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Molecular Details Underlying Dynamic
Structures and Regulation of the Human 26S

Proteasome™s

Xiaorong Wangzt©, Peter Cimermancic§®, Clinton Yut®, Andreas Schweitzer],

Nikita Chopra§, James L. Engel|| |||, Charles Greenberg§, Alexander S. Huszaght,
Florian Beck9], Eri Sakata¥], Yingying Yangt, Eric J. Novitsky**, Alexander Leitnertt,
Paolo Nanni§§, Abdullah Kahraman1]], Xing Guo|?, Jack E. Dixon|, Scott D. Rychnovsky**,
Ruedi Aebersoldit’, Wolfgang Baumeisterq], Andrej Sali§, and Lan Huangt®

The 26S proteasome is the macromolecular machine re-
sponsible for ATP/ubiquitin dependent degradation. As
aberration in proteasomal degradation has been impli-
cated in many human diseases, structural analysis of the
human 26S proteasome complex is essential to advance
our understanding of its action and regulation mecha-
nisms. In recent years, cross-linking mass spectrometry
(XL-MS) has emerged as a powerful tool for elucidating
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structural topologies of large protein assemblies, with its
unique capability of studying protein complexes in cells.
To facilitate the identification of cross-linked peptides, we
have previously developed a robust amine reactive sulfox-
ide-containing MS-cleavable cross-linker, disuccinimidyl
sulfoxide (DSSO). To better understand the structure and
regulation of the human 26S proteasome, we have estab-
lished new DSSO-based in vivo and in vitro XL-MS work-
flows by coupling with HB-tag based affinity purification
to comprehensively examine protein-protein interactions
within the 26S proteasome. In total, we have identified 447
unique lysine-to-lysine linkages delineating 67 interpro-
tein and 26 intraprotein interactions, representing the
largest cross-link dataset for proteasome complexes. In
combination with EM maps and computational modeling,
the architecture of the 26S proteasome was determined
to infer its structural dynamics. In particular, three pro-
teasome subunits Rpn1, Rpn6, and Rpt6 displayed mul-
tiple conformations that have not been previously re-
ported. Additionally, cross-links between proteasome
subunits and 15 proteasome interacting proteins includ-
ing 9 known and 6 novel ones have been determined to
demonstrate their physical interactions at the amino
acid level. Our results have provided new insights on the
dynamics of the 26S human proteasome and the meth-
odologies presented here can be applied to study other
protein complexes. Molecular & Cellular Proteomics
16: 10.1074/mcp.M116.065326, 840-854, 2017.

The ubiquitin-proteasome system (UPS)' represents the
major intracellular pathway for selective removal of regulatory,
misfolded, and damaged proteins in eukaryotic cells. Aberrant
UPS regulation can result in irregular protein turnover and

" The abbreviations used are: UPS, ubiquitin proteasome system;
XL-MS, cross-linking mass spectrometry; CP, core particle; RP, reg-
ulatory particle; UBL, ubiquitin-like domain; UBA, ubiquitin associat-
ing domain; AP-MS, affinity purification mass spectrometry; PIP, pro-
teasome interacting proteins; HB, histidine and biotin tag; LC MS",
liquid chromatography multistage tandem mass spectrometry.
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accumulation of dysfunctional proteins, thus leading to vari-
ous human diseases. The 26S proteasome is the macromo-
lecular machine in the UPS that is responsible for controlled
degradation of ubiquitinated substrates (1). It is composed of
at least 33 subunits, which assemble into two subcomplexes:
the 20S core particle (CP) and the 19S regulatory particle (RP).
The 20S CP is responsible for various proteolytic activities,
and has a highly conserved “barrel”-like structure arranged
into four heptameric rings stacked in the order of o, 3,8,a, (2,
3). In contrast to the highly ordered and stable structure of the
20S CP, the 19S RP appears to be much more flexible and
dynamic (4-6). The 19S RP is responsible for diverse func-
tions including substrate recognition, deubiquitination, pro-
tein unfolding, and substrate translocation to the 20S CP for
degradation. The 19S RP consists of 19 subunits that assem-
ble into the lid and base subcomplexes. The base is com-
posed of six ATPases (Rpt1-6), and four non-ATPase sub-
units (Rpn1, 2, 10, and 13). The remaining nine subunits
(Rpn3, 5-9, 11, 12, and Rpn15/Sem1) comprise the lid struc-
ture. The binding of ubiquitinated substrates to proteasomes
is facilitated through intrinsic ubiquitin receptors Rpn10,
Rpn13, and Rpn1 of the base (7-11), whereas deubiquitina-
tion of bound substrates occurs through the action of the
intrinsic deubiquitinase Rpn11 (12-15). The unfolding and
translocation of substrates is ATP-driven and executed by the
six ATPases, which directly interact with the 20S CP and
modulate its gate opening (16).

It has been an extremely challenging task to resolve the
high-resolution structure of the 26S proteasome holocomplex
because of compositional and conformational heterogeneity
of the RPs. Recently, a series of Cryo-EM studies combined
with X-ray crystallography and other biochemical experiments
have revealed the molecular architectures of the yeast (4-6)
and human 26S proteasomes (17). Most of the studies actu-
ally focused on the yeast proteasomes, whereas reports on
the human 26S proteasome have been sparse. Only very
recently, two high-resolution Cryo-EM structures (3.9 and 3.5
A) of the human 26S proteasome were reported (18, 19),
indicating that the overall architecture of the 26S holocomplex
is highly conserved from yeast to human. The six Rpt subunits
of the 19S RP form a hexameric ring to associate with the
cylinder ends of the 20S CP, and are surrounded by a shell of
Rpn subunits (4-6, 18, 19). However, different assignments
were proposed for the multiple geometries of human protea-
somal subunits, contradicting previous structural studies of
yeast proteasome in the localizations of Rpn8, Rpn11, and
Rpn12 (17). Subsequent studies revealed that limited number
of particles and overestimated resolution led to the incorrect
assignment of these subunits (4, 5), and that the subunit
arrangement in the human proteasome is indeed identical to
that in yeast (18). Because of its structural dynamics, the
proteasome exhibits a number of three-dimensional arrange-
ments. Cryo-EM studies conducted in the presence of either
ATPvS or ubiquitinated model substrates, along with a deep

classification of a very large data set led us to identify coex-
isting conformational states and to define the conformational
landscape of the 26S proteasome (20-22). These conforma-
tional changes were largely observed in the base and lid
complexes but not in the 20S CP. Peripheral subunits such as
Rpn1, Rpn10, and Rpn13 displayed a large degree of struc-
tural flexibility compared with the static 20S CP, resulting in a
lower resolution structure (4). These subunits are known to be
ubiquitin receptors in vivo and in vitro (7, 23). In addition, Rpn1
serves as a platform for deubiquitinating enzyme Ubp6 and
the shuttle factors Rad23 and Dsk2 (24, 25).

