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The 26S proteasome is the end point of the ubiquitin-
proteasome pathway and degrades ubiquitylated sub-
strates. It is composed of the 20S core particle (CP),
where degradation occurs, and the 19S regulatory particle
(RP), which ensures substrate specificity of degradation.
Whereas the CP is resolved to atomic resolution, the ar-
chitecture of the RP is largely unknown. We provide a
comprehensive analysis of the current structural knowl-
edge on the RP, including structures of the RP subunits,
physical protein-protein interactions, and cryoelectron
microscopy data. These data allowed us to compute an
atomic model for the CP-AAA-ATPase subcomplex. In
addition to this atomic model, further subunits can be
mapped approximately, which lets us hypothesize on the
substrate path during its degradation. Molecular & Cel-
lular Proteomics 9:1666-1677, 2010.

The ubiquitin-proteasome pathway is the major route used
by eukaryotic cells for the disposal of misfolded or damaged
proteins and for controlling the lifespan of proteins (1-3). As a
consequence, the ubiquitin-proteasome pathway regulates a
plethora of fundamental cellular processes, such as protein
quality control, DNA repair, and signal transduction (4). The
26S proteasome is a molecular machine of ~2.5 MDa that
targets polyubiquitylated proteins. It comprises two subcom-
plexes, the 20S core particle (CP)' and one or two copies of
asymmetric 19S regulatory particles (RPs), which bind to the
end(s) of the barrel-shaped CP.
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The active sites of the proteasome are located in the CP
cavity where proteolytic cleavage of substrates takes place.
Electron microscopy (EM) and x-ray crystallography have re-
vealed that the CP is a cylinder consisting of four concentri-
cally stacked rings (5-7): two identical “«”-rings, each assem-
bled of seven homologous proteins, form the outer rings, and
two identical “B”-rings, also assembled of seven homologs,
form the two inner rings. Proteolysis is confined to the cavity
formed by the B-rings, a nanocompartment sequestered from
the cytosol.

The RPs regulate substrate degradation by (i) binding
polyubiquitylated substrates, (ii) subsequently deubiquitylat-
ing them, (jii) substrate unfolding, and (iv) opening the “gate”
to the CP (8). The RPs consists of six AAA-ATPase subunits
and at least 13 non-ATPase subunits. In contrast to the CP,
the architecture of the RP subunits remains largely unknown.
The problems that hamper structural characterization of the
RP are manifold. It has proven difficult to obtain homogene-
ous, concentrated preparations of 26S proteasomes or RPs
because the RP tends to disassociate into heterogeneous
subcomplexes during purification and concentration. More-
over, many of the RP subunits likely exhibit a significant
degree of structural variability. As a consequence, x-ray crys-
tallographic analysis of the entire RP has not been accom-
plished to date, and only a few subunit fragments have been
amenable to high resolution structure determination.

For cryo-EM and protein-protein interaction experiments,
the requirements for sample homogeneity are less stringent.
Recently, the Drosophila melanogaster 26S proteasome was
resolved to ~20 A (9). Various proteomics approaches have
led to proposals for topological maps of the RP (10-13). The
resolution of protein-protein interaction data typically corre-
sponds to the diameters of the proteins or domains found to
interact, which are typically far beyond 20 A. Because of the
limited resolution, neither cryo-EM maps nor protein-protein
interaction networks are by themselves sufficient to determine
the RP architecture (i.e. the localization of the RP subunits in
the complex).

The integration of atomic models, cryo-EM maps, and pro-
tein-protein interaction data is currently the most promising
approach to resolve the architecture of the 26S proteasome
(14-18). Here, we provide a comprehensive analysis of the
current structural knowledge on the RP, including structures
of RP subunits, physical protein-protein interactions, and
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cryo-EM data. Based on these data, we provide a model for
the CP-AAA-ATPase subcomplex. Finally, we outline a path
toward resolving the architecture of the 26S proteasome by
an integrative structure determination approach, which in turn
will provide a basis for a mechanistic understanding.

SUBUNITS OF THE REGULATORY PARTICLE

The RP comprises at least 19 different subunits. In addition
to six AAA-ATPases (regulatory particle triple A-ATPases
Rpt1-6), the proteasome contains 13 integral regulatory par-
ticle non-ATPases, Rpni1-15 (19); the proteins Rpn4 and
Rpn14 were erroneously notated as integral subunits but later
turned out to be a proteasomal transcription factor and an
assembly chaperone, respectively (20-22). All integral sub-
units are conserved from Saccharomyces cerevisiae to mam-
mals. In addition, two ubiquitin C-terminal hydrolases (UCHSs),
Ubp6 and UCH37, are commonly found in preparations of
purified 26S proteasomes (23, 24).

