and Ala89, rather than Val83 and Phe87, at the positions predicted
to be critical for ubiquitin binding (Fig. 2a,b and Supplementary Fig. 5).
Strikingly, Phe87 is involved in forming interface 1 with Rpn8, thus mak-
ing this residue completely inaccessible for ubiquitin binding (Fig. 2b).
On the basis of the observed sequence differences, we predicted
Rpnll’s K, for diubiquitin cleavage to be much higher than that of
AMSH-LP. Surprisingly, using a gel-based assay for the cleavage of
Lys48-linked diubiquitin, we found that Rpn11 has a K, of ~120 uM,
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Figure 2 Rpnll is missing a conserved binding site for the lle44 patch

of ubiquitin. (a) Sequence alignments between the helical Ins-1 region of
Rpn11l and AMSH-LP. Top, primary-sequence alignment, with the ubiquitin-
interacting residues of AMSH-LP highlighted in blue and the previously
proposed corresponding residues of Rpn11 highlighted in red. Bottom,
structure-based alignment showing a two-residue offset between Rpn11 and
AMSH-LP. (b) Structure of the predicted ubiquitin-binding surface of Rpn11.
Rpn1l and Rpn8 are shown in green and blue, respectively. The crystal
structure of ubiquitin-bound AMSH-LP20 (PDB 2ZNV; AMSH-LP in gray,
ubiquitin in pink) is superimposed with the structure of Rpn11. AMSH-LP
residues involved in the binding of the ubiquitin lle44 patch are shown in stick
representation. Residues at the corresponding positions in Rpnl1 as well as
residues previously predicted to bind ubiquitin are also shown as sticks.

which is only 70% higher than the K, | of ~72 uM for AMSH-LP (Table 2
and Supplementary Fig. 6). Because Rpnl1 appeared to lack hydro-
phobic residues conserved in AMSH-LP to bind the Ile44 patch of
ubiquitin, we sought to characterize its mode of ubiquitin binding in
more detail. If Rpn11 binds ubiquitin in a similar orientation as does

Table 2 Kinetic parameters for the cleavage of Lys48- or Lys63-linked diubiquitin by wild-

type or mutant Rpnl1 in context of the Rpn11-Rpn8 heterodimer

ARTICLES

AMSH-LP, reconstructing an AMSH-LP-like binding surface in Rpn11
would be expected to lower the K, for diubiquitin cleavage. To test this
hypothesis, we generated the mutants Rpn11489F and Rpn11P%V, The
AB89F mutation decreased the K, 3.4-fold (Table 2), indicating that wild-
type Rpnl1 indeed binds the distal ubiquitin in a similar orientation as
does AMSH-LP, but it lacks hydrophobic residues thought to be required
for tight interaction with the Ile44 hydrophobic patch. In contrast, the
D85V mutation led to a 1.7-fold increase in K, relative to that of wild
type, suggesting that a valine residue in this position of Rpnll does
not favorably contribute to ubiquitin binding. Moreover, this mutation
decreased the k,, for diubiquitin cleavage to 27% (Table 2), possibly by
affecting the orientation of the distal ubiquitin and thus the positioning
of the isopeptide bond in the Rpn11 active site. Consistently with our
data, this valine residue is not well conserved among JAMM DUBs or
even within the AMSH family of proteins?*32, despite being implicated
in AMSH-LP binding to the Ile44 patch of ubiquitin.

Together, these results indicate that Rpnll and AMSH-LP bind
ubiquitin in a similar orientation but differ considerably in their inter-
actions with the Ile44 hydrophobic patch. Ubiquitin-binding affinity
of Rpn11 can therefore be increased by the reengineering of a critical
phenylalanine present at the equivalent position in AMSH-LP. In con-
trast to the lack of this phenylalanine, Rpn11 contains other conserved
or highly similar residues that have been shown to mediate ubiquitin
binding in AMSH-LP. For instance, Rpn11 displays Leul32 in the same
position as AMSH-LP Met370, the latter of which makes important
interactions with the hydrophobic pocket formed by Ile36, Leu69 and
Leu71 of ubiquitin. Indeed, the Leul32A mutation in Rpn11 leads to a
2.6-fold increase in K, and a 5.4-fold decrease in k., for diubiquitin
cleavage, results indicating that this residue is important for both ubig-
uitin binding and isopeptide-bond hydrolysis (Table 2).

Ins-2 of Rpn11 is not involved in ubiquitin binding

Rpnll contains both Ins-1 and Ins-2, but Ins-2 is not ordered in our
structure of the isolated Rpn11-Rpn8 dimer. The absence of a defined
conformation may be caused by the lack of Zn?*-coordinating residues
in the Ins-2 of Rpn11. In AMSH-LP, these Zn?*-binding residues appear
to structure Ins-2 and allow its interaction with the proximal ubiquitin®’.
Docking of the Rpnl1 crystal structure into
the EM density of the substrate-bound pro-
teasome holoenzyme?? indicates that Ins-2,

Rpnll Ub, Kpn (M) Keat (Min~1) together with the Rpnll N terminus, inter-
(in Rpn8 context) linkage type acts with Rpn2 and helps position Rpnll
wrT 48 120 +28 0.29=+0.11 above the proteasome pore (Supplementary
WT 63 299 + 52 0.38+0.05 Fig. 7). Thus, the role of the Ins-2 region in
WT 11 147 £43 0.74£0.20 Rpnll seems completely distinct from that in
WT Ubiquitin-lysine-TAMRA 20+ 1 0.95 + 0.02 AMSH-LP. Because a defined conformation of
A89F 48 36+7 0.25 +0.06 the Rpn11 Ins-2 may depend on its interactions
D85V 48 205 + 43 0.08 +0.01 with Rpn2, it is not surprising that this segment
L132A 48 320+ 36 0.07 = 0.01 is unresolved in the structure of the isolated
V78A 48 142 £ 41 0.20 + 0.07 Rpn11-Rpn8 dimer.

