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The 26S proteasome is the most downstream element of the ubiquitin–proteasome pathway of protein
degradation. It is composed of the 20S core particle (CP) and the 19S regulatory particle (RP). The RP con-
sists of 6 AAA-ATPases and at least 13 non-ATPase subunits. Based on a cryo-EM map of the 26S protea-
some, structures of homologs, and physical protein–protein interactions we derive an atomic model of
the AAA-ATPase–CP sub-complex. The ATPase order in our model (Rpt1/Rpt2/Rpt6/Rpt3/Rpt4/Rpt5) is
in excellent agreement with the recently identified base–precursor complexes formed during the assem-
bly of the RP. Furthermore, the atomic CP–AAA-ATPase model suggests that the assembly chaperone Nas6
facilitates CP–RP association by enhancing the shape complementarity between Rpt3 and its binding CP
alpha subunits partners.

� 2009 Elsevier Inc. All rights reserved.
Introduction

The ubiquitin–proteasome pathway is the major route used by
eukaryotic cells for the disposal of misfolded or damaged proteins
and for controlling the life span of regulatory proteins [1–3]. The
26S proteasome is a molecular machine of approximately
2.5 MDa, which targets poly-ubiquitylated proteins. It comprises
two sub-complexes, the 20S core particle (CP) and one or two
asymmetric 19S regulatory particles (RPs), which bind to the
end(s) of the barrel-shaped CP.

The CP harbors the active sites confining proteolysis to a nano-
compartment sequestered from the cytosol, while the RPs recruit
substrates and prepare them for translocation into the CP. This
preparation includes binding of poly-ubiquitylated substrates,
their de-ubiquitylation, substrate unfolding, and opening of the
‘gate’ to the CP. The AAA-ATPase hexamer formed by the protea-
some subunits Rpt1–6 is responsible for unfolding and gating [1].

While the structure of the CP was determined by X-ray crystal-
lographic studies more than a decade ago [4,5], insights into the
high-resolution structure of the AAA-ATPases have only become
available recently from the archaeal homolog ‘Proteasome Activat-
ing Nucleotidase’ (PAN) [6,7]: each monomer consists of coiled-
coils protruding from an OB-fold (PAN-N), and an AAA-fold, which
have been crystallized independently. The coiled-coils and
ll rights reserved.

umeister).
OB-folds, as well as the AAA-folds assemble into hexameric rings
(N-ring and AAA-ring, respectively), but the relationship between
both rings with respect to each other is not known.

The order of the AAA-ATPase subunits Rpt1–6 in the hetero-
hexamer was suggested to be Rpt1/2/6/4/5/3, based on cross-link-
ing experiments [8]. However, the PAN-N structure challenges this
model: only Rpt2, 3, and 5 possess an invariant proline (corre-
sponding to Pro-62 of PAN-N) that is required to adopt a cis-con-
formation for coiled-coil formation [6]. Thus, the PAN-N structure
suggests strongly that Rpt2, Rpt3, and Rpt5 alternate in the het-
ero-hexamer, which would not be the case in the (1/2/6/4/5/3) or-
der [8].

Here, we infer the quaternary structure of the 26S proteasome
AAA-ATPase hexamer given the crystallographic PAN structures,
a cryo-EM map of the 26S proteasome from Drosophila melanogas-
ter [9], and published physical protein–protein interactions. More-
over, we devise a quaternary structure model of the AAA-ATPase–
CP sub-complex in the 26S proteasome. The resulting model pro-
vides some insights into the chaperone-mediated assembly of CP
and RP.

Materials and methods

Density segmentation. We segmented the density of the AAA-
ATPase from the EM map by exploiting the approximate 3-fold
rotational symmetry using the method described in [9]. In an area
approximately corresponding to the position of the AAA-ATPase
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Table 1
Protein interactions in the CP–AAA-ATPase sub-complex. Protein–protein interactions
were compiled from Yeast two-hybrid screens (y2h), chemical cross-linking (x-link),
protein binding to filter matrix (filter), different pulldown experiments (pulldown),
and co-purification (co-puri). Since y2h screens are known to be prone to false-
positive detections [17], we incorporated only those y2h interactions that have been
reported in at least two independent studies. The data were obtained from 26S
proteasomes of Homo sapiens (h), Saccharomyces cerevisiae (y), Sus barbatus (p), and
Caenorhabditis elegans (w).

