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Characterization of Dynamic UbR-Proteasome
Subcomplexes by In vivo Cross-linking (X)
Assisted Bimolecular Tandem Affinity
Purification (XBAP) and Label-free
Quantitation*□S

Clinton Yu‡‡‡, Yingying Yang‡‡‡, Xiaorong Wang‡, Shenheng Guan§, Lei Fang‡,
Fen Liu¶, Kylie J. Walters¶, Peter Kaiser�, and Lan Huang‡**

Proteasomes are protein degradation machines that exist
in cells as heterogeneous and dynamic populations. A
group of proteins function as ubiquitin receptors (UbRs)
that can recognize and deliver ubiquitinated substrates to
proteasome complexes for degradation. Defining compo-
sition of proteasome complexes engaged with UbRs is
critical to understand proteasome function. However, be-
cause of the dynamic nature of UbR interactions with the
proteasome, it remains technically challenging to capture
and isolate UbR-proteasome subcomplexes using con-
ventional purification strategies. As a result, distinguish-
ing the molecular differences among these subcomplexes
remains elusive. We have developed a novel affinity puri-
fication strategy, in vivo cross-linking (X) assisted bimo-
lecular tandem affinity purification strategy (XBAP), to ef-
fectively isolate dynamic UbR-proteasome subcomplexes
and define their subunit compositions using label-free
quantitative mass spectrometry. In this work, we have
analyzed seven distinctive UbR-proteasome complexes
and found that all of them contain the same type of the
26S holocomplex. However, selected UbRs interact with a
group of proteasome interacting proteins that may link
each UbR to specific cellular pathways. The composi-
tional similarities and differences among the seven UbR-
proteasome subcomplexes have provided new insights
on functional entities of proteasomal degradation ma-
chineries. The strategy described here represents a gen-

eral and useful proteomic tool for isolating and studying
dynamic and heterogeneous protein subcomplexes in
cells that have not been fully characterized. Molecular &
Cellular Proteomics 15: 10.1074/mcp.M116.058271, 2279–
2292, 2016.

Proteasomes are multisubunit protein complexes that are
responsible for the degradation of ubiquitinated substrates to
maintain cell viability and homeostasis. The 26S proteasome
is composed of at least 33 subunits (1–3), which can be
divided into two subcomplexes: the 20S catalytic core particle
(CP)1 and the 19S regulatory particle (RP). The 20S CP is
responsible for various proteolytic activities, and has a highly
conserved “barrel”-like structure consisting of two copies
each of 14 nonidentical subunits (�1–7, �1–7), which are
arranged into four heptameric rings stacked in the order of
�7�7�7�7 (4, 5). The 19S RP intimately interacts with the 20S
CP, regulating its activity. In addition, the 19S RP carries
diverse functions including substrate recognition and deubiq-
uitination, protein unfolding, and substrate translocation to
the 20S CP for degradation (2, 3, 6–8). In contrast to the
highly ordered and stable structure of the 20S CP, the 19S RP
appears to be much more flexible and dynamic (3, 9–11).
Current structural analyses have revealed that six Rpt sub-
units of the 19S RP form a hexameric AAA-ATPase ring to
associate with the cylinder ends of the 20S CP, and are
surrounded by a shell of Rpn subunits (9–11). Apart from the
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19S RP, the 20S proteasome can be activated by three other
known regulatory protein complexes, i.e. PA28�/� (also
known as REG and the 11S regulator), PA28�/REG�, and
PA200/Blm10, to form distinct functional subspecies of pro-
teasomes (1, 2). In contrast to the 19S RP, these proteasome
activator complexes do not have ATPase activity and can only
assist in ubiquitin-independent protein degradation with var-
ied proteolytic cleavage specificities.

Delivery of ubiquitinated substrates to the 26S proteasome
is an important regulatory step in the ubiquitin proteasome
system (UPS) (2, 3). It is generally believed that the initial
recognition of substrates by the proteasome is mediated by
the substrate-attached polyubiquitin chain (1–3). Ubiquitin re-
ceptors (UbRs) are a group of proteins that can recognize and
bind polyubiquitin chains (2, 3, 12). Five types of UbRs have
been well recognized to be associated with proteasomal deg-
radation, including the two proteasome subunits Rpn10 (13)
and Rpn13/ADRM1 (14), and three “shuttling factors,” Rad23,
Dsk2, and Ddi1 (2, 3) (Table I). In humans, the non-protea-
some receptor families RAD23 and DDI1 are each comprised
of two distinct isoforms, i.e. hHR23A, hHR23B, Ddi1 and
Ddi2. Five genes have been identified for the DSK2 family in
humans encoding ubiquilin proteins, i.e. UBQLN1 (a.k.a PLIC-
1), UBQLN2 (a.k.a. PLIC-2), UBQLN3, UBQLN4 (a.k.a. A1Up,
UBIN, CIP75), and UBQLNL (15). Each of the UbR isoforms
has been suggested to carry different specificities and func-
tions (2, 15–17). Interestingly, human UbRs have been impli-
cated in various human diseases. For example, the human
Rpn13/ADRM1 gene is overexpressed in lung, ovarian, colon,
liver, kidney, bladder, and stomach cancers (18), and ADRM1
amplification in ovarian cancers correlates significantly with
shorter time to recurrence and death (19). The Rpn13/ADRM1
inhibitor RA190 inhibits proteasome functions, triggers apo-
ptosis, and restricts cancer growth in mice xenografts (20),
and similar effects were observed with an Rpn13/ADRM1-
targeting peptoid inhibitor (21). hHR23B has been identified
as a candidate cancer biomarker that governs the response
and sensitivity of tumor cells to HDAC inhibitors (22, 23).
Mutations in UBQLN1 and UBQLN2 have been linked to mul-
tiple neurodegenerative disorders including Alzheimer’s and
amyotrophic lateral sclerosis (ALS) (15). Given their impor-
tance in the UPS and human pathologies, deeper understand-
ing of the mechanisms underlying proteasomal degradation
through UbR pathways would provide a molecular basis for
better therapeutics with higher selectivity/specificity by tar-
geting subpopulations of proteasome substrates.

