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Structural characterization of proteasome complexes is
an essential step toward understanding the ubiquitin-
proteasome system. Currently, high resolution struc-
tures are not available for the 26S proteasome holocom-
plex as well as its subcomplex, the 19S regulatory
particle (RP). Here we have employed a novel integrated
strategy combining chemical cross-linking with multi-
stage tandem mass spectrometry to define the proxim-
ity of subunits within the yeast 19S RP to elucidate its
topology. This has resulted in the identification of 174
cross-linked peptides of the yeast 19S RP, representing
43 unique lysine-lysine linkages within 24 nonredundant
pair-wise subunit interactions. To map the spatial orga-
nization of the 19S RP, we have developed and utilized a
rigorous probabilistic framework to derive maximum
likelihood (ML) topologies based on cross-linked pep-
tides determined from our analysis. Probabilistic mod-
eling of the yeast 19S AAA-ATPase ring (i.e., Rpt1-6) has
produced an ML topology that is in excellent agreement
with known topologies of its orthologs. In addition, sim-
ilar analysis was carried out on the 19S lid subcomplex,
whose predicted ML topology corroborates recently re-
ported electron microscopy studies. Together, we have
demonstrated the effectiveness and potential of proba-
bilistic modeling for unraveling topologies of protein
complexes using cross-linking data. This report de-
scribes the first study of the 19S RP topology using a
new integrated strategy combining chemical cross-link-
ing, mass spectrometry, and probabilistic modeling. Our
results have provided a solid foundation to advance our
understanding of the 19S RP architecture at peptide
level resolution. Furthermore, our methodology devel-
oped here is a valuable proteomic tool that can be gen-
eralized for elucidating the structures of protein com-

From the Departments of FPhysiology & Biophysics, {Computer
Science, and **Chemistry and the ||Institute for Genomics and Bioin-
formatics, University of California, Irvine, California 92697 and the
FfDepartment of Pharmaceutical Chemistry, University of California,
San Francisco, California 94158

Received February 25, 2012, and in revised form, April 22, 2012

Published, MCP Papers in Press, April 30, 2012, DOI 10.1074/
mcp.M112.018374

plexes. Molecular & Cellular Proteomics 11: 10.1074/
mcp.M112.018374, 1566-1577, 2012.

Basic cellular homeostasis depends on the regulated pro-
tein degradation and turnover by the ubiquitin-proteasome
system (1, 2). Central to this pathway is the 26S proteasome
complex, which is responsible for ubiquitin/ATP-dependent
protein degradation (3-5). The 26S holocomplex is a mega-
dalton-sized protein assembly consisting of the 20S catalytic
core particle (CP)' and the 19S regulatory particle (RP). The
eukaryotic 20S CP is composed of two copies of 14 noniden-
tical subunits («,_, and B,_;) arranged into four stacked hep-
tameric rings in an order of «a,B,B,a,. The crystal structure
and topology of the highly ordered 20S CP has been resolved
and is evolutionarily conserved (6). Although « subunits of the
20S CP are essential for the assembly of the complex and its
interactions with the regulatory complex, three catalytic B
subunits (81, B2, and B5) harbor various catalytic activities
responsible for regulated proteasomal degradation. The 19S
RP is composed of 19 subunits, which forms two subcom-
plexes, the base consisting of six related AAA-ATPase
(Rpt1-6) and four non-ATPase (Rpni, Rpn2, Rpn10, and
Rpn13) subunits and the lid containing nine non-ATPase sub-
units (Rpn3, Rpn5-9, Rpn11, Rpn12, and Rpn15/Sem1) (7, 8).
In comparison with the 20S core, the function and structure of
the 19S RP is much less well understood. Nevertheless, it is
believed that the 19S RP is involved in multiple functions
including recognition of polyubiquitinated substrates (9, 10),
cleavage of the polyubiquitin chains to recycle ubiquitin (11),
unfolding of substrates, assisting in opening the gate of the

" The abbreviations used are: CP, core particle; RP, regulatory
particle; cryo-EM, cryo-electron microscopy; XL-MS, cross-linking
coupled with mass spectrometry; DSSO, disuccinimidyl sulfoxide;
MS2, tandem mass spectrometry; MS", multi-stage tandem mass
spectrometry; LC MS", liquid chromatography multi-stage tandem
mass spectrometry; MS3, third stage mass spectrometry; ML, max-
imum likelihood; RNAPII, RNA Polymerase Il; PClI domain, protea-
some/COP9 signalosome/initiation factor 3 component; MPN, Mprip
and Pad1p N-termini.

1566

Molecular & Cellular Proteomics 11.12



The 19S Proteasome Topology

20S chamber, and subsequently translocating the unfolded
substrates into the catalytic chamber (4, 12-14). The six AAA-
ATPase subunits (Rpt1-6), which directly interact with the
20S a-ring, function as a molecular chaperone responsible for
protein unfolding and are involved in substrate translocation
and modulating gating of the CP (5, 15). Although detailed
functions for most of the 19S non-ATPase subunits remain
elusive, Rpn11 is known to carry an Mpr1p and Pad1p N-ter-
mini (MPN) domain, which harbors an essential deubiquitina-
tion activity responsible for cleaving polyubiquitin chains from
proteasomal substrates (11, 16). In addition, two proteasome
subunits, Rpn10 and Rpn13, have been identified as ubiquitin
receptors, which are important in docking ubiquitinated sub-
strates to the proteasome for degradation (4). Moreover, the
two largest proteasome subunits, Rpn1 and Rpn2, interact
with a variety of proteins including ubiquitin receptors and
deubiquitinases and thus may function as scaffolding proteins
to assist proteasomal degradation. Thus far, no atomic reso-
lution structures are available for either the 19S RP or the 26S
holocomplex. New insights of the overall topology of the 19S
RP will illuminate protein interactions within, thus providing
evidence for its otherwise unknown functions.

Although many studies have been performed to character-
ize the 19S structure utilizing various techniques including
cryo-EM (17, 18) and native mass spectrometry (19), details
on spatial interfaces and subunit interconnectivity of the 19S
RP remain to be unraveled. During the course of our study, the
rough topology of the 19S RP was determined by cryo-EM
alone (20) or coupled with other approaches (21); nevertheless
more detailed information at the peptide or atomic level is still
required. In addition to technological limitations in current
approaches, the highly dynamic and heterogeneous nature of
the 19S RP may attribute to the difficulty in obtaining its high
resolution structure. In recent years, chemical cross-linking
coupled with mass spectrometry (XL-MS) has become an
attractive alternative for structure analysis of proteins and
protein complexes (22, 23). The ability of XL-MS to identify
interaction interfaces between proteins allows us to define
low resolution protein topology. In addition to protein interac-
tion networks and the site of protein interactions at binding
interfaces, cross-linking analysis can reveal information about
the spatial distance between cross-linked amino acids on the
surface of folded proteins. Although such knowledge only
reveals the maximum distance given by the length of the
cross-linker and can be influenced by protein conformational
flexibility, it can be used as the distance constraint for molec-
ular modeling of protein folds and complex topologies, i.e.,
the arrangement of the constituents of a complex in space. A
recent study by Chen et al. (24) on yeast RNA polymerase Il
(RNAPIIl) complex has exemplified the power of XL-MS in
elucidating the architecture of large multisubunit complexes.
Although effective, cross-linking studies have been challeng-
ing because of the low abundance of cross-linked products
and the inherent complexity of sequencing interlinked pep-