In recent years, cross-linking mass spectrometry (XL-MS)
has become an effective and powerful strategy to probe pro-
tein-protein interactions and define the architectures of mac-
romolecular protein complexes (6, 26-30). In contrast to con-
ventional structural tools such as X-ray crystallography or
NMR techniques, XL-MS approaches have significantly fewer
restrictions on sample preparation, and are capable of dis-
secting static and dynamic structural states of protein com-
plexes. In addition to residue-specific protein interconnectiv-
ity, cross-links can be utilized as distance constraints to drive
novel structural models and/or provide complimentary infor-
mation to corroborate existing structures (26, 28, 29). More-
over, XL-MS approaches can be employed to probe protein-
protein interactions at a large-scale in living cells (31-34),
which cannot be easily assessed by other structural tools.
Despite advantages of XL-MS technologies, inherent chal-
lenges remain regarding unambiguous identification of cross-
linked peptides because of complex fragmentation profiles of
cross-linked peptides when conventional (i.e. noncleavable)
cross-linkers are used. Each cross-linked peptide contains
two covalently linked peptides, whose sequences have to be
determined based on convoluted MS/MS spectra containing
the fragments from the two linked sequences. In addition, the
two linked peptides often yield inequitable numbers of se-
quence ions, thus preventing accurate identification of both
peptides. Moreover, specialized database searching tools are
required to properly determine cross-linked peptide se-
quences. Although new developments in bioinformatics tools
have proven effective in identifying noncleavable cross-linked
peptides (35-38), database searching is limited to restricted
protein databases because of quadratic expansion of com-
putational search space required for increasingly large protein
databases (39). Therefore, further improvement is still needed
to make them as robust as conventional database searching
tools (e.g. Protein Prospector or SEQUEST) for determination
of single peptide sequences. To circumvent such problems,
MS-cleavable cross-linkers appear to be the most attractive
alternative because of their unique capability of simplifying
MS identification of cross-linked peptides. To this end, we
have previously developed a suite of new MS-cleavable
cross-linkers containing sulfoxide(s) groups within their
spacer regions (e.g. disuccinimidyl sulfoxide (DSSO)) (34, 40—
42). These MS-cleavable reagents contain symmetric MS-
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labile C-S bonds (adjacent to the sulfoxide group) that can be
selectively and preferentially fragmented prior to peptide
backbone cleavage during collision induced dissociation
(CID) (34, 40-42). Such fragmentation has proven robust and
predictable, occurring independently of cross-linking types,
peptide charges, and sequences, thus enabling simplified and
accurate identification of sulfoxide-containing cross-linked
peptides by MS" analysis and conventional database search-
ing tools. DSSO is one of the amine-reactive sulfoxide-con-
taining MS-cleavable cross-linkers that has been successfully
applied for in vitro studies of purified protein complexes (27,
40, 43) and cell lysates (39). In this work, we have extended
the application of DSSO linker by establishing new DSSO-
based in vivo and in vitro XL-MS workflows to obtain a com-
prehensive protein-protein interaction connectivity map within
the human 26S proteasome complex and its interacting pro-
teins. In combination with cryo-EM and integrative modeling,
we have obtained new structural insights to help us further
uncover the details of human proteasomal architecture and
dynamics.

EXPERIMENTAL PROCEDURES

Chemical Reagents—Regular Dulbecco’s modified Eagle’s me-
dium (DMEM), ImmunoPure streptavidin, horseradish peroxidase-
conjugated antibody, Super Signal West Pico chemiluminescent sub-
strate and TurboFect transfection reagent were obtained from
Thermo Fisher Scientific (San Jose, CA). Antibodies against human
Rpt6 and HRP-conjugated streptavidin were from Biomol Interna-
tional. Endoproteinase Lys-C was from WAKO chemicals (Irvine, CA).
Sequencing-grade trypsin was purchased from Promega Corp (Mad-
ison, WI). All other general chemicals for buffers and culture media
were purchased from Thermo Fisher Scientific or VWR International
(Radnor, PA).

Plasmids and Cloning—pQCXIP-Rpn11-HTBH and pQCXIP-Rpn1-
HTBH were made as previously described (44, 45). pQCXIP-HBTH-
Rpn13/ADRM1 was made as follows: The Rpn13/ADRM1 fragment
containing a Pacl site at the 5’end and an EcoR1 site at the 3’ was
removed from pQCXIP-hisFlag-ADRM1 (46) and replaced the CSN5
fragment with the same restriction sites in pQCXIP-HBTH-CSN (47) to
form pQCXIP-HBTH-Rpn13/ADRM1. To make pQCXIP-HBTH-Rpt6
plasmid, Rpt6 was PCR amplified using pPCDNA3-Flag-Rpt6 as tem-
plate with the following primers: forward, TTAATTAA CGCGCTT-
GACGGACCAGAGCAGATGGAG; and reverse, GAATTCTCACTTC-
CATAATTTCTTGATGGACATG. The Rpt6 DNA fragment containing a
Pacl site at the 5’end and an EcoR1 site at the 3’ end replaced the
Rpn13/ADRM1 fragment with the same restriction sites in pQCXIP-
HBTH-ADRM1 to form pQCXIP-HBTH-Rpt6. To make pQCXIP-
Pre10-HTBH plasmid, Pre10 was PCR amplified using human cDNA
library as template with the following primers: forward, ATAA-
GAATGCGGCCGCATGAGCTCAATCGGCACTGGGTATGAC; and
reverse, CCTTAATTAACATATTATCATCATCTGATTCATCTTCTTCC.
The Pre10 DNA fragment containing a Notl site at the 5’end and a
Pac1 site at the 3’ end replaced the Rpn11 fragment with the same
restriction sites in pQCXIP-Rpn11-HTBH (44) to form pQCXIP-Pre10-
HTBH construct. To make pQCXIP-HBTH-Rpn10 plasmid, the Rpn10
fragment containing a Pacl site at the 5’end and an EcoR1 site at the
3" was removed from pQCXIP-his Flag-Rpn10 (46) and replaced the
Rpn13/ADRM1 fragment with the same restriction sites in pQCXIP-
HBTH-Rpn13/ADRM1 to form pQCXIP-HBTH-Rpn10.

pQCXIP-HBTH-SCOC and pQCXIP-SSNA1-HTBH plasmids were
made in the following way: SCOC was PCR amplified using
PANT7_cGST-human SCOC (DNASU plasmid repository, Plasmid
#HsCD00303652) as template with the following primers: forward,
TTAATTAACGACGGGTCCAGGAAAGAGGAGGAGG; and reverse,
GAATTCTTACTTTCTTTTGCT TTTTGTGTCAGTTG . The SCOC DNA
fragment containing a Pacl site at the 5’end and a BamH1 site at the
3’ end replace the Rpn13/ADRM1 fragment with the same restriction
sites in pQCXIP-HBTH-ADRM1 to form pQCXIP-SSNA1-HTBH con-
struct. SSNA1 was PCR amplified using pLDNT7_nFLAG_human
SSNA1 (DNASU plasmid repository, Plasmid #HsCD00616884) as
template with the following primers: forward, GCGGCCGCATGAC-
CCAGCAGGGCGCGGCGCTG; and reverse, TTAATTAAGCTGTC-
CCTGCCGCCGCTACTTTTC. The SSNA1 DNA fragment containing a
Notl site at the 5’end and a Pacl site at the 3’ end replace the Rpn11
fragment with the same restriction sites in pQCXIP-Rpn11-HTBH (44)
to form pQCXIP-SSNA1-HTBH construct.

Experimental Design and Statistical Rationale — Five 293 stable cell
"neS (293an11-HTBH‘ 293HBTH—an13/ADRM1’ 293HBTH-Rpt6y 293Pre10—HTBH,
and 293HBTH-Ren10) \were generated using retrovirus as previously
described (44). Briefly, a 293 GP2 cell line was cotransfected with
HB tagged constructs and a plasmid expressing VSV-G. The me-
dium containing the retrovirus was used to transduce 293 cells,
which were subsequently selected with puromycin to establish the
stable cell lines expressing each HB tagged-bait. The details on
retroviral gene transfer can be found at (http://www.Clontech.com/
US/Products/Viral_Transduction/Retroviral_Vector_Systems/
ibcGetAttachment.jsp?cltemld=17555&fileld=6684076&sitex=
10020:22372:US).

In vitro and In vivo DSSO Cross-Linking of the Human 26S Protea-
some—For in vitro cross-linking analysis, the human 26S proteasome
was purified by binding to Streptavidin beads as previously de-
scribed (44), and then on-bead cross-linked with 0.5 mm DSSO in
PBS buffer for 1 h at 37 °C. For in vivo cross-linking analysis, intact
cells were cross-linked with 2 mm DSSO for one hour at 37 °C in
PBS buffer and lysed in fully denaturing buffer as previously de-
scribed (34). In vivo cross-linked proteasome complexes were tan-
dem affinity purified under fully denaturing conditions by binding to
Ni2* Sepharose resin, followed by binding to Streptavidin beads.
Both in vitro and in vivo cross-linked proteasome complexes that
remained bound on Streptavidin beads were reduced/alkylated and
digested by trypsin prior to LC MS" analysis (34). More than two
biological replicates were performed for each cell line in both in
vitro and in vivo XL-MS experiments to assess reproducibility.

