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ABSTRACT: The proteasome is a multisubunit complex responsible for most nonlysosomal
turnover of proteins in eukaryotic cells. Proteasome inhibitors are of great interest clinically,
particularly for the treatment of multiple myeloma (MM). Unfortunately, resistance arises
almost inevitably to these active site-targeted drugs. One strategy to overcome this resistance
is to inhibit other steps in the protein turnover cascade mediated by the proteasome.
Previously, Anchoori et al. identified Rpn13 as the target of an electrophilic compound (RA-
190) that was selectively toxic to MM cells (Cancer Cell 2013, 24, 791−805), suggesting that
this subunit of the proteasome is also a viable cancer drug target. Here we describe the
discovery of the first highly selective, reversible Rpn13 ligands and show that they are also
selectively toxic to MM cells. These data strongly support the hypothesis that Rpn13 is a
viable target for the development of drugs to treat MM and other cancers.

■ INTRODUCTION
The 26S proteasome is responsible for most nonlysosomal
protein degradation in eukaryotic cells and, as such, is involved
in many different cellular pathways.1 The proteasome is
comprised of two major substructures, the 20S core particle
(CP) and the 19S regulatory particle (RP)2,3 (Figure 1). The
former is a barrel-shaped structure4,5 comprised of four stacked

heptameric rings (two rings of β proteins 1−7 sandwiched
between two rings of α proteins 1−7). The three proteolytic
active sites are found inside of the cavity. The openings at the
top and bottom are so narrow that polypeptides must be
completely unstructured to pass through. Most proteasome
substrates are modified with K48-linked polyubiquitin (Ub)
chains. Rpn106 and Rpn13,7 which reside in the 19S RP,
mediate catalyst−substrate recognition by acting as ubiquitin
receptors. Once bound to the proteasome, the ubiquitin chains
are removed by dedicated ubiquitin-specific proteases (USPs)
associated with the complex and the substrate is unfolded so
that the unstructured peptide chain can be fed into the 20S
CP.8 Substrate unfolding, as well as gate opening, is carried out
by six homologous AAA class ATPases called Rpt1−6.9
Pharmacological inhibitors of proteasome function are

invaluable tools in both the laboratory and the clinic.10 Peptide
aldehydes, such as MG-132, are moderately selective
proteasome inhibitors that have been used widely to probe
the role of proteasome-mediated proteolysis in a plethora of
cellular processes. The peptide boronic acid Bortezomib
(Velcade) (Figure 1), which hits primarily the chymotryptic
β5 subunit of the 20S core complex, has revolutionized the
treatment of multiple myeloma (MM) and is being investigated
for the treatment of other cancers, along with second-
generation inhibitors that lack some of Bortezomib’s off-target
toxicities.11,12 Bortezomib displays an acceptable therapeutic
window in MM, perhaps because myeloma is a malignancy of
antibody-secreting plasma cells, which produce enormous
amounts of immunoglobulin proteins. Many of these proteins
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Figure 1. Structure of the 26S proteasome (right) with the subunits of
the 19S RP labeled and strctures of compounds that inhibit
proteasomal activity (left). RA-190 (ref 28) and KDT-11 (described
in this publication) target Rpn13 (labeled N13 as this is a non-ATPase
subunit) within the 19S RP, while Bortezomib covalently reacts with
the β5 subunit of the 20S CP.
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are likely mis-folded and require destruction by the proteasome
in order avoid cellular toxicity, placing an unusually high
burden on the unfolded protein response (UPR) pathway in
this cell type.13

Unfortunately, Bortezomib resistance arises rapidly and
almost inevitably14 highlighting the need for the development
of new inhibitors to overcome this resistance. Most work along
these lines has focused on second generation proteasome
inhibitors15,16 that also target the active site(s) but bind to the
proteasome in a fashion that is not blocked by mutations in the
β5 subunit that weaken Bortezomib association.14,17−22