tides by MS for unambiguous identification. To facilitate MS
detection and identification of cross-linked products, we have
recently developed a novel homobifunctional amine reactive,
low energy MS-cleavable cross-linker, disuccinimidyl sulfox-
ide (DSSO), and successfully applied it to cross-link the yeast
20S proteasome for rapid, accurate, and simplified determi-
nation of protein interaction interfaces within the complex
(25). The unique functionality of our cross-linking reagent and
specialized bioinformatics tools significantly increase our
confidence and speed in the identification of cross-linked
products when compared with cross-linking studies using
traditional noncleavable reagents. Current cross-linking stud-
ies have been focused on protein complexes with known
crystal structures, but topological structures of protein com-
plexes based primarily on cross-linking data have not yet
been reported. This is due to the lack of computational tools
that use cross-linking data to deduce the spatial organization
of subunits in a given complex. To define the architecture of
the yeast 19S RP, we have characterized the proximity and
interconnectivity of the subunits by employing our newly de-
veloped cross-linking strategy. The resulting cross-linking in-
formation serves as a basis for a rigorous probabilistic anal-
ysis to obtain the maximum likelihood (ML) topology. This
strategy is developed by first analyzing our cross-linking data
for the 19S six-member AAA-ATPase base ring, as the topol-
ogy ordering of yeast orthologs has been recently determined
(14, 26-28). The effectiveness of this new probabilistic plat-
form is supported by the agreement between our derived ML
topology of the AAA-ATPase base ring and previous reports.
When the same probabilistic approach is applied to the 19S
lid subcomplex, the resulting topology is also in agreement
with recently proposed models (20, 21). This work represents
the first application of probabilistic modeling of protein com-
plexes based solely on cross-link data, establishing a new
workflow for future structural analysis of large protein com-
plexes using XL-MS.

EXPERIMENTAL PROCEDURES

Materials and Reagents—General chemicals were obtained from
Fisher Scientific (Hampton, NH) or VWR International (West Chester,
PA). Sequencing grade modified trypsin was obtained from Promega
(Fitchburg, WI), Lys-C endoprotease was from Wako Chemical (Ja-
pan), and chymotrypsin protease was from Roche Pharmaceuticals
(Basel, Switzerland).

Purification of the Yeast 19S RP—The 19S regulatory particle was
affinity purified using an RPN11-TAP expressing yeast strain (Sac-
charomyces cerevisiae) as previously described (29, 30). The isolated
proteasome complex composition and stoichiometry were evaluated
by one-dimensional SDS-PAGE and mass spectrometry.

DSSO Cross-linking and Digestion of the 19S RP— Affinity purified
19S proteasome complexes (~1 um) were cross-linked in PBS buffer
(pH 7.5) with DSSO (dissolved in DMSO to ~20 mwm) at 1:500 molar
ratio for 30 min at room temperature with agitation. After 30 min, a
second aliquot of DSSO was added to the mixture allowing for at least
an additional 2 h of cross-linking at room temperature before quench-
ing with 1 M NH,HCO;. Prior to enzymatic digestion, the proteins were
reduced with 5 mm DTT at 56 °C for 30 min and alkylated with 10 mm
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chloroacetamide for 10 min in 200 mm NH,HCO, at room tempera-
ture. The resulting cross-linked samples were digested first by 1%
Lys-C (w/w) at 37 °C for 4 h and then by 2% trypsin (w/w) at 37 °C
overnight. For some analyses, the samples were digested by 2%
(w/w) chymotrypsin to improve sequence coverage. To isolate highly
charged cross-linked peptides, off-line strong cation exchange chro-
matography was performed using an AKTA HPLC system (GE Health-
care). All of the fractions of peptide digests were desalted by Varian
C,g OMIX ZipTip (Palo Alto, CA) prior to liquid chromatography-
multistage mass spectrometric analysis (LC MS").

LC MS" Analysis—DSSO cross-linked peptides were analyzed by
LC MS" utilizing an LTQ-Orbitrap XL mass spectrometer (Thermo-
Fisher, San Jose, CA) coupled on-line with an Eksigent NanoLC
system (Dublin, CA). The reverse phase LC separation was as
previously described (31). An MS™ method was made specifically
for the analysis of DSSO cross-linked peptides for automated data
analysis as previously described (25). Both MS2 and MS3 scans
were acquired for automated analysis of cross-linked peptides;
each acquisition cycle of an MS" experiment includes one MS1
scan in FT mode (350-1800 m/z, resolution of 60,000 at m/z 400)
followed by two data-dependent MS2 scans with normalized colli-
sion energy at 15% on the top two peaks from the MS1 scan and
three MS3 scans in the LTQ with normalized collision energy at
29% on the top three peaks from MS2 for conventional peptide
sequencing.

Data Analysis of DSSO Cross-linked Peptides—LC MS2 and LC
MS3 spectra were firstly extracted using in-house software based on
the Raw_Extract script from Xcalibur v2.4 (Thermo Scientific). Then
extracted MS3 data were reformatted such that MS3 fragment ions
were directly linked to their MS2 parent ions with in-house scripts
(25). Using Batch-Tag software within a developmental version of
Protein Prospector (v5.8.0, University of California San Francisco),
MS2 and MS3 spectra were searched against a decoy database
(18,490 entries) consisting of a normal Saccharomyces Genome Da-
tabase protein sequence database (December 12, 2007) concate-
nated with its reversed version. Batch-Tag searching was carried out
similarly as for protein identification (32). The mass tolerances for
parent ions and fragment ions were set as = 20 ppm and 0.6 Da. For
Lys-C/trypsin digests, trypsin was set as the enzyme with two max-
imum missed cleavages allowed. For MS3 data, nonspecific cleavage
at one terminus was chosen during Batch-Tag searching. Protein
N-terminal acetylation, methionine oxidation, N-terminal conversion
of glutamine to pyroglutamic acid, asparagine deamidation, and cys-
teine carbamidomethylation were selected as variable modifications.
In addition, three defined modifications on uncleaved lysines and free
protein N-terminus were chosen, including alkene (C;H,0O, + 54 Da),
sulfenic acid (C5H,0,S, + 104 Da), and unsaturated thiol (C;H,SO, +
86 Da) modifications caused by remnant fragment moiety of the
DSSO cross-linker (25). For chymotryptic digests, all of the parame-
ters are the same except that chymotrypsin was selected as the
enzyme with five maximum missed cleavages allowed. Initial accept-
ance criteria for peptide identification required a reported expectation
value = 0.05. For the 19S proteasome analysis, the false positive rate
for peptide identification is less than 1%.