LC MS” Analysis—LC MS" analysis was carried out using LTQ-
Orbitrap XL MS (Thermo Fisher, San Jose, CA) coupled on-line to an
Easy-nLC 1000 (Thermo Fisher) as previously described (40, 41). To
obtain more comprehensive data, later samples were also analyzed
using Orbitrap Elite or Fusion Tribrid MS instruments because of their
significantly better sensitivity and speed. The LC setup and gradient
were similar for all instruments, utilizing the Easy-nLC 1000 system.
For Orbitrap XL MS, each MS" experiment consists of one MS scan
in FT mode (350-1400 m/z, resolution of 60,000) followed by two
data-dependent MS? scans in FT mode (resolution of 7500) with
normalized collision energy at 20% on the top two MS peaks with
charges at 4+ and up, and three MS?® scans in the LTQ with normal-
ized collision energy at 35% on the top three peaks from each MS2.
MS" acquisitions performed on the Orbitrap Elite consisted of a single
MS scan in FT mode (350-1600 m/z, resolution of 60,000), followed
by two data-dependent MS? scans in FT mode (resolution 15,000)
with normalized collision energy at 20% on the top two MS peaks with
charges 4+ and up, and three subsequent MS® scans in the LTQ with
normalized collision energy of 35% on the top three peaks from each
MS2. Orbitrap Fusion MS" acquisitions were comprised of a single
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MS scan in FT mode (350-1800 m/z, resolution of 120,000), followed
by three data-dependent MS? scans in FT mode (resolution 30,000)
with normalized collision energy at 20% on the top three MS peaks
with charge selection 4+ to 8+. For each MS? scan, three MS® scans
were performed in the LTQ on the most intense MS? peaks using HCD
with activation energy of 35%.

Data Analysis and Identification of DSSO Cross-linked Peptides—
Monoisotopic masses of parent ions and corresponding fragment
ions, parent ion charge states, and ion intensities from LC MS"
spectra were first extracted based on the Raw_Extract script from
Xcalibur v2.4 as described (34, 40, 41). MS® data was subjected to a
developmental version of Protein Prospector (v. 5.17.0) for database
searching, using Batch-Tag against a decoy database consisting of a
normal Swissprot database concatenated with its randomized version
(SwissProt.2014.12.4.random.concat with total 20,294 protein en-
tries). Homo sapiens was set as the taxonomy, whereas mass toler-
ances for parent ions and fragment ions were set as = 20 ppm and
0.6 Da respectively. Trypsin was set as the enzyme with three max-
imum missed cleavages allowed. Cysteine carbamidomethylation
was set as the fixed modification. A maximum of three variable
modifications were also allowed, including protein N-terminal acety-
lation, methionine oxidation, and N-terminal conversion of glutamine
to pyroglutamic acid. In addition, three defined modifications on
uncleaved lysines and free protein N termini were also selected:
alkene (A: C3H,0, +54 Da), sulfenic acid (S: C3H,0,S, +104 Da), and
unsaturated thiol (T: C;H,0S, +86 Da) modifications, because of
DSSO remnant moieties. It is noted that the sulfenic acid moiety often
undergoes dehydration to become a more stable and dominant un-
saturated thiol moiety as previously described (34, 40, 41). Peptides
were identified from MS® data with a FDR at 2%. Then MS" data and
MS?® database searching results were integrated in x/-Discoverer (an
in-house script) to automatically generate and summarize identified
cross-linked peptide pairs (40, 41). The final FDR of interlinked pep-
tide identification was determined as ~0.1%, which was calculated
based on the total number of false interlink hits (containing at least
one false sequence resulting from decoy databases) out of the total
cross-link entries identified, in a way similar to previous publica-
tions (35, 36, 38). The reduction in FDR for the identification of
cross-linked peptides was presumably because of the integration
of MS" data. Raw data has been deposited at the MassIVE repos-
itory FTP site: ftp://MSV000080313@massive.ucsd.edu (Password:
LH26SXL110416).

Cryo-EM and Image Analysis—Data acquisition and image proc-
essing was done as previously described (18, 48). A data set was
collected on a Titan Krios with a Falcon Il camera using the FEI EPU
software. Images were acquired at a pixel size of 1.4 A at the spec-
imen level, a total dose of 45 electrons distributed over seven frames
with a nominal defocus varying between —1.8 to —3 um. The ac-
quired data were processed, reconstructed and classified in an in-
house modified version of XMIPP, which allows us to restrict the
in-plane rotation and to focus the analysis on one of the RPs (22).
Additional classification using small masks were performed as de-
scribed Bohn et al. (49).

Purification and Cross-linking of Reconstituted UBLCP1-hRpn1-
Complex—The human UBLCP1 protein used in this study was puri-
fied as described (45). Purification of human Rpn1 was based on the
method of Rpn2 purification (50) with modifications. Briefly, full-length
human Rpn1 was cloned into the pQE30 vector as a His-TEV fusion
and expressed in the M15(pREP4) strain of E. coli. The cells were
induced at room temperature overnight with 0.4 mm IPTG and puri-
fied using Ni-NTA resin (Thermo). Eluted protein was further
purified through a Superdex200 size exclusion column (GE). The
UBLCP1-Rpn1 complex was in vitro constituted for cross-linking
analysis.

Structural Modeling and Analyses—Comparative and integrative
modeling was carried out to elucidate the architectures of the human
26S proteasome and proteasome-PIP complexes (Supplemental
Methods).

Biochemical Validation of the Selected Proteasome Interactors—
The 293 cells transiently expressing HBTH-SCOC or stably express-
ing SSNA1-HTBH were used for biochemical validation (Supplemen-
tal Methods). A single-step affinity purification of the human SCOC or
SSNAT1 containing complexes was carried out by binding to Strepta-
vidin resins (44). The purified protein complexes were analyzed by
immunoblotting using specific antibodies. In vitro DSSO cross-linking
of SCOC and SSNA1 complexes was carried out similarly as de-
scribed above.

RESULTS

In Vitro XL-MS Analysis of Human 26S Proteasome Com-
plexes—In order to elucidate the human 26S proteasome
architecture, we first performed in vitro DSSO XL-MS studies
as illustrated in Fig. 1A. Human 26S proteasome complex was
affinity purified from 293 cells that stably express an HB-
tagged proteasome subunit (e.g. Rpn11-HB) (44). The HB tag
is a versatile tandem tag that contains hexahistidine and biotin
tags suited for affinity purification under both native and de-
naturing conditions (44, 51). To define subunit interaction
contacts, affinity purified proteasome complexes were cross-
linked by DSSO in vitro. Unambiguous identification of DSSO
cross-linked peptides was accomplished through LC MS"
analysis using three lines of evidence: MS' mass matching,
MS? fragmentation, and MS® sequencing (40) (Fig. 1C). The
identified cross-linked peptides were then subjected to struc-
tural mapping and modeling (29, 52). To expand the coverage
of protein interactions, we selected 5 subunits located in
different regions of the proteasome as baits (i.e. Rpnii,
Rpn10, Rpt6, Rpn13/ADRM1, and «7/Pre10) and generated
their respective HB-tagged stable cell lines. In total, we iden-
tified 1606 unique interlinked DSSO peptides (supplemental
Table S1A), describing 157 unique Lys-Lys linkages for 63
intersubunit interactions, and 191 unique Lys-Lys linkages for
26 intrasubunit interactions (supplemental Table S2). Among
the interprotein interactions, we have determined 21 as base-
base, 17 base-lid, 12 lid-lid, 8 19S-20S and 5 20S-20S pair-
wise interactions.