An alternative strategy to overcome Bortezomib resistance in
MM would be to inhibit one or more functions of the 19S RP.
However, the highly developed pharmacology for blocking the
proteolytic function of the proteasome stands in sharp contrast
to the underdeveloped state of manipulating the various steps
in substrate processing mediated by the 19S RP. Inhibitors of
the ubiquitin-specific proteases USP14 and USP7 have been
reported23−25 as has a peptoid inhibitor of the Rpt4 AAA
ATPase,26,27 but none of these compounds are potent, nor has
their selectivity been characterized thoroughly.
An important contribution to this area came recently with

the discovery by Roden and colleagues of an amino acid-
chalcone conjugate called RA-190 (Figure 1) that inhibits the
ubiquitin-proteasome pathway in various cancer cells, but does
not target the 20S active sites.28,29 Aided by the fact that RA-
190 is a covalent proteasome inhibitor, Rpn13, one of the
ubiquitin receptors, was identified as the target of this
compound.28 Interestingly, Rpn13 is not essential in mice30

and Δrpn13 yeast strains only show a phenotype in a Δrpn10
background7 or when subjected to cellular stress.31 Rpn13 is
overexpressed in a variety of cancers,32 including MM, ovarian,
cervical, pancreatic and colorectal. This has led to the
suggestion that Rpn13 may be a stress-induced accessory
factor for the proteasome in cells that must turn over
abnormally high levels of mis-folded proteins, but that it is
mostly dispensable in unstressed cells,28,33 presumably because
the other ubiquitin receptor, Rpn10 is able to handle the load
under these conditions. This raises the possibility that Rpn13
inhibitors may have an expanded therapeutic window compared
to active site proteasome inhibitors or compounds targeting
other components of the complex that are essential in all cells.
Therefore, there is a need for the discovery of new chemical
matter targeting Rpn13.
In this study we report the discovery of a peptoid ligand for

Rpn13 (called KDT-11, Figure 1) that displays modest affinity
(KD = 2 μM) but very high selectivity for Rpn13. It is shown
that this compound is toxic to MM cells but has little effect on
HEK-293T cells. Moreover, KDT-11 acts synergistically with
Bortezomib. The peptoid is shown to bind a surface of Rpn13
that is different than that recognized by RA-190. The fact that
these two Rpn13-binding compounds effect similar phenotypes
in cellular assays, despite having completely different chemical
structures and recognizing different surfaces of the protein,
argues strongly that Rpn13 inhibition is indeed the source of
selective toxicity to MM cells, not some off-target effect.34

■ RESULTS
Library Synthesis and Screening. A one bead one

compound peptoid library was created by split and pool
synthesis35,36 using the “sub-monomer” method37,38 on 90 μm
TentaGel beads.39 The library was separated from the bead via
the linker shown in Figure 2A. Each compound contained five

variable residues surrounding a central, conserved unit
displaying an amine side chain (Figure 2B). Ten amines were
employed as diversity elements, yielding a library of 100 000
molecules with molecular weights ranging from 512 to 1380 g/
mol. In the first four variable positions, many of the amines
employed were α-branched (Figure 2C; for a full listing of all of
the amines used, see Supporting Information Figure S1). This
favors the cis amide bond rotomer40−42 over the trans (Figure
2D) thus reducing the “floppiness” of the main chain. At the N-
terminal position, secondary amines were employed (Figure
2C). Thirty-six beads were chosen at random from the library,
and the molecules were released from the bead and analyzed by
tandem mass spectrometry. Thirty-three gave mass spectra that
allowed unequivocal determination of the structure of the
compound, so the library was deemed of sufficiently high
quality to carry forward (Supporting Information Figure S2).
For screening, approximately 5−6 copies of the peptoid

library was incubated with recombinant, His6-tagged human
Rpn13 in the presence of a large excess of nonspecific
competitor proteins (Figure 3, (i); also see Supporting
Information Figure S3). After washing away unbound proteins,
the beads were incubated with anti-Rpn13 antibodies (Figure 3,
(ii)). After another wash, the beads were incubated with
antirabbit-IgG antibody-coated iron oxide particles (Figure 3,
(iii)) and the magnetized TentaGel beads were collected using
a strong magnet.43 275 beads were isolated in this fashion.
These “hits” were washed with a denaturing buffer to remove
any bound proteins and placed into wells of a microtiter plate
(one bead per well). The peptoid was liberated from the bead

Figure 2. General structure of the library used to screen for Rpn13
ligands. Each N-substituted glycine unit is derived from bromoacetic
acid and an amine. (A) Linker structure that incorporates moieties
needed for peptoid cleavage or to aid in MS identification. (B)
Backbone structure of the library, which contains five variable
positions. (C) Branched amines utilized in the “sub-monomer” library
synthesis that provided a steric constraint to the backbone, preventing
some of the “floppiness” associated with peptoids because of the
preference for the cis-amide conformation (illustrated in (D)).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b02069
J. Am. Chem. Soc. 2015, 137, 6312−6319