MS-Bridge was used to confirm the identification of cross-linked
peptides by matching their observed masses to theoretical masses of
predicted cross-linked peptides. This search was only against tar-
geted accession numbers, which are identified in the purified samples
to minimize unnecessary complications (33). The parent mass error
for MS-Bridge search was set as = 10 ppm, and only one cross-link
was allowed in the cross-linked peptides for general search. All three
types of cross-linked peptide (34), i.e., interlinked (type 2), intralinked
(type 1), and dead end modified (type 0) peptides, can be computed
and matched in MS-Bridge (33).

The Link-Finder web-based program was designed to automati-
cally identify candidate cross-linked peptides by correlating observed
fragmentation in MS2 spectra with the predicted characteristic cleav-
age patterns of DSSO dead end, intralinked, and interlinked peptides
as previously described (25). The search results from Link-Finder,
Batch-Tag, and MS-Bridge programs are integrated together using
in-house scripts to compile the list of cross-linked peptides identified
with high confidence. The final results were validated manually by
examining MS2 spectra and MS3 spectra, respectively.

Mathematical Model of Cross-linking Data to Predict the Maximum
Likelihood Topology of the 19S Base ATPase Heterohexamer Ring
and the Lid PCI Heterohexamer—We consider a protein complex with
N protein subunits. Each putative topology for the complex is repre-
sented by a graph G = (V, E) where V is the set of vertices associated
with the subunits numbered from 1 to N, and E is the set of undirected
edges. If necessary, we let G* = (V/*, E*) denote the “true” graph. We
let EC denote the complement of E (i.e., the set of all pairs of vertices
that are not in E). Obviously, we have the following equation.

|E| + |EC| = </;/> =NIN—-1)/2 (Eq. 1)
The data D = (d;) is a matrix of integers representing how often a
cross-link between vertex i and vertex j is observed using mass
spectrometry measurements. We assume that M = X ,d; is the total
number of observations. Because all edges are undirected, here and
everywhere else we use notations like 3, = 3, € E to denote 3,_..
Note that intrasubunit cross-links were observed, but these data are
not considered here because they are not of interest in describing the
overall topology.

In general, one may have additional constraints or information, /, on
the class of possible graphs. For instance, we may know that the
graph is a ring structure, in which case there are (N — 1!)/2 possible
graphs, or we may have an estimate for the total number of edges
(IE)). Another general constraint for a single protein complex is that the
graph is connected (i.e., a path exists between all pairs of subunits).
With sufficient constraints, it is possible to translate the information
into a proper prior on the set of all graphs that satisfy the constraints,
for instance a uniform prior.

To generate the data, D, we now assume a simple multinomial
model where the data are generated by sampling pairs with replace-
ment or equivalently by flipping M times the same die with

N

(2)
faces (one face for each pair of vertices). The probability of each face
represents the propensity toward observing the corresponding pair in
the data. We can expect this probability to depend on many different
factors, in particular on whether (i, j) is in E or in ES. We denote this
probability by p;(G). Obviously, for each die (i.e., each graph) we must
have 3gp(G) = 1.

A simple model for p;(G) is given by the following,

(Eq. 2)

PICG) = [g4(@) + (51~ X)) Eq.9)
where p = 0 represents the total probability associated with the pairs
in E, g = 0 represents the total probability associated with pairs in EC,
and p + g = 1. x;(G) is a binary indicator variable: x;(G) = 1if (, ) €
E,and x,(G) = 0if (i, j) € E°. Alternatively, we can use the notation Py
for edges in E and q; for edges in EC.

In this simple model, all the edges of G have the same probability
of being observed, and all the non-edges of G have the same prob-
ability of being observed. This model is completely defined by the
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value of E and the value of p (because g = 1 — p). Note that this
model can also be viewed as first flipping a biased coin with proba-
bilities p and g to decide whether to sample from E or E€ and then
sampling uniformly from the corresponding subset. More general
models can be obtained when p;(G) is allowed to vary among pairs in
E or EC; however, here we focus on the simple model. The likelihood
P(D|G) of observing the data given a specific graph is as follows.

P0G = (T = () TT (00 TT (0

(i.))eE (i.j))EEC
(Ea. 3)
Here
M
<(O’//)> (Eq. 4)
denotes the usual multinomial coefficient. For instance,
10 10\/6\/3
<(4’3,3)> = < 4 )<3><3) = 10!/(4!313!) (Eq. 5)
i) < PPICPE) c
(G )—W (Eq. 6)

Maximum a posteriori estimation aims at finding the graph that
maximizes the posterior distribution P(G|D). When P(G) is uniform
over the set of graphs satisfying the constraints /, this is equivalent to
ML estimation, which aims at finding the graph that maximizes the
likelihood P(D|G) over the set of graphs satisfying the constraints /.

When the set of graphs satisfying the constraints / is small (e.g.,
19S base ring of six subunits), one can exhaustively enumerate all its
members, compute the likelihood (or posterior) for each one of them,
and take the maximum. When this exhaustive enumeration is not
feasible, one can observe that if p; = q; for all (/, /), then the graph that
solves the ML problem (the maximum likelihood graph or G, ) has an
edge for each d; > 0 and no edges for d; = 0; however, this graph
may violate constraints in /. Thus, in many cases the ML or maximum
a posteriori problem will not have a unique solution, and displaying
one solution without commenting on the alternatives would be mis-
leading. When all of the possible graphs that satisfy the constraints /
can be exhaustively enumerated, then the total probability associated
with all possible graphs can be used to normalize P(G|D). Thus, the
probability of a specific graph is given by

P(GID)
2iierPHID)

where F, is the set of all possible graphs that satisfy /.

Defining Edges in the Graph for Adjacent Subunits—In the biolog-
ical context of a protein complex, there is no universal definition of
what constitutes adjacency between protein subunits. Even defining
this between subunits from a known three-dimensional structure of a
complex requires a precise threshold on some objective measure-
ment of interaction between pairs of subunits. Using our interpretation
of RNA polymerase |l cross-linking data from Chen et al. (24) com-
pared with its resolved crystal data to define adjacency, we describe
how this information is used to establish a confidence interval on the
global parameter p (for details see supplemental “Methods”).

Establishing Confidence Intervals on the Parameter, p—In the
probabilistic model, the value of the global parameter, p, indicates the
confidence of the model; however, the value of p is unknown. Thus,
we are interested in obtaining point estimates and establishing con-
fidence intervals on the parameter p. Using cross-linking data of

P(GID,)) = (Eq.7)

| purified 19s | LCMs" |- LCMsrData
In vitro
Off-line SCX

Cross-linking

‘ A
Reduction & Proteolytic
Alkylation Digest

\ 4

198 RP Cross-links
Rpn7:K211 - Rpn11:K12
Rpn2:K911 - Rpn13:K119
Rpt1:K282 — Rpt6:K334
Rpn8:K28 — Rpn10:K104

Rpn10:K104 — Rpn11:K96

Identification of
Cross-linked Peptides

Probabilistic modeling

Fic. 1. Anintegrated strategy for topological analysis of the 19S
RP using DSSO cross-linking, LC MS", and probabilistic model-
ing. SCX, strong cation exchange.

