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The 26S proteasome is a large cellular assembly that mediates
the selective degradation of proteins in the nucleus and cytosol
and is an established target for anticancer therapeutics. Protein
substrates are typically targeted to the proteasome through
modification with a polyubiquitin chain, which can be recog-
nized by several proteasome-associated ubiquitin receptors.
One of these receptors, RPN13/ADRM1, is recruited to the pro-
teasome through direct interaction with the large scaffolding
protein RPN2 within the 19S regulatory particle. To better
understand the interactions between RPN13, RPN2, and ubiq-
uitin, we used human proteins to map the RPN13-binding
epitope to the C-terminal 14 residues of RPN2, which, like ubiq-
uitin, binds the N-terminal pleckstrin-like receptor of ubiquitin
(PRU) domain of RPN13. We also report the crystal structures of
the RPN13 PRU domain in complex with peptides correspond-
ing to the RPN2 C terminus and ubiquitin. Through mutational
analysis, we validated the RPN2-binding interface revealed by
our structures and quantified binding interactions with sur-
face plasmon resonance and fluorescence polarization. In con-
trast to a previous report, we find that RPN13 binds ubiquitin
with an affinity similar to that of other proteasome-associated
ubiquitin receptors and that RPN2, ubiquitin, and the deubiq-
uitylase UCH37 bind to RPN13 with independent energetics.
These findings provide a detailed characterization of interac-
tions that are important for proteasome function, indicate ubiq-
uitin affinities that are consistent with the role of RPN13 as a
proteasomal ubiquitin receptor, and have major implications
for the development of novel anticancer therapeutics.

The 26S proteasome, which selectively degrades targeted
protein substrates in the cytosol and nucleus, is important for

many cellular functions, including protein quality control,
DNA repair, cell-cycle regulation, signal transduction, and
antigen presentation (1). Structurally, the proteasome is an
�2.5-MDa complex composed of a central 20S core particle
(CP),4 which houses the proteolytic sites, capped on one or both
ends by the 19S regulatory particle (RP), which possesses sub-
units responsible for the recognition, processing, and translo-
cation of targeted protein substrates into the CP for degrada-
tion (2). Within the RP, polyubiquitin chains can be bound by
two stably associated subunits, RPN10 and RPN13/ADRM1,
and by several transiently associated proteasome-interacting
proteins such as RAD23 (HHR23A/B in humans), DSK2 (PLIC2
in humans), and DDI1, which are recruited to the proteasome
by the large scaffolding subunit RPN1 (3–7). Recent advances in
cryo-EM technology have resulted in several near-atomic reso-
lution reconstructions of proteasome complexes, which have
provided an invaluable tool for better understanding the mech-
anisms underlying proteasome function (8 –17). Curiously,
reconstructions of proteasomes from both Saccharomyces
cerevisiae (PDB codes 4CR2, 4CR3, and 4CR4) (12) and Homo
sapiens (PDB code 5L4K) (16) reveal that the 19S ubiquitin
receptors occupy disparate locations, with RPN1, RPN10, and
RPN13 being separated by �70 Å from each other in the
absence of the proteasome substrate. Further analysis of the
substrate-bound and translocation states of yeast proteasomes
reveals only minor changes in relative position of these subunits
(12). Unlike the transiently associated ubiquitin receptors and
RPN10, which bind ubiquitin via ubiquitin-associated domains
or ubiquitin-interaction motifs, RPN13 utilizes its N-terminal
pleckstrin-like receptor of ubiquitin (PRU) domain to bind
ubiquitin (18, 19). This same PRU domain also binds the RP
scaffolding subunit RPN2, which recruits RPN13 to the protea-
some (18 –22).

Interestingly, it has been reported that RPN13 from S. cerevi-
siae binds ubiquitin with a KD of 65 �M but that the human
RPN13 PRU domain binds ubiquitin over 200 times tighter
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(KD � 0.3 �M) (19). Furthermore, full-length human RPN13
was reported to bind ubiquitin roughly 25-fold more weakly
than the PRU domain alone (KD � 8 �M) and that autoinhibi-
tion was relieved by binding of a C-terminal peptide of RPN2
(23). The high affinity reported for these interactions is in sharp
contrast to the relatively weak affinities seen in other charac-
terized ubiquitin receptors (24). Moreover, these data pose a
challenge for understanding proteasome mechanisms because
the high abundance of monomeric ubiquitin and ubiquitin con-
jugates that are not degraded by the proteasome would be
expected to occupy, and hence block, a high-affinity receptor
on the proteasome (25).

To better understand interactions between RPN13, RPN2,
and ubiquitin, we have mapped the minimal RPN13-binding
segment of RPN2 to residues 940 –953, and we determined a
crystal structure of this RPN2 peptide in a ternary complex with
residues 19 –132 of human RPN13, which constitute its N-ter-
minal PRU domain (RPN13PRU), and ubiquitin. We also report
quantification of both RPN13-RPN2 interactions and RPN13-
ubiquitin interactions, which, in contrast to previous studies,
reveal that the PRU domain of RPN13 binds ubiquitin with an
affinity similar to that of other ubiquitin receptors and that the
RPN13-ubiquitin interaction is not substantially modulated by
binding of RPN2.

Results

Mapping the RPN13-binding domain of RPN2

Using human protein constructs, the RPN13-binding region
of RPN2 was mapped by affinity co-purification. Guided by
an earlier report that the C-terminal 52 residues of RPN2
(RPN2(902–953)) facilitate binding of the RPN13PRU domain
(18), we expressed in bacteria a series of constructs of N-termi-
nally His-tagged GFP fused to C-terminal peptides of RPN2.
Following co-lysis with bacteria expressing GST-tagged
RPN13PRU, complex formation was visually detected by reten-
tion of the GFP-RPN2 constructs after sequential purification
on nickel-chelate and glutathione resins (Fig. 1A). The shortest
construct tested that exhibited binding in this assay contained
the last 14 residues of RPN2, RPN2(940 –953). No retention of
GFP was observed using constructs consisting of RPN2 resi-
dues 918 –932 or 918 –947, indicating that the last six residues
are required for binding.