AAA-ATPases—AAA-ATPases possess a 250-300-residue
ATP-binding domain (AAA domain) and usually assemble into
hexameric rings (Fig. 1) (25). Thus, the proteasomal AAA-
ATPases Rpt1-6 are expected to form a heterohexamer. The
crystal structures of the major domains of the proteasome-
activating nucleotidase (PAN), a homohexameric ortholog of
the 26S proteasomal AAA-ATPases found in some archaea
(26), have led to insights into the structure and mechanism of
the AAA-ATPase modules: each PAN monomer consists of
coiled coils protruding from an oligonucleotide binding (OB)
fold (PAN-N) and an AAA fold, which have been crystallized
separately (27, 28). The PAN-N fragments as well as the AAA
folds assemble into hexameric rings (N ring and AAA ring,
respectively), but the exact spatial relationship between both
rings is not yet known (Fig. 2A).

The order of the AAA-ATPase subunits Rpt1-6 in the het-
erohexamer was suggested to be Rpt1/2/6/4/5/3 based on
cross-linking experiments (29). However, the PAN-N structure
challenges this model: only Rpt2, Rpt3, and Rpt5 possess an
invariant proline (corresponding to Pro-62 of PAN-N) that is
required to adopt a cis conformation for coiled coil formation
(27). The PAN-N structure suggests strongly that Rpt2, Rpt3,
and Rpt5 each pair with an Rpt subunit lacking the cis-proline.
Thus, direct adjacencies of Rpt2, Rpt3, or Rpt5, which occur
in the previously suggested order (29), are not consistent with
the PAN structures. Upon analysis of all available structural
and protein-protein interaction data, we concluded that the
subunit order in the AAA-ATPase module is most likely Rpt1/
Rpt2/Rpt6/Rpt3/Rpt4/Rpt5 (see below) (30).

PAN and the 26S AAA-ATPases promote unfolding of sub-
strates prior to translocation through the pore formed in the
hexamer center (31). The C-terminal residues of the AAA-
ATPases are responsible for binding of the RP to the CP (32,
33). The C termini probably bind to groves at the interfaces of
the CP subunits in a fashion similar to that of the 11 S
activator (34) as demonstrated for the C termini of PAN (35).

The C termini of Rpt2, Rpt3, and Rpt5 share a common
3-residue HbYX motif of a hydrophobic residue (Hb) and a
tyrosine followed by a residue of any type (Fig. 1) responsible
for gate opening of the CP in PAN (32). Of all RP AAA-ATPase
subunits, only the C termini of Rpt2 and Rpt5 were validated
to induce CP gate opening (32).

Proteasome Cyclosome Repeat-containing Non-ATPases—
The non-ATPases Rpn1 and Rpn2 are by far the largest pro-
teasome subunits (Fig. 1). Rpn1 and Rpn2 share a significant
degree of sequence similarity (30—-45% identity). Character-
istic for Rpn1 and Rpn2 is a 400-500-residue stretch contain-
ing repetitive elements, which can also be found in subunits of
the cyclosome complex, the proteasome cyclosome (PC) re-
peats (36). Structure prediction algorithms suggest that the
PC repeats adopt an a-solenoid fold (37). Indeed, circular
dichroism spectra indicate that the repeat-containing frag-
ments of Rpn1 and Rpn2 consist almost exclusively of a-hel-
ices, whereas the full-length proteins also contain substantial
amounts of B-sheet in addition to helical elements (38), which
is in agreement with secondary structure prediction (Fig. 1).

The PC repeats likely form two-helix armadillo (ARM)/HEAT
units that assemble into a superhelical quaternary structure
typical of a-solenoids (Fig. 2B). Regular, a-helical repeat
structures are common scaffolds in large protein assembilies,
such as the nuclear pore complex (NPC) (39), where they can
form highly diverse interfaces (40). The observed structural
diversity of solenoids makes prediction of their structure, in
particular the superhelical twist, difficult. Recent cryo-EM
analysis suggests that the PC repeat segment of Rpn2 adopts
a horseshoe-like shape (38). In the RP, the probably twisted
Rpn1 and Rpn2 function as scaffolds for the assembly of the
ATPase subunits (21, 22, 41, 42).