RNAPII by Chen et al. (24) and our own data, we were able to generate
confidence intervals on p that are used to focus our analysis of the
maximum likelihood graph to the most likely values of p (for details
see supplemental “Methods”).

RESULTS

An Integrated Strategy for Structural Analysis of the Yeast
19S RP—The general strategy for structural characterization
of the 19S RP using cross-linking, multistage mass spectrom-
etry (MS"), and computational modeling is illustrated in Fig. 1.
As shown, affinity-purified yeast 19S proteasome complexes
were first cross-linked by DSSO in vitro, and the resulting
cross-linked products were then subjected to reduction/alky-
lation prior to enzymatic digestion. The samples were either
directly analyzed by LC MS" or separated first by off-line
strong cation exchange chromatography. Database searching
of MS" spectra was carried out using Protein Prospector, and
the results were summarized and validated through our Link-
Finder program (25). Pair-wise subunit interactions derived
from the identified DSSO cross-linked peptides were the ba-
sis for subsequent probabilistic analysis to obtain the spatial
organization of the 19S RP subcomplexes.

Identification of Cross-linked Peptides of the Yeast 19S
RP—In our analysis, three typical types of cross-linked pep-
tides have been identified including interlinked, intralinked,
and dead end modified peptides. However, only interlinked
peptides are reported here because they are the ones that
provide information on protein interaction interfaces and sub-
unit-subunit interactions for elucidating the structural topol-
ogy of protein complexes. The DSSO interlinked peptides of
the 19S RP were identified in a similar manner as previously
described (25). Briefly, three lines of evidence have been
obtained to support the identity of a DSSO cross-linked pep-
tide from its MS" spectral data (Fig. 2). We have previously
demonstrated that the C-S bond adjacent to the sulfoxide in

Molecular & Cellular Proteomics 11.12

1569


http://www.mcponline.org/cgi/content/full/M112.018374/DC1
http://www.mcponline.org/cgi/content/full/M112.018374/DC1

The 19S Proteasome Topology

Relative

Intensity BA2+

A MS2 \NHlI\/\S/\/U\ toor a2t
Fragmentation . 4 _
Pattern o peptide B peptide
. BT2+ |
O
| | \
Spectral Data I\NHJ\ASH + \)kNH’T — t L |
—1 L@ T e s A
Y5 .y4
K B
o LUTNQILKSIEK 0 TIAKJE[T]K
Intensity 24 Intensity
gt .Jh L.u..h..‘l_.s_l 100 RAC HeSl 100 Ya
| B MS3 ye S [M+2H-H,0]2*
% 2+ %
Sequence by Y7 l 6\ by o by i
Vs 2 \ by 3
% Y
C 0 & l-l-.l / ...n“l 1l Ill* I l.u.ﬁ 3‘ .l -+|5
MS1 Parent L 200 400 600 800 1000 200 300 400 500 600 i
MatChlng miz miz

> D K'% of RPN8 linked to K28 of RPN11 (|

Fic. 2. The workflow for integrated data analysis of LC MS" data to identify DSSO interlink peptides. An example of a DSSO interlinked
peptide (m/z 470.51214") from the 19S subunits is shown here. A, the MS2 fragmentation pattern is indicative of the type of cross-link
observed. In this example, the cleavage of one C-S bond next to the sulfoxide separates an interlinked peptide into a pair of peptide fragments,

i.e., at/Ba, in which the « peptide fragment is modified with an unsaturated thiol (T) moiety (+

86 Da), whereas the B peptide fragment is

modified with an alkene (A) moiety (+ 54 Da). B, MS3 sequencing of the unique MS2 peptide fragment ions detected in A to unambiguously
identify their sequences. C, identification of DSSO interlinks using MS1 parent mass. D, integration of the three lines of results from A-C for
unambiguous identification of DSSO cross-linked peptides. CID, collision-induced dissociation.

DSSO is much more labile than the peptide backbone, and
DSSO cross-linked peptides can undergo characteristic frag-
mentation during collision-induced dissociation analysis.
There are two symmetric C-S bonds present in DSSO. As an
example, a DSSO interlinked heterodimeric peptide (i.e., «
peptide—B peptide) is shown in Fig. 2A; the cleavage of one of
the two symmetric C-S bonds next to the central sulfoxide
separates the interlinked parent ion into a pair of peptide
fragments in MS2 with a defined mass relationship. Such
characteristic MS2 fragmentation of DSSO interlinked pep-
tides allows their automatic identification using our in-house
program Link-Finder. In Fig. 2B, the MS3 analysis of the
unique « and B peptide fragments permits their unambiguous
identification using conventional database searching tools
such as Batch-Tag in Protein Prospector. Because these
peptide fragments carry stable and known mass modifica-
tions resulting from the defined cleavage of the DSSO cross-
linker, this allows not only unambiguous peptide identifica-
tion, but also the identification of exact protein interaction
interfaces through lysine-lysine linkages. In addition to MS2
and MSS3 data, the MS1 parent ion information is used to
further confirm identities of cross-linked peptides by matching
their observed peptide masses to the theoretical masses of
predicted cross-linked peptides using the MS-Bridge pro-
gram (Fig. 2C). Together, these three different types of MS
data are integrated to provide three lines of evidence for

unambiguous identification of DSSO cross-linked peptides
(Fig. 2D) prior to final manual validation.

Our cross-linking analysis of the yeast 19S RP has led to
the identification of interlinked peptides consisting of intrasu-
bunit and intersubunit interactions. An example of an inter-
subunit DSSO interlinked peptide identified by MS" analysis is
displayed in Fig. 2. As shown, the example interlinked peptide
was detected as a quadruply charged ion (m/z 470.51214%),
which yielded an MS2 fragmentation pattern unique to DSSO
interlinked peptides (25). The two most abundant peaks (m/z
565.81762%/366.2016%") observed in Fig. 2A were identified
as fragment pairs a;/B, based on the mass relationship be-
tween expected fragments and the parent ion of DSSO inter-
linked peptides. In addition, another fragment pairs (a,/B7)
(533.7994%%/399.82832") were also detected at lower abun-
dance. These results confirmed that this peptide is a heterodi-
meric interlinked peptide (a-B). As seen in Fig. 2B, MS3 anal-
ysis of the MS2 fragment ion (m/z 565.81762") identified its
sequence as LTNQLKSLK matched to subunit Rpn8, in which
the sixth residue (Lys-195 in the full-length sequence of Rpn8)
is modified with the unsaturated thiol (T) fragment moiety.
MS3 sequencing of another MS fragment ion (m/z
366.20162") identified its sequence as TAKETK matched to
subunit Rpn11, in which the third residue (Lys-208 in the
full-length sequence of Rpn11) is modified with the alkene (A)
fragment moiety. Combined with the MS-Bridge result by
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TABLE |
Summary of unique intersubunit interlinks of the yeast 19S RP identified by DSSO cross-linking and LC MS"

See supplemental Table 2 for detailed references.