S79A 48 218 + 50 0.13+0.01 Our crystal structure, in combination with
V80A 48 (Ky = 67 + 35) ND the proteasome EM reconstruction, clearly
ESIA 48 515+ 96 0114001 indicates that Rpnll lacks the interfaces for
A78-81 48 ND ND contacting the proximal moiety of a bound
78-81 AAAA 48 ND ND diubiquitin, an interaction that would be

ND, not detectable. K, and k., values for diubiquitin hydrolysis by wild-type (WT) or mutant Rpn11 were determined
by Michaelis—Menten analyses, with 5 uM of Rpn11-Rpn8 and a gel-based assay to follow cleavage (Online Methods).
The Ky value for diubiquitin binding to the catalytically inactive Rpn11Y80A was measured by the change in tryptophan
fluorescence. K, and k., values for ubiquitin-lysine-TAMRA cleavage were determined with a fluorescence-polarization
assay with Rpn11-Rpn8 at 250 nM and 1.25 pM and ubiquitin-lysine-TAMRA concentrations ranging from 1 to 10 uM
(Online Methods). All reported values are the average of three measurements + s.d. (n = 3 technical repeats).

required to confer linkage specificity. Docking
of diubiquitin into Rpn11, with the scissile iso-
peptide bond placed at the active site, shows that
the proximal ubiquitin is completely exposed
(Fig. 3a). Using diubiquitin cleavage assays
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Figure 3 Missing proximal contacts allow Rpn11
cleavage promiscuity. (a) Superimposition of the
crystal structures for ubiquitin-bound AMSH-LP
(gray; PDB 2ZNV) and Rpn11 (green). The Ins-1
segments involved in stabilizing the ubiquitin

C terminus in the catalytic groove are shown

in orange for Rpn11 and yellow for AMSH-LP.
Residues that mediate the interaction between
AMSH-LP Ins-2 and the proximal ubiquitin are
shown as sticks. In Rpnll, Ins-2 is relocated \
away from the proximal ubiquitin to interact

with Rpn2 (Supplementary Fig. 7). Potentially
interacting residues between the Rpn11 Ins-1
loop and the distal ubiquitin (Glu81 and Arg42)
are also shown in stick representation. (b) Rpn11
cleavage of multiple diubiquitin linkage types.
Shown is a Coomassie-stained SDS-PAGE gel
detailing Rpn11 cleavage of Lys6-, Lys11-,
Lys27-, Lys29-, Lys33-, Lys48- and Lys63-linked
diubiquitin. (c) Structure of the Rpn11 catalytic
site, oriented as in a. The Ins-1 loop (colored
orange) covers the binding groove and is shown
with individually mutated residues in stick
representation. The Zn2*-coordinating residues of
Rpnl1 are also in stick representation.

Distal
ubiquitin

Proximal
ubiquitin

(Fig. 3b and Supplementary Fig. 6), we accordingly found that Rpn11
does not exhibit linkage specificity in its deubiquitination activity.
Isolated Rpnll efficiently cleaves all seven ubiquitin linkage types
(Fig. 3b). Lys11-, Lys48- and Lys63-linked diubiquitins are cleaved with
k_, values of 0.74, 0.29 and 0.38 min~!, respectively, and K,, values of
147, 120 and 299 uM, respectively (Table 2). The relatively small dif-
ferences in K, and k,, are presumably a consequence of the different
linkage types forming variable compact ubiquitin-chain conformations
that make the isopeptide bond transiently inaccessible. It has been
shown previously that these conformations ‘breathe’ and expose the
isopeptide bond with different frequencies, thus leading to variations
in DUB cleavage rates®>. Moreover, depending on the linkage type, steric
clashes between the proximal ubiquitin and Rpnl1 may influence the
K.,,. Another factor that is likely to affect K, and k., for cleavage of
isolated diubiquitin is the extent of nonproductive binding, in which
the first, proximal moiety interacts with the distal site of the Rpn11-
binding groove and thus competitively inhibits isopeptide-bond cleavage
between ubiquitin moieties. Because a modification on Lys63 of a dis-
tally bound ubiquitin probably leads to fewer steric clashes with Rpn11
than does a modification on Lys48 or Lys11, the proximal ubiquitin of
isolated Lys63-linked diubiquitin may be a better competitive inhibitor
than the proximal ubiquitin in other linkage types. This could explain
the higher K, for Lys63-linked diubiquitin despite its reportedly less
compact and more extended conformation. Importantly, for deubiqui-
tination during proteasomal degradation such competitive inhibition
would not exist because the ubiquitin chain would be attached to a pro-
tein substrate as the proximal moiety.