PCI Module-containing Non-ATPases and Rpn15—The pri-
mary structures of Rpn3, Rpn5, Rpn6, Rpn7, Rpn9, and
Rpn12 contain a common module that is not only observed
in subunits of the 26S proteasome but also in subunits of
the COP9 signalosome, and the translation initiation factor
elF3 (i.e. the PCI module (43)). Structures of the PCI mod-
ules of the elF subunit elFk (44) and the COP9 subunit CSN7
(45) have been solved by x-ray crystallography. The PCI
module is composed of two subdomains: an N-terminal
helical bundle fold and a C-terminal winged helix fold (45)
(Fig. 2C). The Rpn12 PCl domain is evolutionarily distant
from the other PCl-containing subunits and substantially
shorter (43).

In the full-length RP subunits, the PCl modules are mostly
preceded by repetitive bihelical blocks, reminiscent of tetra-
tricopeptide repeats (TPRs), which may form continuous
a-solenoids together with the PCI helical bundle folds (43).
The TPRs upstream of the PCl domain are occasionally re-
ferred to as PCl-associated modules (46). In addition to a-hel-
ical repeats, our bioinformatics analysis suggests that some
PCl-containing subunits contain coiled coils upstream of the
PCl domains (Fig. 1). In summary, fold prediction suggests
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Fic. 1. Overview of RP subunits. PC repeat (orange), coiled coils (white, stripes), TPR-like repeats (magenta), PCl module, MPN domain,
Sem1 fold, von Willebrand domain (VWA), UIM, PRU, OB fold, AAA-ATPase domain, UCH domain, and ubiquitin-like domain (Ubl) are shown.
Secondary structures (red, a-helical; green, B-strand) were predicted using the MPI bioinformatics toolkit (109) as a front end to PSIPRED (110).
Putative coiled coils with probabilities >0.5 according to PCOILS (111) are indicated. TPR motifs were assigned using TPRpred (80). ER,

endoplasmic reticulum; PIP, proteasome interacting protein.

that PCl-containing subunits consist of a-helical elements,
most likely TPRs and coiled coils, besides the PCI modules.
Protein-protein interaction data suggest that the PCI-contain-
ing subunits are highly interlinked (see Fig. 4 and Table 1)
through interactions between their PCl modules (45).

Our functional understanding of the PCI-containing sub-
units is still modest. Winged helix domains are known to be
important for the interaction with nucleic acids (47), suggest-

ing that the PCl-containing subunits are important for the role
of the proteasome in DNA repair. Indeed, the peptide Rpn15,
which associates with the PCl-containing proteins (see Fig. 4),
has been shown to mediate proteasome association to DNA
double strand breaks (48). The formation of minicomplexes of
Rpn15 and the PCl-containing subunits Rpn3 and Rpn7 may
be pivotal for regulation of proteins involved in DNA repair
(49).
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Fic. 2. Structures or probable folds of RP subunits. A, AAA-ATPases. Crystal structures of PAN-N (orange) and the PAN AAA fold
(red-orange) were determined separately (Protein Data Bank codes 2WG6 and 3H4M). B, Rpn1 and Rpn2. The PC repeats of Rpn1 and Rpn2
probably adopt a solenoid fold similar to protein phosphatase PP2A (residues 282-584 of Protein Data Bank code 1B3U; sequence identity,
15%). C, PCl-module containing subunits. The PCl module of the COP9 subunit CSN7 (Protein Data Bank code 3CHM) consists of a C-terminal
winged helix domain (light blue) and a helical bundle (blue). In CSN7, as probably also in most proteasomal PCI subunits, the PCl module is
preceded by one or more bihelical domains (light red). D, Rpn8 and Rpn11. The MPN domain of Rpn8 (Protein Data Bank code 2095) is shown.
E, ubiquitin receptors. The Rpn10 UIM (blue) consists of three helices that lack a defined tertiary structure (Protein Data Bank code 1YX5).
Ubiquitin (red) binds to the UIM helices. In contrast, ubiquitin binds to loops of the globular PRU domain of Rpn13 (blue). F, associated DUBs.
UCHS3?7 exhibits a globular UCH fold and a C-terminal domain, which contains a coiled coil motif. In Ubp6, a UCH fold (Protein Data Bank code
2AYN) is preceded by an N-terminal Ub-like domain (Protein Data Bank code 1WGG) both of which have been solved separately.

MPN Domain-containing Non-ATPases— Subunits of 26S
proteasome, COP9, and elF3 share another conserved mod-
ule. The so-called MPN domain was initially found in Mpr1
and Pad1 in the N terminus and is also present in the RP
subunits Rpn8 and Rpn11. The MPN domain of Rpn11 con-
tains a zinc-binding JAMM (JAB1/MPN/Mov34 metalloen-
zyme) motif, which is responsible for its function as a deubig-
uitylating enzyme (DUB) (50, 51). Rpni11 is required for
degradation of ubiquitylated substrates (i.e. it controls sub-
strate degradation positively). Because the deubiquitylating
activity of Rpn11 is ATP-dependent, Rpn11 is only active in
the assembled RP. Recently, the DUB BRCC36, which is
homologous to Rpn11, was identified in the BRCA1/BRCA2-
interacting complex (BRCC), a ubiquitin E3 ligase complex
that is involved in DNA repair (52, 53). The MPN domain of
Rpn8 does not contain the JAMM motif, and its function is not
known.