The RPN13-RPN2 interaction was quantified using both sur-
face plasmon resonance (SPR) and fluorescence polarization
(FP). For SPR analyses, GST-RPN13 was purified and captured
on a biosensor chip coated with anti-GST antibody, and GFP-
RPN2 constructs were assayed for binding. Consistent with the
observations from affinity co-purification, GFP-RPN2(940 –
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Figure 1. Examination of the RPN2-RPN13 interaction. A, GFP retention assays used to visualize stable association of various RPN2 peptides with RPN13.
Complex formation is visualized by retention of green GFP-RPN2 on the resin. Microcentrifuge tubes outlined for clarity. B, representative SPR sensorgrams
illustrating full-length RPN13 binding to RPN2 peptides corresponding to residues 940 –953 (top) and 932–953 (bottom). C, representative fluorescence
polarization binding curves of full-length RPN13 (black) and RPN13PRU (magenta) binding to fluorescently labeled RPN2(940 –952). D, representative fluores-
cence polarization competition curves of RPN2(940 –952) (blue) and RPN2(940 –953) (black) competing with fluorescently labeled RPN2(940 –952) for binding
of RPN13PRU.
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953) bound tightly with a KD of 9.98 � 0.05 nM, whereas
the slightly longer RPN2(932–953) construct bound slightly
tighter, with a KD of 2.658 � 0.002 nM (Fig. 1B). Further exten-
sions of the RPN2 fragment did not increase affinity further. For
fluorescence polarization studies, a peptide comprising resi-
dues 940 –952 of RPN2 (RPN2(940 –952)) was synthesized and
labeled C-terminally with fluorescein. In agreement with the
SPR data, FP studies indicate KD values of 10.57 � 0.53 nM for
the RPN13-RPN2(940 –952) interaction and 6.94 � 0.24 nM for
the RPN13PRU-RPN2(940 –952) interaction (Fig. 1C), illustrat-
ing that the RPN2 peptide binds to full-length RPN13 and
RPN13PRU with similar affinities (within 2-fold). In addition, we
performed a binding competition assay using unlabeled pep-
tides corresponding to residues 940 –952 (Ki � 16.6 � 1.8 nM)
and 940 –953 (Ki � 7.1 � 0.9 nM) of RPN2 to validate that
neither the fluorophore nor Asp-953 of RPN2 contribute to the
binding energy (Fig. 1D). Combined, these data indicate that

RPN2(940 –952) contains almost the entire RPN13 binding
determinant, with a small contribution provided by residues
932–939, and are consistent with a recent report indicating that
the PRU domain of human RPN13 binds a slightly longer RPN2
construct, RPN2(918 –953), with a KD of 12.3 nM (26).

Crystal structure of RPN2-RPN13-ubiquitin complex

To visualize the binding interactions of RPN13PRU (Fig. 2A)
with RPN2 and ubiquitin, we crystallized a ternary RPN13PRU-
RPN2(940 –953)-ubiquitin complex. This structure was deter-
mined by molecular replacement using the murine RPN13PRU

domain (PDB code 2R2Y) (18) and ubiquitin (PDB code 1CMX)
(27) as search models and was refined against 1.45 Å data to
Rwork/Rfree values of 0.140/0.175 (Fig. 2B and Table 1). The two
complexes within the asymmetric unit superimpose closely
with an r.m.s.d. of 2.07 Å over all atoms. The main chain is
clearly defined for RPN2 residues 940 –950, RPN13 residues
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20 –130, and ubiquitin residues 1–72 and reveals that the ubiq-
uitin and RPN2 binding surfaces are on opposite sides of the
RPN13PRU domain (Fig. 2B). The largest deviations between
the two asymmetric complexes are at the protein termini and in
the Thr-7–Lys-11 loop of ubiquitin, where the C� atoms of
Gly-10 and Lys-11 in the two complexes deviate by 5.1 and 2.0
Å, respectively.

We also crystallized a complex with a longer peptide,
RPN2(932–953), which SPR data indicate binds with slightly
higher affinity (Fig. 1B). This structure was also determined by
molecular replacement and was refined against 2.0 Å data to
Rwork/Rfree values of 0.146/0.182. Crystals of the RPN13PRU-
RPN2(932–953)-ubiquitin complex belong to a different space
group than the RPN2(940 –953) complex (Table 1), yet they still
contain two complexes within the asymmetric unit. Impor-
tantly, each of the complexes from the two structures are essen-
tially identical to one another, superimposing with r.m.s.d. val-
ues between 1.19 and 2.98 Å over all atoms. Consistent with the
small difference in RPN13 binding affinity between RPN2(932–
953) and RPN2(940 –953), RPN2 residues 932–939 lack elec-
tron density, except for the backbone of Glu-939, which is vis-
ible in only one of the two complexes in the asymmetric unit of
the RPN2(932–953) complex. Although no specific contacts
are seen between Glu-939 and RPN13, and the Glu-939 side
chain lacks defined density, this residue is in the vicinity of the
similarly flexible RPN13 side chains of Arg-27 and Lys-113.
Model building suggests that the charged atoms could
approach as close as 2.6 Å in unstrained conformations, and
these potential charge interactions likely explain the �3.5-fold
tighter binding observed when this residue is included in the
SPR-binding experiments. Because of the higher resolution of
the RPN13PRU-RPN2(940 –953)-ubiquitin structure, all figures
and calculations will be based on that model unless otherwise
noted.