To assess whether the identity or folding state of the moiety proximal
to the isopeptide bond affects K, as well as k_,,, we measured Rpn11
cleavage of ubiquitin-lysine-TAMRA (Table 2 and Supplementary
Fig. 8a—c). The determined K, of ~20 uM is 6- to 15-fold lower than
the K, values for Lys11-, Lys48- or Lys63-linked diubiquitin, a result
consistent with our model that a globular structure on the proximal
side of the isopeptide bond leads to some steric hindrance in Rpn11
binding. Therefore, Rpn11 apparently does not make favorable inter-
actions with a proximal ubiquitin, and this is in agreement with the
observed lack of cleavage within ubiquitin chains. The k_,, of 1 min~!
for ubiquitin-lysine-TAMRA is very similar to the k_, values for

, —~( AMSH-LP
“Rpn11
y Ins-1 loop

AMSH-LP
“"Ins-1 B-sheet

Lys6 Lys11 Lys27 Lys29 Lys33 Lys48 Lys63
0 50 0 50 0 50 0 50 0 50 0 50 O 50

Linkage
Time (min)

b

L0

Rpn11 -5 = 30
A T D T ———

= -20
Diubicuitin - AT e e e e s i B s S i
Ubiquitin - — —_— e D

— 10

diubiquitin. This similarity indicates that in its catalysis Rpn11 does
not discriminate the identity or folding state of the molecule on the
proximal side of the scissile bond. This is in excellent agreement with
Rpnll’s promiscuous function in the proteasome context, in which
it removes ubiquitin chains from highly variable protein substrates.
Steric restrictions by the neighboring base N ring appear to preclude
larger folded domains, including ubiquitin, from the proximal side
of the scissile bond, such that Rpn11 is assumed to cleave only at the
base of the ubiquitin chain, between the substrate lysine and the very
first ubiquitin. The variable compactness of different ubiquitin chain
types would therefore have no effect on the accessibility of the cleaved
isopeptide bond and the rate of deubiquitination at the proteasome.
Potential K, differences that originate from different linkage types
on the ubiquitin bound to the distal site of Rpn11 are also likely to be
irrelevant because ubiquitin chains are tethered to intrinsic protea-
some receptors with high affinity that substantially increase the local
substrate concentration.

Flexible Ins-1 loop positions distal ubiquitin for cleavage

Our structural data suggest that Rpn11 binds its ubiquitin substrates exclu-
sively by contacting the distal side of the isopeptide bond. Interestingly,
the Ins-1 region of Rpnll includes a prominent loop that sits over the
ubiquitin-binding groove, approximately 12 A away from the active site
residues (Fig. 3¢). This loop has high B factors, indicating that it has some
level of intrinsic flexibility. The position of the Ins-1 loop over the catalytic
groove could suggest that it blocks access for the ubiquitin C terminus
and thereby fulfills an autoinhibitory function to reduce spurious isopep-
tide cleavage, similarly to a mechanism proposed for Csn5 in the COP9
signalosomez6. On the basis of this model, deletion of residues from the
Rpn11 Ins-1loop should increase isopeptide-cleavage activity by exposing
the catalytic groove for ubiquitin binding. However, we found that dele-
tion of the highly conserved residues 78-81 in the Rpn11478-8! mutant
completely abolished DUB activity (Table 2). Similarly, a mutant with
residues 78-81 replaced by alanines lacked detectable activity, thus ruling
out that the defects observed for the loop truncation were simply caused
by a strained conformation with a distorted active site. Consequently, the
Ins-1loop of Rpnl1 does not act in an inhibitory fashion but rather seems
to be required for catalysis.
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Figure 4 The Ins-1 loop of Rpnl1 acts as a flap to fold over the ubiquitin

C terminus. (a) EM three-dimensional reconstruction of the proteasome
holoenzyme as shown from the top (left) and front (right). Rpn11 and Rpn8
are shown in green and blue. The lid, base and core-particle subcomplexes
are shown in orange, tan and gray, respectively. (b) Close-up views of the
crystal structure of Rpnl1 docked into the EM reconstruction of substrate-free
yeast proteasomes with catalytically dead Rpn11 (Rpn11AxA22) as viewed
from the top (left) and front (right). (c) Close-up views of the Rpnl1 structure
docked into the EM reconstruction of Rpn11A*A-mutant proteasomes stalled
on an ubiquitinated substrate?2, again viewed from the top and front. The
backbone for the C-terminal portion of the distal ubiquitin (Leu-Arg-Gly-Gly;
pink) and the side chain for the isopeptide-linked lysine (yellow), were docked
on the basis of the ubiquitin-bound model of Rpn11 and are shown in stick
representation. In addition to the rigid-body fit of the entire Rpn11, including
the Ins-1 loop (orange), we manually docked the isolated loop (yellow) to fit
even better into the observed EM density. (d) Close-up views of the ubiquitin-
bound AMSH-LP crystal structure (PDB 2ZNV) with its simulated EM-density
envelope and the C-terminal Leu-Arg-Gly-Gly-Lys peptide (pink and yellow
sticks) are shown in orientations similar to those of Rpn11 in b and c. Residue
Asp321 of Ins-1 and residue Phe407 of Ins-2 form a bridge over the active
site and are depicted as red sticks.