6313

http://dx.doi.org/10.1021/jacs.5b02069


by reaction with cyanogen bromide and sequenced by tandem
mass spectrometry.
False positives are terribly common in OBOC library

screening experiments44,45 but we have shown that compounds
isolated more than once from redundant libraries are almost
always bona fide ligands.45 Six molecules (Figure 4) were found
more than once in the hit pool (three were found three times
and three were found four times) so further efforts were
focused on these compounds exclusively. All six of these
primary hits were resynthesized to include a fluorescein for
fluorescent polarization (FP) analysis. Titration with Rpn13
revealed all of the repeat hits to be weak ligands, with
compounds 1 and 2 showing the highest affinities (Supporting
Information Figure S4).
Improvement of the Primary Screening Hits. As a first

step toward the identification of higher affinity compounds and

to identify the elements of the molecule critical for binding
Rpn13, a small “derivative library” was synthesized. At each
variable position, three amines were employed in the split and
pool synthesis: methylamine and the two amines present at the
corresponding position in hits 1 and 2. The goal of this “methyl
scan” was to determine the amine-derived side chains necessary
for binding to Rpn13. In addition, the central ethylene diamine
was acetylated or left as the free amine. The theoretical diversity
of this library was 486 compounds. Fluorescein was appended
to the alkyne in the linker region of each molecule by click
chemistry.46,47 1500 beads were picked and distributed into
individual wells of microtiter plates, providing about 3-fold
coverage of the library. The peptoids were cleaved from the
resin, and the solutions were split between two 384-well plates,
one for FP analysis and the other for structure determination by
MALDI, Figure 5A. For FP analysis, 5 μM of Rpn13 was added
to each well and the change in fluorescent polarization was
measured. Compounds 1 and 2 gave a signal of 45 mP with 5
μM of Rpn13 under these conditions, so any compounds from
the derivative library that gave a signal higher than 45 mP was
considered a potentially improved derivative (Supporting
Information Figure S5). The structures of these molecules
were determined by tandem mass spectrometry. Only
sequences found at least twice in the >45 mp category were
considered further. Figure 5B summarizes the amine monomers
present at each position of the hit compounds.
In this pool of putatively improved Rpn13 ligands, all of the

molecules had an amide-containing side chain at position four
and the N-methyl-fluorobenzyl unit at the N-terminus. There
was a significant, but not absolute, preference for a particular
side chain at positions one, three, and five. No significant bias
was observed at position two. The nearly complete absence of
methylamine from position five was interesting when
considered in concert with the quite modest preference for
one of the branched side chains over the other. This suggests

Figure 3. Library screening scheme utilizing recombinant His6-tagged
Rpn13 (blue) as the target. The OBOC library was first exposed to
Rpn13 in the presence of an excess of competitor proteins, followed by
a rabbit anti-Rpn13 IgG antibody (red Y-shaped molecule). After
thorough washing, the compound-displaying beads were mixed with
magnetic particles linked to streptavidin and coated with biotin-
conjugated antirabbit IgG. Only hit beads will bind the iron oxide
particles and be pulled out by a magnet because of the network of
peptoid-Rpn13-anti-Rpn13-secondary antibody interactions.

Figure 4. Structures of the six first-generation hits. Because a 5-fold redundant library was employed in the screen, hits were considered as bona fide
only if they were isolated on at least three different beads. These hit structures were then elucidated with tandem MALDI mass spectrometry after
release from the bead. Fluorescent derivatives of these molecules were synthesized to facilitate binding studies.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b02069
J. Am. Chem. Soc. 2015, 137, 6312−6319

6314

http://dx.doi.org/10.1021/jacs.5b02069


that a bulky alkyl group at this position favors binding through
a hydrophobic interaction.
On the basis of this information, fluorescein-conjugated

derivatives of compounds 7−9 (Figure 6A) were resynthesized
and purified, and their affinity for Rpn13 was determined.
These compounds include the consensus sequence inferred
from Figure 5B data and differ only in the position two residue.
These molecules possessed essentially identical Kd values of
approximately 4 μM (Figure 6B), confirming that the nature of
the side chain at position 2 indeed has no effect on binding.
Finally, since analysis of the small derivative library indicated

a strong preference for an acetyl group on the central amine
side chain, several peptoids were synthesized that tested the
effect of different amide groups at this position. Most of them
had the same affinity for Rpn13 as did compound 9
(Supporting Information Figure S6), except for extremely
bulky groups that showed a slightly poorer affinity. We
concluded that the Rpn13 binding is favored by including a
amide moiety rather than an amine at this position, but the
nature of the amide is not critical.
Rpn13-Binding Peptoids Are Selectively Toxic to