RPN13-RPN2 interaction

The RPN2 peptide adopts an extended conformation to bind
in a surface groove on RPN13, with an average total buried

surface area of �1,600 Å2 over the four complexes in the asym-
metric units of both crystal structures (Fig. 2C). The most strik-
ing feature of this interface is the packing of RPN2 residues
Pro-945, Phe-948, and Tyr-950 into a deep and largely hydro-
phobic binding pocket in RPN13 (Fig. 2D). As expected, the
buried surface on RPN13 overlaps with residues previously
implicated in binding (18, 23, 26). RPN2 residues Pro-942–Pro-
947 form a polyproline II helix that is followed by residues Phe-
948 to Tyr-950, which form main-chain to main-chain hydro-
gen bonds with RPN13 residues Thr-36 and Val-38 that extend
an anti-parallel �-sheet. Residue Ile-951, which is only visible in
one complex, extends away from RPN13, and it makes no sig-
nificant intermolecular contacts. The RPN13-RPN2 interface is
predominantly hydrophobic and includes the side chains of
Glu-941, Pro-942, Pro-944, Pro-945, Pro-947, Phe-948, Glu-
949, and Tyr-950 of RPN2 and the side chains of Arg-27, Met-
31, Leu-33, Thr-36 –Pro-40, Lys-42, Arg-64, Val-85, Gln-87,
Cys-88, Ser-90, Arg-92, Val-93, Arg-104, Phe-106, Trp-108,
Gln-110, and Pro-112 of RPN13 (Fig. 2E). At the center of the
interface, the RPN2 Glu-946 main chain forms a hydrogen
bond with the conserved RPN13 Ser-90 side chain. Additional
electrostatic interactions flanking the groove include salt
bridges between RPN2 Glu-941 and RPN13 residues Arg-64
and Arg-27, and hydrogen bonding between the side chain of
RPN2 Glu-949 and the side chains of RPN13 Thr-36 and Thr-
37. Importantly, both the RPN2-contacting residues on RPN13
(Fig. 3A, blue triangles) and the RPN2 peptide itself (Fig. 3B) are
highly conserved throughout eukaryotes, indicating that details
of this interaction are likely to be preserved in other species.

We determined the importance of specific residues at the
crystallographic interface by quantifying the ability of alanine
point mutants within the RPN2(940 –952) peptide to compete
with fluorescently labeled wild-type peptide (Table 2). Consist-
ent with our structural models, mutation of the buried interface
residues Pro-945, Phe-948, and Tyr-Y950 (Fig. 2D) each result
in a substantial decrease in binding affinity as reflected by their
Ki values. Specifically, P945A and Y950A point mutations each

Table 1
Data collection and refinement statistics

Data collection RPN13(19 –132)-RPN2(940 –953)-Ub RPN13(19 –132)-RPN2(932–953)-Ub

Space group P21 P31
Cell dimensions

a, b, c (Å) 36.13, 96.10, 57.61 100.85, 100.85, 37.57
�, �, � (°) 90.0, 96.4, 90.0 90.0, 90.0, 120.0

Resolution (Å) 50.00–1.42 (1.47–1.42) 35.00–2.00 (2.03–2.00)
Rsym (%) 6.6 (34.9) 9.8 (62.8)
�I 24.8 (5.2) 16.0 (2.5)
Completeness (%) 98 (93) 100 (100)
Redundancy 7.6 (7.0) 4.7 (4.6)

Refinement
Resolution (Å) 36.80–1.42 (1.44–1.42) 33.01–2.00 (2.07–2.00)
No. of reflections 72,405 (2,526) 28,875 (2,748)
Rwork/Rfree 0.140 (0.131)/0.175 (0.195) 0.146 (0.246)/0.182 (0.253)
No. of atoms

Protein 3,643 3,244
Water 510 81

B-Factors (Å2)
Protein 23 31
Water 38 31

r.m.s.d.
Bond lengths (Å) 0.008 0.009
Bond angles (°) 0.984 0.887

RPN2-RPN13-ubiquitin interactions
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result in an �100-fold reduction in binding affinity, whereas an
F948A mutation results in an �1,000-fold reduction in binding
affinity relative to the wild-type peptide. These studies also
reveal an �35-fold decrease in binding affinity for an E949A
mutant as well as an �18-fold reduction in binding affinity for
an E941A mutant, both of which are consistent with loss of their
respective interactions with RPN13. As expected, individual
mutation of Pro-942, Pro-944, Pro-947, and Ile-951 only
slightly decrease the binding affinity of the peptide (Table 2).
We hypothesize that the modest 1.7–2.9-fold effect observed
for each of the proline to alanine mutations likely results from
the entropic penalty imposed by reduction of backbone confor-
mational restraints rather than changes in contact between
RPN2 and RPN13. In further support of these models, it was
recently reported that a transgenically expressed peptide cor-
responding to the RPN2 C terminus fails to displace RPN13
from the proteasome in 293T cells upon introduction of either

1) an F948R point mutation, 2) a Y950D/I951D double muta-
tion, or 3) by truncating residues Phe-948 –Asp-953 (26). In the
case of the Y950D/I951D double mutant, our data further
suggest that dissociation results exclusively from the Y950D
mutation.

RPN13-ubiquitin interaction

In our structures, the ubiquitin molecules (residues 1–72)
closely superimpose with multiple previously reported ubiqui-
tin structures (27–31), with r.m.s.d. values ranging from 1.24 to
1.84 Å over all atoms. Similarly, the RPN13PRU domain in our
complex agrees well with structures of the isolated RPN13PRU

domains from H. sapiens (PDB code 5IRS) (32), Mus musculus
(PDB code 2Z59) (18), and S. cerevisiae (PDB code 2Z4D) (30),
aligning over all atoms with r.m.s.d. values of 1.97, 2.13, and
5.18 Å, respectively. The largest deviation observed between
crystal structures of unbound human RPN13PRU (PDB code
5IRS) (32) and RPN2-bound RPN13PRU is a shift of �6.5 Å in
residues 31–39, which lie at the RPN13-RPN2 interface.