To determine whether interactions of this loop with ubiquitin con-
tribute primarily to K, or k_,,, we individually mutated residues 78-81
to alanine and measured the cleavage of Lys48-linked diubiquitin
(Table 2). Rpn11V784 did not considerably differ from the wild-type
enzyme, whereas Rpn11%7°4 and Rpn11814 showed an ~1.8- and ~4.3-
fold increase in K, respectively, and a ~2.2- and ~2.6-fold decrease in
k.. respectively. Importantly, the V80A mutation completely elimi-
nated diubiquitin cleavage. Using a tryptophan fluorescence-based
ubiquitin binding assay, we found that the K of Rpn11V84 is similar
to or even slightly lower than the K, of wild-type Rpnll (Table 2
and Supplementary Fig. 8d). This indicates that the observed lack
of cleavage activity for this mutant originates from a severe defect in
k.- The Ins-1 loop may thus have an important role in positioning
the C terminus of the distal ubiquitin for isopeptide-bond cleavage.

The corresponding Ins-1 region in AMSH-LP does not adopt a loop
conformation but forms a short two-stranded [-sheet in the absence
of ubiquitin. This 3-sheet defines one edge of the catalytic groove and
stabilizes a bound substrate for cleavage by forming a three-stranded
sheet with the C terminus of the distal ubiquitin. Because Rpnl1 and
AMSH-LP appear to bind the distal ubiquitin in a similar orientation, we
superimposed their crystal structures to generate a model for ubiquitin-
bound Rpn11 (Fig. 3a). On the basis of this simple model, the Ins-1loop
of Rpn11 folds over the unstructured ubiquitin C terminus, in a similar
area to that where AMSH-LP forms the three-stranded sheet. Rpn11
and AMSH-LP thus seem to use the same portions of their Ins-1 regions
but very distinct strategies to interact with and stabilize the ubiquitin
C terminus in the catalytic groove.

Comparison of our cryo-EM reconstructions for the substrate-free
and stalled substrate-bound proteasome revealed that the engagement of
ubiquitinated substrate leads to the appearance of a bridging density over
the ubiquitin-binding groove of Rpn11 (refs. 22,23) (Fig. 4a—c). Docking
the Rpnl11 crystal structure into the EM maps allowed us to unambig-
uously assign this bridging density to the Ins-1 loop, which is lifted
out of the catalytic groove by ~2.0 A upon ubiquitin binding (Fig. 4c).
The observed electron density clearly contradicts the formation of a
three-stranded B-sheet with ubiquitin but instead supports our model
that the Ins-1 loop of Rpn11 folds over the ubiquitin C terminus. This
loop reaching over the catalytic groove is thus reminiscent of another
structural feature in AMSH-LP, in which Phe407 of Ins-2 and Asp321 at
the tip of the Ins-1 3-sheet fold over the C terminus of a bound ubiquitin
(Fig. 4d). Consistently with these architectural similarities, mutations of
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both the Ins-1loop in Rpn11 and the Phe407 residue in AMSH-LP? lead
to severe catalytic defects, probably by disrupting the stabilization of the
ubiquitin C terminus in the catalytic groove. However, while Phe407 in
AMSH-LP forms a stabilizing bridge directly above the isopeptide bond,
the Ins-1loop in Rpn11 is located much further toward the globular fold
of ubiquitin (Fig. 4c,d). On the basis of the ubiquitin-bound model of
Rpn11, the side chain of Glu81 in the Ins-1 loop may form a salt bridge
with Arg42 or Arg72 in ubiquitin, and this would explain the 4.3-fold
increase in K, for ubiquitin cleavage by the Rpn11F8!4 mutant (Fig. 3a).

Our structural and mutational data together suggest a mechanism in
which the Ins-1 loop functions as a mobile flap that allows a ubiquitin
substrate to access the catalytic groove and, upon binding, folds over
the ubiquitin C terminus to stabilize it for isopeptide-bond cleavage.
Two observations suggest that this loop is intrinsically flexible when
not interacting with substrate: (i) defined electron density for the loop
appears only in the EM reconstruction of the 26S proteasome stalled
on a ubiquitinated substrate, and (ii) B factors of the Ins-1 loop in the
substrate-free Rpn11 structure are much higher than the average B factor
for the entire Rpn11-Rpn8 dimer.

Rpn11 has low catalytic efficiency

On the basis of our crystal structure of Rpn11 and the EM reconstruction
of the proteasome holoenzyme, Rpnll lacks important elements that
could directly contact and stabilize the Gly-Gly-Lys isopeptide linkage in
the active site (Figs. 3a and 5a). In particular, we do not expect the Ins-1
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Figure 5 Model for Rpn11-mediated deubiquitination. (@) Rpn11 does not contact the proximal side of the isopeptide bond, and this makes its ubiquitin-
cleavage activity independent of the linkage type or the identity of the proximal moiety. As a consequence, the isopeptide bond is less stabilized in the
Rpnl1 active site; this results in slower cleavage compared to that of related DUBs. In this model figure, the diubiquitin was placed into the Rpn11

catalytic groove on the basis of superimposition of Rpn11 and ubiquitin-bound AMSH-LP. (b) Because Rpn11 lacks Ins-2 and an extended Ins-1 B-sheet on
the proximal side of the catalytic groove, it can function as a promiscuous DUB during ATP-dependent substrate degradation by the proteasome. Rpnll’s
catalytic residues are positioned directly above the entrance to the processing pore of the base N ring, such that the translocation of substrates pulls attached
ubiquitin modifications right into the active site. This ubiquitin-scanning mechanism would be facilitated by the flexible Ins-1 loop, which may function as

a flap that allows ubiquitin access to the catalytic groove and folds over the C terminus of a bound distal ubiquitin to stabilize it for cleavage. Owing to the
position of the N-ring central pore in line with the Rpn11 catalytic groove, the forceful translocation of substrates into this pore may orient and stabilize the
ubiquitin-linked lysines in the Rpn11 active site and thus accelerate isopeptide-bond cleavage.