In comparison to non-proteasome UbRs, Rpn10 and
Rpn13/ADRM1 possess unique interaction domains for bind-
ing to ubiquitin. Although Rpn10 recognizes ubiquitin chains
via its helical ubiquitin-interacting motif (UIM) (24), Rpn13/
ADRM1 uses a globular Pleckstrin-like receptor for ubiquitin
(Pru) domain (14, 25). During proteasome assembly, Rpn10
attaches primarily to the lid and stabilizes the lid-base inter-
action (26), whereas Rpn13 appears to assemble into the

proteasome exclusively through Rpn2 (25, 27, 28). The non-
proteasome UbRs are referred to collectively as the UBL
(ubiquitin-like)/UBA(ubiquitin associating) receptors and are
not integral proteasome subunits, but substoichiometric com-
ponents of purified proteasomes. Each UBL/UBA receptor
contacts the proteasome through its UBL domain, whereas
the ubiquitin chain is bound through one or more UBA do-
mains. UBA/UBL receptors bind to proteasomes by interact-
ing with Rpn1 (29), Rpn10 and Rpn13 (14, 30). In mammalian
cells, the UBA/UBL receptors have also been shown to inter-
act with proteasomes via Rpn10 (31, 32) and other compo-
nents of the 19S complex (33). Although the known UbRs
functionally overlap substantially, at least in part, and coop-
erate in mediating proteasomal degradation (14, 34, 35), it is
clear that they exert distinct effects on substrate stability in
vivo (2, 3, 16, 35). Although it is clear that proteasomes exist
as heterogeneous populations in cells (1, 36–38), it is uncer-
tain why so many ubiquitin receptors exist, whether each UbR
binds to a unique subpopulation of proteasome complexes,
and whether this complexity translates into differential sub-
strate stability and receptor specificity. In order to understand
how the proteasome selects different types of target proteins
and how UbR substrate specificity is controlled in vivo, it is
necessary to characterize UbR-proteasome subcomplexes
and determine their quantitative differences in subunit
composition.

Affinity purification coupled with mass spectrometry (AP-
MS) has demonstrated its effectiveness in isolating native
complexes under various physiological conditions for deter-
mining their subunit composition, posttranslational modifica-
tions, interaction networks and structures (39–42). Current
AP-MS strategies typically rely on affinity purification with a
specific bait through one-step or two-step purification pro-
cesses. Although tandem affinity purification allows the puri-
fication of protein complexes with higher specificity and lower
background, weak interactions are often lost because of ex-
tended procedures. In comparison, single-step AP-MS strat-
egies are more advantageous in preserving protein interac-
tions of protein complexes, especially weak ones, because of
fewer washing steps. Regardless of differences in purification
specificity, both strategies often lead to co-purification of
heterogeneous protein complexes owing to direct or indirect
protein association under AP-MS experimental conditions. In
order to improve homogeneity of purified protein complexes,
it has been suggested to tag two distinct subunits for sequen-
tial isolation of protein complexes containing the two desired
components (43). However, the application of this approach in
analyzing protein subcomplexes, particularly dynamic ones,
needs to be demonstrated.

To effectively isolate proteasome complexes from mamma-
lian cells, we previously developed a new purification strategy
based on a derivative of the His-Bio (HB) tag which was fused
to a proteasome subunit (44, 45). This method allowed facile
purification of functional human proteasome complexes un-
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der native conditions in a single-step (45, 46), in which pro-
teasome subunits and proteasome interacting proteins (PIPs)
were captured and analyzed. During these analyses, we have
determined that three UbR proteins, i.e. Rpn13/ADRM1,
hHR23B, and Ubqln1, bind to proteasomes dynamically with
fast on/off rates (46). Therefore, their co-purification with pro-
teasomes is highly dependent on experimental conditions and
furthermore, the interactions of hHR23B and Ubqln1 with
proteasomes have not been consistently detected when con-
ventional AP-MS strategies were applied. To capture protein-
protein interactions of all natures in a single analysis, we have
developed a QTAX (Quantitative analysis of tandem affinity
purified in vivo cross-linked (x) protein complexes) strategy by
integrating in vivo chemical cross-linking, HB-based tandem
affinity purification of protein complexes under fully denatur-
ing conditions and quantitative mass spectrometry (47, 48).
Our results have demonstrated that in vivo cross-linking can
extend the identification of interacting proteins by capturing
weak or transient interactors in addition to stable ones, thus
allowing effective co-purification of the known UbRs with
yeast proteasomes (48). The recent development of the newly
developed membrane-permeable, MS-cleavable and enrich-
able cross-linker Azide-A-DSBSO enables the determination
of subunit-subunit interaction contacts of in vivo cross-linked
HB-tagged proteasome complexes by multistage tandem
mass spectrometry (49). Clearly, it is advantageous to couple
HB-tag based tandem affinity purification with cross-linking
mass spectrometry to provide the unique capability of tandem
affinity purification of proteins under fully denaturing condi-
tions (44, 47). This enables the elimination of nonspecific
background to enhance the detection of cross-linked prod-
ucts associated with the bait (44, 47, 48, 50, 51). Although the
composition of protein complexes resulting from denaturing
purification can be readily determined, subunit stoichiometry
can be misrepresented because of variance in protein cross-
linking efficiency, leading to varying protein absolute abun-
dances. Previously, it has been shown that mild cross-
linking can be coupled with native purification to preserve
protein interactions (52–54). In order to isolate UbR-protea-
some subcomplexes and determine their quantitative differ-
ences in proteasome subunit composition, we have devel-
oped a novel affinity purification strategy XBAP, i.e. in vivo
cross-linking (X) assisted bimolecular tandem affinity purifi-
cation. With XBAP, we were able to analyze the protea-
somes present in the seven selected UbR-proteasome
complexes, and thus understand the proteasomal popula-
tions actively engaged in proteolysis of ubiquitinated pro-
teins. Importantly, the novel integrated strategy developed
here embodies a valuable tool to better characterize protein
subcomplexes, stable or dynamic, yielding biologically rel-
evant information that cannot be easily obtained using ex-
isting approaches.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—General chemicals for buffers and cell
culture media were purchased from Fisher (Waltham, MA) or VWR
(Radnor, PA). ImmunoPure streptavidin, HRP-conjugated antibody
and Super Signal West Pico chemiluminescent substrate were from
Pierce Biotechnology (Rockford, IL). Sequencing grade trypsin was
purchased from Promega Corp. (Madison, WI), and anti-FLAG was
from Sigma-Aldrich (St. Louis, MO).