Within 19S Lid
Rpn3-Rpn73*° Rpn3:K353-Rpn7:K375
Rpn3:K389-Rpn7:K416
Rpn3-Rpn8 Rpn3:K299-Rpn8:K299
Rpn3:K485-Rpn8:K300
Rpn3-Rpn122 Rpn3:K368-Rpn12:K134
Rpn3:K373-Rpn12:K134

Rpn3-Rpn15? Rpn3:K58-Rpn15:K26

Rpn5-Rpn6? Rpn5:K190-Rpn6:K288

Rpn5-Rpng?-? Rpn5:K258-Rpn9:K182
Rpn5:K292-Rpn9:K140
Rpn5:K292-Rpn9:K145

Rpn6-Rpn7 Rpn6:K421-Rpn7:K225
Rpn6-Rpn11 Rpn6:K421-Rpn11:K253
Rpn7-Rpn11 Rpn7:K211-Rpn11:K12

Rpn7-Rpn15? Rpn7:K416-Rpn15:K18

Rpn7:K416-Rpn15:K20
Rpn8-Rpn9? Rpn8:K82-Rpn9:K155
Rpn8:K82-Rpn9:K159
Rpn8:K86-Rpn9:K159
Rpn8:K198-Rpn9:K382/K383
Rpn8-Rpn11? Rpn8:K7-Rpn11:K218
Rpn8:K28-Rpn11:K96
Rpn8:K195-Rpn11:K208
Rpn8:K263-Rpn11:K12
Rpn8:K300-Rpn11:K267

Within 19S Base
Rpn2-Rpn13 Rpn2:K911-Rpn13:K119

Rpn2-Rpt2* Rpn2:K689-Rpt2:K94

Rpn2-Rpt6#* Rpn2:K689-Rpt6:K82
Rpn2:K689-Rpt6:K100

Rpt1-Rpt2? Rpt1:K50-Rpt2:K58

Rpt1-Rpt5a° Rpt1:K154-Rpt5:K120
Rpt1:K154-Rpt5:K168

Rpt1-Rpt6 Rpt1:K282-Rpt6:K334

Rpt2-Rpt6? Rpt2:K94-Rpt6:K100

Rpt3-Rpt6a* Rpt3:K76-Rpt6:K54
Rpt3:K87-Rpt6:K54
Rpt4-Rpt53° Rpt4:K55-Rpt5:K35
Rpt4:K63-Rpt5:K35
Rpt4:K90-Rpt5:K66
Rpt4:120-Rpt5:120

Between 19S Lid and Base
Rpn8-Rpn10 Rpn8:K28-Rpn10:K104

Rpn9-Rpt5* Rpn9:K72-Rpt5:K35

Rpn10-Rpni1 Rpn10:K104-Rpn11:K96

2 Subunit level interaction seen in literature.
b peptide level interaction seen in literature.

mass mapping of the parent ion (m/z 470.5121%") measured
in MS1, we have identified this DSSO interlinked peptide as
LTNQLK'5SLK interlinked to TAKZ°®ETK unambiguously,
which represents an intersubunit interaction between Rpn8
and Rpn11 (Fig. 2D). Rpn8 and Rpn11 are the only two non-
ATPase subunits that contain an N-terminal MPN domain.
Unlike Rpn8, the Rpn11 has a zinc-binding motif-containing
MPN domain that is responsible for its deubiquitination activ-
ity (11, 16). During the course of our study, two recent reports
have shown that Rpn8 is in close contact with Rpn11 in the
proteasome structure (20, 21). The identification of the cross-
link between Rpn8 and Rpn11 not only confirms their inter-
action but also provides information on their spatial proximity
at specific amino acid residues for the first time.

To obtain comprehensive information on subunit connec-
tivity, multiple cross-linking experiments were performed
along with extensive peptide fractionations using strong cat-
ion exchange chromatography prior to LC MS". In total, 624
DSSO interlinked peptides of the yeast 19S RP have been
identified in this work, corresponding to 208 unique intrasu-

bunit (data not shown) and 43 unique intersubunit interlinks.
Because only interlinked peptides between two different sub-
units are used for topological studies, only those MS" spectra
are reported here as illustrated in supplemental Fig. 1, and the
detailed list of the redundant DSSO interlinked peptides is
summarized in supplemental Table 1. Based on the identified
intersubunit cross-links, 24 unique pairwise interactions were
identified among the 19S subunits with nine being base-to-
base (among subunits Rpt1-6, Rpn2, and Rpn13), 12 being
lid-to-lid (among subunits Rpn3, Rpn5-9, Rpn11-12, and
Rpn15/Sem1), and three being lid-to-base interactions
(among subunits Rpt1, Rpt5, Rpn7-9, and Rpn10-11) as
summarized in Table I. In comparison with previous reports on
subunit interactions using various biochemical approaches
including two-hybrid, in vitro pulldown and cross-linking anal-
yses (17, 19, 21, 35-39), eight novel pair-wise interactions
(i.e., Ron3-Rpn8, Rpn6-Rpn7, Rpn6-Rpn11, Rpn7-Rpnii,
Rpn2-Rpn13, Rpt1-Rpt6, Rpn8-Rpn10, and Rpn10-Rpn11)
have been determined for the first time in yeast 19S RP based
on the identification of nine unique lysine-lysine linkages in
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BLUE MPN
BROWN PCI

RED Coiled Coil
AQUA AAA

Fic. 3. DSSO cross-linking map of the yeast 19S RP. Forty-four
unique lysine-lysine linkages are shown between primary sequences
of 198 RP subunits with blue lines as lid-lid cross-links, purple lines as
base-base, and green lines as lid-base. Six PCl domain-containing
subunits, Rpn3, Rpn5-7, Rpn9, and Rpn12, forming a lid subcomplex
within a horseshoe shape are outlined in red dots. The two MPN
domain-containing subunits, Rpn8 and Rpn11. Six AAA-ATPase do-
main-containing subunits, Rpt1-6, forming the AAA-ATPase base
ring are outlined in gray dots. Rpn2 contains «a-helical repeats, and
Rpn10 has an N-terminal von Willebrand factor type A (VWA) domain
and a C-terminal ubiquitin-interacting motif (UIM) domain. Rpn13 has
a ubiquitin-binding pleckstrin homology domain. Major structural do-
mains in each subunit were determined by GlobPlot (http://globplot.
embl.de) and are depicted approximately to scale here.

this study (supplemental Table 2). In addition, we have iden-
tified new interlinked peptides to confirm 16 known interac-
tions, eight of which did not have any prior information on
protein interaction interfaces. This represents a significant
amount of new information regarding to the 19S subunit in-
terconnectivity, which has led to the generation of a compre-
hensive cross-link map of the 19S RP with a total 43 unique
lysine-lysine linkages (Fig. 3). Therefore, our results have pro-
vided new molecular linkages to allow more detailed struc-
tural characterization of the proteasome complex at peptide
level resolution.