The RPN13PRU-ubiquitin interface (Fig. 4A) comprises
mostly hydrophobic contacts (Fig. 4, B and C) but also features
three intermolecular hydrogen bonds and one intermolecular
salt bridge (Fig. 4D). The interface buries between 786 and 937
Å2 in the four crystallographically independent models and
includes packing of the ubiquitin surface residue Ile-44 (Fig.
4B), a feature conserved in most characterized ubiquitin inter-
actions (24). Notably, with the absolute conservation of each of
the ubiquitin residues (Fig. 3C, magenta triangles) and many of
the RPN13 residues (Fig. 3A, gray triangles) at the ubiquitin

Figure 3. Sequence alignments of RPN13, RPN2, and ubiquitin from higher eukaryotes. A, RPN13 alignments. Stars indicate residues not conserved
between mouse and human. Blue triangles indicate residues at the RPN13-RPN2 interface. Gray triangles indicate residues at the RPN13-ubiquitin interface. B,
RPN2 sequence alignment. Magenta triangles indicate residues at the RPN13-RPN2 interface. C, ubiquitin sequence alignment; magenta triangles indicate
residues at the RPN13-ubiquitin interface.

Table 2
FP analysis of RPN2 point mutants

Construct Peptide sequence Ki (nM)

WT PQEPEPPEPFEYID 16.6 � 1.8
E941A PQAPEPPEPFEYID 291.1 � 21.4
P942A PQEAEPPEPFEYID 48.0 � 3.2
P944A PQEPEAPEPFEYID 39.0 � 4.0
P945A PQEPEPAEPFEYID 1,410 � 100
P947A PQEPEPPEAFEYID 28.9 � 3.4
F948A PQEPEPPEPAEYID 18,760 � 960
E949A PQEPEPPEPFAYID 590.5 � 83.5
Y950A PQEPEPPEPFEAID 1,480 � 90
I951A PQEPEPPEPFEYAD 43.1 � 3.1

RPN2-RPN13-ubiquitin interactions
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interface, including Leu-56, Leu-73, Ile-74, Phe-76, and Phe-98
(Fig. 4C), it is probable that the interface is conserved between
species.

Comparison of the four crystallographically independent
ternary complexes in our structures indicates the existence of
two areas of flexibility at the RPN13-ubiquitin interface. The
first is in the N-terminal loop of ubiquitin, consisting of resi-
dues Thr-7 through Lys-11, where residue Leu-8 assumes mul-
tiple conformations while interacting with a hydrophobic patch
created by RPN13 residues Leu-56, Phe-76, and Pro-77. The
second is in a loop of RPN13 composed of residues Lys-99
through Lys-103, where Ala-100 C� is 3.7 Å from Phe-45 of
ubiquitin in complexes containing RPN2(932–953) and 5.6 Å
distant in complexes with RPN2(940 –953). Despite these dif-
ferences, alignment of each of the four crystallographically
independent ubiquitin molecules reveals r.m.s.d. values of
0.95–1.38 Å over all atoms, thereby implying that the RPN13-
ubiquitin interaction observed in the crystal structures accu-

rately represents a range of structures that would be highly
populated in solution.

Comparison with a previously reported RPN13-ubiquitin
model

Our crystallographically determined RPN13-ubiquitin in-
terface resembles a previously reported model based on the
docking of ubiquitin onto a crystal structure of the murine
RPN13PRU domain using experimentally determined NOE
restraints (PDB code 2Z59) (18), although several differences
are observed. When the two structures are superimposed on
RPN13, the ubiquitin molecules differ by a center-of-mass
translation of 8.4 Å and a rotation of 30° (Fig. 4E). This discrep-
ancy is surprising given that only three residues (Asn-20, Asn-
68, and Tyr-127) vary between the human and mouse proteins
used in the two studies, none of which lie at the RPN13-ubiq-
uitin interface (Fig. 3A, stars). Moreover, structures of the
human and mouse RPN13PRU superimpose with an average
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graphic (gray) and NMR docking (wheat) models upon alignment on RPN13.
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r.m.s.d. of only 1.58 Å, whereas the ubiquitin molecules from
each complex overlay with an average r.m.s.d. of only 0.84 Å
over all pairs of C� atoms. The disparities seen between the two
RPN13PRU-ubiquitin models can be traced to the packing of
several key residues (Fig. 4F), including ubiquitin Ile-44, His-68,
and Val-70, which result in a substantial difference in buried
surface area at the RPN13-ubiquitin interface. Importantly, the
finding of �1,260 Å2 of buried surface area at the RPN13-ubiq-
uitin interface in the NMR model, which is larger than many
reported ubiquitin interactions, prompted the rationale that
this underlies a relativity tight binding affinity (19). In contrast,
our models reveal a buried surface area of �860 Å2 at the
RPN13PRU-ubiquitin interface.

RPN13-ubiquitin binding affinity

The difference in buried surface area between RPN13PRU and
ubiquitin in these models prompted us to independently quan-
tify the human RPN13-ubiquitin interaction. To this end, we
used RPN13PRU and ubiquitin-fluorescein (Boston Biochem) in
an FP assay. Even up to a concentration of 1.25 �M RPN13PRU,
which is the maximum attainable before protein begins to
aggregate, we observed no changes in polarization, indicating
the interaction is much weaker than previously reported. To
validate this finding, we utilized the independent approach of
SPR, which indicates that RPN13PRU binds ubiquitin with a KD
of 90.6 � 0.6 �M in HBS Buffer (Table 3), an affinity that is
�300-fold weaker than previously reported for the human
RPN13PRU domain but similar to the 65 �M affinity reported for
the S. cerevisiae RPN13-ubiquitin interaction (19) and the low
to mid-micromolar affinity reported for most other character-
ized ubiquitin interactions (24). To determine whether differ-
ences in solution conditions could explain the discordant
results, we repeated the SPR-binding experiments with reduced
salt to replicate the ionic strength condition used previously
(19). Under these conditions (LSPB Buffer, Table 3), the affinity
increased 3-fold (KD � 31.5 � 0.3 �M) but is still more than 2
orders of magnitude weaker than the previously reported dis-
sociation constant. We also evaluated the binding affinity of
Lys-48-linked di-ubiquitin (K48-Ub2) to RPN13PRU in HBS
buffer, and we found that although K48-Ub2 bound with 2–3-
fold higher affinity than monomeric ubiquitin (KD � 37.4 � 0.2
�M, Table 3), its affinity is still more than 400-fold weaker than
the 90 nM value reported earlier (19). These results are consis-
tent with a recent isothermal titration calorimetry study show-
ing the human RPN13PRU domain binds K48-Ub2 with a KD of
29 � 2 �M (32).