Plasmid and Cloning—Construction of HisFLAG-UbR-pQCXIP
plasmid: for HisFLAG-UbR-pQCXIP, HisFLAG fragment was obtained
by annealing using these two primers: forward 5�-GGCCGCA-
TGAGGGGTTCACATCATCACCACCATCATGACTACAAAGACGATG-
ACGACAAGTTAAT-3�; reverse 5�-TAACTTGTCGTCATCGTCTTTGT-
AGTCATGA TGGTGGTGATGATGTGAACCCCTCATGC-3�. The an-
nealing product was directly inserted into NotI and PacI digested
pQCXIP to get pQCXIP-HisFlag. Rpn13/ADRM1 fragment was PCR
amplified from ADRM1 containing plasmid from KJW using the fol-
lowing primers: forward, 5�-TTAATTAACACGACCTCAGGCGCGCT
CTTTCCAAG-3�; reverse, 5�-GAATTCTCAGTCCAGGCTCATGTCCT-
CCTCTTC-3�. The obtained PCR fragment was confirmed by DNA
sequencing, digested by PacI and EcoR I and inserted into the same
treated pQCXIP-HisFlag to get pQCXIP-HisFlag-ADRM1. For the rest
of pQCXIP-HisFlag-UbR, UbR fragments were PCR amplified from
corresponding UbR containing plasmids from KJW using the follow-
ing forward and reverse primers: Rpn10: forward, 5�-TTAATTAAC
GTGTTGGAAAGCACTATGGTGTGTGTG-3�; reverse, 5�-GAATTCTC-
ACTTCTTG TCTTCCTCCTTCTTGTCC-3�. hHR23b: forward, 5�-TTA-
ATTAAC CAGGTCACCCTGAAGACCCTCCAGC-3�; reverse, 5�-GAA-
TTCTCAATCTTCA TCAAAGTTCTGCTGTAGAAG-3�. Ddi1: forward,
5�-TTAATTAACATGCTGATCA CCGTGTACTG CGTGC-3�; reverse,
5�-GAATTCTTAATGTTCTTTTCGTCCTG AATCCATG-3�. Ddi2: for-
ward, 5�- TTAATTAACATGCTGCTCACCGTGTACTGTGTG-3�; re-
verse, 5�-GAATTCTCATGGCTTCTGACGCTCTGCATC-3�. Ubqln1:
forward, 5�-TTA ATTAACGCCGAGAGTGGTGAAAGCGGCGGTC-3�;
reverse, 5�-GGATCCCTA TGATGG CTGGGAGCCCAGTAACC-3�.
Ubqln2: forward, 5�-TTAATTAACGCTGAGA ATGGCGAGAGCAGC-
GGCC-3�; reverse, 5�-GAATTCTTACGATGGCTGGGAGCCCA
GCAGCC-3�. The obtained UbR PCR fragments were confirmed by
DNA sequencing, digested by PacI and EcoR I (BamH1 for Ubqln1)
and inserted into the same treated pQCXIP-HisFlag-Rpn13/ADRM1
to get pQCXIP-HisFlag-UbR.

For construction of Rpn11-TB-pQCXIH, Rpn11 was digested from
Rpn11-HTBH-pQCXIP by NotI and PacI and inserted into pQCXIH
vector to obtain Rpn11-pQCXIH. Then TB fragment was PCR ampli-
fied from HTBH-pQCXIP using the following primers: forward,
5�-TTAATTAAC GACTACGATATACCCACAACCGC-3�; reverse,
5�-GAATTCCTA AACGCCGATCTTGATTAGACCTTG-3�. The ob-
tained fragment was confirmed by DNA sequencing, digested by PacI
and EcoR I and inserted into the same treated Rpn11-pQCXIH to get
Rpn11-TB-pQCXIH. These constructs contain CMV promoters.

Generation of 293HF-UbR/Rpn11-TB Stable Cell Lines—The procedure
for making the retrovirus was similar to that reported previously (45).
Because we are using retroviral vectors from Clontech, the details on
retroviral gene transfer can be found at (http://www.com/US/Products/
Viral_Transduction/Retroviral_Vector_Systems/ibcGetAttachment.
jsp?cItemId�17555&fileId�6684076&sitex�10020:22372:US).
Briefly, a 293 GP2 cell line was co-transfected with pQCXIP-
Rpn11-TB and pQCXIH-HF-UbR. Retrovirus was produced and re-
leased to the medium between 36 h to 96 h after transfection. Ret-
rovirus containing medium was used to transduce 293 cells, which
were subsequently selected with puromycin and hygromycin to es-
tablish the stable cell lines co-expressing Rpn11-TB and HF-UbR, i.e.
293HF-UbR/Rpn11-TB. In total, seven dual-bait stable cell lines were
generated in this work.
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Experimental Design and Statistical Rationale—To isolate UbR-
proteasome subomplexes for XBAP experiments, 293HF-UbR/Rpn11-TB

cells were grown to confluence in DMEM medium containing 10%
FBS and 1% Pen/strep, then trypsinized and washed 3 times with
PBS buffer. The cell pellets were collected and lysed in buffer A (100
mM sodium chloride, 50 mM sodium phosphate, 10% glycerol, 5 mM

ATP, 1 mM DTT, 5 mM MgCl2, 1X protease inhibiter (Roche), 1X
phosphatase inhibitor, 0.1% Nonidet P-40, pH 7.5). In vivo formalde-
hyde cross-linking of intact cells was carried out in PBS buffer at
room temperature for 10 min and quenched with a final concentration
of 0.125 M glycine. The cross-linked cells were pelleted and washed
with PBS, then lysed in native lysis buffer (50 mM Tris, 100 mM NaCl,
1X protease inhibitor, 10% Glycerol, 1 mM DTT, 5 mM ATP, 5 mM

MgCl2). The lysates were centrifuged at 13,000 rpm for 15 min to
remove cell debris and the supernatant was incubated with anti-FLAG
M2 affinity gel for 3 h at 4 °C based on the manufacturer’s protocol.
The FLAG beads were then washed with 30 bed volumes of the lysis
buffer, followed by a final wash with 15 bed volumes of TBS buffer (50
mM Tris-HCl, 100 mM NaCl, 5 mM ATP, 10% glycerol, pH7.4). The
bound proteins were eluted using 150 �g/ml of 3X FLAG peptide in
TBS buffer. The resulting eluent was subsequently bound with
streptavidin beads for 2 h at 4 °C, which was then washed with 50
bed volumes of TBS buffer and 10 bed volumes of 25 mM NH4HCO3

(45). To minimize sample loss, bound protein samples were directly
subjected to subsequent trypsin digestion and mass spectrometric
analysis. Each purification experiment was repeated once to obtain
two biological replicates to assess reproducibility.

The isolated UbR-proteasome complexes bound on streptavidin
beads were digested with trypsin as described (50). Liquid chroma-
tography and tandem mass spectrometry (LC MS/MS) was carried
out using an LTQ-Orbitrap XL MS (ThermoFisher Scientific) coupled
on-line with an EASY NanoLC 1000 system (ThermoFisher Scientific)
as previously described (51). Each cycle of an MS/MS experiment
includes one MS scan in FT mode (350–1400 m/z, resolution of
60,000 at m/z 400) followed by data-dependent MS2 scans in the LTQ
with normalized collision energy at 35% on the top ten peaks.

To identify proteins through database searching, monoisotopic
masses of parent ions and corresponding fragment ions, parent ion
charge states, and ion intensities from LC MS/MS spectra were first
extracted based on the Raw_Extract script from Xcalibur v2.4 as
described (51). The data were searched using the Batch-Tag within
the developmental version (v 5.10.0) of Protein Prospector against a
decoy database consisting of a normal Swissprot database concat-
enated with its randomized version (SwissProt.2014.12.4.random.
concat with total 20,196 protein entries searched). Homo Sapiens
was selected as the species. The mass accuracy for parent ions and
fragment ions were set at � 20 ppm and 0.6 Da, respectively. Trypsin
was set as the enzyme and a maximum of two missed cleavages were
allowed. Protein N-terminal acetylation, methionine oxidation, and
N-terminal conversion of glutamine to pyroglutamic acid were se-
lected as variable modifications. The proteins were identified by at
least two peptides with a false-positive rate � 0.5%. Each purification
was analyzed by MS in duplicate (i.e. two technical replicates),
totaling 28 LC MS/MS runs. Commonly known purification back-
ground, such as ribosomal proteins, actins, spectrin and tubulin,
was excluded from the final list (45, 46). All the raw data have
been deposited at http://massive.ucsd.edu/ProteoSAFe/status.jsp?
task�d0d521386f854c52810f2cefca16ef92 (password: UbR040716).