Sub-complex Technique References Species

Rpt1–Rpt2 filter, x-link, co-puri [8,38,39] y,h
Rpt1–Rpt3 x-link [8] h
Rpt1, Rpt2, Rpt3, Rpt6 filter [38] h
Rpt2–Rpt6 x-link [8] h
Rpt3–Rpt4 Y2h [40–42] y
Rpt3–Rpt5 Y2h, x-link [8,40,42–44] y,h
Rpt3–Rpt6 Y2h, filter [38,40,41,43] y,h
Rpt4–Rpt5 Y2h, filter, x-link [8,19,38,43,44] w,y,h
Rpt4–Rpt6 Y2h, x-link [8,41,45] y,h
Rpt4–alpha4 Y2h [19,41] y,w
Rpt4–alpha6 x-link [8] h
Rpt6–alpha2 x-link [46] p
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hexamer, the density was symmetrized along a 3-fold rotation axis
and thresholded by a gray value such that the included volume
comprised 300 kDa (protein density: 1.3 mg/ml). The rotation axis
was iteratively refined to maximize the correlation of the seg-
mented map and the original data (6-dimensional search).

Comparative modeling. We built comparative models of the N-
domains of Rpt1–6 using PAN-N as a structural template (PDB code
2WG6; 12–33% sequence identity between the Rpt subunits and
PAN-N). For the AAA-domains, we used the AAA-fold of PAN as a
template (3H4 M; sequence identities 52–60%). The structure of
the PAN AAA-ring was approximated by superposing the PAN
monomers on the HsLU hexamer (1DO2), as proposed in [7]. For
initial model building we chose an arbitrary AAA-ATPase order
(1/2/4/3/6/5). We omitted those segments from our models that
were absent from the templates: the N-termini, the linker of N-ring
and AAA-ring, and the C-termini. Comparative models were built
by MODELLER [10] using multiple sequence alignments from T-
COFFEE [11]. A comparative model of the D. melanogaster CP was
built based on the bovine CP (1IRU, 55–77% sequence identity for
the a-subunits and 39–68% for the b subunits).

Quaternary structure of AAA-ATPase–CP. To determine the config-
uration of the different AAA-ATPase-subunits and the position of
the CP in the 26S EM map we (i) determined the configuration of
the AAA-ATPase subunits in the hexamer that are most consistent
with the compiled physical protein–protein interactions and the
segmented AAA-ATPase map; (ii) calculated the placement of the
CP based on the best fit to the 26S proteasome EM map; (iii) in-
ferred the rotation of the AAA-ATPase hexamer on the CP from
our compiled list of protein–protein interactions.

AAA-ATPase. We fitted the N-ring and the AAA-ring, as built in
their initial arbitrary order, into the 3-fold symmetrical AAA-ATP-
ase map in Chimera (correlation coefficient 0.71) [12]. For every
subunit order, two different fits of N-ring and AAA-ring were con-
sistent with the maximum linker length (9 residues) between N-
and AAA-ring (Fig. 2B/C).

Subsequently, the different AAA-ATPase configurations were
sampled by rotating the different Rpt subunits into all possible
positions using the DOMINO optimizer for both quaternary struc-
tures [13]. Theoretically, the Rpt subunits can be positioned in
240 different configurations (120 for each quaternary structure).
We only retained those 30 configurations that placed Rpt2, 3,
and 5 in the cis positions of the ring (Fig. 2). The configurations
were scored based on contact restraints derived from physical pro-
tein–protein interactions (Table 1), as described below. Finally, the
comparative models were rebuilt for the two possible quaternary
structures in the (1/2/6/3/4/5) order (Fig. 2B/C).

CP. We determined the position of the CP in the 26S proteasome
map based on cross-correlation. Due to the pseudo 7-fold symme-
try of the CP, there are 7 different similarly scoring fits of the CP in
the EM map. We determined the cross-correlation coefficients of
all these 7 possibilities with respect to the EM map by first rotating
the model into the approximate position and then automatically
refining it (rotational correlation function, RCF). The resulting
RCF exhibited a significant maximum in one position (Supplemen-
tary Fig. S1) and the auto-RCF of the CP model showed a qualita-
tively similar shape.

AAA-ATPase–CP. We rotated the two quaternary structure of the
AAA-ATPase hexamer (1/2/6/3/4/5 order) into the three different
positions. The 6 conformations were scored based on the AAA-ATP-
ase–CP contact restraints (Table 1).