Lack of cooperativity in RPN2 and ubiquitin binding

Based upon the results of RPN13-ubiquitin binding studies,
we decided to independently evaluate the report that ubiquitin

binding by full-length RPN13 is antagonized by the C-terminal
deubiquitylase adaptor domain of RPN13 (Fig. 2A) and that this
effect can be relieved if RPN13 is also bound to RPN2 (23). This
published model was attractive as it suggested a mechanism to
ensure that the very tight ubiquitin-binding affinity reported
for the isolated human RPN13PRU domain was masked until
RPN13 was properly assembled in the 26S proteasome. In con-
trast, however, our SPR data show that full-length RPN13 binds
ubiquitin or K48-Ub2 with only minor decreases in affinity
compared with the isolated PRU domain (Table 3). To assay for
the reported energetic coupling of RPN2 and ubiquitin binding,
we analyzed binding in the presence of a saturating concentra-
tion of RPN2 by adding GFP-RPN2(932–953) to the SPR run-
ning buffer at a concentration of 100 nM, which is �40 times
greater than the KD of the RPN2(932–953)-RPN13 interaction.
The presence of RPN2(932–953) did not alter the affinity of
monomeric ubiquitin for RPN13 or RPN13PRU beyond experi-
mental error (Table 3). Interestingly, although RPN2(932–953)
did induce some change in the affinity of K48-Ub2 toward
RPN13 and RPN13PRU under both high- and low-salt condi-
tions, these effects are small, and unlike previous reports there
are decreases in binding affinity (23). We therefore conclude
that binding of RPN13 to RPN2 and ubiquitin are energetically
uncoupled, which is consistent with our observation that
RPN13 does not undergo substantial conformational changes
upon binding RPN2 and ubiquitin.

RPN13 binding of UCH37 and RPN2 are not energetically
coupled

The RPN13 deubiquitylase adaptor domain, which is teth-
ered to the PRU domain by a flexible linker of �150 residues
in the human protein (Fig. 2A), recruits UCH37 to the pro-
teasome and activates it in many fungal species and higher
eukaryotes (20, 22, 31, 33, 34). For this reason, we questioned
whether binding of UCH37 and RPN2 to RPN13 is energet-
ically coupled. As in previous SPR experiments, we immobi-
lized GST-RPN13 and flowed purified UCH37 or GFP-
RPN2(932–953) as analytes, either on their own or in the
presence of 100 nM of the other binding partner. In this series
of experiments, we find that UCH37 binds �3-fold more
tightly to RPN13 than does RPN2, with KD values of 1.7 nM

for the RPN13-UCH37 interaction and 5.5 nM for the
RPN13-RPN2 interaction (Table 4). Importantly, we also find
that binding affinities are unaltered by the presence of the addi-
tional binding partner. These data indicate that UCH37 and
RPN2 bind to RPN13 independently, and in both cases the tight
binding constants are consistent with stable association in vivo
(20, 33).

Table 3
SPR analysis of RPN13-ubiquitin and RPN13-K48-Ub2 interactions

Ligand Analyte
Observed KD (�M) in specified buffers

HBS-TBP HBS-TBP � RPN2 LSPB-DBP LSPB-DBP � RPN2

GST-RPN13 Ub 109.2 � 0.6 109.0 � 0.7 39.8 � 0.4 38.3 � 0.4
GST-RPN13(19–132) Ub 90.7 � 0.6 93.3 � 0.5 31.5 � 0.3 28.9 � 0.3
GST-RPN13 K48-Ub2 46.3 � 0.2 68.5 � 0.4 20.0 � 0.2 22.6 � 0.2
GST-RPN13(19–130 K48-Ub2 37.4 � 0.2 64.1 � 0.4 14.1 � 0.1 18.9 � 0.2
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Discussion

The proteasome 19S RP possesses subunits that are respon-
sible for the recruitment, processing, and delivery of ubiquity-
lated protein substrates to the CP for degradation. Two of these
subunits, RPN10 and RPN13, function as ubiquitin receptors
that appear to be largely functionally redundant (35–38) but
occupy disparate locations within the RP. In previous studies, it
was reported that recognition of ubiquitin by RPN13 was
modulated by its proteasomal recruiting partner, RPN2, which
formed the basis for an attractive model whereby the ubiquitin
receptor activity of RPN13 was autoinhibited until it was prop-
erly assembled in the proteasome. Moreover, RPN13 was
reported to bind ubiquitin moieties with binding affinities that
are orders of magnitude tighter than would be expected for a
typical ubiquitin receptor (24).