In Vivo XL-MS Analysis of Human 26S Proteasome Com-
plexes—In order to examine proteasome interactions as they
occur in living cells, we next performed in vivo DSSO cross-
linking on intact cells stably expressing a HB-tagged protea-
some subunit (Fig. 1B). Cross-linked cells were then lysed in
fully denaturing buffer (i.e. 8 m urea), and in vivo cross-linked
proteasomes were isolated by two-step HB-tag based tan-
dem affinity purification, digested and analyzed by LC MS"
(34). Immunoblotting analysis showed that in vivo DSSO
cross-linking and subsequent affinity purification of protea-
some complexes were effective (supplemental Fig. S1), sim-
ilar to our previous report using Azide-A-DSBSO (34). The five
stable cell lines generated for in vitro studies were utilized to
obtain a more comprehensive in vivo cross-link map of human

Molecular & Cellular Proteomics 16.5

843


ftp://MSV000080313massive.ucsd.edu
http://www.mcponline.org/cgi/content/full/M116.065326/DC1
http://www.mcponline.org/cgi/content/full/M116.065326/DC1
http://www.mcponline.org/cgi/content/full/M116.065326/DC1
http://www.mcponline.org/cgi/content/full/M116.065326/DC1
http://www.mcponline.org/cgi/content/full/M116.065326/DC1
http://www.mcponline.org/cgi/content/full/M116.065326/DC1
http://www.mcponline.org/cgi/content/full/M116.065326/DC1
http://www.mcponline.org/cgi/content/full/M116.065326/DC1

Structure and Regulation of the Human 26S Proteasome

A Cell > 1-step Native > In Vitro DSSO > Trypsin >
Lysis Affinity Purification Cross-linking Digestion L Structural
293an11-HB LC-MS® Identification Maooin
.|| of Cross-linked |»> Pping
B Analysis Peptides and
@ p | InVivoDSSO | | Cell | | 2-stepDenaturing | | Trypsin | Modeling
Cross-linking Lysis Affinity Purification Digestion
293an11-HB I
Ic l I 1 l 1
MS' Mass Fingerprinting MS? Fragmentation MS? Individual Peptide Sequencing
o o I_V7 Yo Y5 Y3 Y2 Y1
IIG|Ka[V|G|N]Q]K
o o KNS+ Hs ANk % v by Ys b! bJs_ bJ, bJs_bJs—bv
| 7N I y | H o B H | 2 2 v
gk g e e R T o
’ <]
| o | KNI s+ SA K - J :zl,ifﬁf.ry Gl '?ﬁ _ Al.bﬁ, L 7[
Inter-link o-B I'H ar Ba Hi1 ™ 200 300 400 500 600 700 800
m/z
[ I3]4+ a2t l3T2+ 24 l_y7 Yo ¥5 Ya Y3 Y2 Y1
@ o 2 A 2 y V AIH|L|A|L|KT]H|R
S 512.0396 S | 44926 2+ Pa* 96582 » 5 7b5 bJ;bJ,: bJ; bJ; tTaJ;bJ;
S S 46525 54983 S b le” Vs
S S S 3 b, |Ys . ¥ Yo
S S S |y .Y, Y6 Pa|| | 4 b b
R T . M. g | I T . °1J.2 L H.jkbﬁl .,,T:J 8y7
508 510 512 514 516 400 450 500 550 600 200 400 600 800 1000
I m/z I m/z I m/z |

Fic. 1. The general DSSO based XL-MS strategies to study protein complexes. (A) in vitro and (B) in vivo cross-linking workflow
schemes. C, LC MS" analysis for the identification of DSSO cross-linked peptides.

proteasome complexes. In total, we identified 1320 DSSO
cross-linked peptides, representing a total of 313 unique Lys-
Lys linkages of interlinked peptides of proteasome subunits,
and describing 54 pair-wise intersubunit interactions and 22
intrasubunit interactions (supplemental Tables S1B and S2).
Among the pair-wise interactions, we have determined 17
base-base, 13 base-lid, 11 lid-lid, 7 19S-20S and 6 20S-20S
intersubunit interactions.

The Human 26S Proteasome Interaction Network Topolo-
gy—To further explore the connectivity of the 26S protea-
some subunits, we generated an experimentally derived pro-
teasome interaction network topology map based on a total of
67 pair-wise intersubunit interactions determined in this work
(Fig. 2). To the best of our knowledge, this represents the
most comprehensive XL-MS data derived subunit-subunit
connectivity map of the human proteasome, which encom-
passes all 19 canonical subunits of the 19S RP and 10 sub-
units of the 20S CP. Extensive interactions within the 19S lid
(Rpn3, 5-9, 11, 12, and Rpn15), the 19S base (Rpt1-6, Rpn1,
Rpn2, Rpn10, and Rpn13), and 20S CP have been defined. In
addition, proximal interactions of the 19S base with the 19S
lid and the 20S have been revealed. Although the amount of
cross-linking data obtained and reported here significantly
surpasses that of our previous studies of the yeast 19S RP
(27), the residue specific interactions identified in the human
19S RP are very similar, confirming resemblances in the over-
all architectures of the yeast and human complexes as re-
cently suggested (18, 19).

Refining the Structure of the Human 26S Proteasome—The
human 26S proteasome was purified from erythrocytes simi-
larly as previously reported (53) for cryo-EM analysis, which
resulted in 32,000 micrographs. We selected ~250,000 par-
ticles with the same conformation for reconstruction, thus
yielding a 3D density map of the human 26S proteasome at
6.8 A (FSC = 0.143) resolution (Fig. 3). To elucidate the
structure of the human 26S proteasome, we first generated a
comparative model with the yeast 26S proteasome structure
as a template (PDB ID: 4CR2; 53% average sequence identity)
using MODELLER (54), followed by a refinement of the initial
model based on the human EM density map determined in
this work using MDFF (55). During refinement, the cross-
correlation coefficient increased from 0.55 to 0.75. Most re-
gions of the structure could be localized unambiguously. We
estimated model precision by quantifying the variation in the
model and defined the precision of each Ca position as the
root-mean-square fluctuation (RMSF) from the mean position
of the ensemble of models computed by MDFF. As ex-
pected, the highest RMSF values were located in loop regions
and Rpn1, and appear to reflect the limited map resolution
(supplemental Fig. S2). During the preparation of our manu-
script, two high-resolution EM structures of human protea-
some complexes were reported (i.e. PDB IDs: 5L4G, and
5GJR) (18, 19). In order to make certain that structural details
in our refined model using the 6.8 A (lower-resolution) EM map
are similar to those using the two newly reported 3.5 Aand3.9
A (higher-resolution) EM maps, we relaxed our model in both
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Fic. 2. Interaction topology map of the human 26S proteasome.
Nodes represent individual proteins whereas edges between nodes
indicate identified cross-links within connected nodes. 26S protea-
some subunits are categorized by primary color based on their sub-
complex structures, i.e. 19S lid (blue), 19S base (red), 20S (yellow and
light green, « and B, respectively). Corresponding primary color edges
represent intermolecular linkages within the same subcomplex struc-
ture. Secondary color edges represent intermolecular linkages be-
tween different subcomplex structures, i.e. orange (19S base - 20S),
purple (19S lid - 19S base), green (19S lid - 20S). Gray nodes repre-
sent known proteasome-interacting proteins, whereas black nodes
indicate novel PIPs. Interactions (edges) between proteasome sub-
units and PIPs are shown in black.

5L4G and 5GJR using MDFF. We saw a cross-correlation of
our model with 5GJR and 5L4G as 0.7 and 0.66, respectively,
showing high overlap between our model and new structures.
The global RMSDs of 1.3 and 0.9 observed between our
model to 5GJR and 5L4G, respectively, indicate minimal
structural differences, which were further illustrated by the
superposition of the human 26S models based on the three
EM maps (supplemental Fig. S3).