Scoring of contact restraints. A given contact restraint was con-
sidered to be violated when the distance between the closest inter-
molecular atom pairs was larger than the sum of the atom radii
plus a tolerance [14]. The tolerance value reflected the inaccuracy
of the model and the resolution of the experimental technique. The
model error was approximated to be 3 Å for the relative positions
of the AAA-ATPase atoms. The error of the CP–AAA-ATPase inter-
face was estimated to be higher (15 Å) due to the omitted AAA-
ATPase C-termini, which bind to the CP [15], and because the posi-
tions of AAA-ATPase hexamer on the CP is likely variable (‘wob-
bling’) [15]. For the contact restraints from chemical cross-
linking experiments, we additionally considered the length of the
cross-linker arm: 16.1 Å for sEGS and 11 Å for DTBP [8]. The result-
ing tolerance was the square root of the sum of the squared errors
of model and experiment. All calculations were performed using
the Integrative Modeling Platform (IMP, http://www.salilab.org/
IMP) [14].

Fitting of the coiled-coils. The coiled-coil pairs were treated as ri-
gid bodies, connected to the remaining AAA-ATPase by flexible
linkers (5 residues). The positions of the coiled-coil pairs and the
flexible linker residues, as well as the ‘end-of-track bumpers’ (see
below), were refined based on the correlation with the EM map,
volume exclusion, and terms of a molecular mechanics force field.
Minimization of the score was performed using a conjugate gradi-
ents method starting from the comparative model and leaving the
remaining AAA-ATPase fixed [16].

Results and discussion

Order of the AAA-ATPase ring

In a previous analysis of the AAA-ATPase complex in the cryo-
EM map of the D. melangaster 26S proteasome we assumed that
the coiled-coil domains could not be resolved due to the flexible
linkage of these domains [6]. Accordingly, we omitted the N-termi-
nal coiled-coil motif from our previous AAA-ATPase model [9]. The
structure of PAN is approximately 6-fold rotationally symmetric in
the absence of the coiled-coils. The coiled-coil pairing leads to
breaking the 6-fold symmetry, while preserving a 3-fold rotational
symmetry [6]. Thus, we imposed the approximate 6-fold rotational
symmetry of the hexamer for segmentation of the AAA-ATPase
from the EM data [9].

On visual inspection of the original EM data we observed signif-
icant density at the sites where the coiled-coils are expected to be
located in the EM density (Fig. 1A). The coiled-coils are particularly
well recognizable in the map with less density (‘without’) of the
two maps lacking a variable compartment (probably Rpn10) [9].
To visualize the AAA-ATPase hexamer including the coiled-coils,
we segmented the corresponding density from the 26S map using
the 3-fold rotational symmetry of PAN (Materials and methods).

http://www.salilab.org/IMP
http://www.salilab.org/IMP


Fig. 1. Segmentation of the AAA-ATPase from the 26S proteasome map. (A) The
ATPase density (orange) was segmented from the 26S proteasome map (yellow)
based on the approximate 6-fold symmetry of the AAA-ring. Three distinct rod-
shaped features protrude from the AAA-ATPase density (red). The displayed map is
one of two 26S conformations described in [9], which lacks an additional mass
(probably Rpn10). (B) Segmented AAA-ATPase using 6-fold symmetry. The rod-like
features are not present in the map at the chosen contour level. (C) Segmented AAA-
ATPase using 3-fold symmetry. At the three corners of the map rod-like features
project out of the density (red).
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The resulting segmented AAA-ATPase density clearly reveals three
extensions at the upper ring (Fig. 1C).

We next attempted to fit comparative models of the AAA-ATP-
ases into the segmented 3-fold symmetrical density (Materials and
methods). For a given subunit order, the AAA-ring can be placed in
two different positions with respect to the N-ring, which are both
compatible with a 9-residue linker between the two rings. We
scored all possible permutations of the subunits according to phys-
ical protein–protein interactions (Table 1). Furthermore, we al-
lowed only those configurations that place Rpt2, 3, and 5 in the
cis positions of the ring (Fig. 2A) [6]. Only one subunit order, Rpt
(1/2/6/3/4/5) (enumerated clockwise when seen from the N-ter-
mini), violates the minimum of two contact restraints. Both vio-
Fig. 2. Best-scoring configurations of the AAA-ATPase subunits. (A) Schematic represen
(Table 1). The gray circles represent subunits with Pro-62 in the cis-conformation. (B) On
into the segmented 3-fold symmetric EM map. (C) The AAA-ring is rotated by 60� wit
structures, a 9-residue linker spans a distance of approximately 21 and 26 Å, respective
lated contact restraints stem from yeast two-hybrid technique
(Rpt3–Rpt5 and Rpt4–Rpt6), which is typically prone to false-posi-
tive detections [17]. While the subunit order is unambiguous at
this stage of the analysis, two possibilities remain for the quater-
nary structure of N-ring and AAA-is (Fig. 2B/C). Interestingly, omit-
ting the positional constraint on Rpt2,3,5 does not result in any
models with fewer violated contact restraints; e.g., the (1/2/6/4/
5/3) topology violates three contact restraints.