In contrast to these studies, we have shown via two different
techniques that measure two distinct phenomena (SPR and FP)
that the binding affinities of RPN13 and RPN13PRU for ubiqui-
tin are much weaker than reported by Husnjak et al. (19) and
are instead more typical of characterized ubiquitin interactions
(24). One possible explanation for the disparate data is that
intrinsic tryptophan fluorescence (IWF), which was used in
previous studies, reports only on the local environment of tryp-
tophans, and thus changes in fluorescence can be difficult to
attribute to a specific phenomenon. Analysis of our crystal
structures reveals two major concerns for the use of IWF in this
system. The first is that the two tryptophans in RPN13, Trp-61
and Trp-108, do not appear to be good reporters for ubiquitin
association because they are not proximal to the RPN13-ubiq-
uitin interface, lying �12 and �20 Å away from the closest
ubiquitin atom, respectively. Second, structural overlap of
unbound RPN13 (PDB code 5IRS) with our ubiquitin-bound
RPN13 structures does not reveal a perturbation that seems
likely to explain the quenching of fluorescence upon binding of
ubiquitin. These observations question the reliability of IWF as
a method to accurately describe these interactions. The infer-
ence of allosteric regulation of the RPN13-ubiquitin interaction
by RPN2 (23) also depended upon use of IWF. Therefore, we
believe that our SPR data more accurately represent the
RPN13-RPN2-ubiquitin interactions and argue against an
allosteric regulatory mechanism in the binding of ubiquitin to
RPN13. Overall, the work presented here is consistent with the
established role of RPN13 as a ubiquitin receptor, which
requires that binding be reversible to allow efficient release of
polyubiquitin after substrate delivery, and to avoid indiscrimi-
nate targeting of all ubiquitylated proteins and of free ubiquitin,
whose estimated concentration in the cell is �10 �M (39).

Despite the low nanomolar affinity described for the RPN13-
RPN2 interaction, RPN13 is found in sub-stoichiometric
amounts in purified 26S proteasomes (8, 23). This may result

from either variable cell-specific expression levels of RPN13 or
through modulation of binding via post-translational modifica-
tion of either RPN2 (40) or RPN13 itself (41). Further investi-
gation into the factors that influence recruitment of RPN13 to
the 26S proteasome will provide insight into the functional rel-
evance of RPN13 as a ubiquitin receptor and to its regulation of
the recruitment and activation of the deubiquitylase UCH37.

The proteasome is an established target for the treatment of
multiple myeloma, with three Food and Drug Administration-
approved inhibitors of the CP proteolytic sites, bortezomib
(Velcade�, Millenium Pharmaceuticals), ixazomib (Ninlaro�,
Millenium Pharmaceuticals), and carfilzomib (Kyprolis�, Onyx
Pharmaceuticals) currently in clinical use. The problem of resis-
tance to these drugs (42– 45) places emphasis on developing
new anticancer drugs to target alternative sites within the pro-
teasome, including the deubiquitylases (46) and, more recently,
RPN13 (47–50).

In humans, RPN13 resides within a recurrent amplicon in
chromosome band 20q13, whose amplification has been impli-
cated in early stages of cancer development (51) and was iden-
tified as one of the most commonly overexpressed genes in solid
tumors (52). Moreover, increased levels of RNA and protein
levels of RPN13 have been directly correlated to cell prolifera-
tion and metastatic potential in hepatocellular carcinoma (53),
and to stage, time to recurrence, and metastatic potential in
ovarian cancer (50), suggesting that RPN13 is intimately
involved in pathways related to both oncogenesis and metasta-
sis. Correlated with this potential, RPN13 knockdown studies
have revealed significant decreases of cell proliferation in ovar-
ian, liver, head and neck, and gastric and colorectal cancer cell
lines (50, 51, 53–57).

In 2013, the small, electrophilic compound RA190 was
reported to bind RPN13 and displayed selective toxicity against
cancer cells in both cell culture and mouse xenograft models
(47). More recently, the discovery of a peptoid-based ligand-
targeting RPN13 was reported, which was shown to act syner-
gistically with the proteasome inhibitor bortezomib to elicit cell
death in several multiple myeloma cell lines (48). Despite
revealing the efficacy of these molecules, the mechanisms by
which these small molecules elicit cell death are still unknown.
One provocative observation from our structural models is the
presence of RPN13 Cys-88 at the base of the RPN2-binding
groove, which was reported as the site in RPN13 to which
RA190 covalently binds via Michael addition reaction (47).
Based on our structures, we anticipate that this modifica-
tion would greatly destabilize the RPN13-RPN2 interaction,
although treatment with RA190 is reported to not displace
RPN13 from the proteasome in 293T cells (47). Our structural
and biochemical observations now make understanding the
biochemical consequences of RA190 treatment and the poten-
tial therapeutic impact of disrupting the RPN13-RPN2 interac-
tion a high priority for future research efforts.

Experimental procedures

Protein expression and purification

All expression plasmids have been deposited to the Addgene
plasmid repository (plasmid IDs: 61937, 73741–73749, and

Table 4
SPR analysis of RPN13 interactions with RPN2 and UCH37

Ligand kon (�105) koff (�10�4) KD (nM)

UCH37 1.5 � 0.1 2.3 � 0.6 1.7 � 0.5
UCH37 � RPN2(932–953) 1.8 � 0.1 3.2 � 0.1 1.7 � 0.1
RPN2(932–953) 9.7 � 0.7 52 � 3 5.4 � 0.2
RPN2(932–953) � UCH37 13.3 � 0.1 73 � 4 5.5 � 0.4
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73913). Recombinant RPN13 and RPN2 proteins were
expressed in BL21 (DE3) codon� (RIL) Escherichia coli cells
(Stratagene) in autoinduction media, ZYP-5052 (58), at 37 °C to
an A600 of �1.0 and then transferred to 19 °C for 20 h. For
purification of complexes, cultures of cells expressing GST-
RPN13 and His6-GFP-RPN2 were mixed in a 1:1 ratio prior to
harvesting by centrifugation and storing at �80 °C. Pellets were
resuspended in lysis buffer (20 mM Tris-HCl, pH 7.5, 300 mM

NaCl, 10 mM imidazole) supplemented with 0.5% Triton X-100
and protease inhibitors (Sigma). Lysis by sonication was fol-
lowed by clarification by centrifugation. RPN13-RPN2 com-
plexes were purified by the following steps: 1) Ni-NTA affinity
chromatography; 2) binding to glutathione-Sepharose (GS) res-
in; 3) on-column HRV3C protease cleavage to remove GST and
GFP from RPN13 and RPN2, respectively; 4) anionic exchange
chromatography; and 5) gel filtration chromatography.