loop to interact with the far C terminus of ubiquitin around the isopep-
tide bond, and Ins-2 is probably precluded from positioning the scissile
bond, owing to its contacts with Rpn2. The observation that Rpn11 lacks
those specific isopeptide-stabilizing interactions is corroborated by its
very low k, of ~0.3-0.7 min~! for diubiquitin and 1 min~! for ubiquitin-
lysine-TAMRA. Rpn11 cleaves Lys63-linked diubiquitin ~134 times more
slowly than does AMSH-LP?°, which more strongly stabilizes the isopep-
tide bond for cleavage, for instance through an active site enclosure by
the bridging residues Phe407 and Asp321 (Fig. 4d).

Rpnll-mediated deubiquitination during substrate degradation by the
proteasome has been shown to be strictly dependent on ATP hydrolysis
by the base!”18, Interestingly, this degradation-coupled deubiquitination
happens at the same rate as the cleavage of ubiquitin-lysine-TAMRA
by isolated Rpn11 (1 min~!; ref. 22 and this study), thus suggesting that
deubiquitination by Rpnl1 represents the rate-limiting step of protea-
somal degradation. ATPase-driven polypeptide translocation into the base
N ring, located below Rpn11, may pull the isopeptide bond at the base of
an attached ubiquitin chain into the Rpn11 active site and thus overcome
steric hindrances between the substrate and subunits surrounding Rpn11
in the proteasome context (Fig. 5b). The active site architecture of Rpn11
may have been optimized to accommodate highly divergent protein sub-
strates en route to the central processing pore and to allow the removal
of their ubiquitin modifications concomitantly with degradation, while
nonengaged substrates are precluded from deubiquitination.

DISCUSSION

The high-resolution crystal structure of the proteasome Rpnl11-Rpn8
heterodimer provides critical insights into the architecture of MPN-
domain dimers as well as the mechanisms of Rpn11-mediated substrate
deubiquitination at the 26S proteasome. Various ubiquitin-interacting
proteins bind to the hydrophobic patch around Ile44 of ubiquitin, and it
has so far been assumed that Rpn11 interacts in a similar manner with
this patch to bind its substrates for isopeptide cleavage. Remarkably,
our crystal structure now reveals that the critical phenylalanine used

by related DUBs to bind the ubiquitin Ile44 patch is instead used by
Rpnll to stabilize the heterodimer interface with Rpn8, so that this
phenylalanine is inaccessible for ubiquitin binding. It is not ruled out
that Rpnl1 uses a different, unidentified surface to interact with the
Ile44 patch. However, the substantial gain in ubiquitin affinity upon
introduction of a phenylalanine at the predicted Ile44-binding site sug-
gests that Rpn11 interacts with ubiquitin in an orientation similar to that
of related DUBs, such as AMSH-LP. Rpn11 may use the Ile44 patch of
ubiquitin in a different manner resulting in lower affinity and therefore
may rely to a larger extent on other conserved interfaces for binding.
The original surface for Ile44-patch binding may have been repurposed
to form stable interactions with Rpn8 when Rpn11 evolved to become
incorporated into the 26S proteasome. These contacts with Rpn8 prob-
ably help position Rpn11 over the proteasome central pore and allow
translocation-coupled substrate deubiquitination.

For deubiquitination during proteasome degradation, Rpnll must
be able to remove ubiquitin chains from the wide variety of substrates,
irrespective of the amino acid sequences surrounding the ubiquitin-
linked lysines in these proteins. During its evolution, the enzyme prob-
ably accomplished such high promiscuity by eliminating structures that
stabilize the isopeptide bond in the direct vicinity of the proximal moiety,
or even interact with the proximal moiety itself, and that therefore confer
selectivity for certain ubiquitin linkages. In AMSH-LP for instance, the
Ins-1 and Ins-2 regions stabilize the Gly-Gly-Lys isopeptide segment, but
they also determine the Lys63-cleavage specificity, owing to their interac-
tions with the proximal side of the linkage. Hence, instead of using an
extended [-sheet that constitutes one side of the lower catalytic groove,
Rpn11 stabilizes its substrates for isopeptide-bond cleavage by folding a
flexible Ins-1 loop over the C terminus of the distal ubiquitin (Fig. 5).
Furthermore, the Ins-2 segment of Rpn11 is removed from the catalytic
groove and interacts with Rpn2, which may additionally stabilize the DUB
within the proteasome complex. Because Rpnl1 is positioned directly
above the N ring and even partially occludes the entrance to the central
pore, this reduction of protruding structural elements on the proximal
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side of its catalytic groove probably also facilitates access of protein sub-
strates to the base-translocation machinery and their ATPase-driven pas-
sage underneath Rpn11 while being scanned for ubiquitin modifications.
In summary, fewer substrate-stabilizing interactions around the active
site appear to make Rpn11 less efficient in isopeptide-bond cleavage but
extremely promiscuous for the cotranslocational deubiquitination of
highly variable substrates at the proteasome.