In our study, we incorporated numerous additional protein–
protein interactions that were reported subsequent to Ref. [8],
which resulted in the (1/2/6/4/5/3) topology. Importantly, we also
knew the PAN-N crystal-structure, where the hexamer forms a
pore of approximately 11 Å in diameter. The length of the sEGS
cross-linker spacer arm (16.1 Å) used in [8] allows formation of
cross-links across the pore, which was presumably not anticipated.
In our model, the cross-link Rpt1–Rpt3 connects two opposite sub-
units spanning the entire pore. Interestingly, the intensity of the
cross-linked protein pair Rpt1–Rpt3 was faint (Fig. 1B in [8]); the
weak intensity could be due to the low accessibility of the cross-
linked residues inside the pore. Notably, the Rpt5/Rpt1/Rpt2 order
in our model is also consistent with the Hsm3/Rpn1/Rpt1/Rpt2/
Rpt5 base–precursor complex [18] (see below), whereas Rpt5 is
not in direct contact with Rpt1 or Rpt2 in the (1/2/6/4/5/3) model.

Configuration of the CP–AAA-ATPase sub-complex

To determine the configuration of CP and AAA-ATPase in the
26S proteasome we first placed the CP into the EM density based
on the maximal correlation coefficient (Materials and methods).
Subsequently, we positioned the AAA-ATPase on top of the CP (or-
der: 1/2/6/3/4/5). The approximate 3-fold symmetry of the hexa-
meric AAA-ATPase model and the corresponding EM map allows
positioning each of the two quaternary AAA-ATPase structures
(Fig. 2B/C) in three different ways on top of the CP. Since the mod-
els of all AAA-ATPase subunits were derived from the same tem-
plate and the resolution of the EM map is only approximately
20 Å, the correlation coefficient of these six models to the EM
map does not exhibit significant differences. Thus, we scored the
6 AAA-ATPase–CP configurations exclusively based on the pro-
tein–protein interactions (Table 1). One configuration is consistent
with a maximum of 4 out of 5 CP–ATPase contact restraints
tation of the AAA-ATPase subunit order and the contact restraints acting on them
e of two possible quaternary structure arrangements of the N- and AAA-ring fitted

h respect to the N-ring in the second quaternary structure. In the two quaternary
ly, both of which are compatible with a typical Ca–Ca distance of 3.5 Å.
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(Fig. 3); only one yeast two-hybrid interaction is violated (Rpt4-
a4), which was reported as weak [19].

In our model, the AAA-ATPase possesses an eccentric and
slightly tilted position on top of the CP. The subunit pair Rpt3/6
is largely buried by the remaining density of the 26S proteasome
corresponding to the non-ATPase subunits of the 26S proteasome.
In concordance with our model, Rpt3 and Rpt6 were recently found
as the only AAA-ATPases in a RP sub-complex including all non-
ATPases except for Rpn1 [20]. The coiled-coils of pair Rpt1/2 are
partially accessible in the 26S proteasome conformation ‘without’,
whereas they are largely shielded by non-ATPases in the higher
density conformation ‘with’ [9]. The coiled-coils of AAA-ATPase
pair Rpt4/5, however, are exposed in both EM maps, suggesting
that they mediate interactions in protein degradation. Indeed,
Rpt4 was shown to be involved in the endoplasmic reticulum
(ER) association of 26S proteasomes [21]. In addition, Rpt5 was re-
ported to be central to substrate recognition, possibly even acting
as an ubiquitin receptor [22], which is also compatible with an ex-
posed positioning of Rpt5.