Label-free Based Quantitative Comparison of UbR-proteasome
Subcomplexes—Label-free quantitation was carried out using Max-
Quant as described (55, 56). Briefly, the Raw files were searched
using MaxQuant (v. 1.5.0.0) against human complete proteome se-
quences obtained from UniProt (version from November 2012). The
first search peptide tolerance was set to 20 ppm, with main search

peptide tolerance set to 4.5 ppm. For quantitation, intensities were
determined as the full peak volume over the retention time profile.
Intensities of different isotopic peaks in an isotope pattern were
always summed up for further analysis. “Unique plus razor peptides”
was selected as the degree of uniqueness required for peptides to be
included in quantification. The resulting LFQ values for each identified
protein by MaxQuant were used for comparing protein relative abun-
dance among different samples.

Proteasome Proteolytic Activity Assay—In-solution proteolytic ac-
tivity assays for human proteasomes were performed with the fluo-
rogenic peptide substrates SUC-LLVY-AMC, SUC-LLE-AMC, and
SUC-ARR-AMC, as described previously (45). Briefly, 10 �l of each
samples were incubated with 100 �M of substrate for 30 min at 37 °C,
then the reaction was quenched by 1% SDS, the fluorescence were
measured at an excitation of 380 nm and emission of 460 nm. The
concentration of the total protein was determined by Nano1000.
The proteasome activities were normalized to the total protein. Three
biological replicates were performed, and each of them was analyzed
with three technical replicates.

RESULTS

Developing a New Dual-bait Strategy for Effective Isolation
of UbR-proteasome Complexes—In order to determine inter-
actions of specific UbRs with proteasome complexes, we
have developed a new bimolecular affinity purification strat-
egy enabling robust isolation of distinct UbR-proteasome
complexes. One of the key elements in this strategy is the
construction of two affinity tags that can be fused to two
selected baits for sequential purification of protein subcom-
plexes containing the two desired baits, i.e. a UbR protein and
a proteasome subunit. In order to permit affinity purification
under both native and denaturing conditions, we decided to
split the HB tag into a HF (His6-FLAG) and a TB (TEV-biotin)
tag for respective tagging of a UbR and of a proteasome
subunit (Fig. 1A). The addition of the FLAG tag to the hexa-
histidine tag is to improve affinity purification under native
conditions. Because of its specificity, a histidine tag is better
suited for denaturing than native purifications. The TB tag
consists of a TEV cleavage site and a signaling peptide for in
vivo biotinylation, the same as that found in the HTBH tag (44,
45). This dual-tagging strategy is versatile and advantageous
as the combination of the HF and TB tags permits effective
protein purification under both native and denaturing condi-
tions. In this work, we attempted to target the five well-known
types of human UbRs for our studies (Table I). Among the five
ubiquilin proteins, Ubqln1, Ubqln2 and Ubqln4 have been
found in all tissues, whereas Ubqln3 and Ubqlnl appear to be
enriched in testis (http://www.proteinatlas.org/). In compari-
son, Ubqln1 and Ubqln2 have the highest levels of expression
among all ubiquilin genes in most mouse and human tissues
(15), and have been implicated in several neurodegenerative
disorders (15, 57, 58). Therefore, we have selected these two
ubiquilins for this work. In order to generate a full picture of
UbR-proteasome interactions, a total of eight human UbR pro-
teins (i.e. Rpn10, Rpn13/ADRM1, hHR23A, hHR23B, Ddi1,
Ddi2, Ubqln1, and Ubqln2) were selected for tagging. As a
result, we were successful in creating seven HF-UbR con-
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structs, all except hHR23A. Rpn11, one of the essential 19S
proteasome subunits, was selected for co-expression with the
UbRs, because of its critical importance in proteasomal degra-
dation and its extensive use as a bait for isolating proteasomes
both in human and yeast (45, 47, 59, 60). To isolate UbR-Rpn11
complexes, seven 293 cell lines (i.e. 293HF-UbR_Rpn11-TB) stably
co-expressing Rpn11-TB and a HF-UbR were generated by
retrovirus infection and antibiotic selection in the same way as de-
scribed (45): 293HF-Rpn13/ADRM1_Rpn11-TB, 293HF-Rpn10_Rpn11-TB,
293HF-hHR23B_Rpn11-TB, 293HF-Ddi1_Rpn11-TB, 293HF-Ddi2_Rpn11-TB,
293HF-Ubqln1_Rpn11-TB, and 293HF-Ubqln2_Rpn11-TB. For simplic-
ity, we have termed these cells in short as AR, RR, BR, D1R,
D2R, U1R, and U2R accordingly. Expression levels of HF-
UbR and Rpn11-TB from seven cell lines were examined
using immunoblotting (Fig. 1B). As shown, HF-tagged UbR
proteins displayed similar expression levels, and their expres-
sion did not change Rpn11-TB abundance level in dual-bait
cells.

Purification and Characterization of UbR-proteasome Com-
plexes—Given the dynamic nature of UbR interactions with
proteasomes, it is technically challenging to preserve UbR-
proteasome complexes using conventional affinity purification

strategies under native conditions, even with one-step purifi-
cation approaches (45, 46). Indeed, our initial analysis re-
vealed that it was difficult to consistently obtain UbR-protea-
some subcomplexes with bimolecular tandem affinity
purification by isolating HF-tagged UbR first and then TB-
tagged Rpn11 subsequently under native conditions. In order
to maintain the integrity of UbR-proteasome subcomplexes,
we have developed a novel integrated strategy, XBAP, i.e. in
vivo Cross-linking (X) assisted Bimolecular tandem Affinity
Purification (Fig. 2). This method incorporates in vivo formal-
dehyde (FA) cross-linking with sequential affinity purification
using two differentially tagged baits. The key facet is to intro-
duce a very mild cross-linking condition that is sufficient
enough to ensure the stabilization of dynamic interactors but
not to compromise the intactness of proteasome complexes
for purification under native conditions and subsequent MS
analysis. To test the effect of low formaldehyde cross-linking
on proteasome integrity, we have measured proteasome ac-
tivities in cell lysates using fluorogenic peptide substrates
(Fig. 3). As shown, the three selected proteolytic activities
were at their highest when cells were treated with 0.05%
formaldehyde prior to cell lysis. These results further confirm
that proteasomes are highly dynamic entities in cells and
suggest that low level cross-linking can be beneficial for sta-
bilizing proteasome structure and function during cell lysis
prior to affinity purification, in good agreement with a previous
report (54). To further evaluate the effect of mild cross-linking
on subsequent purification and MS analysis, we purified
proteasomes using HF-Rpn13/ADRM1 as the bait from
293HF-Rpn13/ADRM1_Rpn11-TB cells. The abundance of protea-
some subunits was not significantly affected by mild formal-
dehyde in vivo cross-linking (supplemental Fig. S1A). How-
ever, in vivo cross-linking helped the capture of weakly bound
known PIPs, which were then identified with increased abun-
dance (supplemental Fig. S1B). Therefore, in vivo cross-link-
ing with 0.05% formaldehyde has been incorporated in all of