Developing a New Probabilistic Analysis Platform for Gen-
erating the Maximum Likelihood Topology of the 19S Hexam-
etric AAA-ATPase Ring—In previous XL/MS studies (24, 25,
40, 41), cross-linked peptides of protein complexes have
been successfully used to support known structures and/or
provide spatial proximity of cross-linked proteins. So far, spa-
tial organization of proteins within a complex has not been
determined primarily based on cross-linked data. Therefore,
we aimed to develop a rigorous probabilistic analysis platform
to examine the likelihood of possible topologies using the
identified cross-linked peptides and thus derive a topological
model of the 19S RP with the ML. The schematic represen-

tation of our probabilistic framework is illustrated in Fig. 4. To
develop this strategy and evaluate its validity, we have first
carried out the probabilistic analysis to infer the spatial order-
ing of the AAA-ATPase base ring in the yeast 19S RP. It is well
recognized that the six AAA-ATPase subunits (Rpt1-6) form a
hexameric ring (5, 15). Although crystal structures of the yeast
AAA-ATPase ring are not available, recent studies have pro-
posed the assembly mechanism underlying the formation of a
hexameric ring, and various structural and biochemical evi-
dence has suggested that the AAA-ATPase ring is most likely
in the form of Rpt1-2-6-3-4-5 (14, 17, 18, 26-28, 42). In this
work, we have identified 105 DSSO interlinked peptides, rep-
resenting 11 unique intersubunit lysine-lysine linkages among
the six Rpt subunits. Based on known cyclic structures of
PAN homohexamers (43, 44), we assumed each Rpt subunit
interacts directly with only two other Rpt subunits in the base
ring (Fig. 4A). Given this constraint (/), there will be 60 possible
unique graphs (G) representing all possible topological order-
ing of six Rpt subunits in a ring (Fig. 4B). Among them, one
graph (G*) would describe the true topology of the complex,
from which our cross-linking results were obtained experi-
mentally. Each graph (G) can be depicted by the set of verti-
ces (V) and the set of undirected edges (E). Assuming that
adjacent subunits would have higher chance of producing
cross-links than nonadjacent subunits, we have introduced a
parameter D as the data matrix representing how often a
cross-link between two vertices (i, j) is observed by MS mea-
surements, i.e., the number of lysine-lysine cross-links iden-
tified between two different subunits (Fig. 4C). Thus, the like-
lihood P(G = G*|D, /) that each graph (G) corresponds to the
true topology was calculated over a range of values of p
(equation 4), where p is the probability that a randomly drawn
cross-link comes from adjacent subunits (see supplemental
“Methods” and supplemental Fig. 2).

Based on the calculated probabilities, the G,,_(also called
the most likely topology) and the second most likely graph
(Gmio) can be identified. To determine the confidence of the
model with respect to these two graphs and all other possible
graphs, we plotted their likelihood values (i.e., P(Gy,._|D,/) and
P(Gm0|D,)) as a function of p in Fig. 4D over the range of all
relevant values of p > 0.4, which corresponds to greater than
equal probability of drawing a cross-link from an adjacent
pair and from a specific nonadjacent pair (see “Experimental
Procedures” and supplemental “Methods” for details). The
plot in the left panel of Fig. 4D utilizes the data matrix (D)
consisting of only 11 unique and nonredundant lysine-lysine
linkages between any two Rpt subunits determined exper-
imentally in this work. As shown, as the value of p increases,
both P(Gy,. |D,/) and the ratio of P(Gy, |D,)/P(G.»|D,l) also
increase, thus leading to increased difference between the
maximum and the second most likely graphs. The same
qualitative result was obtained when a similar plot was
generated as shown in the right panel of Fig. 4D using the
data matrix (D) that contains a total of 105 redundant
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1. Rpt1-2-3-4-5-6
2. Rpt2-1-3-4-5-6

3. Rpt2-3-1-4-5-6

The ATPase Hexamer

m

D

Subunit Adjacency Matrix

4. Rpt2-3-4-1-5-6

Possible Subunit Orderings Cross-linking Data
L '

\

M=11 (Unique Interactions)
+G=M. *G=M2

M=105 (Redundant Interactions)
~+-G=ML -G=ML2

Rpt5 E Rpt4

G Ordering of the ATPase Hexamer

Calculation of Probabilities

Fic. 4. The probabilistic analysis workflow for determining the ML topology model of the 19S ATPase hexamer. The probabilistic

framework uses the data generated from the observed cross-links (i.e., cross-links identified in this study) to quantify the likelihood that the
maximum likelihood model (G,,,) is the true graph considering all possible graphs. A, defining the graph structure: the ATPase base complex
has a ring structure, but the true ordering is unknown. This graph structure can be represented by a subunit adjacency matrix. B, enumerating
subunit orderings. There are 60 possible orderings for this shape with only four possible ones shown. C, generating cross-link data matrix.
Counts of observed cross-links between subunits are used to populate a data matrix. This panel shows the data matrix generated from 11
unique cross-links. D, the plots of probability of the ML graph (G) as a function of p calculated using either the data consisting only of 11 unique
lysine-lysine pairs observed in the raw data (nonredundant) (left panel) or the data consisting of 105 lysine-lysine pairs (redundant) (right panel).
The x axis is the probability (o) that a randomly drawn cross-link comes from adjacent subunits. In both panels, the probabilities associated
with the ML graph are shown with diamonds, and the probabilities associated with the second most likely graph are shown with circles. E, the
ML topology ordering of the 19S ATPase hexamer is determined as Rpt1-2-6-3-4-5. The identified unique lysine-lysine cross-links between

19S base subunits Rpt1-6 are shown.

intersubunit lysine-lysine linkages identified between Rpt
subunits.

Because the value of p corresponds to the accuracy of the
data in the context of the graphical representation of a protein
complex, the higher the value of p, the more likely it is that the
maximum likelihood graph is the true graph (i.e., Gy, = GY).
Because the value of p is unknown, any information that could
constrain the value to a range is most useful. If we assume
that the maximum likelihood Rpt subunit ordering is the true
ordering (Gy. = G%), then the value of p that maximizes
PG D)) is at p = 0.90 (10 of our observed 11 Rpt-Rpt
cross-links were from adjacent subunits based on the as-
sumed ordering). The 95% confidence interval on p = 0.90 is
defined by P(0.66 = p = 1.0) = 0.95 (see supplemental
“Methods” and supplemental Fig. 3A), meaning p > 0.66 is a
highly probable range to consider when choosing which
graph would be the ML graph. To generate a confidence
interval on p using a known complex structure and external
cross-linking data, we have undertaken similar analyses on
the yeast RNAPII complex (24). According to the crystal struc-
ture of RNAPII complex, we have defined its subunits with a

shared interface of at least 250 A2 as adjacent. Therefore, 53
of 65 reported cross-links of RNAPII complex resulted from
adjacent subunits (24). Based on this, we have determined
that the 95% confidence interval on p is defined by P(0.72 =
p = 1.0) for RNAPII complex (supplemental Fig. 3B), which is
in good coordination with that of the 19S base ring subcom-
plex (see supplemental “Methods” on establishing confidence
intervals on p for details). This further supports the signifi-
cance of the p determined from our experimental results.