The structure of the Rpn8 MPN domain has been solved by
x-ray crystallography (54) (Fig. 2D). Interestingly, the Rpn8 MPN
domain forms a dimer in solution. The physical interaction of
Rpn8 and Rpn11 is well established (see Fig. 4 and Table I), and
it is possible that these two proteins dimerize via their MPN
domains, similarly to the Rpn8 crystal structure (54).

Ubiquitin Receptors—Rpn10 was the first proteasome sub-
unit that was shown to function as a ubiquitin receptor (55).
Proteomics data indicate that Rpn10 is involved in recognition
of ~25% of all proteasomal substrates (56). Rpn10 consists of
a von Willebrand fold and a flexible C-terminal ubiquitin inter-
action motif (UIM) (Fig. 1). Ubiquitin binding is achieved
through helices that are connected by flexible linkers and do
not possess a distinct tertiary structure (57) (Fig. 2E). Rpn10
seems to be somewhat loosely associated with the RP (58,
59); as a consequence, Rpn10 is detected substoichiometri-
cally in purified proteasomes (9).

Recently, Rpn13 has been shown to be a second integral
Ub receptor (60). Rpn13 binds ubiquitin through a pleckstrin-
like receptor of ubiquitin (PRU) domain: in contrast to previ-
ously structurally characterized UIMs, ubiquitin binds to loops
rather than secondary structural elements in PRU (61) (Fig.
2E). In almost all eukaryotes other than S. cerevisiae, Rpn13
possesses a C-terminal extension (Fig. 1), which serves as an
anchor of UCH37 (see below). It will now be interesting to
reveal which substrates utilize Rpn13 for degradation.

In addition to integral Ub receptors, several “shuttling” Ub
receptors, most notably Dsk2 and Rad23, are transiently as-
sociated with the proteasome (62). Furthermore, the RP sub-
units Rpn1, Rpn2, and Rpt5 are candidates for integral pro-
teasomal Ub receptors that await further confirmation (8):
Rpn1 has been shown to interact with the ubiquitin-like do-
mains of Rad23 and Dsk2 (63), suggesting that Rpn1 as well
as the related Rpn2 might act as Ub receptors. In cross-
linking experiments, ubiquitin bound to Rpt5 (64), indicating
that Ub binds either directly to Rpt5 or to a subunit in close
proximity (see Chemical Cross-linking below).

Associated Deubiquitylating Enzymes—Two additional
DUBs are more loosely associated with the RP and are typi-
cally found substoichiometrically in preparations of purified
26S proteasomes. The UCHs Uch37 and Usp14/Ubp6 can
dissect ubiquitin chains prior to substrate degradation. In
contrast to Rpn11, the UCHs control substrate degradation
negatively; i.e. deubiquitylation by UCH can save substrate
particles from degradation (65). In addition to its deubiquity-
lating function, Ubp6 was recently found to induce CP gate
opening, i.e. to act as a sensor for substrates to be degraded
(66).

Whereas Ubp6 is the only proteasome-associated DUB in
S. cerevisiae, almost all other eukaryotes possess UCH2/
UCH37 as an additional UCH (24). Rpn1 recruits Ubp6 to
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TABLE |
Protein interactions in RP involving six or fewer subunits
Protein-protein interactions were compiled from yeast two-hybrid screens (Y2h), chemical cross-linking (x-link), in vitro binding assays (IVB),
different in vivo pulldown experiments (IVPD), and co-expression (co-expr). The data were obtained from 26S proteasomes of H. sapiens (h),
S. cerevisiae (y), Schizomycetes pombe (sp), Sus barbatus (p), D. melanogaster (dm), and Caenorhabditis elegans (w).