Mapping In vitro and In vivo Cross-links onto the Structure
of the 26S Proteasome—We next mapped the identified
cross-links onto the human 26S structural model generated in
this work. Considering the spacer length of DSSO (10.1 A) and
lysine side chains, as well as backbone dynamics, we con-
sidered lysine residues within Ca-Ca distance < 35 A to be
preferentially cross-linked by DSSO. To examine the distance
constraints of identified cross-links, we plotted the distance
distributions of our proteasome cross-link data sets using
one of the high-resolution EM structures (5L4G) (18) (Fig. 4A).

As a result, we were able to map 230 in vitro and 216 in vivo
cross-links onto the human 26S EM structure. 189 (82.2%)
and 173 (80.1%) of in vitro and in vivo cross-links, respec-
tively, spanned distances shorter than 35 A (Fig. 4B). For
those outside the expected distance constraints (>35 A), we
grouped them as “violating” cross-links. Notably, the majority
of violating in vitro (27/41 (65.9%)) and in vivo (32/43 (74.4%))
cross-links mapped to and within the Rpt6 subunit (Fig. 4C),
suggesting that the conformation, if not also the position of
this subunit, is dynamic. However, it is plausible that the
identified violating cross-links may be attributed to the het-
erogeneity of cross-links that resulted from the presence of
diverse forms of proteasome complexes in our XL-MS
experiments.

Among a total of 447 unique Lys-Lys linkages identified
from the combined in vitro and in vivo datasets, 293 were
mapped to the structural model (supplemental Table S2). The
majority of these linkages correlated well onto the 26S human
structural model within the expected spatial distance, sug-
gesting that the core structure of the 26S proteasome remains
similar under both experimental conditions. Interestingly, it is
noted that the average cross-link distances identified in vitro
and in vivo were similar (18.1 + 7.4 A and 185 + 7.2 A
excluding “violating” cross-links, or 24.7 = 18.0 Aand 255 =+
172 A using the entirety of cross-linking data, respectively)
(Fig. 4B). In addition, the two cross-linking strategies yielded
significantly overlapping cross-link identifications (~48%),
thus further confirming the validity of our results. However, it
is important to note that each method enabled the capture
of unique interactions, most likely because of differences in
sample preparation.

Dynamics of Rpn1, Rpn6, and Rpt6 —In our EM structure
(Fig. 3), the majority of subunits clearly show secondary struc-
ture elements, whereas subunits such as Rpn1 and Rpn6 are
less resolved than the others. Because of its high variability,
Rpn1 exhibits a resolution of 8.0~8.5 A. Although the variance
at Rpn6 is not as dominant as in the case for Rpn1, the EM
density of the N-terminal part of Rpn6é was smeared out after
averaging (Fig. 3, bottom right). To obtain further insights into
the various conformational states of the proteasome, we
grouped the EM particles into different classes based on their
structural variation of Rpn1 and Rpn6 (Fig. 5). The focused
classifications of Rpn1 (Fig. 5, left side) revealed that Rpn1
has two distinct positions on the 19S RP. In the first, which is
defined as the up-class, Rpn1 does not come into contact
with the ATPases of the 19S base. This significantly differs
from its position in the down-class, where we observed its
direct interaction with the ATPases. The majority of the par-
ticles were found in the down-class (~55%), with one third of
the down-class particles containing an extra density connect-
ing Rpn1 to Rpn2. We also observed a class in which Rpn1 is
not detectable, which may be because of the transient binding
of Rpn1. Rpn6 classification (Fig. 5, right side) resulted in
three major classes. The first shows Rpn6 in the s1-confor-
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Fic. 3. 6.8 A resolution EM single particle reconstruction of the human 26S proteasome without imposed symmetry. The locally
filtered density is displayed as an isosurface (left), as a mesh representation with an overlay isosurface in orange highlighting the main variances
which indicates conformational variability (left middle), and colored according to the local resolution as indicated by the color key (right middle).

Fit of a human homology model into the map of 6.8 A (right).

mation (i.e. substrate recruitment conformation), turning to-
ward Rpn5. The majority of the particles grouped into the
second class, “No Rpn6”, in which the N-terminal density for
Rpn6 was missing but the remaining C-terminal regions were
included in the horseshoe of the lid. The third class was a mix
of the first and second classes, observed because of the
flexibility of the subunits being averaged out in the EM map.

Because our cryo-EM density maps suggest potential al-
ternative states for Rpn1 and Rpn6 (Fig. 5), we next tested
whether our cross-linking data supports the dynamics of
these subunits. It has been reported that at least three distinct
conformational states of the 19S RP (i.e. s1, s2, and s3)
associate with the three crucial steps of the proteasomal
degradation respectively: substrate recruitment (s1), irrevers-
ible commitment (s2), and substrate processing (s3) (20-22).
We fitted the model of Rpn1 into the density maps with Rpn1
in “down” and “up” positions and placed it according to the
yeast s1, s2, and s3 states. For each state of Rpn1, we
optimized the positions of flexible loops and termini in the
entire 26S proteasome (represented as beads, Methods) to
minimize the distances between the cross-linked particles
(supplemental Fig. S4A). Although there was no violating
Rpn6 containing cross-links detected in our experiments, only
17 and 18 out of 63 cross-links between Rpn1 and other
proteasome subunits were satisfied with Rpn1 in the “down”
and “up” states, respectively (supplemental Fig. S4B). Simi-
larly, Rpn1 superimposed onto yeast s1, s2, and s3 states
satisfied 16, 20, and 21 of the cross-links, respectively. In
total, these different states satisfy 43 (68%) unique cross-links

(supplemental Fig. S4B). Again, these results suggest that the
conformation, if not also the position of the Rpn1 subunit, is
dynamic—and that potentially multiple subcomplexes exist
because of sample heterogeneity.

Although cryo-EM analysis did not suggest any alternative
conformations of Rpt6, the majority of the violating cross-links
(Fig. 4C) include at least one end in the Rpt6 subunit, sug-
gesting that the conformation and perhaps the position of this
subunit may be dynamic. There was a total of 113 unique
Lys-Lys linkages derived from the identified Rpt6 intraprotein
and interprotein cross-linked peptides, representing the inter-
actions within Rpt6 itself and with other proteasome subunits
(supplemental Table S2). For intra-Rpt6 cross-links, 67 unique
Lys-Lys linkages were identified with 53 from in vivo analysis
and 45 from in vitro analysis. Because of missing residues in
the structure model, only 55 out of 67 intra-Rpt6 cross-links
could be mapped to the human 26S model, with only 52.6%
(80/57) of them corresponding to Ca-Ca distances < 35 A
(supplemental Table S2). Interestingly, other than Rpt6, al-
most all proteasome subunits that can be mapped to the
model do not carry intraprotein cross-links exceeding the
required distance range. In addition, almost all (~90%) of
intra-Rpt6 violating cross-links were identified in in vivo
XL-MS analysis, with in vitro analysis contributing only a few
uniquely identified violating cross-links (supplemental Fig.
S5). Similarly, for Rpt6 intersubunit cross-links, we have iden-
tified 45 unique intersubunit Lys-Lys linkages with 36 from in
vivo and 33 from in vitro analyses, representing 13 pair-wise
interactions between Rpt6 with proteasome subunits Rpn1-3,
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Fic. 4. Mapping of the cross-link dataset onto the 3. 9 A human 268 structure (5L4G). A, Euclidean Ca-Ca distance distributions of all
measured in vitro and in vivo cross-links mapped onto the human 26S model. The y axis provides the number of cross-links that were mapped
onto the structural model. The dashed red line denotes the expected maximum reach of a cross-link. B, Matrix of all cross-links between and
within the 26S subunits mapped onto the structural model. Satisfied (distance < 35 A) and violating (distance > 35 A) cross-links are colored
in green and red, respectively. Observed cross-links from in vitro (bottom-right) and in vivo (upper-left) datasets on the structural 26S model.
Larger circles represent unique cross-links. C, A detailed view of the Rpt6 subunit; color-coding of cross-links is the same as in B.
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Fic. 5. Classification of human 26S proteasomes reveals variations in the Rpn1 subunit (left) as well as in the Rpn6 subunit (right).
Difference map between Rpn6-containing and non-Rpn6-containing 26S proteasomes is included to highlight differences in isosurfaces. UCSF
Chimera was used to visualize the models.
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Rpn5-6, Rpn11, Rpt1-5, and «2-3 respectively. Based on
structural mapping, 24/36 cross-links were measured within
the expected Ca-Ca distance (< 35 A), suggesting that the
interactions of Rpt6 with Rpn11, Rpn6, Rpt2, Rpt3, a2, and a3
fit well with our proteasome model. However, 12 intersubunit
cross-links were determined beyond the expected range (up
to 109 A), of which 4 are attributed to Rpt5-Rpt6 linkages and
5 to Rpn2-Rpt6 linkages. The hexametric ring structure of the
six ATPase subunits is organized as Rpt3-Rpt6-Rpt2-Rpti-
Rpt5-Rpt4 in the proteasome (56). The close interactions of
Rpt6 with Rpt2 and Rpt3 have been confirmed by 7 Rpt6-
Rpt2 and 9 Rpt6-Rpt3 cross-links, respectively. Although
Rpt5 is not in close proximity to Rpt6, five Rpt5-Rpt6 cross-
links were identified with four corresponding to Ca-Ca dis-
tances > 35 A. In contrast to Rpt6, all intra-Rpt5 cross-links fit
perfectly well with the structure without exceeding expected
distance. Therefore, the formation of these violating intersub-
unit cross-links is most likely because of the structural flexi-
bility and dynamic movement of Rpt6, implying that Rpt6 is
much more dynamic than anticipated. Potentially the Rpt6
violating cross-links may result from heterogeneous Rpt6-
containing subcomplexes and/or tagging/overexpression
of Rpt6 as most of these cross-links were identified only from
Rpt6 purifications. It is noted that 10 cross-links between
Rpt6 and other subunits cannot be mapped on the human
26S model because of insufficient atomic structural informa-
tion, including the interactions between Rpt6 and Rpni.
Therefore, future studies would be needed to further explore
structural dynamics of Rpt6 subunit in the 26S holocomplex.