Specifically, clarified lysate was bound to Ni-NTA resin (Qia-
gen), washed with 20 CV of lysis buffer, and eluted with 5 CV of
nickel elution buffer (lysis buffer � 240 mM imidazole). EDTA
and DTT were added to a final concentration of 1 mM in the
eluted protein fraction, which was then incubated with pre-
equilibrated GS (GE Healthcare) for 1 h. After washing the resin
with 10 CV of GS-BIND buffer (20 mM Tris-HCl, pH 7.4, 50 mM

NaCl, 1 mM DTT, 1 mM EDTA), bound protein was incubated
with HRV3C protease in 5 CV of GS-BIND buffer at 4 °C over-
night before elution. The eluate was dialyzed into buffer QA (20
mM Tris-HCl, pH 7.5, 10 mM imidazole), loaded directly onto a
HiTrap Q HP column (5 ml, GE Healthcare), washed with 10
CV of QA, and eluted with a gradient of 0 – 400 mM NaCl in QA
over 20 CV. Protein and/or protein complexes eluted from the
Q column were concentrated (3,000 MWCO Vivaspin� centrif-
ugal concentrator) and loaded onto an SD200 gel filtration
column (GE Healthcare) equilibrated with HBS-TE (10 mM

HEPES-HCl, pH 7.4, 150 mM NaCl, 1 mM TCEP, 1 mM EDTA)
for final purification. Mass spectrometry was used to confirm
the presence of the RPN2 peptides 932-C and 940-C in purified
samples as they are not visible by Coomassie staining of SDS-
polyacrylamide gels.

The chromatographic steps used for purification of GST-
RPN13 (expressed with an N-terminal His6 tag) and GFP-RPN2
constructs for binding assays were as follows: 1) Ni-NTA affin-
ity chromatography; 2) dialysis and His6 affinity tag removal by
TEV protease; 3) anionic exchange chromatography; 4) Ni-NTA
affinity chromatography; and 5) gel filtration chromatography.

Ni-NTA affinity purification of individual constructs was
performed as described above. Eluted proteins were treated
with EDTA (1 mM), DTT (1 mM), and TEV protease (0.01
mg/ml final concentration) to remove the His6 tag intrinsic to
the pET151 vector and dialyzed at 4 °C overnight (20 mM Tris-
HCl, pH 7.4, 50 mM NaCl, 1 mM DTT, 1 mM EDTA). The pro-
tein solution was applied to a HiTrap Q HP column (5 ml, GE
Healthcare) and washed and eluted as described previously.
The fractions containing the desired protein were pooled and
applied again to Ni-NTA resin to remove uncleaved protein
and the histidine-tagged TEV protease. The flow-through was
concentrated (10,000 MWCO Vivaspin� centrifugal concen-
trator), loaded onto an SD200 gel filtration column, and eluted

with HBS-TE. Purified protein was concentrated and stored in
HBS-TE � 10% glycerol at �20 °C.

Recombinant ubiquitin was expressed in Rosetta 2 pLysS
cells and purified as described previously (59). Lys-48-linked
di-ubiquitin was a gift from Robert E. Cohen (Colorado State
University).

Peptide synthesis

Peptides were synthesized on Protein Technologies, Inc.,
Prelude or PreludeX instruments using standard Fmoc chem-
istry, at 32-�mol scale on TentaGel R RAM resin (Rapp
Polymere, 0.18 mmol/g). Fmoc deprotection employed three
additions of 20% piperidine in DMF (2 ml for 3 min). Standard
coupling conditions were 1.3:1.3:1 of 200 mM Fmoc-protected
amino acid in NMP, 198 mM HATU in DMF, 600 mM NMM in
DMF (4 –5� resin density) for 15 min. Amino acid couplings on
the PreludeX were performed at 40 °C. Peptides were cleaved
for 2.5 h with 95:2.5:2.5 of TFA/water/TIS and then precipi-
tated and washed thoroughly with ether. Fluorescein was
installed on a non-native C-terminal lysine using 5(6)-carboxy-
fluorescein (Acros Organics). Peptides were dissolved in water/
acetonitrile and lyophilized for long-term storage and reconsti-
tuted in minimal FP Assay Buffer (20 mM Tris, pH 7.5, 150 mM

NaCl, 1 mM EDTA) for assays. Peptide concentrations were
determined by either A492 (fluorescein-labeled peptides), A280
(unlabeled peptides possessing aromatic residues), or by FTIR
(unlabeled peptide lacking aromatic residues) using a Millipore
Direct Detect Spectrometer. For consistency, all synthesized
peptides contain a non-native N-terminal proline that was
present in SPR and crystallography experiments due to cleavage
from the engineered internal HRV3C protease cleavage site.

Crystallization and structure determination

Purified RPN13-RPN2 complexes were mixed in a 1:1.5 ratio
with ubiquitin and concentrated to �17 mg/ml (E280 � 20,935
cm�1 M�1). Crystals were grown by sitting drop vapor diffusion.
RPN13PRU-RPN2(932–953)-ubiquitin crystals grew at 20 °C
from 2-�l drops comprising a 1:1 mixture of protein and reser-
voir solutions (0.1 M sodium acetate, pH 4.6, 22.5% PEG-3350).
Crystals of the RPN13PRU-RPN2(940 –953)-ubiquitin complex
grew at 4 °C from a 0.6-�l drop in a 1:2 ratio of protein and
reservoir solutions (0.1 M citric acid, pH 4.6, 20% PEG-6000). In
both cases, crystals were cryoprotected by brief immersion in a
solution of the reservoir made up with 20% ethylene glycol and
cooled by plunging into liquid nitrogen.