METHODS
Methods and any associated references are available in the online version
of the paper.

Accession codes. Atomic coordinates and structure factors have been
deposited in the Protein Data Bank under accession codes 408X (Zn?*-
bound Rpn11-Rpn8) and 408Y (Zn?*-free Rpn11-Rpn8).

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Expression and purification of Zn?*-free Rpn11-Rpn§8 heterodimers. The
MPN domains of both S. cerevisiae Rpnl1 (residues 2-239) and Rpn8 (residues
1-179) were cloned into the pETDuet-1 expression vector with PreScission
cleavable N-terminal Hisg and C-terminal StreplI purification tags to make the
Rpn11-Rpn8 expression construct. BL21* (DE3) cells were transformed with the
Rpn11-Rpn8 expression construct and grown in dYT medium at 37 °C to ODg
=0.6-0.8. Protein expression was induced overnight at 18 °C with 1 mM isopro-
pyl B-p-thiogalactopyranoside (IPTG). Cells were harvested by centrifugation
at 6,000g for 25 min and resuspended in lysis buffer 1 (30 mM HEPES, pH 7.6,
100 mM NaCl, 100 mM KCl, 0.5 mM EDTA, 1 mM DTT, 10% glycerol and 20
mM imidazole) supplemented with 2 mg/mL lysozyme, benzonase (Novagen),
and protease inhibitors (aprotinin, pepstatin, leupeptin and PMSF). All purifica-
tion steps were performed at 4 °C. Cells were lysed by sonication for 2 min and
clarified by centrifugation at 15,000 r.p.m. for 30 min. Soluble cell extract was
bound to Ni-NTA agarose resin (Qiagen) and washed with lysis buffer for ~30
column volumes. The bound protein was eluted with a buffer containing 60 mM
HEPES, pH 7.6, 100 mM NaCl, 100 mM KCl, 0.5 mM EDTA, 1 mM DTT, 10%
glycerol, and 250 mM imidazole. The Hisg and StrepllI purification tags were
removed by dialysis into PreScission cleavage buffer (50 mM Tris-HCI, pH 7.6,
150 mM NaCl, 1 mM EDTA, and 1 mM DTT) with PreScission protease for 2
h. Uncleaved protein was removed by passage over Ni-NTA agarose. Protein in
the flow through was concentrated with a 10K MWCO Amicon Ultra spin filter
(Millipore) and purified further by size-exclusion chromatography on a HiLoad
16/60 Superdex 200 pg column (GE Life Sciences) in GF buffer (50 mM HEPES,
pH 7.5,50 mM NaCl, 50 mM KCl, 0.5 mM EDTA, 1 mM DTT, and 10% glycerol).
The purified protein was flash frozen with liquid nitrogen and stored at -80 °C.

Purification of Zn?*-bound Rpn11-Rpn8 heterodimers. Cloning and protein
expression of the active Rpn11-Rpn8 heterodimer was the same as for the Zn?*-
free Rpn11-Rpn8 heterodimer, except that growth medium was supplemented
with 150 uM ZnCl,. Cells were harvested by centrifugation at 6,000g for 25 min
and resuspended in lysis buffer 2 (60 mM HEPES, pH 8.0, 100 mM NaCl,
100 mM KCl, and 10% glycerol) supplemented with 2 mg/mL lysozyme, ben-
zonase (Novagen), and protease inhibitors (aprotinin, pepstatin, leupeptin and
PMSE). All purification steps were performed at 4 °C. Cells were lysed by sonica-
tion for 1 min and clarified by centrifugation at 15,000 r.p.m. The soluble extract
was then bound to Strep-Tactin Superflow Plus resin (Qiagen) and washed with
lysis buffer 2 for ~30 column volumes. Protein was eluted with elution buffer 2
containing 60 mM HEPES, pH 8.0, 100 mM NaCl, 100 mM KCl, 10% glycerol and
2.5 mM desthiobiotin. The Hisg and StreplI purification tags were removed by
cleavage with PreScission protease for 2.5 h in the elution buffer. After cleavage, the
protein was concentrated and further purified by size-exclusion chromatography
on a HiLoad 16/60 Superdex 200 pg column (GE Life Sciences) in lysis buffer 2.
Fractions containing the purified protein were concentrated, flash frozen in liquid
nitrogen and stored at -80 °C.