Multiple Myeloma Cells. To determine if Rpn13-binding
peptoids (Figure 7A) affect the function of the protein, and
thus proteasome-mediated proteolysis, their effect on the
viability of MM and HEK-293T cells was determined (Figure
7B). HEK-293T cells were chosen as a negative control cell line
because, unlike MM cells, HEK-293T cells are not plasma cells
and do not require unusually high proteasome activity to
survive. Peptoids 7, 8, and 9 were all toxic to MM.1R cells with

EC50s ranging from approximately 5 to 50 μM. All of these
peptoids also displayed toxicity toward HEK-293T cells.
Peptoids 8 and 9 showed a modest therapeutic window
(about 10-fold for 9) though compound 7 appeared to be
equally toxic to both cell types. Compound 10, with an amine
side chain, was about 10-fold less potent. Strikingly, however,
the presence of an aromatic ring in the side chain of position
four (11 and 12) essentially eliminated toxicity to the HEK-
293T, with no significant cell death observed even at a
concentration of 100 μM similar to the results observed with
MG-132. Since the nature of the amide side chain has no effect
on the affinity of the peptoid for Rpn13 (Figure 7A), this result
suggests that the particular amide in 11 ablates one or more off-
target interactions that are the cause of toxicity in HEK-293 T
cells.
Peptoid 11 was also tested against two other types of MM,

two sarcoma cell lines, and an ovarian cancer cell line. Similar
EC50 values were obtained for the other MM cell lines and
slightly higher values for the sarcoma and ovarian, Supporting
Information Figure S7.

Is Inhibition of Rpn13 the Cause of Selective Toxicity
to MM Cells? A concern in any pharmacological experiment is
whether off-target effects might contribute to the phenotype
observed. This is especially acute when the phenotype is
something as general as cellular toxicity. Indeed, presumably
because Rpn13 is nonessential in normal cells, there has been a
call for further evidence that the cellular toxicity of RA-190 is

Figure 5. Identification of an improved Rpn13 ligand. (A) Synthesis of
a second-generation library based upon the primary hits. After
synthesis, the peptoids are removed from resin, analyzed for their
ability to bind Rpn-13, and hit structures were determined by MALDI.
(B) Analysis of each amine monomer at every position of hit
compounds with a mP greater than 45.

Figure 6. (A) Second generation molecules obtained from methyl
scan. (B) Binding affinity curves for 7, 8, and 9. These molecules are
identical with the exception of the second amine monomer. Their Kd
values are 6.2, 4.2, and 3.5 μM, respectively.
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indeed due to Rpn13 inhibition and not an off-target effect.34

As a first step toward addressing this question in the context of
the peptoid ligands, the selectivity of 11 for Rpn13 was
assessed. In vitro, 11 bound Rpn13 at least 100-fold more
tightly than several other proteins tested (Supporting
Information Figure S8).
More importantly, an affinity chromatography experiment

was performed to assess the selectivity of peptoid binding to
Rpn13 in the context of the MM cellular proteome. A

derivative of 11 was coupled to iodoacetamide-modified
agarose beads (Thermo Scientific SulfoLink Resin). The
beads were packed into a small column onto which lysate
from MM cells was loaded. After a 1 h incubation, the column
was washed with loading buffer, followed by washing with a
high salt (1 M NaCl) buffer. Finally, any tightly bound proteins
were eluted with a denaturing wash (8 M Guanidinium HCl).
Both the crude lysate and the fraction eluted with Guanidinium
HCl were subjected to SDS-PAGE analysis and stained with
Coomassie Brilliant Blue. Remarkably, the eluent from the
peptoid 11 affinity column was comprised of predominantly a
single band (Figure 8A). Western blotting (Figure 8B) with an
anti-Rpn13 antibody confirmed that this band was Rpn13.