Identification of Proteasome Interacting Proteins (PIPs)—In
addition to the intra-26S cross-links, a total of 15 PIPs were
identified with 36 cross-links describing intraprotein and in-
terprotein cross-links with the 26S proteasome (supplemental
Tables S1 and S2). Although in vitro XL-MS experiments
identified 22 cross-links of PIPs, in vivo XL-MS experiments
determined 26 PIP cross-links. Among the PIPs identified with
cross-links, 9 are known PIPs including UBLCP1 (ubiquitin-
like domain-containing CTD phosphatase 1), UCH37, protea-
some assembly chaperones (i.e. Gankyrin/Nas6; PAAF1/
Rpn14 and p27/Nas2), proteasome activators (PA200 and
PA28p), Ubiquitin, and TXNL1 (Supplemental Table 2). In ad-
dition, we have found 6 unknown PIPs, including PTGESS3,
SEPT4, CCDC92, TIAM1, SCOC and SSNA1. Twelve out of
the 15 PIPs were mapped to the 26S proteasome network
(Fig. 2), and their residue specific interactions with protea-
somes have not been reported before. To allow a more de-
tailed characterization of proteasome function, we selected a
proteasome phosphatase UBLCP1 as the PIP for integrative
structural modeling to identify its potential binding sites at the
proteasome.

UBLCP1 is the only phosphatase in human that contains a
UBL domain, which is located at the N terminus of the protein
followed by a flexible linker region and a C-terminal phospha-
tase domain (45). In vitro binding assays demonstrated that

Fic. 6. Structural model of the human 26S proteasome in com-
plex with proteasome-interacting protein UBLCP1. Proposed
structural model of the human 26S proteasome (gray and brown
Rpn1) in complex with UBLCP1 (orange and red densities for models
bound to T1 and T2, respectively). Putative binding sites for coiled-
coil proteins SCOC and SSNA1 on Rpt6 are depicted with cyan
spheres.

UBLCP1 selectively binds Rpn1 among all 19S subunits, con-
sistent with the role of Rpn1 as a UBL receptor (10). UBLCP1
has been shown to regulate proteasome activity in the nu-
cleus in a phosphatase-dependent manner (45), but how ex-
actly it binds and dephosphorylates the 26S proteasome re-
mains unknown. To provide insights into these questions, we
carried out in vitro DSSO cross-linking experiments on recon-
stituted UBLCP1-Rpn1 complex, which identified 29 cross-
links between UBLCP1 and Rpn1 (supplemental Table S4). 27
of the cross-links mapped to the phosphatase domain (resi-
dues 133-294) of UBLCP1, whereas 2 mapped to the linker
region (residues 82-132). From the Rpn1 perspective, 27
cross-links mapped to the residues in proximity of the two
binding sites for ubiquitin and ubiquitin-like domains (i.e. the
T1 and T2 sites) (10) and one cross-link mapped to a distant
residue, Lys66. This cross-linking data, as well as our previ-
ous finding that Lys44 located in the UBL domain is critical for
Rpn1-UBLCP1 interaction (45), suggests that UBLCP1 uses
its UBL domain to interact with one or both of the two known
ubiquitin-binding sites on Rpn1.

To dissect the interaction between the 26S proteasome and
UBLCP1 in more detail, we superimposed the cross-links of
the reconstituted UBLCP1-Rpn1 complex onto existing struc-
tural models of the 26S proteasome and UBLCP1 (Supple-
mental Methods, Fig. 6). The UBLCP1 model was calculated
based on the structure of its homolog from D. melanogaster
(60% sequence identity). The template UBLCP1 structure was
likely solved in the auto-inhibited conformation, because a
part of the linker between the two domains binds and blocks
the access to its active site. Moreover, placing the UBLCP1
comparative model onto T1 or T2 site of Rpn1 according to
the structure of the Rpn1-diubiquitin complex positions the
phosphatase domain away from any of the 26S subunits.
Therefore, large changes in the relative arrangement of the
two domains through conformational changes in the linker
region are likely required not only for UBLCP1 activation but
also for its phosphatase domain to access the target sites on
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the proteasome. Alternatively, UBLCP1 might bind to a differ-
ent site on Rpn1 (or a different subunit), but this scenario is
less likely given the absence of cross-links to alternative bind-
ing sites.

To uncover the potential active conformation(s) of UBLCP1
associated with the 26S proteasome, we turned to integrative
modeling (Supplemental Methods, Fig. 6). We started by rep-
resenting UBLCP1 as a set of two rigid bodies for the two
domains, connected by a flexible linker. The ubiquitin-like
domain was docked onto the T1 or T2 site of Rpn1 (10),
according to the structure of the Rpn1-diubiquitin complex,
whereas the phosphatase domain and the flexible linker were
placed randomly. The flexible linker, the rigid phosphatase
domain, and parts of the proteasome without structural infor-
mation were the only segments allowed to move in our sim-
ulations. An ensemble of models that maximally satisfies the
cross-linking and excluded volume restraints was calculated
using Monte Carlo sampling with simulated annealing (sup-
plemental Fig. S6). Although the resulting solutions are rela-
tively precise (5.1 and 9.2 A for models based on the T1 and
T2 site, respectively), they only respectively satisfy 64 and
61% of the cross-links, suggesting that the position and con-
formation of UBLCP1 are dynamic. Coincidentally, the dy-
namic nature of UBLCP1 interaction with the human 26S
proteasome has been previously elaborated through MAP-
SILAC and PAM-SILAC based affinity purification and mass
spectrometry approaches (57). Based on the dynamic nature
of UBLCP1 and its long linker region, we hypothesize that the
phosphatase domain of UBLCP1 may reach up to ~150 A
away (considering fully extended conformation of the 50-
amino-acid-long intervening linker region) from the T1/T2
binding sites in the proteasome. Clearly, future studies would
be needed to test such hypothesis to fully understand the
regulation of the human 26S proteasome by UBLCP1.