Ubiquitin expression and purification. Rosetta I (DE3) pLysS Escherichia coli
cells were transformed with a pET28a vector containing the ubiquitin gene from
S. cerevisiae under control of a T7 promoter. Cells were grown in Terrific Broth
supplemented with 1% glycerol at 37 °C until OD, = 1.5-2.0 and were induced
with 0.5 mM IPTG overnight at 18 °C. Cells were harvested by centrifugation,
and pellets were frozen at —80 °C. Purification was carried out as described pre-
viously®*, but scaled up with minor modifications. The lysis buffer contained
50 mM Tris-HCI, pH 7.6, 0.02% NP-40, 2 mg/mL lysozyme, benzonase
(Novagen), and protease inhibitors (aprotinin, pepstatin, leupeptin and PMSF).
Cells were lysed by sonication and 20 min incubation at room temperature.
60% perchloric acid was added to a final concentration of 0.5%, and the solution
was stirred on ice for a total of 20 min. A 5-mL HiTrap SP FF column (GE Life
Sciences) was used for cation-exchange chromatography, and ubiquitin fractions
were pooled and exchanged into Ub storage buffer (20 mM Tris-HCI, pH 7.6, and
150 mM NaCl) by repeated dilution and concentration in Amicon Ultra 3000
MWCO spin concentrators (Millipore).

Purification of E1 and E2 enzymes for in vitro ubiquitination. Plasmids
containing the Ubel, Cdc34, UbcH13, UevlA, and Ube2S were gifts from the
Morgan laboratory. Ubel was cloned into pET28a, expressed in E. coli and puri-
fied with ubiquitin-agarose as described®®. Cdc34 was cloned into pET28a with

an N-terminal His, affinity tag, and UbcH13, UevlA, and Ube2S were cloned
into pET28a vectors with C-terminal Hisg affinity tags. All polyhistidine-tagged
constructs were grown in dYT at 37 °C to ODyg, of 0.6-0.8 and were induced
overnight at 18 °C with 0.5 mM IPTG. Cells were harvested and resuspended in
lysis buffer 3 (50 mM Tris-HCI, pH 8.0, 500 mM NaCl, 20 mM imidazole, and
10% glycerol) supplemented with 2 mg/mL lysozyme, benzonase (Novagen), and
protease inhibitors (aprotinin, pepstatin, leupeptin and PMSF) at a ratio of 1:3 cell
mass (g)/buffer (mL). Cells were lysed by sonication for 2 min at 4 °C, the lysate
was clarified by centrifugation at 15,000 r.p.m. for 30 min, and the soluble extract
was bound to Ni-NTA agarose resin (Qiagen) and washed with lysis buffer 3. The
bound protein was eluted with lysis buffer 3 plus 250 mM imidazole (500 mM
imidazole for His ,-Cdc34). The eluate was further purified by size-exclusion
chromatography on a HiLoad 16/160 Superdex 75 pg column (GE Life Sciences)
in E2 storage buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM DTT, and
10% glycerol). UbcH13 and Uev1A Ni-NTA eluates were combined before SEC
and eluted as a heterodimer. Concentrations of purified proteins were determined
by UV absorbance at 280 nm, and proteins were stored at -80 °C.

Preparation of Lys11-, Lys48- and Lys63-linked diubiquitin. Ubiquitin dimers
were synthesized and purified as previously described?®.

Fluorescence-based diubiquitin binding assay. The tryptophan fluorescence
of Rpn11 increases upon binding of ubiquitin (which does not contain any tryp-
tophan) and can thus be used as a selective probe to determine the ubiquitin
binding affinity. The tryptophan fluorescence of Rpn11V8%4 was monitored at
30 °C, at an excitation wavelength of 295 nm and an emission wavelength of 330
nm. Rpn11V8%4 was stored in lysis buffer 2, whereas Lys48-linked diubiquitin
was stored in Ub storage buffer. The fluorescence experiments were therefore
performed in 30% Ub storage buffer and 70% lysis buffer 2 to make buffer compo-
sition consistent for the titration across all ubiquitin concentrations. Fluorescence
of 5 uM Rpn11V80A_Rpn§ was measured in triplicate at diubiquitin concentra-
tions ranging from 15 pM to 500 uM and fit to a simple binding curve to deter-
mine Ky, with Grafit data analysis (Erithacus).