This experiment was repeated, except this time, the 1 M
NaCl wash was excluded in order to preserve any moderate
affinity interactions between Rpn13 and other cellular proteins.
After washing with loading buffer, all of the bound protein was
eluted with denaturing buffer. Under these conditions, Rpn13
eluted along with several associated proteins (Figure 8C), many
of which were shown to be components of the 19S RP by LC−
MS/MS proteomic analysis (Supporting Information Table
S1). These data indicate that peptoid 11 can engage Rpn13
when it is assembled into the proteasome. This conclusion is
also supported by a glycerol gradient analysis (Supporting
Information Figure S11). Rpn13 was detected in the same
fractions as Rpn2 and the 20S β5 subunit. Taken together,
these data argue that whatever the mechanism of inhibition of

Figure 7. (A) Summary of the best compounds tested for binding to
Rpn13. (B) Cell viability testing of MM and HEK-293 cells (B) with
2nd (7−9) and 3rd generation hits (10−12). Compounds 9, 11, and
12 possessed the most cytotoxic activity against MM. The largest
therapeutic window was seen with compounds 11 and 12, which are
not toxic to HEK-293 cells even at 100 μM concentration.

Figure 8. Analysis of the proteins that bind to peptoid 11 in a crude
lysate prepared from MM cells. 11 was linked to an agarose matrix and
exposed to an MM lysate. After washing with loading buffer, a second
wash was done with a high salt buffer (1 M NaCl). Finally, tightly
bound proteins were eluted with a denaturing buffer (8 M
Guanidinium HCl). (A) SDS-PAGE analysis, followed Coomassie
staining, of the lysate loaded onto the column and of the eluent
released by the denaturing wash. (B) A Western blot with anti-Rpn13
using the same gel shown in A. (C) Coomassie-stained gel of the
eluent from the denaturing wash in an experiment in which the high
salt wash had been omitted to preserve Rpn13-protein interactions.
The same experiments with a control peptoid are presented in
Supporting Information Figure S8.
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proteasome-mediated proteolysis by 11, it is not due to
inhibition of Rpn13 loading into the proteasome.
Finally, returning to the question of whether Rpn13

inhibition is indeed the source of cellular toxicity, the relative
toxicities of peptoids 2, 11, and 13 to MM cells were compared.
If inhibition of Rpn13 is indeed the physiologically relevant
target, then one would expect that the measured EC50s of these
compounds should correlate roughly with their affinities for
Rpn13, which differ by about 13-fold. As shown by the dose
response curves in Figure 9, this was indeed the case. Moreover,
peptoid 13, a scrambled version of 9, showed no binding to
Rpn13 and was not toxic to MM.

Peptoid 11 Is a Proteasome Inhibitor in MM Cells That
Causes Ubiquitin Accumulation. The data described above
argues that Rpn13 is the physiologically relevant target of
peptoid 11. Is this effect mediated through inhibition of
proteasome-mediated proteolysis? If so, then one would expect
that treatment of MM cells with 11 would result in a buildup of
polyubiquitylated proteins at levels well above that of the
normal steady state. As shown in Figure 10A, this is indeed the

case. MM cells incubated with 11 show approximately the same
level of these intermediates as cells incubated with the classical
proteasome inhibitor MG-132 (also see Supporting Informa-
tion Figure S9). HEK293-T cells were also treated with 11 and
MG-132. As seen in Figure 10B, accumulation of ubiquitylated
proteins does occur relative to the vehicle-treated cells, but cell
death does not follow, as expected from the fact HEK cells are
not so exquisitely dependent on high level proteasome activity.
It is also interesting that the level of poly-Ub protein buildup in
11-treated HEK293-T cells is much lower than seen in 11-
treated MM cells (compare Figure 10A and 10B), consistent
with the idea that protein turnover is more dependent on
Rpn13 activity in the MM cells.

Peptoid 11 and Bortezomib Act Synergistically. Our
mechanistic hypothesis that peptoid 11 is an inhibitor of Rpn13
predicts two things. First, that 11 and Bortezomib should act
synergistically in MM cells if they indeed inhibit different steps
in the proteasome-catalyzed protein degradation pathway.
Second, 11 should not inhibit proteasome-mediated peptidol-
ysis, since in this case the substrate is not ubiquitylated and
need not be processed by the 19S RP. As shown in Figure 11,
both of these hypotheses proved to be true.
The sensitivity of MM cells to Bortezomib was analyzed in