Subcomplex Technique Refs. Species
Rpt1, Rpt2 IVB, x-link, co-expr 29,76, 77, 92 y, h
Rpt1, Rpt3 x-link 29 h
Rpt1, Rpt2, Rpt3, Rpt6 VB 76 h
Rpt1, Rpt2, Rpt5, Rpn1 IVPD 79 y
Rpt1, Rpn1 Filter, IVB 20, 77 h
Rpt1, Rpt2, Rpn1 Filter, IVB 41, 77 h
Rpt2, Rpt6 x-link 29 h
Rpt2, Rpn1 IVPD, y2h, IVB 10, 77, 88, 93 h
Rpt2, a, IVPD, y2h 87, 88 h
Rpt2, Rpn12, Rpn2, Rpt1, Rpn13, Rpn8 IVPD 94 y
Rpt3, Rpt4 Y2h 88, 95, 96 y
Rpt3, Rptb Y2h, x-link 13, 29, 95-97 y, h
Rpt3, Rpt6 Y2h, IVB, IVPD 13, 22, 76, 88, 95 y, h
Rpt3, Rpn11, Rpt6, Rpn8 IVPD 98 y
Rpt4, Rpts Y2h, IVB, x-link, IVPD 10, 18, 29, 41, 76, 97 w, Y, h
Rpt4, Rpt6 Y2h, x-link 29, 88, 99 y, h
Rpt4, a, Y2h 10, 88 Y, W
Rpt4, ag x-link 29 h
Rpt6, a, x-link 100 p
Rpt6, Rpn1 VB 101 y
Rpt6, Rpn2 x-link 29 h
Rpn1, Rpn10 VB 20, 102 y
Rpn1, Ubp6 VB 23 sp
Rpn2, Rpn13 Y2h, IVPD 97, 103, 104 dm, y, sp
Rpn3, Rpn5 x-link 12 y
Rpn3, Rpn5, Rpn8 x-link 12 y
Rpn3, Rpn5, Rpn8, Rpn9 x-link 12 y
Rpn3, Rpn5, Rpn7, Rpn9, Rpn11 x-link 12 y
Rpn3, Rpn7 Y2h 10, 18, 97 y, w, h
Rpn3, Rpn12 Y2h 13, 88, 105 y
Rpn3, Rpn15 x-link 12 y
Rpn5, Rpn6 Y2h 88, 97, 106 y
Rpn5, Rpn6, Rpn8 MS/MS 12 y
Rpn5, Rpn6, Rpn8, Rpn9 MS/MS 12 y
Rpn5, Rpn8, Rpn9 MS/MS 12 y
Rpn5, Rpn8 IVPD 107 h
Rpn5, Rpn9 Y2h 13, 103 y, dm
Rpn6, Rpn8, Rpn9 MS/MS 12 y
Rpn7, Rpn15 x-link 12 y
Rpn8, Rpn9 Y2h 10, 88 y
Rpn8, Rpn11 Y2h 10, 13, 95, 103 y, dm
Rpn9, Rpni1 Y2h 10, 13 y
Rpn10, UCH37 IVPD 23 sp
Rpn12, UCH37 IVB, y2h 108 h
Rpn13, UCH37 IVPD, IVB 104, 107 sp

the RP (23). UCH37 interacts physically with the ubiquitin
receptors Rpn10 (23) and Rpn13 (67); the binding to Rpn13
seems to be more specific than the binding to Rpn10 (67).
Rpn13 possesses a C-terminal domain that seems to have
evolved for UCH37 binding (Fig. 1) (67). UCH37 is recruited
to Rpn13 via its C-terminal domain (67), which contains a
coiled coil domain (Fig. 2F). Inactivated UCH37 is also part
of the nuclear Ino80 complex where Rpn13 can activate it in
a hit-and-run fashion (68). It will be interesting to study a

possible functional interplay between the RP and the Ino80
complex (69).

Subcomplexes of the RP—The RP easily disassociates into
two subcomplexes, a distal “lid” consisting of the non-
ATPases Rpn3-12 and the “base” comprising the remaining
non-ATPases and the AAA-ATPases (70). Recently, the dis-
covery of numerous smaller subcomplexes has provided sig-
nificant insights into the assembly process of the RP, such as
the scaffold function of Rpn1 and Rpn2 for AAA-ATPase
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Fic. 3. Cryo-EM density map of D. A
melanogaster 26S proteasome. A, im-
age classification revealed that ~50% of
all analyzed particles lacked an addi-
tional density (red circle). B, the remain-
ing 50% possessed an additional den-
sity (red circle). C, side cut of density
depicted in B. D, atomic models of the
CP (gold) and the AAA-ATPases (Rpt1/
Rpt2/Rpt6/Rpt3/Rpt4/Rpt5, red/orange/
yellow/green/blue/purple) fitted into map
B. E, segmentation of B according to the
fitted atomic models. F, hybrid represen-
tation of the 26S proteasome by atomic
models and the cryo-EM density where
interpretation on the atomic level is not
possible yet. G, enlarged view of F.

assembly (71). The assembly process of the RP and binding of
the RP to the CP is facilitated by the assembly chaperones
Nas2, Nas6, Hsm3, and Rpn14 in yeast (p27, p28, S5b, and
Rpni14 in human) (21, 22, 41, 42).