Kinetic analyses of Rpn11 DUB activity. Diubiquitin cleavage assay. All diubiq-
uitin cleavage experiments were performed at 30 °C in buffer containing 60 mM
HEPES, pH 8.0, 100 mM NaCl, 100 mM KCl and 10% glycerol. The concentration
of Zn?*-bound Rpn11-Rpn8 heterodimer was 5 pM for all variants. Initial cleav-
age rates were measured for eight concentrations of diubiquitin, ranging from 15
to 500 uM (for Rpn11 wild type, D85V, A89E, V78A, S79A, V80A, E81A, A78-81,
and 78-81A) or from 30 to 700 uM (for Rpn11 E81A and L132A). Cleavage
reactions were stopped with 2x SDS-PAGE sample buffer to a final concentra-
tion of 3% SDS. Time points for each substrate concentration were analyzed by
SDS-PAGE gels stained with SYPRO Ruby (Invitrogen). Monomeric ubiquitin
was loaded alongside the cleavage experiments for quantification, and an internal
control of single-chain ClpX hexamer was used to normalize for differences in
Rpnll concentration and staining across multiple gels. Gels were imaged on
a Typhoon Variable Mode Imager (Amersham Biosciences), with a pixel den-
sity of 50 um/pixel. Monomeric ubiquitin-band intensity was quantified with
ImageQuant (GE). Cleavage reactions were repeated three times, and initial rates
were fit directly to the Michaelis—-Menten equation with nonlinear regression.
Ubiquitin-lysine-TAMRA cleavage assay. Cleavage of ubiquitin-lysine-TAMRA
(Boston Biochem) was followed by fluorescence polarization (FP) in buffer con-
taining 50 mM HEPES, pH 8.0, 100 mM NaCl and 100 mM KCI (FP buffer) at 30
°C. Concentrated Rpn11-Rpn8 was buffer-exchanged from lysis buffer 2 into FP
buffer with a Micro Bio-Spin 6 chromatography column (Bio-Rad). FP was moni-
tored at 0° and 90° relative to the polarization of the incident beam at an excitation
wavelength of 544 nm and an emission wavelength of 574 nm. The limited solu-
bility of ubiquitin-lysine-TAMRA in aqueous buffer precluded the measurement
of a complete Michaelis—-Menten curve. k_,, and K, were therefore determined
by measurements under single-turnover conditions and multiple turnover at
ubiquitin-lysine-TAMRA concentrations in the low-micromolar range. For the
single-turnover k., measurement, FP of 100 nM ubiquitin-lysine-TAMRA in the
presence of 450 uM wild-type Rpn11-Rpn8 was monitored over 400 s and fitted
to a single exponential (Grafit data analysis, Erithacus). Multiple-turnover mea-
surements of ubiquitin-lysine-TAMRA cleavage were conducted in triplicate with
250 nM or 1,250 nM wild-type Rpn11-Rpn8 at 1 uM, 5 uM, and 10 uM ubiquitin-
lysine-TAMRA. Cleavage velocities were calculated as described previously?’,
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with an FP endpoint for completely cleaved ubiquitin-lysine-TAMRA determined
after 10-min incubation with 100 nM of the DUB Yuhl. The K, for Rpn11 cleav-
age of ubiquitin-lysine-TAMRA was calculated by fitting of the 1 uM, 5 uM,
and 10 uM multiple-turnover velocities to a Michaelis—Menten equation and
constraining V.. (k.,) to the value measured in single-turnover experiments.

Crystal-structure determination of the Rpnll-Rpn8 heterodimer.
Crystallization. Zinc-free Rpn11-Rpn8 heterodimer was buffer-exchanged into
a buffer containing 60 mM HEPES, pH 7.6, 100 mM NaCl and 1 mM TCEP
with a Micro Bio-Spin 6 chromatography column (Bio-Rad). Initial crystalli-
zation experiments were performed at 18 °C with the hanging-drop diffusion
method. A Mosquito liquid-handling robot (TTP Labtech) was used to set about
360 conditions from sparse matrix crystal screens JCSG+ (Qiagen), Wizard I and
IT (Emerald Bio), Index I and II (Hampton Research) and Crystal Screen I and
II (Hampton Research). After optimization of our initial hits, the best crystals
of the Zn?*-free Rpn11-Rpn8 complex were obtained from 4-pl hanging drops,
for which 2 ul of 5 mg/ml Rpn11-Rpn8 heterodimer was mixed with 2 pl of
precipitant solution containing 15% PEG 8000, 12% ethylene glycol and 100 mM
HEPES, pH 7.5. The hanging drops were allowed to equilibrate with a 500-pul
reservoir of precipitant solution for 4 d at 18 °C. Crystals were soaked for 5 min
in a cryoprotectant solution containing 15% PEG 8000, 30% ethylene glycol, and
100 mM HEPES, pH 7.5 before freezing. Crystals of the Zn?*-bound Rpn11-
Rpn8 complex were prepared in the same way as for the Zn?*-free crystals, except
that the crystals were soaked for 40 min in a cryoprotectant solution containing
15% PEG 8000, 30% ethylene glycol, 100 mM HEPES, pH 7.5 and 500 (M ZnCl,.

Data collection and processing. Diffraction data for the Zn>*-free crystals were
collected at a wavelength of 1.075 A at the NSLS beamline X29A (Brookhaven
National Laboratory), and data for the Zn?*-bound crystals were collected at a
wavelength of 1.11587 A at the ALS beamline 8.3.1 (Lawrence Berkeley National
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Laboratory), both at a temperature of ~100 K. Data were processed with HKL2000
(HKL Research). The structure of the Zn?*-free Rpn11-Rpn8 dimer was solved
by molecular replacement with the Phenix suite®®, with structures of Csn5
(PDB 4F70) and Mov34 (PDB 2095) as search models. The structures of Csn5
and Mov34 were modified before molecular replacement with Sculptor. The
structure of the Zn?*-bound Rpn11-Rpn8 complex was solved by molecular
replacement with the Zn?*-free structure as a search model. Iterative refinement,
manual model correction and model building were accomplished with Phenix
and Coot®. The final molecular models have very good stereochemistry (98%
Ramachandran favored for both structures, and 0.3% Ramachandran outliers for
the Zn?*-free structure) and rotamer orientations, except for the side chain of
Rpnl11 R100, which, however, was fit into clear electron density. The Zn?*-free
complex was refined to an Ry, of 0.2094, and the Zn?*-bound structure was
refined to an Ry, of 0.1951. Both the Zn?*-free and Zn?*-bound crystals are
in the P4,2,2 space group with unit-cell dimensions of a = b = 70.405 and ¢ =
198.887,and a =b = 70.296 and ¢ = 198.912, respectively.
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