FIG. 1. The Split-tag strategy for the isolation of UbR-porteasome complexes. A, Constructs of HTBH tag, HF-Rpn13/ADRM1; and
Rpn11-TB; B, Protein levels of seven HF-tagged UbRs in their corresponding stable 293 cells in which a HF-UbR and Rpn11-TB were
co-expressed. The seven cells are termed as AR (293HF-Rpn13/ADRM1_Rpn11-TB), RR (293HF-Rpn10_Rpn11-TB), BR ((293HF-hHR23B_Rpn11-TB),
D1R(293HF-Ddi1_Rpn11-TB), D2R(293HF-Ddi2_Rpn11-TB), U1R(293HF-Ubqln1_Rpn11-TB), U2R(293HF-Ubqln2_Rpn11-TB). UbRs were detected by antibody
�-FLAG, and Rpn11 was probed by strep-HRP. A 20S subunit (Pre10/�7) was also probed. Beta actin served as a loading control.

TABLE I
The five selected UbR families

UbR Family Yeast Protein Human Protein Selected for XBAP
experiments

Rpn10 Rpn10 Rpn10/S5a �

Rpn13 Rpn13 Rpn13/ADRM1 �

Rad23 Rad23 hHR23A �a

hHR23B �

Dsk2 Dsk2 Ubqln1 �

Ubqln2 �

Ubqln3 -
Ubqln4 -
Ubqlnl -

Ddi1 Ddi1 Ddi1 �

Ddi2 �

a Gene expression was not successful.
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our XBAP experiments described below (Fig. 2). To better
assess subunit composition and abundance, it is noted that
UbR-proteasome complexes are purified under native condi-
tions to better preserve the integrity of protein complexes.
This is especially important when two different baits are used
sequentially and a label-free quantitative method is employed.
The two-step affinity purification is accomplished by FLAG-
tag based affinity purification followed by binding to strepta-
vidin beads. The purification process was evaluated by im-
munoblotting as shown in supplemental Fig. S2. As
illustrated, low formaldehyde cross-linking did not interfere
with native affinity purification as tagged proteins were effi-
ciently bound to corresponding resins for all cells tested.
Although the TEV cleavage step is effective and can be per-
formed at the last purification step, we decided to directly
digest the complexes bound on streptavidin beads to elimi-
nate sample loss and minimize experimental variance. The

resulting digests were subjected to LC MS/MS analysis. In
this study, we have repeated the purification of UbR-protea-
some subcomplexes and each sample was run twice by LC
MS/MS, thus yielding two biological replicates with two tech-
nical replicates respectively for each UbR sample. In total, 28
LC MS/MS runs were analyzed in parallel for database
searching and results comparison. In this work, we only con-
sidered proteins that were identified with a minimum of two
unique peptides and reproducibly identified in both biological
replicates. The detailed results on protein identification are
summarized in supplemental Table S1. In all experiments, 32
core proteasome subunits were co-purified in UbR-protea-
some complexes, including eighteen 19S RP subunits (i.e.
Rpt1–6, Rpn1–3, and Rpn5–13) and fourteen 20S CP sub-
units (i.e. �1-�7 and �1-�7). Because ubiquitin receptors de-
liver substrates to the proteasome, they specifically associate
with the subpopulation of proteasomes that is important for
degradation of ubiquitinated proteins. Our results imply that
UbR-bound proteasomes have the same subunit composi-
tion, suggesting that the core functional entity remains intact
regardless of how substrates are transported to proteasomes
for degradation.

Quantitative Comparison of UbR-proteasome Complexes—In
order to further assess UbR-proteasome complexes, we have
carried out label-free quantitative analysis using MaxQuant
(55, 56). To compare components of the seven selected UbR-
proteasome complexes, LFQ values for each identified pro-
tein in each sample were obtained (supplemental Table S2A)
and normalized to their respective baits (supplemental Table
S2B), allowing comparison of relative protein abundances
among different samples. Although core subunit composition
is the same for UbR-proteasome complexes, the amount of
proteasomes associated with each UbR appears to be differ-
ent. Fig. 4 displays the abundance heatmap of 32 core pro-
teasome subunits present in the seven UbR-proteasome
complexes. Given the same amount of baits, it seems that
Rpn13/ADRM1 binds to the highest amount of the 26S pro-

FIG. 2. The general XBAP-MS strategy for analyzing UbR-proteasome complexes from stable 293 cells expressing a HF-tagged UbR
and a TB tagged proteasome subunit (i. e. Rpn11-TB) by label-free based MS quantitative analysis. Note: FLAG-AP: FLAG based affinity
purification; Strep-AP: affinity purification of biotin-tagged proteins by binding to streptavidin beads.

FIG. 3. The effects of in vivo formaldehyde treatment on three
proteolytic activities of the human 26S proteasome using an
in-solution assay with flurogenic peptide substrates. Chymotryp-
tic activity-LLVY; Caspase-like activity-LLE; Tryptic activity-ARR.
Three biological replicates were performed, each yielding nearly iden-
tical results. For simplicity, the technical replicates for a single bio-
logical replicate are shown. Error bars represent the standard devia-
tion between three technical repeats.
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teasome holocomplex, whereas Ddi2 associates with the
least amount of the 26S. This finding indicates that UbRs are
present in proteasome complexes with different stoichiome-
tries. Although Rpn13/ADRM1 and Rpn10 are inherent core
proteasome subunits, the amount of proteasomes co-purified
with Rpn13/ADRM1 is about twice that of Rpn10-associated
proteasomes, implying that stoichiometry of Rpn13/ADRM1 is
different from that of Rpn10 in the 26S holocomplex. This is in
good agreement with recent reports suggesting that Rpn13/
ADRM1 only exists as one copy in the 26S holocomplex,
whereas other subunits including Rpn10 are present as two
copies in the complex (61). Collectively, these results further
suggest compositional and functional asymmetry of the 26S
proteasome in processing ubiquitinated substrates, as
Rpn13/ADRM1 is only present in one of two 19S RPs com-
prising the 26S holocomplex.