Data for the RPN13PRU-RPN2(932–953)-ubiquitin and
RPN13PRU-RPN2(940 –953)-ubiquitin complexes were col-
lected at the Stanford Synchrotron Radiation Lightsource and
the National Synchrotron Light Source, respectively, and
processed using HKL2000 (60). Phases were determined by
molecular replacement using PHASER (61) with the murine
RPN13PRU domain (PDB code 2R2Y) (18) and ubiquitin (PDB
code 1CMX) (27) as search models. Model building and
refinement were performed using Coot (62) and PHENIX
(63). Data for the RPN13PRU-RPN2(932–953)-ubiquitin
complex were perfectly twinned and were refined using the
twin law (�h, �k, l).
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Model geometries were analyzed by MolProbity (64) with-
in PHENIX. For the RPN13PRU-RPN2(940 –953)-ubiquitin
model, 100.0% of residues have favorable backbone dihedrals.
For the RPN13PRU-RPN2(932–953)-ubiquitin model, 95.1% of
residues have favorable backbone dihedrals, whereas 4.9% fall
into allowed regions.

Coordinates and structure factor amplitudes have been
deposited at the PDB under the accession ID codes 5V1Y
(RPN13PRU-RPN2(940–953)-ubiquitin) and 5V1Z (RPN13PRU-
RPN2(932–953)-ubiquitin).

Buried surface area calculations and figures of molecular
structures were generated using PyMOL (65). Specifically, bur-
ied surface area (BSA) was calculated by Equation 1,

BSA � 		 ARPN13 � Aubiquitin
 	 ARPN13-ubiquitin
 (Eq. 1)

where A indicates total surface area of the individual protein or
complex.

Biosensor binding assays

Anti-GST antibody (GE Healthcare) was immobilized on all
four flow cells of a CM5 sensor chip in a Biacore2000 instru-
ment (GE Healthcare) using standard amine coupling chemis-
try. A single flow cell was used to immobilize GST-RPN13PRU

(400 response units) on the anti-GST surface, two flow cells for
GST-RPN13 (300 – 600 response units), and the fourth flow
cell for GST (250 response units). Binding of GFP-RPN2 and
UCH37 constructs was tested in HBS-TBP (10 mM Tris, pH 7.4,
150 mM NaCl, 1.0 mM TCEP, 0.1 mg/ml BSA, 0.005% polyoxy-
ethylene sorbitan monolaurate (P20)) and 100 nM GFP-
RPN2(918 –953) or UCH37, when applicable, with a flow rate of
50 �l/min in a 2- or 3-fold dilution series using the highest
concentration for each sample as follows: RPN2(932–953) (32
nM), RPN2(940 –953) (32 nM), GFP (10 �M), and UCH37 (32
nM). Experiments evaluating GFP-RPN2 binding required no
regeneration step because RPN2 completely dissociates within
20 min. However, UCH37 did not completely dissociate after 60
min, and the chip was regenerated with regeneration buffer of
HBS-TBP plus 850 mM NaCl and 0.05% SDS. The binding of
ubiquitin was measured under three buffer conditions: HBS-
TBP, HBS-TBP supplemented with 100 nM GFP-RPN2(918 –
953), and LSPB-TBP (20 mM NaH2PO4, pH 6.5, 30 mM NaCl,
4.0 mM DTT, 0.1 mg/ml BSA, 0.005% polyoxyethylene sorbitan
monolaurate (P20)). Binding of ubiquitin was tested in a 1.5-
fold dilution series with the highest concentration of 500 �M.
Sensor data were processed using ScrubberPro6 (BioLogic
Software) and globally fit to a 1:1 interaction model, using a
kinetic analysis for RPN2 binding and equilibrium analysis
for ubiquitin.

Fluorescence polarization

Fluorescence polarization assays were performed on a Biotek
Synergy Neo HTS Multi-Mode Microplate Reader using 485/
528 nm excitation/emission wavelengths. For binding studies, a
dilution series of purified RPN13 or RPN13PRU was made in FP
Assay Buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM

EDTA, 1 mM DTT, 1 mg/ml casein, 0.005% Tween 20) in the
presence of 100 pM fluorescein-labeled RPN2 peptide or 30 nM

Ub-fluorescein (Boston Biochem) at room temperature. For
binding competition assays, a dilution series of unlabeled pep-
tides was made in FP Assay Buffer with 50 nM RPN13PRU and
100 pM fluorescein-labeled RPN2(940 –952) peptide. Reaction
equilibrium was reached within the time frame of experimental
setup for all assays, so additional incubation times were not
required. Dissociation constants (KD values) and IC50 values
were calculated using GraphPad Prism 6 (GraphPad Software)
by fitting raw polarization data to Equations 2 and 3.

FP � 		FPmax 	 FPmin
 � �RPN13�
/	KD � �RPN13�
 � FPmin

(Eq. 2)

and

FP � FPmin � 	FPmaxFPmin
/	1 � 	�RPN2pep�/IC50

 (Eq. 3)

In the case of the F948A mutant, where the lower baseline
was not reached due to the weak IC50, FPmin was manually
constrained to the polarization value of the peptide-only con-
trol. IC50 values were converted to Ki values using Equation 4
(66).

Ki � �I�50/	�L�50/KD � �P�0/KD � 1
 (Eq. 4)

Sequence alignments

Sequence alignments were performed using the Clustal
Omega server provided by EMBL-EBI (67, 68). Highlighting of
conserved residues and denotations of residues involved in pro-
tein-protein interactions were applied through the ESPript 3.0
web server (69, 70).
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12. Unverdorben, P., Beck, F., Śledź, P., Schweitzer, A., Pfeifer, G., Plitzko,
J. M., Baumeister, W., and Förster, F. (2014) Deep classification of a large
cryo-EM dataset defines the conformational landscape of the 26S protea-
some. Proc. Natl. Acad. Sci. U.S.A. 111, 5544 –5549

13. Aufderheide, A., Beck, F., Stengel, F., Hartwig, M., Schweitzer, A., Pfeifer,
G., Goldberg, A. L., Sakata, E., Baumeister, W., and Förster, F. (2015)
Structural characterization of the interaction of Ubp6 with the 26S pro-
teasome. Proc. Natl. Acad. Sci. U.S.A. 112, 8626 – 8631
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