CRYO-EM ANALYSIS OF THE 26S PROTEASOME

Because of the aforementioned difficulties to obtain homo-
geneous, concentrated 26S proteasome preparation, most
information on the structure of the complete RP to date has
been revealed by single particle EM analysis. Reconstructions
of air-dried and negatively stained 26S proteasomes from D.
melanogaster (72) and Homo sapiens (73) revealed that the
double-capped proteasome measured ~45 nm in length and
that the C2 symmetry of the CP is approximately conserved in
the two RPs (Fig. 3, A and B).

More detailed structural insights were obtained from
cryo-EM reconstructions of D. melanogaster 26S protea-
somes at ~20-A resolution (9). The higher resolution allowed
segmentation of the AAA-ATPase hexamer in the 26S protea-
some. The (pseudo-) 6-fold symmetry axes of both ATPase
hexamers do not coincide with the (pseudo-) 7-fold symmetry
of the CP; the ATPase axes are shifted by ~3 nm. In addition,
the axes of the ATPases are tilted by ~10° compared with the
CP axis.

Advanced image classification methods revealed that the
RPs possess a substantial degree of structural heterogeneity
(9). Most significantly, a density of ~60 kDa can be found at
one of the two RPs in ~50% of the analyzed particles (Fig. 3,
A and B). Quantitative mass spectrometry suggests that
Rpn10 is present in only 25% of the RPs, indicating that the
variable mass may correspond to Rpn10. However, this hy-
pothesis needs to be corroborated for example by cryo-EM
imaging of 26S proteasomes with labeled Rpn10.

INTRAPROTEASOME INTERACTOME
Measuring Protein-Protein Interactions in the RP

A variety of molecular biology techniques have revealed
physical interactions among the RP subunits. Here, we sum-

marize the methods that have been applied to the RP along
with the information they provide.

Two-hybrid Assay—One candidate protein (“bait”) is fused
to a transcription factor DNA binding domain, and another is
fused to the activation domain (“prey”), typically using yeast
as the host organism. Activation of a reporter gene implies a
physical interaction between the two proteins. However, the
assay is prone to false negatives as well as false positives (74,
75). To decrease the number of false-positive two-hybrid
interactions in the RP interactome, we considered only those
interactions that were reported in two or more independent
publications (Table I).

In Vivo Pulldown—Co-immunoprecipitation or tandem af-
finity purification can be used to purify complexes that include
a bait protein. Subsequent analysis, traditionally by Western
blotting or more recently by MS, reveals the identity of affinity-
purified complexes. Variation of elution buffers often allows
purification of different subcomplexes for the same bait. The
experiment indicates physical interactions of the detected
subunits, but physical contacts between pairs of proteins
typically cannot be directly deduced from the data because
subcomplexes often comprise more than two proteins.

In Vitro Binding Assays—A bait protein is recombinantly
expressed and attached to GST beads. The beads are incu-
bated in cell lysate, again separated from the lysates, and
analyzed, typically by Western blotting. Alternatively, the in
vitro expressed bait protein may be attached to a nitrocellu-
lose matrix, which is then exposed to cell lysate, washed, and
analyzed (76, 77). In vitro binding assays reveal binary phys-
ical interactions.

Chemical Cross-linking— The protein complex is chemically
cross-linked, typically using relatively extended cross-linking
agents, such as bis(sulfosuccinimidyl) suberate, that cross-
link specific residues (e.g. lysines) in spatial proximity (for a
review, see Leitner et al. (112) in this issue). The cross-linked
samples are then separated in a denaturing two-dimensional
gel and subsequently analyzed by Western blotting or mass
spectrometry. The experiment reveals spatial proximity of two
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FiG. 4. RP topology based on pub-
licly available protein-protein interac-
tion data (Table I). The protein-protein
interactions were determined by two-hy-
brid assays (red), in vivo pulldown exper-
iments (orange), chemical cross-linking
(dashed black), in vitro binding (ma-
genta), and co-expression (green). Dot-
ted lines indicate interactions involving
more than two proteins.

or more proteins. Direct physical interactions cannot be in-
ferred with certainty as the typical cross-linking agents are
more than 12 A long.

Co-expression—Expression of two or more proteins in a
heterologous expression system or an in vitro translation sys-
tem and subsequent purification of a complex of these pro-
teins implies a stable subcomplex of the respective protein.

Mass Spectrometry of Whole Complexes—MS of whole,
intact complexes isolated from cells reveals the mass of spe-
cific complexes (78). When the subunits are identified by
conventional shotgun MS, the stoichiometry of the complex
under scrutiny can be determined. In addition, subunits that
are peripherally located in the complex can be identified by
collision of the complex in the gas phase.