Among the five selected non-proteasome UbRs, hHR23B
appears to bind to the highest amount of proteasome, at a
level similar to Rpn10, suggesting that hHR23B may be the
major shuttling factor for ubiquitinated substrates. In compar-
ison to hHR23B, Ddi1, Ubqln1, and Ubqln2 copurified about
50% less proteasome. Surprisingly, Ddi2 captured the least
amount of proteasomes based on bait-normalized LFQ values
(supplemental Table S2B), implying that more proteasome-

free Ddi2 may be present in cells. Together, our results sug-
gest that UbRs more likely interact with proteasomes differ-
ently because of their specific roles in the recognition and
delivery of protein substrates.

To determine whether the core proteasome subunits have
similar stoichiometry among the seven UbR-proteasome
complexes, we evaluated their relative abundances based on
average bait-normalized LFQs. In total, six pair-wise correla-
tion plots were generated using both proteasome subunits
and their associated proteins identified in compared samples
(supplemental Table S1), in which the AR sample (i.e. Rpn13/
ADRM1-Rpn11 complex) served as the reference for each
comparison. As shown in Fig. 5, a linear relationship was
found in all pair-wise comparisons with a great correlation
coefficient (R2 � 0.95). These results indicate that proteasome
subunits have similar stoichiometry in all UbR-proteasome
complexes, further confirming the conserved integrity of the
26S holocomplex in its heterogeneous subpopulations.

Comparison of UPS Components in UbR-proteasome
Complexes—Apart from core proteasome subunits, protea-
some interacting proteins (PIPs) were identified in UbR-pro-
teasome complexes. A total of 39 PIPs were identified from all
experiments, which are distributed as follows: 18 (AR), 18
(RR), 10 (BR), 1 (D1R), 30 (D2R), 1 (U1R) and 1 (U2R). Their

FIG. 4. Heatmap of proteasome sub-
unit abundance in the seven UbR-pro-
teasome complexes based on aver-
age normalized LFQ values obtained
from MaxQuant.
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FIG. 5. Pair-wise correlation plots of LFQ values of proteasomal components in the seven UbR-proteasome complexes, in which RR,
BR, D1R, D2R, U1R, U2R were compared with AR sample respectively.

FIG. 6. Protein interaction topologies of the seven UbR-proteasome complexes. Smaller nodes (yellow, orange, red) represent prey
whereas larger nodes (green, blue, cyan, violet) represent baits. Edges between nodes represent capture of prey by bait, designated by the
color of the edge. Black edges denote reciprocal capture by preys to one another, whereas edge types denote the number of baits that
captured each prey, i.e. 1-dashed, 2 or 3-solid, 4-dotted, and 7-parallel.
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interaction and connectivity are illustrated in Fig. 6. Among
these PIPs, ubiquitin was the only protein captured by all
baits, further validating that all UbRs are involved in recogniz-
ing ubiquitinated substrates. In addition to ubiquitin, seven
unique PIPs (i.e. Usp14, Uch37, Ecm29, Gankyrin/p28,
Hsp90/Hsp90AB1, Hsp70/HSPA1A, Txnl1) were all identified
in AR, RR, BR and D2R samples. Although hHR23B is the bait
for the BR sample, it was also identified in AR, RR and D2R
samples indicating non-overlapping engagement with the
proteasome. In comparison, Ddi2 was only found in BR sam-
ples, suggesting that hHR23B and Ddi2 may interact closely
in cells. All of these PIPs have good correlation in abundance
among the samples (Fig. 4), similar to those of proteasome
subunits, implying that they associate with core proteasomes
similarly in UbR-proteasome subcomplexes and are key PIPs
involved in proteasomal degradation. In addition, although
one PIP (i.e. UBE3C) was shared by AR, RR, and D2R sam-
ples, another PIP (i.e. p97/VCP) was shared by AR, RR and BR
samples. Moreover, three PIPs (i.e. p27, PAAF1, UBLCP1)
were only identified in AR and RR samples, indicating that
these proteins interact with specific subgroups of proteasome
complexes. It is noted that 16 unique putative PIPs were
identified only in D2R samples, including seven subunits of
the 8-member CCT complex. The CCT complex was previ-
ously identified as PIPs using the QTAX strategy (48), and
functions as a molecular chaperone to assist the folding of
proteins upon ATP hydrolysis. Interestingly, the stability of the
CCT complex was previously shown to be dependent on
proteasomal degradation (62). Our results suggest that Ddi2
may be the physical link between the CCT complex and the
proteasome for the degradation of its own constituents or
associated substrates. Given the number of interactions pres-
ent in the Ddi2-proteasome complex, it warrants further in-
vestigation to determine the role of Ddi2 during proteasomal
degradation. Collectively, although UbR-proteasome com-
plexes possess the same core 26S proteasome and share a
few PIPs, they do have unique protein interactions that may
link them to specific cellular pathways through their roles in
proteasomal degradation.

DISCUSSION

Protein complexes, such as proteasomes, exist in cells as
dynamic and heterogeneous entities, often comprising multi-
ple subcomplexes responsible for various functions. Effective
isolation of these dynamic subcomplexes is a prerequisite to
detailed proteomic analysis for understanding their structural
and functional similarities and differences. In this work, we
report a new method, XBAP, and applied it to efficient capture
and purification of dynamic proteasome subcomplexes con-
taining ubiquitin receptors. The XBAP strategy enables the
stabilization of dynamic protein interactions through limited in
vivo cross-linking. In comparison to our previously developed
QTAX strategy (47), XBAP utilizes a significantly lower amount
of formaldehyde (� 0.05% versus 1%) for in vivo cross-

linking. Our results have shown that low level FA in vivo
cross-linking helps to maintain the intactness of the 26S
proteasome complexes under physiological conditions. This
is based on the observation that proteasomal activities were
increased when comparing cross-linked and uncross-linked
lysates. This finding suggests that the interaction of protea-
some complexes is prone to change during native cell lysis.
Indeed, FA cross-linking not only better maintains the intact-
ness of the 26S holocomplex, but also enables consistent
capture of proteasome components as well as dynamic and
weak interactors of proteasomes. For example, the interaction
of proteasome regulator Ecm29 with the proteasome is labile
and susceptible to change under native conditions (63). Be-
cause of this, Ecm29 is often missed in purified mammalian
proteasomes (45, 46). Here, we have reproducibly captured
Ecm29 after FA cross-linking, which corroborates well with
previous results (48, 54). In addition, dynamic proteasome
interactors have displayed much higher abundances in iso-
lated proteasome complexes after cross-linking when com-
paring to noncross-linked samples. Together, our results
demonstrate that mild FA cross-linking is beneficial for native
purifications through preservation of protein interactions with-
out sacrificing the integrity and functionality of protein com-
plexes. In addition, limited FA cross-linking does not interfere
with native cell lysis, subsequent purification and mass spec-
trometric analysis. Moreover, it minimizes the impact of cell
lysis on protein interactions under native conditions and elim-
inates purification background. Clearly, the level of in vivo FA
cross-linking can be modulated to fit the needs of all types of
purification procedures regardless of lysis conditions, thus
expanding the scope of interactions for investigation.