X-ray crystallographic analysis of the CP/11S complex sug-
gested that the C-termini of the AAA-ATPase subunits bind at the
interfaces of neighboring CP subunits [23], which was confirmed
for the C-terminal peptides of PAN by cryo-EM studies [24]. Specif-
ically, the C-termini of Rpt2 and Rpt5 are mainly responsible for
gate opening [25,26]. Our model places the C-terminus of Rpt2 be-
tween the a3 and a4 subunits, and Rpt5 between a6 and a7. Genetic
studies have revealed that a3 and a7 control degradation of the CP
[27], which could be explained by their interaction with Rpt2 and
Rpt5 in our model.

Opening angle of the coiled-coils

It is apparent that the opening angle between the coiled-coil
pairs and the pseudo-3-fold rotational symmetry axis of the
AAA-ATPase hexamer in the EM map is larger than for PAN-N
(Fig. 2B and C). The PAN-N structure suggests that the opening an-
gle is determined by two loops in the OB-folds acting as ‘end-of-
track bumpers’ [6]. In particular, the sequence of the bumper
limiting the outward motion is not conserved (Fig. S2), which is
Fig. 3. AAA-ATPase–CP model. (A) The atomic model of the AAA-ATPase–CP sub-comp
placed on the top. The six AAA-ATPase subunits and the adjacent CP a-subunits are co
quaternary structure corresponds to Fig. 2C. (B) Zoomed-in stereo view of the rectangula
CP–RP interactions (Table 1). The AAA-ATPase subunits are displayed in Arabic numbers
ATPase subunits that have been shown to induce gate opening of the CP (Rpt2 and Rpt5
consistent with a different opening angle of the coiled-coil
domains in the Rpt hexamer compared to PAN-N.

To approximate the coiled-coil opening angles in the 26S pro-
teasome we performed flexible fitting of the coiled-coil domains
in the 26S proteasome EM map (Fig. 3A/B). Due to the low resolu-
tion of the EM map the resulting positions are only meant to pro-
vide an approximation of the differences in coiled-coil positions in
the 26S proteasome compared to PAN-N. The coiled-coil pairs are
rotated by 5� (Rpt1/2), 21� (Rpt6/3), and 15� (Rpt4/5), respectively
(average: 14�).

The opening angle of the coiled-coils probably changes in the
functional cycle. The placement of the AAA-ATPase subunits in
the EM map suggests that the coiled-coil pairs of Rpt4/5 and
Rpt1/2 have substantial freedom to move, for example upon sub-
strate recognition. In contrast, fluctuation of the Rpt3/6 coiled-coils
would induce large-scale motion of the lid. Such a ‘wagging’ mo-
tion of the lid has been observed previously [28].

Implications for the assembly mechanism of the 26S proteasome

The assembly of the RP, and subsequently the assembly of the
RP and CP is mediated by multiple dedicated assembly chaperones
[18,29–32]. When incorporating our structural data into the recent
mechanistic data the following assembly mechanism emerges
(Fig. 4A). Isolation of various chaperone-bound sub-complexes
indicates at least 5 different assembly steps: (i) Different base–pre-
cursor complexes form, each associated with assembly chaperones.
The largest base–precursor complex consists of Rpt1/Rpt2/Rpn1/
Hsm3 [30,32], possibly also Rpt5 [18]. In our ATPase order (1/2/
6/3/4/5), Rpt5 and Rpt1 physically interact in contrast to the previ-
ously suggested (1/2/6/4/5/3) order [8]. Rpt4 forms a complex with
Nas2 [18], and probably also Rpt5 [20,30,32]. The experimental
data for Rpt5 in both precursor complexes strongly supports the
(5/1/2) sequence in our AAA-ATPase order. The AAA-ATPases
Rpt6 and Rpt3 apparently remain unpaired and bind to Rpn14
and Nas6, respectively. It was suggested that Rpn1 and Rpn2 are
centrally located in the AAA-ATPase hexamer [33], which would
implicate Rpn1 forming a nucleus for the Rpt1/Rpt2/Rpn1/Hsm3
base–precursor complex [30]. However, the cavity in PAN and
lex fitted into the cryo-EM map of the 26S proteasome. The AAA-ATPase model is
lored as indicated in panel C, the remaining CP subunits in gold. The AAA-ATPase
r area in A. (C) Schematic view of the topology of the CP–AAA-ATPase model and the
, whereas Roman numbers indicate the CP a-subunits. The asterisks mark the AAA-
).