Interactome Topology

The proteasomal interaction map clearly reveals two dis-
tinct clusters (Fig. 4). The first consists of the PCI- and MPN-
containing non-ATPases as well as Rpn15. The second clus-
ter consists of the AAA-ATPases, the PC repeat-containing
proteins Rpn1 and Rpn2, the Ub receptors Rpn10 and Rpn13,
and the UCHs. This clustering corresponds to the lid and base
subcomplex, which can be purified independently (70).

Base—Numerous protein-protein interactions have been
reported among the AAA-ATPases, strongly supporting the
notion that the AAA-ATPases form a hexameric subcomplex.
The PC repeat-containing subunits Rpn1 and Rpn2 interact
with many of the AAA-ATPases, which is in agreement with
their likely function as scaffolding proteins for base assembly
(79). The Ub receptors Rpn10 and Rpn13 bind to the PC
subunits Rpn1 and Rpn2, respectively. Because UCH37 is

probably associated with the Ub receptors in substoichiomet-
ric amounts, it cannot be excluded that the UCH37 binds to
multiple sites on the RP. Thus, Rpn10 and Rpn13 are not
necessarily in spatial proximity.

Lid—The PCI subunits form an extensively connected net-
work where only the evolutionary distant Rpn12 is somewhat
peripherally bound (12). The peptide Rpn15 binds to Rpn3
and Rpn7. The dimer of the MPN subunits Rpn8 and Rpn11 is
integrated into the lid via Rpn5 and Rpn9. The MPN subunits
directly interact with the base complex via the AAA-ATPase
dimer Rpt3/Rpt6.

INTEGRATIVE STRUCTURE DETERMINATION OF THE RP

Integrative methods for structure determination combine
input data of different kinds to obtain models of assemblies
with a substantially improved accuracy and completeness
compared with the individual input data (also see the review
by Lasker et al. (113) in this issue). For example, a compre-
hensive model of the NPC has been obtained based on pro-
tein-protein interaction data, the NPC envelope derived by
EM, and ultracentrifugation data about the shapes of the
individual proteins (17).

CP-AAA-ATPase Subcomplex— One option to use protein-
protein interaction data for structural research is to discrimi-
nate between different candidate models. We have used this
strategy to build a model of the subcomplex of the CP and the
AAA-ATPases (30). First, we built comparative models of the
hexameric N ring and AAA ring based on the PAN crystal
structures in all possible subunit orders and fitted the models
into the density corresponding to the AAA-ATPases from the
26S density determined by cryo-EM at 20-A resolution (9).
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Because the EM maps are not of sufficient resolution to rank
the different subunit arrangements, we evaluated the different
models based on their agreement with protein-protein inter-
action data and alternate positioning of Rpt2, Rpt3, and Rpt5.
Given these filters, the most likely subunit order is Rpt1/Rpt2/
Rpt6/Rpt3/Rpt4/Rpt5. Next, we fitted the CP into the cryo-EM
density map and determined the rotation of the AAA-ATPase
hexamer around its symmetry axis based on protein-protein
interactions between CP subunits and AAA-ATPase subunits.
In the resulting model, Rpt6 and Rpt3 are largely buried by the
proteasome lid, which is in excellent agreement with recently
reported assembly intermediates (81). The coiled coil pair
Rpt1/Rpt2 is joined by a distinct density, which in part con-
sists of the variable mass detected by image classification
(Fig. 3, E and F). The coiled coils of Rpt4/Rpt5 apparently do
not bind to additional subunits.

Taking into account the interactome, additional subunits
can be localized approximately using the CP-AAA-ATPase
model. The interactome suggests that the density adjacent to
Rpt1/Rpt2 corresponds to Rpn1 and Rpn10 (Fig. 3, E and F).
Indeed, the volume of the density (~2 x 10°A%) is in good
agreement with the expected volume of the two proteins
(~2.2 x 10°A3). Moreover, Rpn8 and Rpn11 should be in
close proximity to the Rpt6/Rpt3 pair. Thus, substrates of the
Rpn10 pathway get recognized at the peripherally located
Rpn10 and are subsequently deubiquitylated by Rpnii,
which is presumably located in the RP cavity near Rpt6/Rpt3.

Solving the Proteasomal Puzzle—To facilitate the approxi-
mate localization of all RP subunits (“molecular architecture”)
by integration of cryo-EM maps, protein-protein interaction
data, and atomic models of subunits, additional data are
required. Some subunits can be localized by means of
cryo-EM single particle analysis of 26S proteasomes with
appropriate genetic tags or deletions of the corresponding
genes. Moreover, high throughput data acquisition and image
processing will yield higher resolution density maps of the 26S
proteasome (14, 82).