Another unique feature of the XBAP strategy is the utiliza-
tion of HF and TB tags for the two selected baits, permitting
bimolecular purification not only under native conditions, but
also QTAX-type of experiments under fully denaturing condi-
tions (47). This advantage is because of the fact that Histidine
and Biotin tags are the only two tags that can tolerate fully
denaturing conditions (44). Such flexibility would be advanta-
geous when experiments require the maximum elimination of
any reorganization of protein interactions during cell lysis and
nonspecific interactions during purification. Additionally,
when sufficient cross-linking is required for capturing protein
interactions of all natures including weak/transient ones and
for identifying protein interaction interfaces in living cells, de-
naturing purification would be ideal (47–49). Importantly, the
employment of two tagged baits enables the dissection of
heterogeneous protein complexes into subpopulations. Such
dual-tagged cell lines also permit enhanced identification of
protein-protein interaction contact sites in selectively en-
riched subcomplexes using cross-linking mass spectrometry
(49). Specifically, future studies are warranted to employ
293HF-UbR_Rpn11-TB cells generated in this work to determine
how each UbR docks on proteasomes in living cells, thus
uncovering molecular details underlying how UbRs deliver

UbR-Proteasome Subcomplexes

Molecular & Cellular Proteomics 15.7 2287



substrates to proteasomes. Collectively, the development of
the XBAP strategy augments our ability to define dynamic
protein complexes in more detail, and this strategy can be
applied to study other protein complexes.

With the XBAP strategy, we have effectively identified seven
UbR-proteasome subcomplexes and quantitatively compared
their subunit compositions and relative abundance based on
label-free quantitative mass spectrometry using MaxQuant
(55, 56). Correlation analysis has revealed that all of these
UbR-proteasome complexes contain the same type of core
26S proteasome holocomplex in regards to its composition
and stoichiometry. Among the selected UbRs, Rpn10 and
Rpn13/ADRM1 are inherent subunits of the 26S holocomplex,
and expected to possess the same core proteasome subunits
that assemble into the functional entity. The fact that all of the
selected UbRs bind to the same proteasome entity as Rpn13/
ADRM1 and Rpn10, further validates that UbRs transport
polyubiquitinated substrates to the same population of pro-
teasomes for degradation. Although the stoichiometry of pro-
teasome subunits remains similar in UbR-proteasome com-
plexes, there are differences in the amount of UbRs
associating with proteasomes. In addition to essential protea-
some subunits, Rpn13/ADRM1 and Rpn10 have copurified
three 20S activator proteins PA28�, PA28�, and PA200, sug-
gesting the presence of hybrid 26S proteasomes. However,
these activator proteins are very low in abundance compared
with other 19S subunits. In addition, non-proteasome UbRs
did not capture these activators. Previous reports have sug-
gested that the most abundant activator bound to the 20S
core complex is the 19S RP in mammalian cells (38). To-
gether, these results confirm that the 26S holocomplex is the
main machinery responsible for the degradation of ubiquiti-
nated substrates.

Apart from proteasome subunits, K48-linked ubiquitin
chains, the common ubiquitin signal for proteasomal degra-
dation (2, 64), have been identified in all XBAP-MS experi-
ments. However, this finding does not exclude the involve-
ment of other ubiquitin linkages in targeting proteins to
proteasomes for degradation. To fully dissect the ubiquitin
topologies bound to UbR-proteasomes, proteasome inhibi-
tion will be needed to prevent the degradation of less abun-
dant ubiquitin signals. In addition, the XBAP strategy can be
altered to study UbR-bound ubiquitin by tagging a UbR and
Ub respectively, which would help uncover ubiquitin signals
recognized by UbRs for proteasomal degradation.

During XBAP experiments, UbRs were used as the first bait,
and Rpn11 was used as the second bait. The resulting com-
plexes would contain proteins that interact with both of these
baits. Although UbR interacting proteins may be purified and
identified using UbRs as single baits, most of them are not
expected to be present in UbR-proteasome complexes if they
only interact with UbRs. In addition, sequential purification
using two different baits can lead to the loss of low abundant
protein interactors. Nonetheless, a total of 38 putative PIPs

were identified from AR, RR, BR, and D2R samples. Among
them, seven known PIPs (i.e. Uch37, Usp14/Ubp6, Ecm29,
Gankyrin/p28, Hsp90/HSP90AB1, Hsp70/HSPA1A, and
Txnl1) were identified in all of the four samples, all of which are
key regulators of proteasomal degradation (7, 8). For exam-
ple, Uch37 and Usp14/Ubp6 are two deubiquitinating en-
zymes that dynamically interact with the 26S proteasome with
fast on/off rates (46) and have not been consistently identified
in proteasomes isolated under native conditions. They func-
tion to trim the polyubiquitin chains on delivered substrates at
the proteasome (8, 65–68). In contrast to intrinsic proteasome
deubiquitinase Rpn11 which promotes degradation, Uch37
and Usp14/Ubp6 appear to antagonize the degradation of
ubiquitinated substrates (67, 69), suggesting that they are
important for recycling ubiquitin and maintaining ubiquitin
levels in cells. Although Uch37 interacts with the proteasome
through Rpn13/ADRM1 (65, 70, 71), Usp14/Ubp6 physically
binds to proteasome subunit Rpn1 (30, 60, 72), and interacts
with Rpt1 when conjugated to a ubiquitin aldehyde (73, 74).
The presence of Uch37 and Usp14/Ubp6 in UbR-proteasome
complexes further indicate that these deubiquitinases are
major players in regulating substrate processing at the
proteasome.

Another well-recognized proteasome regulator is Ecm29,
which has been suggested to modulate the interaction be-
tween the 20S and 19S complexes and inhibit proteasome
functions (75, 76). However, under oxidative stress, Ecm29 is
enriched at the 19S proteasome and is responsible for trig-
gering the disassembly of the 26S holocomplex, leading to
increased ubiquitin and ATP-independent degradation of ox-
idized proteins to maintain cell homeostasis (63). In addition,
Ecm29 can link the 26S proteasome to specific cellular com-
partments through its interactions with molecular motors and
endosomal components (77), and to Toll-like receptor 3
(TLR3) signaling through the effect of Ecm29 on the levels of
TLR3 and proteins involved in autophagy (78). Although
Ecm29 is involved in multiple cellular pathways through its
action on the assembly and function of proteasomes, it has
been challenging to purify Ecm29 with proteasomes without
in vivo cross-linking. Given the diverse biological roles of
Ecm29, the difficulty of capturing its interaction with protea-
somes, and its existence in multiple UbR-proteasome com-
plexes, we speculate that the population of Ecm29-containing
proteasomes may be much more abundant in cells than pre-
viously expected. With the development of XBAP, the function
of Ecm29 in regulating proteasomes can be further investi-
gated through detailed characterization of Ecm29-protea-
some subcomplexes under different physiology conditions.