Identification and Validation of the 26S Interaction with Two
Novel PIPs—The two selected novel PIPs for further analysis
are SCOC (Short coil-coil protein) and SSNA1 (Sjoegren syn-
drome nuclear autoantigen 1). SCOC was recently identified
as a positive regulator of starvation-induced autophagy (58,
59), presumably via its interaction with FEZ1 (fasciculation
and elongation protein zeta 1), an inhibitor of the autophagy
induction. SSNA1 is a putative coiled-coil protein and is in-
volved in regulating cell division and cytokinesis as well as
adult axonal development, presumably by interacting and
modulating spastin, a microtubule-severing AAA ATPase (60).
SCOC and SNNA1 were determined to interact with the 26S
proteasome directly through a single cross-link with the
coiled-coil region of Rpt6 respectively, i.e. SCOC:Lys'%2-
Rpt6:Lys®*® and SSNA1:Lys*°-Rpt6:Lys®® (Supplemental Ta-
ble 1). To confirm these interactions, we have performed
biochemical validations. First, we generated HB-tagged
SCOC and SSNAT1 constructs and expressed them in 293
cells. Reciprocal HB-tag based purification was carried out
using either SCOC-HB or SSNA1-HB as the bait. Immuno-

blotting analysis of the respective SCOC and SSNA1 copuri-
fied proteins revealed that they both captured the selected
proteasome subunits Rpt6, Rpt1, and «4 and SCOC also
captured «7/Pre10 (supplemental Fig. S7), suggesting that
they interact with proteasome complexes. However, it seems
that the amount of copurified Rpt6 appears to be significantly
more abundant in comparison to the other three proteasome
subunits, suggesting that Rpt6 is the major interactor for the
two novel PIPs. These results correlate well with our XL-MS
studies as SCOC and SSNA1 were only identified from Rpt6
purified samples, and not from other four proteasome baits.
To further confirm the physical interactions of SCOC and
SSNA1 with proteasomes, we performed in vitro DSSO cross-
linking of affinity purified SCOC and SSNA1, respectively.
MS" analysis has determined that Lys*® of SSNA1 cross-links
with Lys®® of Rpt6, and that Lys'?? of SCOC cross-links with
Lys®® of Rpt6 (supplemental Table S5). These cross-links are
identical to those previously identified from Rpt6 purified sam-
ples as described above (supplemental Table S2). This rep-
resents that protein interactions can be validated by both
biochemical approaches and cross-linking experiments.

DISCUSSION

In this work, we have explored in vitro and in vivo DSSO
cross-linking strategies to obtain an interaction topology map
of the human 26S proteasomes containing a total of 67 inter-
subunit pair-wise interactions. Our results represent the first
and most comprehensive cross-link dataset for the human
26S proteasome to date, as previous reports have mainly
focused on yeast proteasomes (6, 27, 40, 61). In addition, this
work describes both in vitro and in vivo cross-linking studies
of proteasome complexes, which resulted in a comparable
number of cross-links and a significant overlap of pair-wise
intersubunit interactions. This is not entirely unexpected be-
cause the core structures of the 26S proteasomes are known
to be stable. Interestingly, some specific lysine-lysine linkages
within a given intersubunit interaction vary with experimental
approaches (supplemental Table S2). Combination of the two
approaches significantly increases the coverage of XL-MS
experiments, thus yielding a comprehensive interaction net-
work topology of the human 26S proteasome. However, in
vitro analysis often yields more cross-link data than in vivo
analysis, mainly because of differences in sample preparation
and subsequent recovery of resulting proteasome complexes.
For in vitro XL-MS analysis, human proteasomes were purified
with one step under native conditions prior to cross-linking,
whereas for in vivo studies, 2-step denaturing purification of
proteasomes was performed after cross-linking of intact cells.
However, in vivo cross-linking has proven to be more advan-
tageous in capturing dynamic, weak and transient interactions
(46, 62—64), and identification of in vivo cross-linked peptides
can help unravel protein interaction topology and architecture
of protein complexes as they occur in cells (34). Although it
remain technically challenging to characterize in vivo cross-
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linked protein complexes because of low abundance, we have
demonstrated that it is feasible to identify protein interactions
of proteasome complexes from cross-linked cells without en-
richment of cross-linked peptides. Our work further exhibits
the effectiveness of the DSSO based XL-MS workflow that
can be employed not only for in vitro, but also in vivo cross-
linking studies, ultimately expanding its usage for probing
protein-protein interactions in general.

Correlation analysis has revealed that our 26S model based
on the lower-resolution EM map shares high similarity with
those obtained from the two new higher-resolution EM struc-
tures. Importantly, our work has elucidated the dynamics of
the three 19S subunits Rpn1, Rpn6 and Rpt6 for the first time
by EM analysis and/or XL-MS data. The variance map of the
human proteasome illustrates the degree of flexibility of Rpn1
and Rpn6 compared with other proteasomal subunits. Rpn1
flexibility was observed to be much more dominant in human
26S than seen in yeast (4) through its interaction with the
coiled-coils of the ATPases Rpt1 and Rpt2. Rpn1 movement
may be governed by the cycle of ATP hydrolysis, functioning
as a transient docking station for diverse PIPs such as shut-
tling factors and deubiquitinating enzymes. The up- and
down- conformations of Rpn1 may have an advantage in
recruiting those PIPs. Indeed, it is also possible that the
conformational change helps recruit substrates to one of the
intrinsic proteasome ubiquitin receptors, Rpn10 or Rpn13. In
addition, the focused classification of Rpn6 revealed an un-
expected flexibility at its N-terminal region. Recent EM anal-
yses showed that the N-terminal a-solenoid domain of Rpn6
undergoes a prominent conformational rearrangement to be
incorporated into the holocomplex (65, 66). Thus, the flexibility
of Rpn6 plays an important role to regulate the proteasome
function by hinging the CP and the RP.

In addition to Rpn1 and Rpn6, XL-MS experiments have
revealed the dynamics of Rpt6 in the 26S proteasome struc-
ture based on violating cross-links found in both intraprotein
and interprotein interactions. Interestingly, more out-of-range
cross-links involving Rpt6 were identified from the in vivo
XL-MS strategy compared with in vitro analysis. This suggests
that Rpt6 and its interacting proteasome subunits may adopt
a wider range of possible conformations in cells, which would
be better preserved and captured via in vivo cross-linking. The
differences in conformational sampling could also be induced
by proteasome interacting proteins and posttranslational
modifications. Although much more complex samples are
analyzed, in vivo XL-MS experiments clearly can provide
unique structural information of protein complexes in their
native environment. The DSSO-based in vivo XL-MS workflow
established here will enable us to further explore structural
dynamics of protein complexes under different physiological
conditions in cells.