Fig. 4. Different assembly chaperones are required to position the AAA-ATPases on the CP. (A) Model for the assembly process of the 26S proteasome. The assembly consists
of at least five different steps: (i) Formation of different base–precursor complexes, each bound to a different chaperone (cyan). (ii) The lid and the remaining base subunits
form a sub-complex with the AAA-ATPase pair Rpt3/Rpt6. (iii) An RP precursor lacking only Rpt4/Rpt5 forms. (iv) The Rpt4/Rpt5 dimer completes the RP and the chaperone
Nas2 dissociates. (v) The three chaperones Nas6, Rpn14, and Hsm13 dissociate upon binding of RP and CP. (B) Quaternary structure of Rpt1 (binds to assembly chaperone
Hsm3) and the two adjacent CP alpha subunits (gold). (C) Same for Rpt3 (binds to Nas6), and (D) Rpt6 (Rpn14). (E) Positioning Nas6 (PDB code 2DZN, [36]) on our CP–AAA-
ATPase model does not lead to steric clashes with the CP.
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our AAA-ATPase hexamer is much too small to accommodate
either, Rpn1 or Rpn2 [6]. Thus, we suggest that the most likely
horseshoe-shaped Rpn1 [34] embraces the ATPase subunits in
the RP as well as the base–precursor complex, rather than forms
a toroidal nucleus. (ii) When Rpt3/6 pair the RP lid as well as the
base subunits Rpn1, Rpn10, and Rpn13 associate [20]. In the base,
Rpn2 probably embraces Rpt3, and Rpt6, similar as Rpn1 and Rpt1/
Rpt2 [18]. (iii) Nas6 and Hsm3 catalyze binding of Rpt1/Rpt2/Rpn1
to the lid/Rpn1/Rpn10/Rpn13/Rpt3/Rpt6 sub-complex [32]. (iv)
The AAA-ATPase ring is completed and releases the assembly chap-
erone Nas2 [18,30]. The completed RP is still associated to the
assembly chaperones Nas6, Rpn14, and Hsm3. (v) The RP binds
to the CP upon dissociation of Nas6, Rpn14, and Hsm3.

Nas6, Rpn14, and Hsm3 bind the C-terminus of a specific AAA-
ATPase: Nas6 binds to Rpt3, Hsm3 to Rpt1, and Rpn14 to Rpt6.
Interestingly, the assembly chaperones likely adopt entirely differ-
ent folds [31]. Why are completely different enzymes required to
mediate the assembly of similar ATPase subunits with similar CP
a-subunits? Based on our CP–AAA-ATPase model we propose an
explanation for the requirement of 3 different types of chaperones
for CP–RP assembly. In our model, the AAA-ATPase complex is
positioned non-symmetrically on the CP, which seems also to be
the case for the PAN–CP complex (Fig. 2 in [35]). Whereas the
assembly of the 6-fold symmetrical AAA-ring of PAN and the 7-fold
symmetrical CP succeeds without chaperones in vitro [35], the effi-
cient assembly of the non-symmetrical 26S AAA-ATPase hexamer
and the non-symmetrical eukaryotic CP requires chaperones
[18,29–32]. We hypothesize that the different chaperones are re-
quired to sterically ‘guide’ the AAA-ATPase subunits to their
respective binding pockets at the CP. The chaperones would form
an outer scaffold enabling the correct ‘fit’ of the ATPase ring on
the CP. Since the subunits Rpt1, Rpt3, and Rpt6 adopt substantially
different positions with respect to the adjacent a-subunits of the
CP (Fig. 4B–D), structurally distinct chaperones are required. Con-
formational changes of the AAA-ATPase C-termini upon binding
into their pockets in the CP could then trigger the chaperone
release.
The putative position of Nas6 in our CP–AAA-ATPase model is
consistent with the chaperone causing a unique fit of the RP on
the CP: Nas6 was co-crystallized with a fragment of Rpt3 [36].
We placed Nas6 into our model by superposing the co-crystallized
Rpt3 fragment to the Rpt3 subunit of our model (Fig. 4E). In the
resulting complex, Nas6 embraces Rpt3 and the adjacent CP sub-
units a1 and a2 without leading to major steric clashes, reminis-
cent of Dmp1–Dmp2 in the assembly of the CP a-ring [37]. Thus,
our model indicates that physical occlusion of Nas6 and the CP
subunits plays a less important role in the release of the chaper-
ones than previously assumed [31]. We argue that the probably
distinct conformations of the AAA-ATPase C-termini in the
chaperone-bound and CP-bound states are mutually exclusive
and hence responsible for releasing the chaperones upon binding
to the CP.
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