An increase in the resolution of protein-protein interaction
data will be pivotal for accurate model building. Toward this
goal, identification of cross-linked peptides appears to be the
most promising technology (Ref. 83; for a review, see Leitner
et al. (112) in this issue). Whereas the resolution of the current
RP interactome is determined approximately by the diameters
of the constituent proteins or, at best, their domains, the
resolution of a residue-specific cross-linking restraint is much
higher. In addition, the cross-linking/MS technology promises
to be less prone to false positives than some established
protein-protein interaction methods, such as two-hybrid
assays.

Most RP non-ATPase subunits are still structurally poorly
characterized (Fig. 1); further structural analysis of these sub-
units will be required to position them accurately. Given that
most structural data available today have only been obtained
in the last 5 years, structural coverage can be expected to
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Fic. 5. Schematic representation of protein degradation through
the 26S proteasome. Ubiquitylated substrates first bind to the Ub
receptors Rpn10 and Rpn13. As the substrates proceed, they get
deubiquitylated by Rpn11, then unfolded in the upper ring of the
AAA-ATPase hexamer, and translocated to the CP by the lower
AAA-ATPase domains. The AAA-ATPase subunits Rpt2 and Rpt5
open the gate to the CP where substrates get cleaved by CP subunits
B1, B, and B located in the CP inner cavity (8).

increase rapidly in the coming years. Structural genomics
initiatives may also play a significant role in expanding struc-
tural data on the RP subunits as suggested by the recently
deposited structure of UCH37 (Protein Data Bank code 3IHR).

Based on our CP-AAA-ATPase model and the RP interac-
tome, we can already hypothesize on the mechanism of the
RP in substrate degradation (Fig. 5). Substrates using the
Rpn10 pathway are probably recruited to the RP near Rpt1/
Rpt2. The interactome suggests that the Ub receptor Rpn13 is
located in proximity to the Rpt4/Rpt5 pair. Thus, Rpn10 and
Rpn13 substrates may enter the proteasome through different
portals (84). The gate to the CP may then be opened differ-
ently for both types of substrates: Rpn10 substrates might
use Rpt2 as a “gate opener” to the CP, possibly facilitated by
Ubp6 (66), whereas Rpt5 might open the CP gate for Rpn13
substrates. Subsequently, substrates are deubiquitylated at
Rpn11, which appears to be centrally located in the RP cavity
before being unfolded in the upper AAA-ATPase cavity and
translocated to the CP where degradation occurs.

The mathematical framework of “modeling by satisfaction
of spatial restraints” allows a systematic integration of all
available data to obtain, in principle, all subunit configura-
tion(s) consistent with the input data (18). Specifically, the RP
requires a platform that can represent subunits at different
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levels of detail, reflecting the varying structural characteriza-
tion of subunits. The Integrative Modeling Platform (IMP) may
provide the required functionality for the exciting endeavor of
localizing the RP subunits (for a review, see Lasker et al. (113)
in this issue; see also Refs. 18 and 85). However, we empha-
size that the quality of any model is ultimately limited by the
quality and amount of input data. To obtain a most accurate
model, it will be important to remove erroneous protein-pro-
tein interaction data. For example, recent in vitro redesign of
the CP-AAA-ATPase interface suggests that Rpt5 binds to the
as/a, CP pocket (86), whereas the data underlying our CP-
AAA-ATPase model suggest that Rpt2 binds to «, (87, 88),
and genetic data indicate interaction of Rpt2 with a5 (89).
Thus, taking into account the data from Yu et al. (86), two
conflicting models are possible where either Rpt2 or Rpt5
interact with the ag/a, CP pocket. Again, the identification of
cross-linked peptides is probably the most promising tech-
nology to identify only those protein-protein interactions that
occur in the fully assembled complex and in turn filter out
erroneous data (for a review, see Leitner et al. (112) in this
issue). In addition, the CP-AAA-ATPase model can be vali-
dated using cryo-EM of the 26S proteasome with specifically
labeled AAA-ATPase subunits.

Elucidation of proteasomal dynamics will undoubtedly be
the next challenge after obtaining a draft of the static archi-
tecture of the 26S proteasome. In particular, cryo-EM may be
uniquely suitable for unraveling the sequence of events during
substrate degradation similar to the role of cryo-EM in eluci-
dating ribosomal protein synthesis (90). More detailed insights
into the temporal behavior of proteasomal degradation are
then to be expected from systematically incorporating such
temporal data into the molecular modeling approach (91).
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