The assembly of the 19S RP is assisted by four chaperons
(79), three of which (i.e. Gankyrin/p28, p27, PAAF1) have been
identified in this work. Although Gankyrin/p28 was present in
AR, RR, BR, and D2R samples, p27 and PAAF1 were only
observed in AR and RR samples. During the initial step of the
base subcomplex assembly, Gankyrin/p28 and PAAF1 asso-
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ciate with Rpt3-Rpt6 to build an intermediate module,
whereas p27 forms a modulator trimer complex with Rpt4 and
Rpt5 (80). As both Rpn13/ADRM1 and Rpn10 are compo-
nents of the 19S RP assembly, it is not surprising that these
RP chaperons can be found in Rpn13/ADRM1- and Rpn10-
containing proteasome complexes. This implies that subas-
semblies may be co-purified; however, their relative abun-
dances are much lower than mature proteasomes. In
comparison, Gankyrin/p28 was found not only in AR and RR
samples, but also in BR and D2R samples, and has higher
abundances than p27 and PAAF1 in the UbR-proteasome
complexes (Supplemental Table 1). Currently Gankyrin/p28
has been considered as an oncogene involved in tumorigen-
esis by promoting the degradation of Rb and p53 (8). To-
gether, it is reasonable to suspect that the frequent occur-
rence of Gankyrin/p28 at various UbR-proteasome
complexes may be attributed to its additional functions
aside from its role as a RP chaperon.

Among the seven PIPs shared by AR, RR, BR and D2R
sample, two ATP-dependent chaperons Hsp70 and Hsp90
were also identified. Both are known to regulate de novo and
stress-related protein folding and stability (81). These proteins
have been previously identified as PIPs (46–48, 82), and their
involvement in mediating proteasomal degradation is thought
to be partially because of their interactions with the co-chap-
eron CHIP which functions as an E3 ubiquitin ligase using a
modified RING finger domain (U-box) (81). In addition, Hsp70
has been shown to bind to the 19S RP and play a role in
modulating the 26S proteasome disassembly upon oxidative
stress (82). Interestingly, Hsp90 has also been suggested to
be important in the ATP-dependent assembly and mainte-
nance of the 26S proteasome (83). Moreover, Hsp90 has been
linked to proteasomes through its interaction with p97/VCP
(Transitional endoplasmic reticulum ATPase) (84), a key com-
ponent in mediating ubiquitination and degradation of mis-
folded proteins through ER-associated degradation pathway
(ERAD). Interestingly, p97/VCP interacts with hHR23B and
has been identified in AR, RR and BR samples. Although
hHR23B is one of the two baits for BR samples, it has also
been co-purified in AR, RR and D2R samples. In addition, the
amount of hHR23B-associated proteasomes is very similar
that of Rpn10-bound proteasomes. Together, this implies that
hHR23B is one of the major components of the 26S protea-
some, and the most abundant non-proteasome UbR at the
proteasome. This corroborates well with previous reports that
hHR23B has been more frequently identified in proteasomes
in both yeast and mammalian cells (46, 47). In addition to its
role in delivering polyubiquitinated substrates, hHR23B may
be responsible for linking other players such as Hsp90 and
VCP-containing chaperon complexes to proteasomes. It has
been suggested that non-proteasome UbRs may interact in
cells because of the presence of UBA and UBL domains (85).
In this work, we have confidently identified the interaction
between hHR23B and Ddi2 when using either one as the bait,

suggesting that these two non-proteasome UbRs may coop-
erate in shuttling ubiquitinated substrates.

Another protein found in all of AR, RR, BR and D2R samples
is Txnl1 (thioredoxin-like protein 1), which exhibits thioredoxin
activity in cells. It has been shown that Txnl1 binds to Rpn11
and targets eEF1A1 in vivo (86), thus linking protein reduction
and degradation pathways. eEF1A1, a known PIP, is thought
to specifically interact with Rpt1 (87), and is involved in
transferring misfolded nascent proteins from the ribosome
to the 26S proteasome for degradation (87). Although
Rad23 and Rpn10 are suspected to be involved in the
degradation of damaged proteins (87), eEF1A1 was de-
tected only in AR and D2R samples, suggesting that eEF1A1
may be more associated with Rpn13/ADRM1- and Ddi2-
proteasome subcomplexes.

In contrast to AR, RR, BR and D2R samples, it is noted that
U1R, U2R and D1R samples did not identify any PIPs except
core proteasome subunits and ubiquitin. Even though the
expression levels of Ubqln1, Ubqln2 and Ddi1 are similar to
other UbRs (Fig. 1), the amount of proteasomes associated
with Ubqln1, Ubqln2 and Ddi1 are apparently much lower
based on spectral counts (Supplemental Table 1). We note
that we did not detect known interactors of Ubqln1 and
Ubqln2 such as Hsp70 or p97/VCP (88, 89). XBAP experi-
ments selectively purify proteins that are bound to protea-
somes complexed with UbRs and cannot identify proteins
that specifically interact with either Rpn11 or UbR. These
known interactors may thus not be part of a stable higher
order complex, or interactions may be below our detection
limit. To enhance the detection of proteins known to interact
with both UbRs and proteasomes, one possibility is to in-
crease the interaction between UbRs and proteasomes
through proteasome inhibition. This may also improve the
identification of potential proteasomal substrates recognized
and delivered by these UbRs.

Very recently, two proteasome subunits Dss1/Rpn15 and
Rpn1 have been identified as novel types of ubiquitin recep-
tors in yeast (30, 90). Dss1/Rpn15 is an intrinsically disordered
protein and does not contain any known ubiquitin binding
domains. Instead, its interaction with ubiquitin is mediated
through various acidic and hydrophobic residues. Surpris-
ingly, the ubiquitin binding region of Dss1/Rpn15 overlaps
with its proteasome binding site, and a recent study has
questioned its authenticity as a UbR (30). In comparison, the
Rpn1 toroid possesses two unique binding domains, T1
(toroid 1) and T2 (toroid 2) (30). Although T2 binds to UBL
deubiquitinase Usp14/Ubp6, T1 functions to recruit sub-
strates directly by binding to ubiquitin itself and indirectly by
binding to UBL shuttling factors, a feature shared by Rpn10
and Rpn13/ADRM1 despite a lack of structural similarity
among these receptors (30). Clearly, the XBAP strategy can
be applied to dissect structural and functional diversities of
these new UbR containing protein complexes in future studies
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and thus understand their roles in the UPS and other cellular
pathways.

In summary, we have developed a new integrated strategy
to effectively isolate dynamic UbR-proteasome complexes for
proteomic analysis and characterization. Importantly, the
XBAP strategy can be directly adopted to decipher the struc-
tural and compositional heterogeneity of other protein com-
plexes. When coupled with newly developed cross-linking
reagents (49, 91), the XBAP method can be employed to
determine protein interaction interfaces of protein complexes
using cross-linking mass spectrometry. In addition, such a
strategy can be extended to determine whether and how
proteins form homo- or hetero-dimers in living cells. Collec-
tively, the methodology presented here provides a solid basis
to further advance the studies of protein complexes by pro-
teomic approaches.
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