As a result, considering the relevant ranges of values of p =
0.4, both interpretations of the cross-linking data have derived
the same topological models, i.e., the maximum likelihood
graphs (Gy,), with the spatial ordering of yeast 19S base
subunits as Rpt1-2-6-3-4-5 (Fig. 4E). In comparison with the
G topology of the base ring (supplemental Fig. 4A), only
the Gy, topology is in excellent agreement with our current
knowledge of AAA-ATPase ring structures of proteasome
complexes (14, 17, 18, 26-28, 42), thus demonstrating the
effectiveness of our probabilistic analysis platform for inferring
protein complex topologies and assessing their confidence
using cross-linking data.
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Fic. 5. Determination of the maximum likelihood topology model of the 19S lid PCI domain-containing heterohexamer by probabi-
listic analysis of identified cross-links. A and B, the plots of probability of the ML graph (G) as a function of p calculated using either the data
consisting only of nine unique lysine-lysine pairs observed in the raw data (nonredundant) in A or the data consisting of 30 lysine-
lysine pairs (redundant) in B. The x axis is the probability (p) that a randomly drawn cross-link comes from adjacent subunits. In both panels
the probabilities associated with the ML graph are shown with diamonds, and the probabilities associated with the second most likely graph
are shown with circles. C, the ML topology ordering of the 19S lid PCI heterohexamer is determined as Rpn9-5-6-7-3-12. The identified unique

lysine-lysine cross-links between 19S lid subunits are shown.

Maximum Likelihood Topology of the 19S RP Lid Subcom-
plex—During the course of our study, structural models for
the 19S lid subcomplex composed of six PCl domain-con-
taining non-ATPase subunits (i.e., Rpn3, Rpn5, Rpn6, Rpn7,
Rpn9, and Rpn12) were recently proposed as a horseshoe
shape (20, 21). Although also a heterohexamer, this PCI sub-
complex of the 19S lid has a different shape and structure
than the 19S ATPase base ring. To further evaluate whether
our probabilistic analysis platform can be directly applied to a
less ordered structure, we have carried out similar analysis to
the 19S lid subcomplex, the PCI heterohexamer, to identify its
ML topology and distinguish it from all possible topological
graphs. In contrast to the closed AAA-ATPase base ring, the
PCI heterohexamer has a horseshoe shape with an open end
between two terminal subunits. To simplify our analysis, we
consider the PCI heterohexamer in the form of A-B-C-D-E-F,
in which we assume each of the four internal subunits (B, C,
D, and E) interact with two adjacent subunits, and each of the
two terminal subunits interacts with one adjacent subunit.
Given these constraints (/), there are 360 unique graphs (G)
representing all possible topological ordering of the six PCI
domain-containing subunits. Similarly, we computed the like-
lihood values (equation 2) for all 360 graph structures for the
G as a function of p. Given the same shape, the probability
of the maximum likelihood graph with respect to all possible
graphs (Equation 7) is plotted for p in the range of [0.4,1.0]
using either nine unique (Fig. 5A) or 30 redundant lysine-lysine
linkages (Fig. 5B) of the PCI heterohexamer identified here.
When p > 0.79, P(Gy,. = G*D,)) (i.e., the probability that ML
graph is the true graph G,, ) is greater than the sum of the
probabilities associated with the other 359 graphs combined.
At p = 0.8, Gy, is eight times more likely than the second
most likely individual graph (G, »)- Furthermore, for p > 0.5,
G is at least twice as likely as Gy, ,. Therefore, considering
the most likely values of p, our probabilistic analysis infers that

the ML topology (G, ) of the PCI heterohexamer is Rpn9-5-
6-7-3-12 (Fig. 5C) with high confidence. In comparison with
the Gy, » topology of the PCI heterohexamer (supplemental
Fig. 4B), only the G,,_topology matches perfectly with the
subunit ordering proposed by two recent reports (20, 21).

DISCUSSION

We have successfully employed a new integrated cross-
linking strategy to unravel the spatial organization of the yeast
19S RP complex through the identification of cross-linked
peptides and probabilistic modeling. In comparison with our
previous cross-linking study on the yeast 20S proteasome
(25), the total number of cross-linked peptides of the 19S RP
has been significantly increased mainly because of improved
sample preparation and data analysis workflow as well as
the 19S RP containing more subunits and flexible regions. The
results have further demonstrated the effectiveness of the
new MS-cleavable DSSO cross-linking strategy for studying
large protein complexes, highlighting the unambiguous iden-
tification of interfacing lysines by MS" analysis as an advan-
tage of our strategy. In this analysis, we have identified not
only unique binary interactions of proteasome subunits but
also specific peptide linkages between lysine residues at pro-
tein interaction interfaces, thus allowing computational mod-
eling of topological structure of proteasome complexes.

In this work, we have developed a rigorous probabilistic
analysis platform to derive the maximum likelihood topology
of the 19S AAA-ATPase base ring as well as the lid PCI
heterohexamer, representing the first example of probabilistic
analysis of cross-link data for topology prediction of protein
complexes. This framework allows us to efficiently assess
possible spatial organization of subunits in a given complex
with a probability based on observed cross-link data, thus
generating a rationalized prediction of topological ordering of
proteins. In the context of a known architecture (or limited
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number of possible architectures) with unknown subunit or-
dering, the probabilistic interpretation of intersubunit cross-
links described in this work provides a simple, yet rigorous,
method to infer the maximum likelihood model and assess the
relative confidence in the model. Our approach can be applied
to study topologies of protein complexes by any group work-
ing with cross-linking data. In addition, it should serve as a
baseline method for assessing topological information offered
by complicated modeling procedures such as those shown
recently by Kalisman et al. (45), in which a combinatorial
homology modeling approach was used to determine the
arrangement of the bovine TRiC chaperonin octameric rings.
Although a high confidence model was produced based on
cross-linking data, their proposed methodology depends on
homology models of each subunit. In the specific case of the
data of Kalisman et al. (45), our approach, which requires only
the counts of unique intersubunit cross-links, results in the
same model of the octameric rings with very high confidence
(supplemental Fig. 5). This further demonstrates the effective-
ness of our probabilistic analysis platform.