the presence of a sublethal dose (5 μM) of peptoid 11 or in its
absence. As shown in Figure 11A (also see Supporting
Information Figure S12), there was indeed clear synergy
between the two compounds, with far more cell killing
observed at 1 or 5 nM Bortezomib in the presence of 11
than in its absence.
Figure 11B shows an experiment in which purified 26S

proteasome was incubated with a trimeric, fluorogenic peptide
substrate containing a chymotrypsin cleavage site. A dose-
sensitive decrease of fluorescence when the 26S was treated
with Bortezomib. No change in fluorescence was observed
when the solution was treated with 11. Taken together, the data
shown in Figure 11 provide further evidence that peptoid 11 is
an inhibitor of the 19S RP (via Rpn13) and targets a different
step in the turnover of polyubiquitylated proteins than does
Bortezomib.

Peptoid 11 and RA-190 Recognize Different Surfaces
of Rpn13. RA-190, the only previously reported Rpn13
inhibitor, links covalently to Cys88 near the ubiquitin-binding

Figure 9. Evaluation of the toxicity of compounds 2, 11, and 13 to
MM cells. RFU is a measure of cell viability. 13, which does not bind
to purified Rpn13, has no effect on MM cells. As the binding affinity to
Rpn13 increases (13-fold difference between 2 and 11) so does the
efficacy against MM.

Figure 10. SDS-PAGE analysis of lysates prepared from cells treated
with the compounds indicated. The gels were Western blotted using
an anti-Ub antibody to visualize polyubiquitin conjugates. (A) MM
cells and (B) HEK293-T cells. These experiments were performed in
triplicate (Supporting Information Figure S10).
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domain.29 To ask if peptoid 11 binds to the same surface,
though reversibly, a competition experiment was conducted in
which Rpn13 was incubated with fluorescently labeled 11, then
the complex was challenged with increasing amounts of RA-
190. As shown in Figure 12, the level of fluorescence

polarization was insensitive to the amount of RA-190 present,
even at concentrations far above its IC50 of 100 nM.28

Challenge of the labeled peptoid-Rpn13 complex with K48-
linked ubiquitin chains also did not compete binding. In
contrast, when the fluorescently labeled 11-Rpn13 complex was
challenged with increasing amount of unlabeled 11, dose-
dependent reduction of the FP signal was observed, as

expected. These data show that peptoid 11 binds to a surface
of Rpn13 distinct from those recognized by either RA-190 or
ubiquitin chains.

■ DISCUSSION
The pioneering work of Roden and colleagues has suggested
that Rpn13 may be an outstanding target for inhibition of the
proteasome in MM cells and other cancers.29 However, there is
always the possibility that the phenotype elicited by a bioactive
compound may be due to off-target effects, particularly gross
effects such as cellular toxicity. One of the best ways to support
the idea that an observed phenotype is due to drugging a
particular target protein is to isolate two structurally distinct
inhibitors of that target and demonstrate that they elicit the
same phenotype.
Toward this goal, a library of peptoids was screened against

Rpn13. Six “hits” were identified (Figure 4), all of which proved
to be weak ligands for Rpn13. An improved second-generation
Rpn13 ligand, peptoid 11, was isolated by screening a small
derivative library. While this peptoid, which will be referred to
as KDT-11 hereafter (Figure 1), has only a modest EC50 value
(5 μM), it is highly selective for Rpn13, as shown by the affinity
chromatography experiment presented in Figure 8. Competi-
tion binding experiments demonstrated that KDT-11 bound a
site on Rpn13 that is distinct from that recognized by RA-190
or, for that matter, K48-linked ubiquitin chains (Figure 12).

■ CONCLUSION
In conclusion, we have discovered the first reversible inhibitor
of Rpn13, one of two ubiquitin receptors of the 19S RP. KDT-
11 binds Rpn13 with modest affinity, but high selectivity. KDT-
11 bears no resemblance to RA-190 and binds a distinct site on
Rpn13. Yet both compounds elicit similar biological activity,
including blockade of proteasome-mediated proteolysis of
polyubiquitylated proteins and selective toxicity to MM cells.
This argues strongly that Rpn13 is the relevant target for
mediating the cytotoxic effects and, together with the work on
RA-190, confirms Rpn13 as an attractive target for the
development of novel drugs for MM and perhaps other
cancers.28 Finally, the availability of these two very different
reagents for inhibition of Rpn13 function should greatly aid
further research into understanding why Rpn13 appears to have
a critical role in many cancer cells but is largely dispensable in
normal cells.
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