Rpn13 functions as a proteasome ubiquitin receptor, and
the identification of multiple cross-links between Rpn13 and
ubiquitin (Ub) (supplemental Table S2) has provided direct

physical contacts to validate their close relationship. The
common and dominant interactions identified in both in vitro
and in vivo XL-MS experiments are the two interlinks: [Rpn13:
Lys®*-Ub:Lys*®] and [Rpn13:Lys®°-Ub:Lys®]. In comparison to
in vitro experiments, two additional linkages between Rpn13
and Ub were identified in in vivo experiments, describing
additional interactions of Lys*? of Rpn13 with Lys*® of Ub and
Lys®” of Rpn13 with Lys®® of Ub. These results suggest that
the N terminus of Rpn13 may be positioned nearby to both
proximal and distal Ub components in ubiquitin chains, al-
though it has been suggested that Rpn13 prefers binding to
K48-linked chains based on its structure with monoubiquitin
(67). It has also been hypothesized that Rpn13 can work
cooperatively with proteasome ubiquitin receptor Rpn10 to
bind polyubiquitin chains, facilitating the proper docking of
ubiquitinated substrates to proteasomes prior to their degra-
dation (68). In this work, we have identified a total of 5 inter-
links between Rpn10 and Ub, in which in vitro studies cap-
tured two unique linkages between Lys'®® of Rpn10 to Lys®
and Lys*® of Ub, and in vivo experiments identified interac-
tions between K48 of Ub and Lys”*, Lys®', and Lys'®® of
Rpn10, respectively (supplemental Table S2). Interestingly,
the three lysines in Rpn10 that were found to interact with Ub
are located at the VWA domain (AA 5-188) and not from its
UIM1 (AA 211-230) or UIM2 (AA 287-291) domains. It has
been suggested that the VWA domain of Rpn10 is involved in
maintaining 19S RP stability, and extensively associates with
proteasome subunits in the 19S lid (5, 6, 69). Our work has
identified several cross-links of Rpn10 VWA domain with
Rpn8 and Rpt5 respectively. The close contact between
Rpn10 VWA domain and Rpn8 is expected given that both
Rpn10 and Rpn8 directly interact with Rpn11. In addition, the
spatial distances of Rpn10-Rpn8 cross-links are well within
expected cross-linking distance (supplemental Table S2). Be-
cause of the positioning of Rpn10 between the lid and base
structures of the 19S RP (5, 6), the Rpn10-Rpt5 interaction is
not completely unexpected. However, previous EM analysis
has revealed that yeast Rpn10 UIM domain projects internally
toward Rpt4/Rpt5 (68). The distances between Rpn10 and
Rpt5 cross-linked lysine residues are ~50 A (supplemental
Table S2), beyond the expected range (35 A). This implies that
the N terminus of Rpn10 may be more flexible than antici-
pated, capable of assuming multiple positions within the 26S
holocomplex. The lack of cross-links between Rpn10 UIMs
with Ub is more likely attributed to the sparse distribution of
lysines around their interaction interfaces and/or their cross-
linkability. Nonetheless, our results provide new insights on
how Rpn13 and Rpn10 may interact with various Ub chains
across multiple sites. It is noted that most interaction inter-
faces involving ubiquitin chains are composed of hydrophobic
cores, resulting in a low number of surrounding lysine resi-
dues available for cross-linking. Therefore, cross-linking re-
agents targeting other amino acid residues such as acidic
residues (42) would be desired for future studies to further
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explore the binding of ubiquitin receptors with ubiquitin
chains in cells.

Apart from proteasome itself, we have identified 11 PIPs
with residue specific interactions with proteasome subunits
for the first time. Although some of the identified PIPs have
known functions, their detailed mechanisms of action at the
proteasome were thus far unknown. For example, it remains
unclear how UBLCP1 modulates the phosphorylation status
of proteasome complexes to affect proteasome function.
Based on our cross-linking data and structural modeling, we
propose a model of the UBLCP1 regulation of the proteasome
in which binding of free and inactive UBLCP1 to Rpn1 via its
ubiquitin-like domain causes large conformational changes in
its structure, in turn activating its phosphatase domain. The
long and flexible linker between the UBLCP1 domains as
well as multiple binding sites on Rpn1 may allow for modi-
fication of several residues in the 26S subunits. Dephos-
phorylation of the proteasome by UBLCP1 (and perhaps
also UBLCP1 binding itself) may impair proteasomal activity
by disassociating the 19S and 20S particles as report-
ed before (45), by causing unproductive conformational
changes in the 26S proteasome (e.g. changes in position of
Rpn1 observed by cryo-EM), or by affecting the association of
other cellular factors.

In this work, we identified 6 novel PIPs (.e. SCOC, SSNA1,
PTGES3, SEPT4, CCDC92, and TIAM1) with unknown biolog-
ical implications of their interactions with proteasomes.
Whether these proteins modulate proteasomal activity, recruit
specific substrate proteins to the proteasome, or are simply
proteasome substrates with specific binding sites on the pro-
teasome remains to be seen. Among them, we have further
validated the interactions of SCOC and SSNA1 with protea-
some via biochemical approaches and reciprocal XL-MS exper-
iments. Perfect agreement was observed in the identified cross-
links between SCOC and SSNA1 with Rpt6, demonstrating the
effectiveness of XL-MS studies in uncovering protein-protein
interactions. Identification of cross-links between a pair of pro-
teins could potentially eliminate the need for further biochemical
validation of interacting proteins, which has been essential for
conventional AP-MS experiments.

Structural prediction analysis using PairCoil2 (70) deter-
mined that c-terminal amino acids 79-142 of SCOC and the
c-terminal amino acids 14-71 of SNNA1 adopt a coiled-coil
domain. It is interesting to note that CCDC92 contains a
coiled-coil domain as well. All Rpt subunits also contain a
coiled-coil domain at their N termini, which extend away from
the 19S base toward the lid subcomplex and have been
suggested to be critical in maintaining the defined order of the
ATPase ring. These domains are likely to be further involved in
substrate recognition and maintaining the interaction between
lid and base subcomplexes (71). Deletion of the N-terminal 40
AAs of Rpt5 or 50AAs of Rpt6 in yeast was sufficient to impair
yeast growth, demonstrating the importance of N-terminal
coiled-coil regions of Rpt subunits for normal proteasome

function (71). Interestingly, SCOC and SSNA1 were found to
interact with Lys®® and Lys®® of Rpt6 respectively, right at the
coiled-coil region of Rpt6. The amino acids in SCOC and
SSNA1 (amino acid 122 and 40, respectively), which form
interactions with Rpt6, lie in the predicted coiled-coil region
as well. In reciprocal XL-MS experiments using tagged SCOC
and SSNA1 as baits, we also identified cross-links between
SCOC and SSNA1 to Hsp70A. Hsp70 has been shown to bind
to the 19S RP and play a role in maintaining the 26S protea-
some assembly upon oxidative stress (72). Moreover, SSNA1
can pull down SCOC by AP-MS as shown in our work and
another report (73). Collectively, we suspect that SCOC and
SSNA1 may play an important role in assisting the structure
and function of the 19S RP. However, whether they work
redundantly or cohesively requires further elucidation. In com-
parison to SSNA1 and SCOC, CCDC92 was determined to
directly interact with Rpn12, which confirms a recent large-
scale AP-MS report that indicates that CCDC92 copurified
with proteasomal components (73). Rpn12 is an essential
proteasomal subunit that is crucial for the complete assembly
of the 19S lid and its subsequent incorporation with the base
to form the 26S holocomplex (74). Because of the importance
of coiled-coil structure in proteasome assembly and function,
the binding of an additional coiled-coil motif to the protea-
some may disrupt its activity, as suggested by the experi-
ments with the Rpt coiled-coil peptide mimetics that inhibit
the proteasome (71). Nonetheless, further studies are needed
to clarify the link of the known functions of these coiled-coil
PIPs with the proteasome modulation.

CONCLUSIONS

We have established new DSSO-based in vitro and in vivo
XL-MS workflows by coupling with HB-tag based affinity pu-
rification strategies, which have been successfully employed
to dissect the interaction and structure of the human 26S
proteasome. In comparison, both XL-MS approaches contrib-
uted significantly to the elucidation of proteasome architec-
tures because of its stable core structure. However, in vivo
analysis enabled the capture of diverse protein conformations
in cells to reveal protein structural dynamics. Our results
allowed us to assemble the largest subunit connectivity map
of the human 26S proteasome. In combination with EM and
structural modeling, we have defined the dynamics of three
proteasome subunits attributed to interaction and/or confor-
mational dynamics. The identification of known and novel
PIPs with specific linkages to proteasome subunits help us
understand their potential functions and their action mecha-
nisms at the proteasome. This study has established a solid
foundation for future studies to define structural dynamics
of the human 26S proteasome under different physiological
conditions. Given the recent commercialization of DSSO,
the XL-MS strategies presented here will have a broad
impact on cross-linking studies and can be directly applied
to probe other protein complexes in vitro and in living cells.
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