The probabilistic interpretation of our cross-linking data has
derived the ML topology of the AAA-ATPase ring in the order
of Rpt1-2-6-3-4-5, which is in consensus of recent studies
(17, 18, 28). The Rpt base assembly has been postulated to
be a trimer of dimers, in which the six unique Rpt subunits first
form dimer complexes (i.e., Rpt1/2, Rpt3/6, and Rpt4/5) along
with their respective chaperone proteins and then converge
into a trimer to form a hexameric ring as seen in the 26S
holocomplex (27, 28). Coincidently, our predicted Rpt1-2-6—
3-4-5 order exhibits the dimer precursor pattern in the final
ring structure. In our analysis, multiple cross-links among the
three Rpt dimers have been identified, among which cross-
links of Rpt4/5 dimer appear to be most frequently detected
with highest spectral counts, suggesting their close contact
with highly cross-linkable lysines at their interaction inter-
faces. In addition, detection of binary interactions of Rpt2 to
Rpt6 and Rpt1 to Rpt5 further confirms their adjacency in the
ordered hexameric ring. Together, our data strongly correlate
with current knowledge of the AAA-ATPase ring assembly and
topology and provide the first topological model generated by
cross-linking data alone.

In addition to our probabilistic modeling of the ML ordering
of the 19S lid PCI heterohexamer that corroborates with re-
cently determined topology (20, 21), we have shown that
multiple linkages between each adjacent subunit of the PCI
subcomplex at their C-terminal ends have been identified,
thus further confirming the spatial organization of the PCI
domain-containing heterohexamer (Fig. 3). Our results sup-
port the notion that the N-terminal domains are distal to each
other (thus not possibly cross-linked because of the maxi-
mum range of DSSO) and extend similarly to a hand-shaped
structure. In addition, many cross-links between Rpn8 and
Rpn11 have been identified that clearly indicate their close
proximity in space supporting the proposed heterodimeric

interaction in the lid structure (21). Moreover, our cross-linking
results have demonstrated that Rpn8 is in close contact with
Rpn9 and Rpn3, confirming cryo-EM maps where Rpn8 dis-
plays an extended conformation to connect Rpn3 and Rpn9
and thus closes the PCI heterohexamer horseshoe arrange-
ment (20, 21). In comparison with other cross-linking studies,
although we did not observe the cross-links between Rpn11
and Rpt6 (21), we have identified two new interactions for
Rpni1, ie., Rpn11:K253 to Rpn6:K421 and Rpni11:K12 to
Rpn7:K211 in our study. Apart from Rpn8, Rpn11 was sug-
gested to have extensive contacts with Rpn9 and Rpn5 (20);
however, our results show that Rpn11 appears to be close to
Rpn6 and Rpn7 of the PCI subcomplex as well.

One of the new and important interaction interfaces identi-
fied here is the interaction between Rpn2:K911 and Rpn13:
K119. Rpn2 is a critical scaffolding protein in the proteasome
structure for docking ubiquitin receptor proteins such as
Rpni13 as well as deubiquitinases (4). Rpn13 is an inherent
proteasome subunit functioning as an ubiquitin receptor re-
sponsible for recognizing and delivering ubiquitinated sub-
strates to proteasome for degradation (46, 47). Rpn13 inter-
acts with Rpn2 in the proteasome through its N-terminal
ubiquitin/proteasome-binding domain, namely the Pru (pleck-
strin-like receptor for ubiquitin) domain that is conserved in
eukaryotes (46, 48). The N-terminal Pru domain of human
Rpn13 has been shown to bind directly to the C-terminus of
human Rpn2 (797-953) (49). Lys-119 in yeast Rpn13 is lo-
cated at its Pru domain, whereas K911 is located at the
C-terminal coiled-coil region of yeast Rpn2. The identification
of Rpn13:K119 to Rpn2:K911 provides the first direct evi-
dence at specific amino acid residues to support their phys-
ical interaction at the interface similar to that of their human
orthologs.

Similar to Rpn2, Rpn1 also serves as a key molecular scaf-
fold that mediates proteasome interaction with a variety of
factors such as ubiquitin receptors (4). Although Rpn2 binds
to ubiquitin receptor Rpn13 directly, Rpn1 has been shown to
physically interact with other types of ubiquitin receptor pro-
teins including Rad23 and Dsk2 (4). Although the interactions
of Rpn1 with several subunits including Rpt6 and Rpn10 have
been shown by in vitro reconstitution assay (50-52) and we
have detected extensive cross-links within Rpn1 itself (data
not shown), it is noted that no cross-links were identified
between Rpn1 and any other proteasome subunits in our
study as well as other cross-linking studies of proteasome
complexes (17, 21). This suggests that Rpn1 may be highly
mobile and that its interactions with other proteasome sub-
units are not detectable by current cross-linking strategies.
Recent EM maps of 26S proteasome complexes have indi-
cated that Rpn1 is conformationally variable in the protea-
some structure while locating at the periphery of the ATPase
ring (21). Interestingly, such an absence of detectable cross-
linking between a highly mobile subunit and the rest of the
protein complex has also been analogously described for the
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RNA polymerase II-TFIIF complex (24), suggesting that effec-
tive cross-linking of proteins with dynamic natures by NHS
esters may require certain constraints on protein interaction
interfaces to allow MS detectable cross-links. New cross-
linking strategies may be needed to capture such labile and
dynamic interactions.

Recent studies have shown that cross-linking data can be
complementary to other structural tools such as cryo-EM in
elucidating architectures of protein complexes (17, 21). Al-
though EM has been quite powerful for probing structural
topologies (17, 18, 21), there are often areas with unassigned
electron densities caused by limited resolution. In addition,
small protein subunits are often not well represented in EM
maps. Among the subunits of the 19S RP, Rpn15/Sem1 is
the smallest protein with a molecular weight of ~15 kDa.
During the 19S lid assembly, it has been suggested that
Rpn15/Sem1 first forms a module with two PCI subunits
Rpn3 and Rpn7, which then incorporates with a core mod-
ule consisting of Rpn5, Rpn6, Rpn8, Rpn9, and Rpni1
followed by subsequent integration of Rpn12 to form the
integral lid (53). Rpn15/Sem1 appears to be important in
proteasome assembly and stability as SEM1 deletion leads
to pervasive proteasome defects (54). Because of its small
size, Rpn15/Sem1 was not assigned in current cryo-EM
maps, and its interactions with other proteasome subunits
were not detected by previous cross-linking studies (20, 21).
Here, we have shown that our DSSO cross-linking strategy
has allowed the identification of one unique cross-link be-
tween Rpn15/Sem1 and Rpn3 and two unique interactions
between Rpn15/Sem1 and Rpn7. This supports the close
relationship of Rpn15/Sem1 with Rpn3 and Rpn7 previously
observed by biochemical experiments. Based on these spe-
cific interactions and the positions of Rpn3 and Rpn7 in the
19S RP, we suspect that Rpn15/Sem1 would be located at
the side of the PCI subcomplex.

In summary, we have successfully mapped the topology of
the yeast 19S RP subcomplexes using our newly developed
cross-linking strategy and probabilistic modeling. This type of
analysis significantly expands the potential and efficacy of
cross-linking studies in elucidating architectures of protein
complexes to a level beyond simple confirmation and/or re-
finement of known structures.
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